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Abstract

Since the commercialization of lithium ion batteries (LIB’s) in the 90s, its development has been
growing in parallel with the electronic market, making a remarkable synergistic link between their
applications range and their energy requirements. Therefore, in recent years, intense research has been
performed and intense studies around the battery components (cathode, anode, and electrolyte), in order
to enhance their electrochemical performance. In the case of cathode materials, the phospho-olivines
type materials, with formula LiMPO, (M = Ni, Co, Fe, Mn) have received particular attention due to
their excellent theoretical capacity, good thermal stability and low cost. This work focuses on the
synthesis and characterization of LiCoPO4 (LCP) by mean polyol synthesis. LCP offers a high redox
potential (~4.8 V) and reduced cobalt weight fraction per formula unit compared to the commercial
LiCoOz. The synthesis procedure is based on a kinetically controlled approach, useful to control the
morphology and shape of the synthesized material, as well as the grain size; two parameters that are
crucial for the electrochemical performance in any LIB system. Since only few reports on LCP synthesis
by polyol method were published prior to this work, a systematic methodology based on the synthesis
of other transition-metal olivines have been adapted and tested for the first time, resulting in the
successful synthesis of phase pure LCP-Pnma. In addition, the use of surfactants to control the
nucleation and growth of particles have been implemented by the variation of experimental parameters,
like temperature and molar ratio. Using this methodology, a well-defined control of the particle size can
be achieved. Moreover, the synthesis of other modifications of LCP (P#21a and Crmenms) and LEP-Coern

is reported for the first time, by the use of polyol synthesis method.
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Kurzzusammenfassung

Seit der Kommerzialisierung von Lithium-Tonen-Batterien (LIB's) in den 90er Jahren wichst die
Entwicklung parallel zum elektronischen Markt und fithrt zu einer bemerkenswerten synergistischen
synergetischen Verbindung zwischen ihrem Anwendungsbereich und ihrem Energiebedarf. Daher
wurden in den letzten Jahren intensive Forschung und tiefgreifende Studien im Bereich der
Batterickomponenten (Kathode, Anode und Elektrolyt) durchgefiithrt, um ihre elektrochemischen
Eigenschaften zu verbessern. Im Falle von Kathodenmaterialien haben die Materialien des Phospho-
Olivin-Typs mit der Formel LiMPO4 (M = Ni, Co, Fe, Mn) aufgrund ihrer hervorragenden
theoretischen Kapazitit, guter thermischer Stabilitit und niedrigen Kosten besondere Aufmerksamkeit
erhalten. Die vorliegende Arbeit konzentriert sich auf die Synthese und Charakterisierung von LiCoPO4
(LCP) durch kinetisch kontrollierte Polyolsynthese. LCP bietet ein hohes Redoxpotential (~4,8V) und
cine reduzierte Kobaltgewichtsfraktion pro Formeleinheit gegentiber dem kommerziellen LiCoO». Das
Syntheseverfahren basiert auf einem kinetisch kontrollierten Ansatz, der aufgrund der Kontrolle der
Morphologie und Form des synthetisierten Materials sowie der Korngré3e niitzlich ist; zwei Parameter,
die fiir eine Verbesserung der elektrochemischen Leistung in jedem LIB-System entscheidend sind. Da
bisher nur wenige Berichte iiber die LCP-Synthese durch die Polyol-Methode verdffentlicht wurden,
sind in dieser Studie erstmals systematische Untersuchungen basierend auf der Synthese anderer
Ubergangsmetall-Olivine angepasst und getestet worden. Dies fiihrte zur Synthese von phasenreinem
LCP-Pnma. Dartiber hinaus wurde die Anwendung von Tensiden zur Kontrolle der Keimbildung und
des Wachstums von Partikeln angewendet und durch die Variation von experimentellen Parametern wie
Zeit, Temperatur und Molverhiltnis optimiert. Mit dieser Methodologie kann eine wohldefinierte
Kontrolle der PartikelgréB3e erreicht werden. Dartiber hinaus wird erstmals Giber die Synthese anderer
Polymorphe des LCP (Pr2ia und Cmem) und LFP-Cwmen unter Verwendung der Polyol-Methode

berichtet.



IX

1.

Index
Introduction and background.........ccuiiiiiniieinniiiieiniiieiiee e 25
1.1 ENergy Storage PLODLEM... ..ottt saens 25
1.2 Environmental contamination and human health ..., 26
1.3 Battery research: Why HthilmM-100? ....cccvuiviiriniieiieieeeeeeeceeesie e eeaees 27
1.4 LIB components. Cathode: The HOly GIail? ... 28
1.5 Phospho-olivines: The LiCOPO4 OPON ..o 37
1.6 Kinetically controlled routes of synthesis: Polyol assisted .........ccoeureeeuricrrecrrecmrecrnicinienneans 40
1.7 Design of cathode materials: trends and £emMarks........ccccccviinivinicniiinrreeeenns 44
1.8 Motivation: scope and objectives Of this thesiS ... 46
1.9 MEtROAOLOZY ..ottt sans 47
Experimental ProCedures......uuuiiiiiiiiiiiiiiiiiiiiiiiieeccccnireee e ee s 48
2.1 Summary of LCP-Pruma synthesized using polyol method...........ccevevciniinivicincnininicicnn, 48
22 EdUCts USEd ..o s 50
2.3 POlyol SYNthesis Of LCP-PAsz. ...ttt saees 51
2.3.1 Synthesis using the CoAcs, ADP and LiAc system '2* — standard procedute .........cccceceee. 51
2.3.2  Synthesis using the CoAcz and LDP system (adapted from LiMnPOys polyol synthesis) % —
StANAALA PLOCEAULE w..ueiiieiceieeic e 52
2.3.2.1 Synthesis using CoAcz and LDP system combined with PVP 98128 ... 53
2.3.3  Synthesis using the CoAcz, H;PO4and LiAc system (adapted from LiFePOy polyol
synthesis) 129 — standard PrOCEAULE .....c.ovcuiuemriciiciicicreeee e 54
2.4 MW-assisted polyol synthesis Of LCP-Prsza.............ccuviciniiiviciniiiiciiciicieciceecccns 55
2.4.1  MWe-assisted synthesis using the CoX and LDP system (X = Acz, SOy, CO3) ...vvvninnnnee. 55
2.4.2  MW-assisted polyol synthesis using the CoAcz, H;PO4 and LiOH system 1%0.................... 56

2.5 Acetate-assisted antisolvent precipitation (AAAP) synthesis (adapted from LiMnPOy4
ANSOIVENT SYNTRESISIIT) .ttt 57

2.6 Polyol synthesis Of LIFEPO 4Pt .........coueeeueeieeeieieictestesteeessesee e esaens 59



2.7 Further equipment used for synthesis and characterization ...........ccveeuvccuricuricinicrriciricnnenes 60
2.7.1  Furnaces and tUDE OVENS w..c.vcueecrrieeuicirieciiciiciee et sseae e ssesesseaessescsneaes 60
2.7.2  X-ray diffraction analysis - XRDD ...cccveurerrieinicinicireeinecineeineereeseeesseee e ssesesseaessesesneaes 60
2.7.3  Scanning electron microscOPY - SEM......cciiiimiiiviiniicieieiereeeeese s 61
2.7.4  Electrochemical charaCteriZation.......ccucuririiucieiriieieiiriie i 61
2.7.5 Brunauer-Emmett-Tellet (BET) ANALYSIS c.vucuecrricrreerrecinierrierrieireeetreeesseessesessesesseessesessenes 62
2.7.6  Measurements of electrical CONAUCHVILY ...c.crvrreiererrericereiriieierreieeereeseseeeerseseeesenseseseaenensenees 62
2.7.7  CHNS-Elemental analysis........cccocoviiiiiiiimiiiiiiiiii s sssssssssesssses 63
2.7.8  Ball MillING....oiiriiiiiiiiiiiiic s 63
Results and diSCUSSION ...ccuiiieieieiieiertienetteecteecteeeeeeete e te e ee e see e saa e s ae s e sassesaneaes 64

3.1 Polyol synthesis of LCP-Prza PRaSE.......c.occuvecuvecmriciriciricrecireereeree e 64
3.1.1 Synthesis using the CoAcz, ADP and LiAc system (synthesis reproduction '24)................. 64

3.1.2  Synthesis using the CoAcz and LDP system (adapted from LiMnPOy polyol synthesis
9) 66

3.1.2.1 Influence of the reflux temperature and reaction tME .......ccvvvveciriiriirieniniscineinisiseeeieiens 67
3.1.2.2 Influence of the surfactants on the MOLPhOIOZY .......ccvvcuriecuricmriciriciriciricreeree e 75
3.1.2.3 Influence of the annealing ProCess PrOZIAM .....c.occcureecueecuriecmreeemrieemreeerreesreeesseeessesessesesseaessenes 83
3.1.2.4 Influence of the water content on pre-dissolution 0f COAC ...t 85

3.1.2.5 Influence of additional synthesis parameters on the crystal structure and morphology
using the CoAC2 and LDP SYStEML......oviuiiiieiieiiieeieeietieeeeeesiee e ssaees 90
3.1.3  Synthesis using the CoAcz, H3POy, LiAc system (adapted from LiFePOy ) — standard

PLOCEAULE ..ottt e eas 100
32 Microwave assisted-polyol synthesis route Of LCP-Prsza .........c..cceveeeneeeenicenicnicnicicaee 105
3.2.1 MW-assisted synthesis using the CoX and LDP system (X = Acz, SO4, CO3)...cvuueeeee. 105
3.2.2 MW-assisted polyol synthesis using the CoAcz, H;PO4 and LIOH system ..........ccccueneeee. 109
3.3 Acetate-assisted antisolvent precipitation (AAAP) synthesis of LCP-Przza...........o.ucucace. 112
3.3.1  Standard PrOCEAULE......ciiiiiiieicici e 112
3.3.2 Discussion about the influence of cobalt source and dropping rate ........cccveeereeeereeeennee 117
3.4 Synthesis of LCP—Crmem phase and Lio sSCOPO4=Crrens ..., 122
3.5 Synthesis of LEP-Pruza by polyol method.........cociiiiiiiiiciiciccciccccciccceiens 129
3.5.1 First step: reproduction of the synthesis reported in Hterature ......coceeeveeeeeeieeenieenneenenees 129
3.5.2  Second step: variation of the synthesis Parameters ..o 131
3.5.3  Third step: tunning the Li:Fe:P molar ratio .......cccevueiviiviiviiciicicicceienees 132

3.5.4 Fourth step: variation of the mixing method of educts.......cccoveurieeenieerieenicenicnicrieaee 133



6.

7.

3.5.5 Fifth step: variation of the polyalcOhOl.........ccovcuviiiriciniiiiiiicrcrcrc e 135
3.6 Synthesis Of LEP-Crem PRASE ... 138
Conclusions and OUIOOK .....eeieeuveeiriiireiniiiieeiniieeinteeeesteessiteesssteeesssaneessesasnssssssens 141
4.1 CONCIUSIONS ..ottt 141
4.2 OUOOK ottt s 143
APPENIX.eiiiiiiiiiiiiiiiiiiiieiiiiiiieecre e e e e e s b b s s e s e s e e s s s saraaes 144
5.1 Parameters tested using the CoAcz, ADP and LiAc polyol synthesis .......cceninivinininnines 144
5.2 Table of parameters tested using the CoAcz and LDP system (Adapted from LiMnPO4
POLYOL SYALNESIS T8) .. 146
5.3 Table of parameters tested using the CoAcz, H;POs, LiAc system (adapted from LiFePOy )
148
54 Other systems tested in the polyol synthesis Of LCP-Praza ...........cceceieeenicenicnicnicnicane 149
5.5 Tables of experimental parameters tested during the polyol synthesis of LFP-Pra........... 150
Publications and participation in CONfErences .......ccccuvvuieeiniiiieiiiiiiieinniieeennniieeennieeenns 152
REfEIENCES..ceieurereirieiiteetteiettecteeete ettt ee e te e e e s sae e st e s e aa e e aa e s s s e s snasessaeaes 178



XI1

Figure list

Figure 1-1: Energy density (Wh/kg) vs specific density (Wh/L) for a series of batteties. A battery
directed to the consumer electronics market, especially to the electric vehicle market, should be as light
(high energy density) and as small (high specific energy) as possible that is, the ideal battery should lay
in the upper right corner of the dIAgIAML. .....c.ccccuvviiriiirirc e eaees 28
Figure 1-2: Schematic representation of rechargeable LIB’s. There are two systems according the
nature of the negative electrode either Li metal (a) or Li insertion compound (b) In both cases, the
positive electrode is constituted by an insertion compound, in which the redox reaction occurs at high
potential versus Li’/Li* (c) The types of insertion compounds as a function of the dimensionality. Red
circles are intercalated ions across the host ChannEls.......ccvieeiivirirnieiece e 29
Figure 1-3: Schematic illustration of a typical lithium-ion battery with a cathode material of LiFePOq
and anode material Of GLAPRILE ...c.vuieciiiiiiii s 30
Figure 1-4: Electrode materials and corresponding electrochemical performances in the current LIB
EECRNOLOZIES ..ottt e 32
Figure 1-5: Crystal structures and electrochemical reactions of various cathodes: (A) Layered LiMO»,
(B) spinel LiM»Oy, (C) olivine LIMPOy4, (D) LixMSiOs, (E) LIMBOs, (F) LiV3Os, (G) V20s, (H) FeF3;33
Figure 1-6: Cathode materials for LIB’s. Background colours reflect characteristics of bulk materials.
Green denotes relative strength, red relative weakness, characteristics and white no
data. Absence of circle (0) indicates no data for the material. The grey background denotes the
‘baseline’ material use for comparison. NCA: lithium nickel cobalt aluminium oxide; NMC: lithium
nickel manganese cobalt oxide; LCO: lithium cobalt oxide; LMR: lithium/manganese rich transition

metal oxide; LFP: lithium iron phosphate; LVP: lithium vanadyl phosphate; LMO: lithium manganese

Figure 1-7: Schematic energy diagram of a lithium cell at open circuit. HOMO and LUMO refer,
respectively, to the highest occupied molecular orbital and lowest unoccupied molecular orbital in the
CLECELOLTLC. vttt et st ettt n s 37
Figure 1-8: Crystal structure of LiMPO4 (LMP) Prma: [MOg] with M=Co. a) Projection along a-axis b)

Projection along b-axis c) Projection along ¢-axis. d) Alternative projection to see the corner shared



XI11

octahedral between [CoOg| and [PO4] units. Octahedra are drawn in blue, [PO4] tetrahedra in yellow,
Li* ions in green and O27 1008 I L8 ..ttt st s e st sseaessaces 39

Figure 1-9: Typical routes for producing LMPO, powders using solid state methods. Adapted from

Figure 1-11: General strategies for performance enhancement and their rationale: 1 reducing
dimensions of active materials, 2 formation of composites, 3 doping and functionalization, 4 tuning
particle morphology, 5 formation of coatings or shells around active materials, 6 modification of
CLECELOLTLC ..ottt ettt et ettt ettt st ettt a st s et neasestaenensenes 45
Figure 1-12: Flowchart of the methodology implemented for the synthesis of LCP. The blocks in blue
represent part Of the SCOPE Of the PLOJECL. ..uviuieiiiiirii e seees 47
Figure 2-1: Flowchart of polyol synthesis using the CoAcz, ADP and LiAc system. The middle column
present the synthesis parameters. Pictures of dissolution in EG, centrifugation, appearance of the final
product (before and after annealing) and reflux SYSTEML......c.ovcuviureiireiireeieieeeeeeeee e neees 52
Figure 2-2: Flowchart of polyol synthesis using the CoAcz and LDP system %........cccccovveincinicinicnncens 53
Figure 2-3: Flowchart of polyol synthesis using the CoAcz and LDP system combined with PVP.......54
Figure 2-4: Flowchart of polyol synthesis using the CoAcz, H3POsand LiAc system........coccuvecurecnnees 55
Figure 2-5: Flowchart of microwave-assisted polyol synthesis using the CoX and LDP system (X =
AAC2, SO4y CO3) ot 56
Figure 2-6: Flowchart of microwave-assisted polyol synthesis using CoAcs, H3PO4and LiOH system57
Figure 2-7: Flowchart of acetate-assisted antisolvent precipitation synthesis of LCP-Pua.................... 58
Figure 2-8: Experimental setup for the acetate-assisted antisolvent synthesis. Left side: the Syringe

driver adapted to the round flask. The syringe tip cross trough rubber septa. The reflux cooler is use to

avoid the evaporation Of the SOLVENL. ......cccuiiiiiericiiii s 59
Figure 2-9: Flowchart of polyol synthesis of LEP-Pusza............cocviiviiiniciviiiiciiciicinicniccicsieiinns 60
Figure 2-10: Tool used for the determination of the electric CONAUCHVILY ....vuveereecrriecmreecirecirieireeieaes 63
Figure 2-11: Ball mill procedure for the C-coating in the AAAP method........cccccviiviiiniiiniciniiiiininnns 63

Figure 3-1: PXRD pattern of samples after annealing. The red pattern corresponds to the synthesis
uses a EG:Water ratio of 100:0 (mL). The black pattern corresponds to the synthesis using a
EG:Water ratio of 70:30 (mL). The negative intensity corresponds to the reported LCP-Puma (black),
Co3PO4-Fd-3ms (0 blue), Cos(PO4)2-P1121/b (0 green) and LisPO4-Pemn ( ). The measuring
HME IS 1T NOUL. ottt 66
Figure 3-2: Effect of reflux time. PXRD of samples refluxed at 135 °C. Pattern recorded after the drying

process. The black pattern corresponds to the synthesis for 4 hours at 135 °C and the red to the



X1V

synthesis for 14 hours at 135 °C. The negative intensity corresponds to the reported phases of LCP-
Pn2;a (O black) and Co3(HPO4)2(OH)2 (0 blue). The measuring time is 20 Minutes. ....ceveerevreerceeeennenne 68
Figure 3-3: Effect of the reflux time. PXRD of samples refluxed at 190 °C. Pattern recorded after the
drying process. The negative intensity corresponds to the reported phases of LCP-Pua (black), LCP-
Pn2ia (O Green) and Co3(HPO4)2(OH)2 (0 blue). The measuting time is 20 mMinutes. ....ceeereereeeeeenenne 68
Figure 3-4: Effect of reflux temperature. PXRD pattern of the samples refluxed at 135 °C for 14 h. Pattern
recorded after annealing at different temperatures. The negative intensity corresponds to the reported
phases of LCP-Pruma 133 (oray). The measuring time is 20 MiN..c..cccveeeureerreerreenneeernecnneenneenseenseesseessenes 70
Figure 3-5: Effect of reflux temperature. PXRD pattern of the samples refluxed at 190 °C for 14 h. Pattern
recorded after the annealing at different temperatures. The negative intensity corresponds to the
reported phases of LCP-Pruma. 133 (gray). The measuring time is 30 min. ....coeveevniinievivicincninieieieinn, 71
Figure 3-6: Effect of reflux temperature and time. PXRD pattern after last annealing at 750 °C. The negative
intensity corresponds to the reported LCP-Prnma (gray). The measuring time is 1 hout. ......coceeeenceee. 71
Figure 3-7: SEM images of the samples produced using the CoAcz and LDP system. The left side
shows the samples after drying process. On the right side, the particles after the last annealing step at
750 °C. Microscope B. Magnification: a) 2000X, b) 5000X, ¢) 2000X, d) 2000X, ¢) 1000X, f) 1000X,
2) 2000X and h) 2000X ..o 74
Figure 3-8: Influence of P1/P surfactant. PXRD patterns of the samples synthesized using PVP after
drying process. The negative intensity corresponds to the reported LCP-Prn2;a (O gray) and
Co3(HPO4)2(OH)2 (© blue). The measuring time is 30 MIN. ..o 76
Figure 3-9: Schematic representation of the bonding between LCP and PVP. Discrete metal collide on
PVDP DACKDOMNE ...ttt e 77
Figure 3-10: Influence of PP surfactant PXRD patterns of the samples synthesized using PVP. The
negative intensity corresponds to the reported LCP-Prma (gray). The measuring time is 1 hour.......... 77
Figure 3-11: Schematic illustration of the growth mechanism of LCP microspheres with PVP............ 78
Figure 3-12: Schematic diagram of the annealing processes: a) Partial recrystallization b) Full
recrystallization ¢) Grain growth d) Abnormal grain growth. PVP functionality and issues: €)
Protective layer against grain growth d) Inhomogeneous C-coating ¢) Highly thick C-coating............. 80
Figure 3-13: SEM images of the samples produced using the CoAcz and LDP system with PVP. The
left side shows the samples after drying process. On the right side, the particles after the last annealing
step at 750 °C. a) - b): PVP dissolved half on EG and half on CoAc; solution at 100 °C; ¢) —h) PVP
dissolved on CoAc; solution. Microscope B. Magnification: a) 5000X, b) 5000X, c) 2000X, d)
2000X, e) 1000X, £) 1000X, g) 2000X and h) 2000X.......cccoviririiriiimiissn: 81
Figure 3-14: SEM images of LCP-Pruma synthesized using PVP. a) Sample after drying process.

Detailed view of the spheres. Micro-spheres are formed by primary nano-sheets b) Sample after



XV

annealing. The porosity collapses after the successive annealing in order to complete the formation of

LCP-Puma. c) Detailed view of the primary nano-sheets d) Additional to the spheres, big
blocks of around 6 um are also present. Microscope B. Magnification: a) 25000X, b) 10000X c)
50000X and d) BO00X ... 82

Figure 3-15: PXRD pattern of samples after annealing for 10 h under air atmosphere at 550 °C. In red
the synthesis uses a precursor using PVP as surfactant. In black the synthesis uses a EG:Water ratio of
70:30 (mL). The negative intensity corresponds to the reported LCP-Pruma (black), Co3(PO4)2-P121/¢1
(0 blue) and CoO-14/ mmm (0 green) The measuring time 1S 1 ROUL ... 83
Figure 3-16: SEM images of LCP-Pruma synthesized using the CoAcz, LDP system. a — b: Samples
produced without PVP ¢ — d: Samples produced with PVP. Microscope B. Magnification: a) 9500X,
b) 30000X ¢) 5000X and d) TO000X. .....irieiurieiiiiiiiririeiei bbb 84
Figure 3-17: Influence of the water content in the pre-dissolution step. PXRD after drying process. The negative
intensity corresponds to the reported LCP-Pr21a '3 (black). LCP-Puma (© red) and an unidentified
phase (m Lila). The measuring time 1S 20 MINS. ..ccvviiiiiiiiiiiiiiii s 86
Figure 3-18: Influence of the water content in the pre-dissolution step. PXRD after annealing process at 400 °C
for 1 hour. The negative intensity corresponds to the reported LCP-Prnza (Black). The measuring time
IS T HOUL. (o 87
Figure 3-19: SEM images of the samples produced using the CoAc, and LDP with different amounts
of water. Left side: shows the samples after drying process. Right side: the particles after annealing at
400 °C. a) - b) 10 mL; ¢) — d) 20 mL; e) — f) 30 mL. Microscope A. Magnification: left column 1000X,
right coOlUMN 400X ..ottt saees 89
Figure 3-20: Influence of the polyalcohol media. PXRD of samples refluxed using DEG, TEG and TTEG
with their respective b. p. reached. Pattern recorded after the drying process. The negative intensity
corresponds to the reported phase of LCP-Pr21a (orey). The measuring time is 20 min. ...coveevinnnen. 91
Figure 3-21: Influence of the polyaleohol media. Solvents: DEG, TEG and TTEG with their respective b. p.
reached. Pattern recorded after annealing at 400 °C for 5 hours under air. The negative intensity
corresponds to the reported phases of LCP-Puma (orcv), LCP-Pr2ia (O red), LiPO3-P12#1 (0 blue),
Co3(PO4)2-P121/¢1 ( ) and a unidentified phase (* lila). The measuring time is 20 min........... 92
Figure 3-22: SEM images of the samples produced using the CoAc, and LDP system with different
polyalchohols. The pictures correspond to the samples after drying/annealing process. 2) DEG; b)
TEG; ¢) TTEG. Microscope B. Magnification: left column 10000X, right column 20000X.................. 93
Figure 3-23: Influence of the predissolution of CoAcz and polyaleohol media. PXRD patter of the samples after
drying. The negative intensity corresponds to the reported phases of LCP-Pr21a (0 black) and an

unidentified phase (= lila). The measuring time is 20 MIN. ....cciuviiriiriiiiiee s 94



XVI

Figure 3-24: Influence of the predissolution of CoAcz and polyalcobol media. PXRD of the samples after drying
at 400 °C for 1 hour under air. The negative intensity corresponds to the reported phases of LCP-
Pnma (black), LCP-Pn21a (© red), LiPs-P6s/ mme (O blue), and an unidentified phase (= lila). The
measuring timMe 1S 20 MUINL ..o s 95
Figure 3-25: SEM images of the samples produced using the CoAcz and LDP system with pre-
dissolution of CoAc; in 10 mI. water. The pictutes correspond to the samples after drying/annealing

process. 2) DEG; b) TEG; ¢) TTEG. Microscope A. Magnification: left column 1000X, right column

Figure 3-26 Influence of the cobalt sonrce on the synthesis of LCP by polyol method. PXRD of the samples
synthesized using CoCO3 and CoSOy as cobalt precursor and their temperature under refluxing
conditions. Pattern recorded after the drying process. The negative intensity corresponds to the
reported phases of SO2-A4ba2 (V¥ blue), CoSO4-Crmem (black 0), LCP-Crmem (© red) and an unidentified
phase (= lila). The measuring time 1S 20 MIN. ..c.occurieuriciriemrieieree et neaes 98
Figure 3-27 Influence of the cobalt sonrce on the synthesis of LCP by polyol method. PXRD of the samples
synthesized using CoCOj3 and CoSOy4 as cobalt precursor and their temperature under refluxing
conditions after annealing at 400 °C for 1 hour under air. The negative intensity corresponds to the
reported phases of CoSOy4-Crenr (O black) and LCP-Crzem (© red). The measure time is 20 min. ........ 98
Figure 3-28: Influence of the cobalt source on the morphology of LCP produced by mean polyol synthesis. SEM
pictures of the samples using CoCO3 and CoSOg as cobalt precursor after drying and annealing
respectively. Microscope B. Magnification: a) 10000X, b) 10000X ¢) 10000X and d) 30000X............... 99
Figure 3-29: PXRD pattern of samples after drying process using CoAcz, H;PO4 and LiAc as starting
precursors. The red pattern corresponds to the synthesis with PVP. The black pattern corresponds to
the standard synthesis as described in experimental section. The negative intensity corresponds to
LCP-Crmem (© black) and LCP- Pr2ja (O red). The measuting time is 20 min. ..c.ceeeereeceeveeneeneeerenanes 100
Figure 3-30: PXRD pattern of samples after annealing process using CoAcz, H;PO4 and LiAc as
starting precursors. The red pattern corresponds to the synthesis with PVP. The black corresponds to
the standard synthesis as described in experimental section. The negative intensity corresponds to
LCP-Puma. The measure time 1S 1 hOUL. ....coiiiiiiiiiiiiii s 101
Figure 3-31: SEM images of the samples produced by using the CoAc, and LiAc and H3POy4 system
with PVP and without PVP. The left side shows the samples after drying process. On the right side,
the morphology of the particles after the last annealing step at 800 °C for 6 hours a) - b): with PVP; ¢)
— h) without PVP. Microscope B. Magnification: left column 1000X, right column 20000X.............. 102
Figure 3-32: Schematic illustration of the growth mechanism of LCP sticks with PVP.......c..ccccocce..c. 103
Figure 3-33: Influence of the cobalt source in the MW synthesis of LCP. PXRD pattern of the samples

using CoCO3, CoSO4 and CoAcs as cobalt precursor, after drying process. The negative intensity



XVII

cotresponds to the reported phases of LCP-Pruzza (O black) and LCP-Pr21a (0 red) and Cos(PO4).-
P121/c1 (A blue). The measuting time s 20 MUIN. coo.eveeeeeeeeeeeeriereeeceeeineireieesesesessesessesssessesessesssessessessesines 106
Figure 3-34: Influence of the cobalt source in MW -assisted polyol synthesis. SEM pictures of the samples using
CoAcz (LCP-Pn21a), CoCOj3 (LCP-Puma) and CoSO4 (LCP-Puma) as cobalt precursor after drying.
Microscope A. Magnification: left column 2000X, right column 10000X.........cccoceueerniemrierrevcereenrenens 108
Figure 3-35: PXRD pattern of sample produced by MW-assisted polyol synthesis. The blue pattern
sample synthesized in EG. Black pattern is the sample synthesized in TTEG (Manthiram ez /.
reproduction '?Y). The negative intensity corresponds to the reported phases of LCP-Pumza 133 (black),
LisPOy-Pemn (© red) and CosOus—Fd-3m(0 green). The measuring time is 1 hout c...cececeeevcencecinnanes 109
Figure 3-36: SEM images of the LCP samples produced using the MW-assisted polyol route using the
CoAcz, HsPO4 and LiOH system. Samples after drying process are shown. Figures a - b: synthesis in
EG. Figures c - d: Synthesis in TTEG. Microscope B. Magnification: a) X1000, b) 55000X, ¢) 10000X

and d) B0000X ... 110
Figure 3-37: Schematic of particle precipitation PrOCESS .......civiiriiiriiiriiseiinciiseisei e ssessesessines 113
Figure 3-38: Schematic illustration of the acetate-assisted antisolvent precipitation process............... 113

Figure 3-39: AAAP synthesis of LCP-Prza. PXRD pattern of the precursor material prior carbon
coating and annealing. Pattern recorded after the drying process. The negative intensity corresponds to
the reported phases of CoP207-P21/¢1 (0 black) and (H;0)(Co2(OH)2(HPO4) (H2POy)-Peab (0 red).
The measuring time 1S 20 MUIN. c..cccuvieuierricirecreeee s seeas 114
Figure 3-40: AAAP synthesis of LCP. PXRD pattern of the C-composite. The red pattern corresponds
to the sample annealed under Ar atmosphere. The sample annealed under air atmosphere is shown in
black. Peaks marked with symbols correspond to the secondary phases of Cos3O4-Fe-3m (V orange),
LiP7-141/ acd (0 blue), LiscCoOu-P4s/ nme (O green) and an unidentified phase (* lila). The measure time
IS T HOUL. oot 115
Figure 3-41: SEM images of the samples produced using the AAAP method. Samples after drying
process: figures a — ¢, corresponding to the precursor after drying process. Figures b - d: sample after

C-coating and annealing. Microscope A. Magnification: a) 1000X b) 2000X, ¢) 3000X and d) 7000X

Figure 3-42: AAAP synthesis of LCP. Influence of cobalt source. XRD pattern recorded after
annealing process under air. The patterns correspond to: CoSOys (green), CoClz (blue) and CoCOs
(black). Negative intensity corresponds to reported LCP-Prnma (black) Peaks marked with symbols are
the main secondary phases: CoSOu4-Crmem (V¥ orange), Co3(POy)2-P121/¢1(0 red), Co,03-R-3/¢h (O
oray), CoP207-P121/c1 (A pink) and LiSO4-P121/al (= lila). The measuring time is 20 min............ 117
Figure 3-43: AAAP synthesis of LCP. Influence of droping rate. XRD pattern recorded after annealing

process under air. The patterns corresponds to a rate of: 1.0 mL/min (green), 0.6 mL/min (blue) and



XVIII

0.1 mL/min (black). Negative intensity cotrrespond to reported LCP-Puma (black). Peaks marked with
symbols are the main secondary phases: Co.P2O7-P121/¢1 (0 red), CosO4-Fd-3mS (0 gray). The
Measuring tiMe 1S 1 NOUL . ..o 120
Figure 3-44: SEM images of the LCP samples produced using the AAAP method at different dropping
rates. Samples after annealing at 550 °C for 10 houts. Microscope A. Magnification: left column
1000X, right colummn 5000X ..o s 121
Figure 3-45: PXRD pattern of LCP-Crmen synthesized using polyol synthesis. Pattern recorder after
drying process. The measuring time 1S 1 HOUL..c..ccuieiniciniciniciicrccceeee e 122
Figure 3-46: LCP-Cmem samples using the standard and modified polyol route. a) and b) samples
obtained using the standard method. c) and d) samples obtained using a variation in the educts
mixture. Microscope B. Magnification: left column 10000X, right column 20000X........ccccccevviririnnees 123
Figure 3-47: Change of the color of solution during polyol synthesis of LCP-Cwzern..........cueeuceeannee. 124
Figure 3-48: PXRD pattern of LCP-Cwem synthesized using polyol synthesis. Black pattern
corresponds to the synthesis using 3 hours of reflux. The red, green and blue patterns correspond to
the synthesis using 3 hours of reflux and use of SDBS and PVP (M.W. 58000 and 360000) surfactants.
Pattern recorder after drying process. The measuring time is 20 MINULES. ...ocvveieeeieeerieeerieeerieeeriennenens 125
Figure 3-49: SEM pictures of LCP-Coem. a) and b): Synthesis using 3 hours of reflux time. ¢) to h)
synthesis using 14 hours with different surfactants. Microscope A. Magnification: left column 5000X,
right column TO000X ... s 126
Figure 3-50: PXRD pattern of LiosCoPOs-Crmem synthesized using polyol synthesis. Blue pattern
corresponds to full lithiated LCP-Comem. Negative intensity corresponds to LiosCoPOg4-Cmermn. Pattern
recorder after drying process. The measure time 1S 1 NOUL. c..vcueiueeiireiircnceceeeeeeeeeeeeeeaes 127
Figure 3-51: LCP-Cmem samples using the standard and modified polyol route. Microscope B.
Magnification: left column 10000X, right column 20000X .........cccereimriimrenimeeieeieeieenieeseeeeeenseeeeseeens 127
Figure 3-52: Schematic view parallel to (010) surface, showing the sinusoidal Li*-migration path
(dotted line) to a Lit vacancy (open square for Puma). The tilting of the POy tetrahedron near the Lit
vacancy is also shown. Li*: green; Co?*: blue spheres; PO4>: yellow tetrahedra.......ccovveeeieceniecenieceneee. 128
Figure 3-53: Influence of the molar ratio on the synthesis of LFP-Prnza. PXRD pattern of samples
refluxed after the drying process. The patterns corresponds to samples with Li:Fe:P molar ratios of
3:1:1 (black) and 1:1:1 (blue) respectively. The negative intensity corresponds to the reported phases of
LFP-Puma (black), 1i2SO4-P121/al (0 Green), FeSOs-Cmemr (O blue), LisP2O7-P121n1 (A red) and
unidentified phase (m lila). The measuring time 15 30 MIN. c..c.vvivviiiviiiriiriiiee s 132
Figure 3-54: Influence of the Li:Fe:P molar ratio on the synthesis of LEP-Pruma. PXRD pattern of the
samples after drying process. The PXRD pattern in black corresponds to the Li:Fe:P ratio 2:1:1.

Negative intensity corresponds to LFP-Puma. The measuring time is 20 mInutes. ........covevevevrieeeneens 133



XIX

Figure 3-55: Mixing methods tested in the polyol synthesis of LFP-Puma. Additional experimental
details are described in expetimental SECHON 2.0.....vcureeurecureeeireerrieirieireeineeiseeessesesseaesesessesesseaesseaesseaes 134
Figure 3-56: Influence of the mixing method on the synthesis of LEP-Pruza. PXRD pattern of the
samples after drying process. The mixing details are specified in figure 3-55. Negative intensity
corresponds to LFP-Pruza. Secondary phases corresponds to (O red) LixSOu-F-4322 and ( )
LisPOu4-Pomn. The measuring time is 1 HOUL. ..o 135
Figure 3-57: Influence of the polyalcohol on the synthesis of LEFP-Puma. PXRD pattern of the samples
after drying process. Black pattern: EG; blue: DEG and green: TEG. The reflux temperature is also

included. Negative intensity corresponds to LEP-Pruza. The measure time is 1 hout.......cccccveecuveacneee. 136
Figure 3-58: Influence of the polyalcohol. SEM images of LFP-Pruza produced using EG, DEG and
TEG. Microscope B. Magnification: left column 50000X, right column 100000X.........cccceevvrinivrininnnn. 137

Figure 3-59: PXRD pattern of the LFP precursor sample using LiAc, iron oxalate and H3POy in molar
ratio 2:1:1. Sample synthesized in TTEG. The negative intensity corresponds to the reported phases of
LEP-Cmem (black), LEP-Puma (blue 0), LisPOu-Pemn (green V), LiFeO-141/ amd ( ) and an
unidentified phase (m lila). The measuring time 1S 30 M. ....ccvierrieeriemrieeriereeeeeeee e 139
Figure 3-60: PXRD pattern of the sample using LiAc, iron oxalate and H3POy in molar ratio 1:1:1.
Sample synthesized in TTEG. The negative intensity corresponds to the reported phases of LEP-Crzen
(black), LEP-Pruma (blue 0). The measuting time 18 1 Ru.c.ceeceeececvcrrineecienincineieenescineienseseseesenenseneees 139
Figure 3-61: SEM images of LFP-Cwem produced using TTEG. Microscope A. Magnification: left
1000X, £ight S000X .. ..o 140



XX

Table List

Page
Table 1-1: The voltage of common electrodes, relative to Li metal 31 .......ccoevieivnivinicnicniericeees 34
Table 1-2: Properties of the LFP, LMP, LCP and LNP olivine compounds compared with other
cathode materials currently used in LIB7S 7. ..o seesesenns 40
Table 1-3: Lattice constants reported for LICoPO4 % by different synthesis tOUtes.......ccevvuevrivevriueennnes 42
Table 1-4: Summary of the shapes and methods for synthesis of Ag nanoparticles using polyol
SYIERESIS 114 Lo 44
Table 2-1: Summary of polyol synthesis published for LCP-Puza (up to June 2012).......cccvuveuveiecennene. 49
Table 2-2: List of the chemicals USEd.......ceeueeiureiureiiriiiecieeeieeceeeeeiee ettt seaees 50

Table 3-1: Summary of two polyol syntheses with differences in solvent composition, reaction time
and aNNEAliNG PLOGLAML.....c.oviuiiueriiririiecie e seeas 65
Table 3-2: Temperature and reaction time parameters using the CoAcz - LDP system.........cecveeucnnes 67
Table 3-3: Lattice parameter of LCP-Pruma synthesized under different temperatures and reaction
times. Reported lattice parameters are presented at bottom of the table to comparison ..........ccveeeuneeee 72
Table 3-4: Capacity values of LCP-Puma obtained by polyol synthesis (CoAc; and LDP system) after
annealed at 750 °C. The measurements were made under different C-rates. .....cocovuvrvvivviviriiveivcininns 75
Table 3-5: Highlighted experiments for the synthesis of LCP-Pruma using the CoAc, and LDP system
WILH PVD Lo s 75
Table 3-6: Lattice parameters and crystallite size of LCP-Puma synthesized under different

temperatures and reaction times with PVP. Reported lattice parameters are presented at bottom of the

Table 3-7: Morphology, average grain size of LCP-Pruma of figure 3-13 and capacity values after
annealed at 750 °C. The measurements were made under different C-rates. .....ccovuvrveicviniririeiicininnns 82
Table 3-8: Capacity values and BET areas of LCP-Prnma using a single-long annealing procedure........ 84
Table 3-9: Lattice parameter of LCP-Pruma synthesized using different water volumes in the pre-
dissolution step. Reported lattice parameters are presented at bottom of the table.......ccccovcviviericicnnee. 87
Table 3-10: Capacity values and BET areas of LCP-Pruma produced using different amounts of water88
Table 3-11: Morphology and average grain size of particles of LCP-Puma synthesized using the CoAcz
and LDP System 1N VALIOUS SOLVEILS. c..cvueverririeriererriniierenriieeieneeistiesessesteesesseseaeiesessessaesessestassessasesssesessessacsesses 95
Table 3-12: Lattice parameter and crystallite size of LCP-Puma synthesized with and without PVP.
Reported lattice parameters are presented at the top of the table ..o 101
Table 3-13: Capacity values and BET areas of LCP-Pnma using a the using the CoAcz and LiAc and
H3PO 4 SYSEEM ..ottt e nene 102



Table 3-14: Summary of phases formed after polyol and microwave synthesis using the CoX and LDP
systems (X = Acz, SO4, CO3) SYSTEML..cuvuiuimiueirieeirieeriietiieineiettaesseaesstaesstae st ssesessesesseaessesesseaessesessescsseses 107
Table 3-15: Capacity values and BET areas of LCP-Pnma using the using the CoAcz, LiOH and H3PO4

SYSEEITY ottt a s a s s R R R R bbb nene 110
Table 3-16: Mechanism and energies of Li* migration in LMP-Puma (M = Mn, Fe, Co and Ni) 177...111
Table 3-17: Capacity values and BET area of LCP-Pruza produced by AAAP method.........cocueucnee. 116
Table 3-18: Phase analysis of the product mixture after drying process and annealing process for

AAAP method using different CODAt SOULCES ....uuuimiirricrreeirieiricieecieeeieee e eseseens 118
Table 3-19: Lattice parameter and mean domain size of LCP-Cwen synthesized with surfactants.

Reported lattice parameters are presented at the bottom of the table 15 ..o 125
Table 3-20: Summary of polyol synthesis published for LEP-Puma (up to June 2012) ......cccvvevvevunnaee. 130
Table 3-21: Phase analysis after reproduction of synthesis based on table 3-20.........ccccceveeuveeirrecurennnce. 131

Table 3-22: Lattice parameter and crystallite size of LEP-Puma synthesized in EG, DEG and TTEG.
Reported lattice parameters are presented at the top of the table.......oviciniinininiccciicieens 135

Table 3-23: Summary of the variations in molar ratio and solvent in the polyol synthesis of LEP-Crzen

Table 3-24: Lattice parameters and crystallite size of LFP-Coem synthesized in TTEG. Reported lattice

parameters are presented at the top oOf the table. ..o 140



XXI1

Abbreviator Term
2-D Two dimensional
3-D Three dimensional
AAAP acetate—assistt?d gntisolvent
precipitation
ADP Ammonium dihydrogen phosphate
BEV's Battery electric vehicles
b.p. Boiling points
DAHP Di-Ammonium hydrogen phosphate
DEC Diethyl carbonate
DEG Diethylene glycol
DFT Density functional theory
DMC Dimethyl carbonate
EAH Energy above the hull
EC Ethylene carbonate
EtOH Ethanol
EV’s Electric vehicles
hcp Hexagonal closed-packed
LCO LiCoO,
LCP LiCoPOq4
LFP LiFePO,
LIB’s Lithium ion batteries
LiAc Lithium acetate
LixMyXz Lithium insertion compound
LMP LiMnPO4
LMO LiMnO,
LMP LiMPO, (M = Co, Fe, Ni, Mn)
LMR LiCo1xMn, O,
LNP LiNiPO4
Abbreviator Term
LMV LiMVO4 (M = Co, Fe, Ni, Mn)

Abbreviators



XXIIT

MW Microwave
NCA LiNiCoAlO;
NMC LiNiMnCoO3
NOx Nitrogen dioxide
PAH'’s Polycyclic aromatic hydrocarbons
PM Particulate matter
PVP Poly vinylpyrrolidone
PXRD Powder X-ray diffraction
RES Renovable Energy Sources
RGO Reducced graphene oxide
SDBS Sodium dodecylbenzene sulfonate
TEG Triethylene glycol
T™O Transition-metal oxide
TTEG Tetraethylene glycol
Oii(a Lithium chemical potential cathode
Oiio) Lithium chemical potential cathode
A% Cell potential/cell voltage
Voe Open-circuit voltage
VOC’s Volatile organic compounds
VWR VWR Chemicals
ZEV's Zero-emission vehicles
o. electronic conductivity
Li* conductivity

oLt







1. Introduction and background

This chapter starts with an overview and brief description of the energy storage and its connection with
energy sources; followed by a description of the environmental pollution problem due to vehicle
emissions and their depletion based on the application of solutions oriented in the electromobility
technologies. Then, an explanations of the importance of battery research; as well as, the fundamentals
of lithium ion batteries (LIB’s) are discussed. The connotation of the cathode materials focused on
phospho-olivines, especially LiCoPO, (LCP) as candidate for LIB’s is described. Finally, the principal

synthesis routes of LCP, motivation and methodology of this work are explained in detail.

1.1 Energy storage problem

12>

“Renewable energy is not a viable option unless energy can be stored on a large scale

Of all developments in the area of materials science in the last decades of the XX and XXI centuries,
the progress in the field of energy storage devices is perhaps one of the most remarkable advances. In
fact, energy production and energy storage play an important role in the development of the modern
society. However, the increase in hydrocarbon fuel demands, environmental pollution and global
warming 2, exert pressure on an already stretched energetic infrastructure. Those factors make it essential
to find new ways of energy production and efficient energy storage methods. Although some renewable
energy sources (RES) have been developed in recent years, such as solar, nuclear and geothermal ones,
they have not reached widespread use due to problems in the propagation in time and space, radioactive
wastes and geographical limitations respectively 4. As a specific case, during the sudden cold snap in
February of 2008 in west Texas, thousands of turbines fell silent producing a cut in the energy service
until winds picked up again. This would not have been an event if the companies had a few hundred

megawatt of energy stored .
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In this sense, the most appropriate method of energy storage is portable chemical energy and
batteries that have the advantage to store chemical energy and deliver it as electric energy. Moreover,
they show long cycle life, wide range of operating temperatures, high energy density, low cost and they
are safe . Batteries are the modern electricity-based trend-topics, due to their wide usage in electronic
devices and transportation systems; they also solve load-leveling issues and provide extra advantages in

different uses as portability and conversion efficiency ©.

1.2 Environmental contamination and human health

“Low birth weight rate and preterm birth are associated with ontdoor air pollution. This

problem has a substantial public health impact and economic burden of $26.2 billion 7

On the other hand, one of the main goals concerning the scientific research is to find a way to minimize
the effects of air-pollution. United Nations studies determined that in urban areas over 6 million people
are continuously exposed to risky levels of traffic generated by air pollutants 7. In fact, air pollution is
associated with many diseases related to respiratory, immunologic, gastrointestinal and central nervous
systems, pregnancy problems; as well as, late effects on behavioral, hearing, motor, cognitive, visual
systems and increased mortality risks 312, Rates of hospital admissions and emergency department visits
are increased and have critical implications for social and environmental policies. As example, in 2005,
the economic burden in the United States associated with preterm birth reached US $26.2 billion dollars
13; furthermore, air pollution has an important impact on economy, tourism and deterioration of

ecological environment.

Common air pollutants include lead (Pb), nitrogen dioxide (NOx), volatile organic compounds (VOC’s),
Carbon monoxide (CO), ozone (O3), particulate matter (PM), sulfur dioxide (SO2) and polycyclic
aromatic hydrocarbons (PAH’s), meanwhile, PM, VOC’s and NOx ate caused by the large number of
fossil-fuel driven vehicles . In order to preserve the environment and to decrease the air pollution, a
worldwide effort to promote the development of alternative transportation is an urgent requirement,
maintaining the economic growth and diminishing the dependence on traditional vehicles. In this sense,
implementation of electric vehicles (EV’s), zero-emission vehicles (ZEV's) or battery electric vehicles
(BEV’s) can contribute to air pollution mitigation if coupled with decarbonized electricity, but only if

the vehicle range matches travelers” needs 15.
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1.3 Battery research: Why lithium-ion?

“Cheap energy storage will break the constraint that power must be generated at the same rate

that it is used 16”7

As presented before, the RES integration and electrification of automotive transportation constitute two
imperative ways to help to decrease global warming and gas emission. These ways incur challenges in

terms of energy storage technologies, for which batteries emerge as a versatile and efficient option.

Among all battery alternatives, LIB’s show a considerable higher performance compared with other
storage battery systems. The unparalleled superiority of LIB’s over other commercial rechargeable
batteries is illustrated in the figure 1-117. Here, the energy density (Wh/kg) and the specific density
(Wh/L) corresponds to the amount of electrical energy, expressed either per unit of weight or per
unit of volume, respectively; they are function of the cell potential (V) and capacity (Ah/kg), both

of which are linked directly to the chemistry of the system 18,

In addition, LIB systems exhibits an improved, longer cycle of life, negligible self-discharge, less toxicity,
stability, and low maintenance cost '%. For these reasons, since their commercialization in the early 1990°s
by Sony®, Asahi Kasei and Toshiba® 20, LIB’s have been dominated the market and prompted the
progress of electronic devices commercialization; such as, mobile phones, laptops, wearable electronics

and digital cameras.

On the other hand, the LIB knowledge is rooted in the studies of intercalation of guest ions into
inorganic host materials (developed ca. 40 years ago) 2!. This technology (which will soon blow its 26th
candle) experiments a critical moment where a deep understanding of the limits of electrochemical
energy storage and developments of advanced materials are still necessary, in order to achieve better

performances and to satisfy the requirements in the newly generated markets.
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Figure 1-1: Energy density (Wh/kg) vs specific density (Wh/L) for a series of batteries. A battery directed to the
consumer electronics market, especially to the electric vehicle market, should be as light (high energy density) and as small
(high specific energy) as possible that is, the ideal battery should lay in the upper right corner of the diagram. The figure was
modified on basis of reference 7

The new trends, applications and the battery features/performances relation is an essential subject.
Depending on the application field (i.e. portable electronic devices, transportation systems or electrical
power storage) factors such as, the energy density, fast charging, safety, cost, power, cycle life and cost
play different levels of importance 4. Indeed, in the case of mobile devices, it predicts an increase of the
power requirement of 20% per year but the real situation is a power advancement of 10% per year .
The request for high performance of LIB’s generates strong motivations for the raise of first-rate studies
in materials sciences, electrochemistry, crystallography, surface science, microscopy and spectroscopy.
New challenges in the fabrication of the LIB’s components are critical in order to increase the power

capacity, energy density and life cycle.

1.4 LIB components. Cathode: The Holy Grail?

“Electrodes with higher rate capability, higher charge capacity, and (for cathodes) sufficiently high
voltage can improve the energy and power densities of 1i batteries and mafke then: smaller and

cheaper 22”7

As commented in the previous section, the idea of using materials that implement insertion reactions as
electrochemically active components began around the 70°s. This concept is used for the design of for
LIB’s, that are classified in two systems. The first system uses an insertion/intercalation compound

as a positive material and a Li-metal foils as negative electrode (counter-electrode), as depicted in figure
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1-2 a). This system is called “Iithium-metal battery”. The second system uses two open-structured
materials as electrodes, in which Li* ions can be shuttled from one intercalation compound (source)
to another which receives Li* ions and vice versa. This one is called “lithium-ion battery”, (see figure
1-2 b). In other words, LIB is based on an intercalation process (reversible process) of introduction-
extraction of species, ions or molecules into a layered host structure. On the other hand, the term
“insertion” refers to the inclusion in tunnel-like frameworks structures. Insertion compounds have
been classified in various ways, like dimensionality according to the passageway of the guest ions into

the host as shown in the figure 1.2-c.

c)

unnﬂﬁ
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Figure 1-2: Schematic representation of rechargeable LIB’s. There are two systems according the nature of the negative
electrode either Li metal (a) or Li insertion compound (b) In both cases, the positive electrode is constituted by an insertion
compound, in which the redox reaction occurs at high potential versus Li?/Li* (c) The types of insertion compounds as a
function of the dimensionality. Red circles are intercalated ions across the host channels

A typical LIB is composed by a negative electrode (anode) which is a material capable of
intercalating Li* ions or alloying them with metallic Li, most of the times graphite. The positive
electrode (cathode) is a transition-metal oxide (TMO). The cathode and the anode are electronically
isolated from each other by a porous polyethylene or a thin polypropylene film separator and filled with
a Li fon-conducting organic liquid electrolyte, as depicted in figure 1.5 23. LIB s are dual intercalation
systems, in which both the cathode and the anode have structures that allow reversible insertion and
extraction of Li* cations. In principle, numerous materials undergo reversible intercalation and can serve
as electrode materials. Hence, the chemistry of the LIB is not fixed, unlike the great majority of battery
systems 2% Finally, the typical electrolyte is a solution of LiPFs dissolved in an alkyl carbonate solvent
mixture, usually ethylene carbonate (EC), dimethyl carbonate (DMC) ot diethyl carbonate (DEC) 5. The
electrolyte solvents used commonly are in fact unstable below ca. 0.8 V vs Li*/Li and above ca. 4.5V
vs Li*/Liin the presence of electrode materials. Depending on their state of charge/discharge, they can
be strongly oxidize/reduce 2!.

The operating principle consist of a swing of Li* ions from one electrode to another throughout

the electrolyte that is a good ionic conductor and an electronic insulator. The representation of the
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chemical-cell chain of the figure 1-3 is written in the form Li.FePO4 | LiPF-EC-DMC | Li.Cs. A fresh

cell will be in a discharge state, i.e., at low potential. Thus, in the initial state, the positive electrode
framework is full of Li* ions (Li1FePO,), while the anode is empty (carbon, C-graphite). The
electrochemical process implies the transportation of ions and electrons and at the same time, a redox
process is carried out. During the charge process, Li* ions are released by the positive electrode (anode
at this time), migrate across the electrolyte and penetrate the negative electrode (cathode at this time); at
the same time, the electrons circulate through an external circuit. The positive electrode is oxidized
losing an amount x of electrons (Lii.FePOy) and the negative electrode is reduced capturing x electrons
(Li.Ce). The vice versa reaction occurs for the discharge process.
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Figure 1-3: Schematic illustration of a typical lithium-ion battery with a cathode material of LiFePO4 and anode material of
graphite
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The chemical reactions during the charge processes are expressed as following 2:

Anode: Cg + xLit + xe™ - Li,Cg Eq. 11
Cathode:  LiFeP0O, — Li;_,FePO,4 + xLi* + xe~ Eq. 1-2
Overall:  LiFePO, + Cg — Liy_FePO4 + Li,Cq Eq.1-3

During the discharge cycle, de-intercalation of the lithiated graphite (LiCg) initiates the transfer of Li*
ions from anode to cathode. The electrons flowing through the external circuit performs the work. The

reactions involved during the discharge cycle ate presented in Egs. 1.4 - 1.6.

Anode: Li,Cq > xLi* +xe” + Cq4 Eq. 1-4
Cathode:  Li,_,FePO, + xLi* + xe~ — LiFeP0, Eq. 1-5
Overall:  Li; ,FePO, + Li,C; — LiFePO, + Cg Eq. 1-6

In other words, in a discharging battery, the cathode is the positive electrode, at which electrochemical
reduction takes place. On the other side, the oxidation occurs at the anode. As current flows, electrons
from the circuit and cations from the electrolytic solution in the device move toward the cathode.
Although these processes are reversed during cell charge in secondary batteries, the positive electrode
in these systems is still commonly (if somewhat inaccurately) denoted to as the cathode, and the negative
as the anode. Because this terminology is well known throughout the LIB literature, this usage is adopted

for most of the publications.

The open-circuit voltage V.. is given by the difference in the lithium chemical potential between
the cathode (u1;)) and the anode (i) as follows:
Hrice) "HLi(a)

Voc= =" Eq. 1-7

where I is the Faraday constant. The cell voltage V,. is determined by the energies involved in
both the electron transfer and the Li*-ion transfer. While the energy involved in electron transfer is
related to the work functions of the cathode and the anode, the energy involved in Lit-ion transfer is
determined by the crystal structure and the coordination geometry of the site into/from which Li* ions

are inserted/extracted 7.

On the other hand, the choice of cathode material significantly affects the performance and cost of a
LIB. For example, it is a major determinant of energy density, since it typically has a lower specific

capacity than the most common anode material, graphite (372 mAh/g), to which it must be matched 24.
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Dillon ez.al 2 reports that a significant fraction in the volume, cost and mass production of LIB’s are
related to the cathode material and one of the reasons of their importance is due to constitution the sink
for the lithium ions. This is considered a fundamental statement for the production and

commercialization of LIB’s.

On the other hand, cathode materials can be categorized by their crystal structure, voltage versus lithium

metal or simple as intercalation/insertion ot conversion compounds.

Typically, 2-Volt cathode materials are: TiS; and MoS; with 2-D layered structure; 3-Volt cathode
materials are: MnO; and V»Os; 4-Volt cathode materials are: LiCoO,, LiNiO> with 2-D layered
structure and 3-D spinel LiMn2O4 and olivine LiFePOy; 5-Volt cathode materials are: olivine
LiMnPOy, LiCoPOys, and LixMiMny—Os (M = Fe, Co) with spinel 3-D structure. Generally, high
cathode voltage is desirable, as stored enetgy is proportional to the cell operating voltage.
However, electrolyte stability has to be taken into consideration in selecting high voltage cathode
materials. The common existing electrode materials ordered by their Li* intercalation potentials and
crystal structure are summarized in Table 1.1%. In addition, the figure 1-4 shows a suggested road map
for the research and development of LIB electrode materials in terms of the achievable voltage and
capacity and some of their structures are shown in figure 1-5. Finally, figure 1-6 3 present a comparative
material life-cycle attributes of some cathode materials, including an important aspect related to the

environmental intensity, the subject that is less discussed in the literature.
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Figure 1-4: Electrode materials and corresponding electrochemical performances in the current LIB technologies. The figure was
modified on basis of references 17 31
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(A) LiMO,
o ' 00060 8
. 00000 :
L ssssy  f
LiMO, == Li, MO, + xLi' + xe” LiM,0, &= Li M0, +xLi* + xe
(C) LiMPO, (D) Li,MSiO,

LiMPO, == Li MPO, + xLi' + xe

Discharge

5 ” ’ + [t = g
V,0, +1Li* + xe &= LiV,0, FeF, +xLi' 55 LiFeF,

LiFeF + 2Li &= Fe" + 3LiF

Figure 1-5: Crystal structures and electrochemical reactions of various cathodes: (A) Layered LiMO,, (B) spinel LiM2O4, (C)

olivine LIMPO4, (D) Li;MSiOs, (E) LIMBO, (F) LiV30s, (G) V,0s, (H) FeF;



34

Table 1-1: The voltage of common electrodes, relative to Li metal 32

01V 12V
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Figure 1-6: Cathode materials for ILIB’s. Background colours reflect characteristics of bulk materials. Green denotes relative strength,
red relative weakness, characteristics and white no data. Absence of circle (0) indicates no data for the material. The grey
background denotes the ‘baseline’ material use for comparison. NCAL: lithium nickel cobalt aluminium oxide; NMC: lithium nickel
manganese cobalt oxide; LCO: lithium cobalt oxide; LMR: lithium/manganese rich transition metal oxide; LFP: lithium iron
phosphate; LVP: lithium vanadyl phosphate; LMO: lithium manganese oxide .

Altogether, several criteria must be satisfied by the a Lithium insertion compound - “LixMyX3” (ot
intercalation material) to be successful as a cathode material in a rechargeable LIB. Some of the most

important conditions 3% 34 are:

»  Easy and reversible reduction/oxidation of transition metal ion presented in the cathode matetial.
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The cathode should have a low-lithium chemical potential (1) and the anode should have a high-
lithium chemical potential (#@) to maximize the cell voltage (V) and hence energy density. This
implies that the transition metal ion M»* in the LixMyXz should have a high oxidation state to setve

as a cathode and a low oxidation state to serve as an anode.

The LixMyXz should allow an insertion/extraction of a large amount of lithium per unit weight or
pet unit volume to maximize the cell capacity (Ah/L or A h/kg). This depends on the number of
lithium sites which ate available in the lithium insertion/extraction host. A combination of the high
capacity and the cell voltage can maximize the energy density (Wh/L or Wh/kg), which is given by

the product of the cell capacity and cell voltage.

The lithium insertion compound should support both high-electronic conductivity (o) and high-
Li* conductivity (a;*) to facilitate fast charge/discharge (rate capability) and offer high-power
capability, i.e., it should support mixed ionic—electronic conduction. This depends on the crystal
structure, arrangement of the M-X polyhedra, geometry, interconnection of the lithium sites,
nature, and electronic configuration of the M+ ion, and the relative positions of the M»* and Xn~

energies.

High structural stability of the cathode material to enhance cycle life, without breaking any M—X
bonds. The LixMyXz should support a reversible insertion/extraction of lithium with no or
minimal changes in the host structure over the entire range of lithium insertion/extraction in order

to provide good cycle life for the cell.

The LixMyXz must be thermally and chemically stable without undergoing any reaction with the

electrolyte over the entire range of lithium insertion/extraction process.

The redox energies of the cathode and anode in the entire range of lithium insertion/extraction
process should lie within the bandgap of the electrolyte, as shown in Fig. 1-7 to prevent any

unwanted oxidation or reduction of the electrolyte.

The LixMyXg should be cheap, must be environmentally friendliness and be lightweight from a
commercial point of view. This implies that the M"* ion should preferably be from the 3d transition

series.
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Figure 1-7: Schematic energy diagram of a lithium cell at open circuit. HOMO and LUMO refer, respectively, to the highest
occupied molecular orbital and lowest unoccupied molecular orbital in the electrolyte.

1.5 Phospho-olivines: The LiCoPO, option

“The use of lithiated frameworks has revolutionized the concept of lithimm rechargeable batteries
Jor high-power sources applied to hybrid electric vebicles (HEVs) and plug-in hybrid electric
vehicles (PHEL )" %

Among all materials presented in the last section, the most widely used in commercial LIB are the 3.5—
4V (versus Li metal) LiCoOs (layered), LiMn,Oy (spinel) and LiFePOy (olivine). These active materials
have experimental capacities of 150, 120 and 160 mAh/g, respectively 36 .

In the case of the LiCoO; (layered) their main problems atre related with to its structural stability.
LiCoO: presents two different structures depending of on the synthesis temperature: around 350 °C the
structure is a cubic spinel and around 750 °C a layered trigonal 37. The layered structure shows better
electrochemical performance compared with the cubic spinel lattice. In fully lithiated state, the layer
structure of LiCoOz is retained. During charging, Li* is removed from the layered crystal lattice,
nonstoichiomettic Lij«CoO2 compounds are formed and the oxidation from Co?* changes to Co’* for
charge compensation. Indeed, after 50 % of the lithium has been extracted from the parent structure,
the structural transformation from hexagonal to monoclinic phase is observed. This intrinsic structural
instability reduces the electrochemical capacity from a theoretical value of 280 mAh/g to 140 mAh/g.

On the other hand, the iso-structural LiNiO2 was proposed 3%; however, during synthesis, it is very
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difficult to restrict the migration of Li* ions to the transition metal layers and vice versa (called the Li/Ni
disorder), which pulls down the electrochemical performance 3. Furthermore, its poor thermal stability
in contact with organic solvents at the charged state prohibits its practical use 4. In addition, the working
potential of LiNiO is slightly lower (= 3.8 V) than LiCoO but its lithium diffusion coefficient is higher

(6x10¢cm?s71) 34

The LiMn»Oy4 (spinel) has low cost, is environmentally friendly and safer alternative compared with to
LiCoOs 4. In this case, the unique MnO; framework in the structure provides a three-dimensional (3D)
diffusion pathway for Li* ions without collapsing the M>Oy spinel framework 42. The ionic and electronic
conductivites are of the order of 106 and 10+ S cm™ 4. Despite this good features, the experimental
capacity only reaches 100-120 mAh/g. The reasons of this capacity fade are: first, the dissolution of
Mn?2* due to a disproportionation (2Mn3* — Mn?+ + Mn*) in the electrolyte 21; second, the irreversible
structural transformation from a spinel (cubic) to tetragonal structure due to the presence of Jahn-Teller
active Mn?* ions leading to a asymmetric lattice distortion during lithiation/delithiation process #. In
order to stabilize and improve the capacity of LiMn,Oy, partial cationic or anionic substitutions 4346 (Ni,
Al F, etc) or surface modification have been done using coating procedures with inert materials such as
AlOs, AIPOy, AlF;, ZrO; have been done 4. However, only limited success was achieved since the

amount of impurities or secondary phases are difficult to be controlled during synthesis.

The olivine LiFePOj4 has been considered as promise cathode material due to its low cost, abundant
availability, low toxicity, low volume expansion, relatively high specific capacity, low capacity fade, and
high safety . Since the work of Padhi ¢z a/. 5! where he reported that Li* ions can be extracted reversibly
from olivine LiFePOy at ca. 3.5 V vs Li+/Li, this positive electrode has received considerable attention
from the scientific community. This cathode material has led to the commercialization, and it is widely
described in several reviews 524 and patents 5557, LiFePOy belongs to the family of the lithium transition-
metal orthophosphates with the sum formula LiMPO, (M = Fe, Mn, Co, Ni) or simply LMP (LFP,
LMP, LCP, LNP). The olivine-type LMP crystallizes thombohedral and it is represent by the space
group Puma (No 62). The Li, M and P atoms occupying octahedral 44, octahedral 4¢, and tetrahedral 4¢
sites respectively and the oxygen atoms are localized in a slightly distorted, hexagonal closed-packed
(hep) arrangement 8. Layers of MOg octahedra are corner-shared in the & plane and linear chains of LiOg
octahedra are edge-shared in a direction parallel to /-axis. These chains are bridged by edge and corner
shared POy tetrahedra, creating a stable three-dimensional structure. In this material, the frameworks
made of POy units provide a highly stable three dimensional network owing to the strong covalent
nature of the P-O bonds >'. This eliminates the possibility of oxygen liberation and hence improves the

operational safety of batteries *. However, the separation of the MOg octahedra by POy polyanions
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significantly reduces the electronic conductivity (~10 S/cm at room temperature)®. A representation
of the olivine structure is shown in the figure 1.8. On the other hand, one of the main drawbacks is the
low electrical conductivity also results from the slow 1D migration of Li* ions limited by the A oxygen

atoms 1.

Figure 1-8: Crystal structure of LIMPOy4 (LMP) Prma: [MOg| with M=Co. a) Projection along a-axis b) Projection along 4-
axis ¢) Projection along ¢-axis. d) Alternative projection to see the corner shared octahedral between [CoO¢] and [POy] units.
Octahedra are drawn in blue, [POy] tetrahedra in yellow, Li* ions in green and O2~ ions in red

In order to overcome the issues regarding of low conductivity in the case of LFP, three main methods
have been adopted: reduction of particle/grain size, apply of conductive layer (coating) and doping with
other polyvalent cations. Synthesis of nano-sized LEFP particles resulted in the improvement of lithium
and electron diffusion due to shorter path length ¢'-63. Equally important, carbon coating is the most
efficient method to increase the electronic conductivity of LFP 64. This can be improved from 10 S/cm

to 102 S/cm %, allowing LFP to deliver excellent rate capability at room temperature . Finally, several
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metal ions such as Mg?*, Ni2*, Co?*, AP*, Ti**, Zr+, Nb>* and W, improving the electoral conductivity

by a factor of =108 6,

Similarly, LiCoPO4 (LCP) could potentially impart gains in performance because the tailoring system
chemistry is comparable to LEP; in fact, 7t incorporates the advantage of work at higher potential,
with larger theoretical performance and reduced cobalt weight fraction per formula unit
compared to the commercial LiCoO:%". As a consequence, if compared with LFP and LNMO, larger
raw material costs are counterbalanced and the resulting energy cost is greatly reduced ¢ ¢°. Indeed, the

cost/petformance ratio is comparable with the spinel LiNiosMnosO4 (see table 1.2 68).

Table 1-2: Properties of the LFP, LMP, LCP and LNP olivine compounds compared with other cathode materials
currently used in LIB’s 68

Cathode materials Discharge Theoretical Density Energy cost US$ kWh-! US$ 18650 cell vs.
voltage vs. Li (V) capacity (mAhg) (g cm?) graphite (LP30 electrolyte)*

LiFePO4 3.4 160 3.6 158
LiCoO> 3.6 137 5.1 198
LiAlp.05C00.15Ni0.s02 3.6 265 4.7 158
LiMn204 3.9 117 4.2 168
LiMnPO4 41 171 3.4 150
LiNiosMn1.504 4.7 146 4.4 141
LiCoPO4 4.8 167 3.7 142
LiNiPO;4 5.1 167 39 123

2 LP30 electrolyte: 1 M LiPFg in 1:1 w/w ethylene carbonate/dimethyl carbonate

1.6 Kinetically controlled routes of synthesis: Polyol assisted

Considering the features mentioned above, LCP olivine is technically able to improve, or, in other
words, the material allows a broad range of exploration in order to improve its electrochemical
performance. Now, the discussion is focused on the importance of the synthesis routes of olivine
materials. Briefly, the methods can be classified in two groups: solid state methods and solution-based
methods. Solid state synthesis, mechano-chemical activation, carbothermal reduction and microwave
heating are based on solid state chemistry and are the most common solid state methods for preparing
LiMPO, powders. Fig. 1.9 70 presents the basic steps involved in these routes. They are important in
terms of obtaining ordered crystal structure in a simple way at elevated temperatures, high reproducibility
and relative easiness of control of secondary phases. However, as expected of solid state routes, the
particles are strongly agglomerated, inhomogeneous in shape, size and typically are highly time and

energy consuming ¢. Equally important, solution-based or wet chemical methods group
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hydrothermal/solvothermal synthesis, sol-gel synthesis, spray pyrolysis, coprecipitation, microemulsion
drying, microwave-assisted method and polyol. General synthesis steps are shown schematically in Fig.
1.10 7. In general, wet chemical methods often result in smaller and uniform particle size, more

possibilities for morphology control and decrease in annealing times and temperatures.
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Figure 1-9: Typical routes for producing LMPO4 powders using solid state methods. Adapted from 7
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Figure 1-10: Typical routes for producing LIMPO,4 powders using solution based methods. Adapted from 7
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In case of LCP, different synthesis routes have been implemented. A resume of them with reported
lattice parameters and temperatures used for annealing process are presented in the table 1-3. In this
table, the first point to remark is the fact that cell constants show slight variation depending on
the synthesis route and synthesis conditions; such as, chemical nature of the precursors, duration of
the annealing, annealing atmosphere, heating rates, dynamic or static annealing flow and chemical

characteristics of the intermediates. Although, the change in lattice parameters does not represent a
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strong difference with reported single crystal, the synthesis parameters can also be responsible for the

chemical, morphological and electrochemical features.

Table 1-3: Lattice constants reported for LiCoPO4 %7 by different synthesis routes

Annealing conditions Lattice constants (A)
Synthesis Ref
Gas Temperature (°C) a b c

71

10202 5922 4699

Ak 750 10.206 5.926 4,706 s
10.188 5904 4701
850 10.24 5.97 472 7
Solid State Air Microwave heating 10205 5925 4702
Ar 600 10.196 5919 4,697 7
650 10.209 5.923 4716 7
No 750 10.192 5917 4.695 78
800 10.195 5920  4.698 7
450 10.203 5921 4.699 80
Wet Chemistry Air 500 10.193 5.913 4.687 81
10.205 5.921 4700 80
600 10.206 5.923 4701 80
400 10.187 5918 4.696 52
10.201 5.923 4700 8
600 10.195 5918 4.692 84
Air 10.194 5.925 4,698 85
Sol-Gel 700 10.195 5914 4.699 85
10.2 591 473 86
800 10.180 5.901 4703 85
850 10.286 5.927 4726 85
Ar 700 10.202 5.921 4.700 8
200 10.206 5.923 4701 87
300 10.21 5.95 4.7 88
. N2/3% Ho 10.206 5.922 4,700 &
Spray-Pyrolisis 400 10.203 5921 4701 §7
500 10.202 5924 4700 87
N2/5% He 700 10.199 5921 4.700 8
Molten salte Ar 900 10.150 5.90 4.70 %

a Single crystal

The second point is the fact that all synthesis reported in the table (solid state and solution-based)
request the use of an annealing procedure or final thermal treatment that allows to obtain the final
olivine structure. Since the use of this annealing temperatures induces process of particle growth and
particle inhomogeneity, a direct methodology where the olivine phase could be achieved after the mixing
of the precursor will be ideal. The answer to this statement is give by the polyol synthesis route; this
procedure has been widely used for synthesis of lithium metal phosphates, such as LFP 9197 LMP 98-101
and LNP!%?, resulting in nano-particles, with discrete particle size distribution and values with the
capacity of over 120 mAhg!. The polyol process involves the reduction of inorganic compounds in

liquid polyols. Polyols were either polyhydric alcohols like o-diols; such as, 1,2-ethanediol (ethylene
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glycol), 1,2-propanediol (propylene glycol) or ether glycol namely di(ethylene) or tri(ethylene glycol). The
solid precursor (nitrate, carbonate, phosphate, chloride, acetate, oxide, hydroxide) is dissolved in the
polyol and further stirred and heated to a given temperature. Polyols are interesting among non-aqueous
solvents because like water and monoalcohols, because they are hydrogen-bonded liquids with a high
value of relative permittivity; therefore, they are able to dissolve ionic inorganic compounds. Equally
important, owing to their chelating properties, they are coordinating solvents which can form complexes
with many metal cations. Consequently, they can form reactive intermediate species on the one hand,

and on the other hand they can adsorb onto the surface of the growing particles preventing aggregation

103,

Briefly, the main advantages of this technique are:

» The electrode material can be synthesized at a low temperature without performing an

additional heat treatment annealing process 104,

» Synthesis of a high crystalline material with uniform particle size from micrometers until to

nanometetrs size 56,

» Since alcohols are ineffective protecting agents, polyols are used because they contain a larger
number of hydroxyl groups per molecule, which effectively chelate (multiply coordinate) the

metal ions. This allows metal ions to remain in their reduced form 105,

» Polyol-mediated methods are of great importance as they allow large scale synthesis, and most
importantly the shape and size of the particles are easy to control by adjusting the ratio of

reactants 106,

» Since the additional heat treatment process is not necessary, the production process is
simplified, the manufacturing cost of the electrode material is decreased and the environmental

pollution generated during the process is reduced 7.

An important remark is the fact that this technique is frequently use to modify the morphology of several
materials. The table 1-4 shows some examples of the morphology obtained in the synthesis of silver
nanoparticles using a polyol process. On the other hand, the final morphology also depends on the

hydrolysis ratio h, defined as the ratio between the amount of water added in the polyol and the amount
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of metal involved as exemplified for cobalt in the publication of Poul ez 4/ 198, Finally, the morphological
characteristics of the final particles, i.e., size, shape and degree of aggregation depend upon the kinetic
of two steps: growth and nucleation. In such a case, the precipitation of particles and tune of
morphologic characteristics are controlled by experimental parameters, such as nature of reactants,
concentration of the solid precursor, nature of the polyol, continue injection of it, temperature ramping
and duration of the reaction. As polyols are able to control the growth of the particles, in order to extend
their agglomeration it may be useful to use surfactants or polymeric protective agents such as poly
(vinylpyrrolidone) (PVP) 199, citric "0 or lauric ''! acid or SDBS 0. This promotes heterogeneous
nucleation, providing an efficient tool to steer the average size of spherical particles in a large size range

and in other particular cases, obtaining another shapes such as nanorods'!?, nanoplates'!? and nanowires

114,

Table 1-4: Summary of the shapes and methods for synthesis of Ag nanoparticles using polyol synthesis 115

Shape Illustration Method of synthesis

ra Polyol process (single-crystal);
Sphere and quasisphere Q @ orp (single-crysta)

Citrate reduction (quasisphere)

Polyol process; seed-mediated
Cube and truncated cube
growth
Tetrahedron and truncated W w Polyol process. light-mediated
tetrahedron growth
Octahedron and truncated Polyol process; seed-mediated
octahedron @ growth; light-mediated growth

Bar - Polyol process

Spheroid

Polyol process

Right bipyramid Polyol process

a»
Beam i Polyol process

Polygonal plates and disc Q: Light-mediated growth;

polyol process

1.7 Design of cathode materials: trends and remarks

In order to enhance the electrochemical performance of electrode materials, various strategies have been

used which are resumed in the figure 1.11. They are common among all kind of cathode materials
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investigated and often similar regardless of type of material, crystal structure, or operating mechanism.

The figure presents the broadly categorized strategies and the advantages of their implementation.

In case of dimension reduction the use of nano-sized or nano-structured materials may shorten the
pathways for the electrons and Li* transport to electrochemical reaction sites which can ameliorate the
naturally low electronic and ionic conductivities and thus increase their power performance, improve

their energy efficiency and reduce voltage hysteresis 16,
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Figure 1-11: General strategies for performance enhancement and their rationale: 1 reducing dimensions of active materials,
2 formation of composites, 3 doping and functionalization, 4 tuning particle morphology, 5 formation of coatings or shells
around active materials, 6 modification of electrolyte

Besides, the formation of hybrid nano-composites in combination with functional media that enhance
electrical conductivity, mechanical stability and other performance metrics (e.g., reduced dissolution) has
been done using conductive carbons, including, carbon blacks, graphene, carbon nanotubes (CNTs),

carbon fibers, micro and mesoporus carbons which showed visible electrochemical improvements 3 3

117-121

A factor to be considered while designing new electrodes is the architecture or arrangement of the
active material. Most of currently available commercial LIB electrodes ate formed as thin films in the
order of hundreds of microns thick. These films often consist of polymer-based binders, active-material
powder and additives that allow to increase electric conductivity of the electrode. The geometric

considerations of the electrode design are important in the light of inherent limitations of the charge
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transport characteristics. This is a consequence of the formation of bottlenecks during the lithium

diffusion from the surface of the active material that impedes additional ion transpott.

In this sense, the structure of the electrodes, their thickness and the length of diffusion pathways play
an important role in the ionic mobility and limit the batteries to slower rates than could otherwise be
possible. For these reasons, 3-dimensional (3D) porous electrode architectures have attracted a lot of
attention particularly because battery size and mass are expected to be reduced in next generation power
systems without reduction in energy density 122 Another way to improve the electrochemical
performance is the doping procedure by aliovalent substitutions using ions such as Mg?*, Cu?*, Zr*" and
Ct2*. In case of LFP, aliovalent solutes from 2+ through to 5+ valences are readily accommodated in
the olivine lattice, especially when the overall composition is formulated to allow the simultaneous

introduction of cation vacancies for charge compensation 123 124,

1.8 Motivation: scope and objectives of this thesis

As presented in the section 1.5, due to the high energy density and high theoretical capacity of LCP, it

is considered as potential cathode material for LIB’s. Thus, the motivation and goals of this work are:

a. 'The principal objective of this work Is the synthesis of LCP-Pnma by polyol synthesis
attempting to obtain a material with good electrochemical performance (cycle stability and high

capacity at high rates).

b. Synthesize LCP-Pnma with high crystallinity, small particle size (nm range) and a
discrete range of particle distribution. This is important in order to obtain high capacity at
high C-rates. To achieve this, the ideal polyol process should be performed in a single-step

procedure to avoid the use of any further annealing procedures or thermal treatments.

c. Use a systematic approach in order to explore the influence of synthesis conditions (time
(reflux time), temperature, educts source) to analyze their influence in crystalline and
morphologic characteristics of the material obtained as well as in the control of secondary

phases.

d. Complement the study with additional synthesis methods that can be found along the
research process and support the synthesis of LCP-Puma by the adaption of synthesis

methods reported for other metal orthophosphates (LMPO,).
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1.9 Methodology
The methodology of the synthesis is described in the chart presented in figure 1.12. As defined in the

motivation, the work is focused on the synthesis of the LCP. This was made at laboratories of Prof. Dr.

Tom Nilges and Prof. Dr. Bernhard Rieger.

1
J

[ Literature Survey

Reproduction of LCP-polyol
synthesis reported in literature

Crystal analysis by XRD. Morphologic analysis
and estimation of particle size by SEM

Use another polyol
synthesis procedure

The sample present a single

pure phase of LCP-Puma and
the particle size is < 1000 nm ?J

Change synthesis
- parameters: femperature,
The sampleis a .
. time, educts
mixture of phases or 3

Usual problems

is amorphous

Force obtain the LCP-Puwa by |
use of annealing procedure

The sample present big Use surfactants in
owever . .
particles or agglomerates the synthesis

Discussion and
analysis

Figure 1-12: Flowchart of the methodology implemented for the synthesis of LCP. The blocks in blue represent part of the
scope of the project.
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2. Experimental procedures

This section begins with the literature survey regarding the synthesis of LCP-Prnma by polyol synthesis.
Then, the list of the educts used is depicted. Next, the detailed explanation of the different polyol
synthesis used for the obtaining of LCP-Pua is described in detail. Complementary synthesis routes of
LCP-Puma such as microwave-assisted polyol and acetate-assisted antisolvent precipitation (AAAP)

method are explained. Finally, the polyol synthesis of LFP polymorphs is also included.

2.1 Summary of LCP-Pnma synthesized using polyol method

Up to 2012 few reports about the synthesis of LCP using polyol method have been published. The Table
2-1 presents a review of the literature found in the beginning of the project for LCP-Puma using polyol
synthesis. The starting point of this research was the selection and reproduction of one of the methods
described in the table 2-1. It can be observed, that based on the combination of starting materials only
two systems are reported. Furthermore, an important aspect to underline is the Jack of information
about the complete synthesis details. In general, experimental information is not deeply specified;
namely purity of the educts, order of mixing, pre-dissolution of educts, solutions with pre-determined
molar concentration, mixing order of the educts, educts mixing rate (one-shot or dropwise after
dissolution step), pH control, volume of the reactor, molar ratio, stirring rate, temperature rate and
annealing process. In this sense, the synthesis that offers more experimental information was reported
by Satyanayana ez. a/. 125 and his procedure: synthesis using the CoAcz,(Cobalt acetate) ADP (Ammonium
dihydrogen phosphate) and LiAc (Lithium acetate) system, was selected as the starting point for the

production of LCP-Puma.



Table 2-1: Summary of polyol synthesis published for LCP-Puma (up to June 2012)

Annealing
System Reflux Reflux Molar ratio Special Capacity
Starting Materials Solvent time and Year Ref.
No time (h) temperature (°C) Li:M:P conditions (mAh/g)
temperature
Reflux
LiAc (99.99% Aldrich)
under 650 °C for 0.5 h or Not
1 Co(Ac)2.4H20 (98% Alfa Aesar) 20 320 1:1:1 TTEG 2009 Wang ez. al. 1%
nitrogen longer in Ar reported
H;POs (85% wt% H20 Fisher)
atmosphere
LiAc.2H:0
Not
CoAc:.4H:0 4 180 1:1:1 DEG No 350 °C in air 2009 Exnar et. al. 17
reported
(NH4)H2PO4
LiAc (Qualigens)
CoAc:2.4H:O Intervals between
Not Use of PVP Not
(Qualigens) 2 190 EG 350 °C - 600 °C for 2011 Satyanayana ez. al. 1>
2 mentioned as surfactant reported
(NH4)H2PO4 (Qualigens) 3 hinair
PVP(CsHsNO)., Mw: 10°
LiAc (Merck 99.999%)
CoAc2.4H,O
35 250 1:1:1 PEG No 800 °C for 2 and 4 h 6.08 2008 Renganathan ez. al. 128
(Merck 99.999%)

(NH4)H2PO4 (Sissco 99.99%)




2.2 Educts used

The chemical substances used in this work are listed in Table 2-2. They have been used without any

further purification process.

Table 2-2: List of the chemicals used

Compound and purity grade Formula Supplier* Abbreviation Form

Acetone techn. CH;COCH; MV Ac Liquid

L-(+)-Ascorbic acid 99+% CeHsO6 AA AsAc Powder

Ammonia water 25% NH4OH MV NHs/H.O Liquid

Ammonium dihydrogen phosphate NHsH2PO4 AA ADP Powder

99.995%

Di-Ammonium hydrogen phosphate (NHg)HPO, M DAHP Powder

99%+
Argon 5.0 99.999% Ar Wt Ar Gas

Citric Acid 2 99,5% HOC(COOH)(CH.COOH)> SA CA Powder

Cobalt(II) acetate tetrahydrate 99.98% (CH5CO0)2Co0.4HO AA CoAc2 Powder

Cobalt(II) chloride hexahydrate 99.95% CoClL.6H20 AA CoClz Powder

Cobalt(II) sulfate heptahydrate 99.95% CoSO4.7H0 Ch CoSOs Powder

Cobalt(II) catbonate heptahydrate 99.95% CoCO3.7H.0 AA CoCOs Powder

Diethylene glycol = 99,0% (HOCH:CH,):0O VWR DEG Liquid

Ethanol techn. CH3CHOH MV EtOH Liquid

Ethylene glycol normapur = 99,0% HOCHCH0H VWR EG Liquid

D-Glucose - H20 99% CsH1206 AA Glu Powder

Iron(II) acetylacetonate 99.95% [CH3COCHC(O)CHs)2Fe SA Fe(AcAc)2 Powder

Iron acetate 99.999% Fe(CHsCOO) SA FeAc Powder

Iron sulfate heptahydrate 99.999% FeSO47H-0O AA FeSO4 Powder

Iron oxalate dehydrate 99.999% FeC204.2 H2O AA FeOx Powder

Lithium acetate dihydrate 99%+ CH3COOLi.2H.O Ch LiAc Powder

Lithium hydroxide monohydrate LiOH-H.0 SA LiOH Powder

Lithium phosphate monobasic 99% LiH2PO4 SA LDP Powder

Phosphoric acid 98 % H;5PO4 Ap H;5PO4 Liquid

Polyvinyl pyrrolidone (M.W. 56000, (CsHoNO)n AA PVP Powder

360000, 1300000)

Sodium dodecyl sulfate = 99,0% CH3(CH2)11OSO3Na SA SDS Powder

Sodium dodecylbenzenesulfonate = CH3(CH2)11CsH4SO3Na SA SDBS Powder
99,0%

Tetraethylene glycol = 99,0% HO(CH2CH20);CH>CHOH Ch TTEG Liquid

Tetraethylene glycol dimethylether = CH30(CH2CH-0)+CH3 Ch TTEG-DME Liquid
99,0%

Triethylene glycol = 99,0% HO(CH2CH20).CH>CHOH VWR TEG Liquid

Water Millipore H20 TEC HO Liquid

* Ap = Applichem, AA = Alfa Aesar, Wf = Westfalen, SA = Sigma-Adrich, Ch = Chempur, M = Merck, VWR = VWR Chemicals, MV =

faculty’s supply, TEC = Chair of technical electrochemistry.
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2.3 Polyol synthesis of LCP-Pnma

This section groups the different polyol systems used for the synthesis of LCP-Puza. The chemical
reaction is possible due to the mixture of chemical reagents based on cobalt, phosphorous and lithium
in a polyalcohol. The influence of synthesis parameters such as solvent (polyalcohols type), educts,
temperatures and reaction times is discussed. The formation of crystalline structures and morphology is

also analyzed.

2.3.1 Synthesis using the CoAcz, ADP and LiAc system ** — standard
procedure

The solid educts CoAcz, ADP and LiAc were weighed using a Sartorius TE124-s balance. Each
substance (8.76 mmol) was dissolved using EG (25 mL). The molar ratio of Li:Co:P was 1:1:1. The
dissolutions of ADP and LiAc were mixed together in a 250 mL three-neck round flask and stirred for
10 minutes. Later, the dissolution of CoAcz was added into a round flask and temperature was increased
up to 190 °C (the temperature value is fixed in a magnetic stirrer). The heating process was conducted
using a heat-on attachment in a MR Hei-Standard heating plate form Heidolph and adapted to an EKT
Hei-Con temperature sensor. This mixture was refluxed for 3 hours. The stirring rate was fixed at 1000
rpm using a 20 x 6 mm magnetic stirrer. After that, the solution was slowly cooled. In order to separate
the final product from the rest of the organic components and the rest of the EG, the mixture was
centrifuged in a Hettich-Rottanta centrifuge at 1500 rpm. Subsequently, the solvent was disposed, the
sediment re-dissolved in pure ethanol and centrifuged again. This procedure was repeated until the
filtrate became colotless. At last, the product was washed with a rinse of acetone. The product was
filtered under vacuum and dried in a furnace at 100 °C overnight. Finally, the precursor was annealed at
300 °C and 650 °C for 3 hours. Figure 2-1 presents a flux chart of the synthesis procedure, overall
synthesis parameters that can be varied, and the pictures of the dissolution, reflux, filtration and samples

after annealing.
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[ Synthesis parameters ]
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Figure 2-1: Flowchart of polyol synthesis using the CoAcz, ADP and LiAc system. The middle column present the synthesis
parameters. Pictures of dissolution in EG, centrifugation, appearance of the final product (before and after annealing) and
reflux system.

LS

2.3.2 Synthesis using the CoAcz and LDP system (adapted from
LiMnPO polyol synthesis) * — standard procedure

For the adapted synthesis, 150 mL of EG were added into a 250 mL 3-neck round bottom flask with a
condenser and 20 x 6 mm magnetic stit-bat. The EG was heated up to 100 °C and stirred at 1000 rpm.
Then, 3 mmol of CoAc2.4H>O were added on EG and, after complete dissolution, 3 mmol of LiH,PO4
(1.0 M solution) were added dropwise (at less than 1 mL/min rate) using a graduate drip funnel. The
temperature was increased up to 135 °C (nominal value fixed in the magnetic stirrer). The heating
process was conducted by a heat-on attachment in a MR Hei-Standard heating plate from Heidolph
adapted to an EKT Hei-Con temperature sensor. This mixture was refluxed for 4 hours. After that the
solution was slowly cooled. The following steps of centrifugation, filtration and drying are the same as
described in the synthesis using the CoAcz, ADP and LiAc system. The annealing procedure was done

under air. The flowchart of the synthesis procedure is presented in figure 2-2.
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Figure 2-2: Flowchart of polyol synthesis using the CoAc; and LDP system 9

2.3.2.1 Synthesis using CoAc; and LDP system combined with PVP *-1%

PVP (Polyvinylpyrrolidon; m.w. 56000) was used as a surfactant to address the control of the particle
size and morphology of LCP. The procedure was based on the synthesis using the CoAcz and LDP
system. The PVP was added on CoAc;during its dissolution (see figure 2-3). In another procedure, PVP
was dissolved separately in 50 mL of EG and heated up to 100 °C. Afterwards this dissolution was
mixed with the dissolution of CoAcz and finally LDP was added dropwise. The amount of PVP used
was 1:4 molar ratio LCP:PVDP.
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Standard method Alternative method
150 mL of EG Dissolve PVP in 50 mL Dissolve 0.03 mol of
heating to 100 °C of EG heating to 100 °C CoAc,4H,0 to EG
0.03 mol LiH,PO, l
. e ' N
(1LOM) dropwise Add 0.03 mol of
CoAc,4H,O +
PVP to EG y
y Mix 0.03 mol LiH,PO,
(1.0 M) dropwise
Dissolution of (i) g e g
CoAc,4H,0

A J

Mixing and reflux

process

h 4

Centrifugation and
filtration

T=X°C 35000

A4 ~ 450°C
= Is

[ } o 5h B X — 550°C

650°C
_750°C

Figure 2-3: Flowchart of polyol synthesis using the CoAcz and LDP system combined with PVP

2.3.3 Synthesis using the CoAcz, H;POsand LiAc system (adapted from
LiFePO, polyol synthesis) ° — standard procedure

For the synthesis 125 mL of TTEG were added into a 250 mL 3-neck round bottom flask with a
condenser and a 20 x 6 mm magnetic stir-bar. Then 7.41 mmol of LiAc were added on TTEG solution
at room temperature and the dissolution was heat up to 100 °C. Apart, CoAc; were added on 75 mL of
TTEG and heated up to 100 °C. When LiAc is totally dissolved, 0.5 mL of H3PO4 (98%) were added
dropwise. Here the solution in maintained for 1 hour under stirring. Then CoAc; solution is added on
previous mixture. The Li:Co:P molar ratio is 1:1:1. Then the mixture was heated untl refluxing
conditions were reached. The heating process was assisted by the use of a heating mantle (Horst three-
stages) with the stage selector placed in position 2 in order to try to reach temperatures above 250 °C.

This mixture was refluxed for 14 hours. After that, the solution was slowly cooled. The posterior steps
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of centrifugation, filtration and drying are the same as described before. A flowchart of the synthesis

procedure is presented in the figure 2-4.

Standard method Alternative mixing method
125 mL of TTEG + CoAc, 4H,0 125 mL of TTEG + CoAc, 4H,0
LiAc + 75 mL TTEG LiAc + 75 mL TTEG
v v
Mix until complete Mix until complete Mix until complete Mix until complete
dissolution ition diszolution dissolution
v
Add H.PO,
dropwise

Add H,PO,
dropwise

Change to heat
mantle

Change to heat

mantle

Centrifugation and
filtration

Centrifugation and
filtration

600 °C
o " r
e #&h Y,

Figure 2-4: Flowchart of polyol synthesis using the CoAcz, H;PO4and LiAc system

2.4 MW-assisted polyol synthesis of LCP-Pnma

2.41 MW:-assisted synthesis using the CoX and LDP system (X = Acz,
SO4, COs)

For the microwave-assisted polyol synthesis, CoAcz, CoSO4, CoCly and LDP (1.0 M) were used as
starting materials. The Li/P molar ratio was 1:1. First, CoAc; was dissolved in 150 mL of EG and after
complete dissolution 3 mmol of LDP (1.0 M solution) were added dropwise (at less than 1 mL/min
rate) using a graduate drip funnel, to form a precursor solution. Afterwards 50 mL of the precursor
solution were transferred into Teflon® vessels and sealed to form a high-pressure closed system. The
vessels were covered by a housed thermowell and located in a rotor placed on a turntable for uniform
heating in an Ethos One microwave system (MLS GmbH, MR- 8 HT high-temperature rotor). The

desired time and temperature were programmed with the easyCONTROL-640 software. The automatic
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temperature control system allowed for continuous monitoring and control of the internal temperature.
Preset profile (desired time, temperature, and pressure) was followed automatically by continuously
adjusting applied power. The system was operated at a frequency of 2.45 GHz and power of 600 W.
The sample temperature was ramped up to 300 °C and kept at 300 °C for 15 min under the solvothermal
conditions. After cooling the mixture is collected, centrifuged, filtered and dried as described in the

polyol synthesis method. A diagram of the synthesis procedure is shown in the figure 2-5.

‘ 150 mL of EG 1

heating to 100 °C

0.03 mol LiH,PO, } l

(1.0 M) dropwise
‘ Add 0.03 mol of W

CoXto EG

h 4
Dissolution of CoX

»

Mixing

i

MW Heating 300 °C

g 30
15 mins / 600 W

h 4

Centrifugation and
filtration

}

o]

Figure 2-5: Flowchart of microwave-assisted polyol synthesis using the CoX and LDP system (X = Acz, SO4, CO3)

2.4.2 MW:-assisted polyol synthesis using the CoAc;, H;PO4 and LiOH
system !

The synthesis is based on the procedure reported by Manthiram ez 4/ . For the microwave-assisted
polyol synthesis, LIOH, CoAcz and H3PO4 were used as starting materials. The Li:Co:P proportion was
1:1:1 and the amount of substance used was 3 mmol. Firstly, CoAcz and LiOH were dissolved separately
in 10 mL of water each. CoAc solution was mixed with 50 mL of the polyalcohol and stirred for 10
minutes. Then the LiOH solution was added on CoAc; dissolution and mixed for another 10 minutes.

Finally, the H;PO4 was added dropwise and pH of the reaction mixture was adjusted to around 9.0 with
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ammonia. The mixture was transferred into Teflon® vessels and sealed to form a high-pressure closed
system. The following steps of microwave set-up, centrifugation, filtration and drying were the same as

described before. A diagram of the synthesis procedure is shown in the Figure 2-6.

CoAc, dissolved in
10 mL water

Mixture with LiOH dissolved in
Polyalcohol 10 mL water

Add H,PO,
dropwise

h 4

Ammonia to set up

the pH value at = 9

h A
‘ MW Heating

15 mins

h 4

Centrifugation and
filtration
Y
T=X°C 350°C
450°C
[ J Ny 5h Dy, x — ssoec
650°C

_750°C

Figure 2-6: Flowchart of microwave-assisted polyol synthesis using CoAcz, H3PO4and LiOH system

2.5 Acetate-assisted antisolvent precipitation (AAAP) synthesis
(adapted from LiMnPQ, antisolvent synthesis"?)

This method involves the preparation of an aqueous solution and an antisolvent solution. For the
aqueous solution, 20 mmol of CoAc; were dissolved in 16,5 ml of deonized water; afterwards, 20 mmol
(1.35 mL) of HsPO4 and 2 mL of HCI (37 % wt ) were added dropwise. The solution was mixed for 20

minutes until the obtainment of a homogeneous mixture. For the antisolvent solution, 20 mmol of LiAc



58

were solved in 65 mL of EtOH (Absolute) and the solution was heated up 70 °C using a stirring rate of

400 rpm with a 20x2 magnetic stirrer.

Aqueous solution Antisolvent solution
~
CoAc, dissolved in LiAc dissolved m 65
16,5 mL water mlL of EtOH
v v

~

1.35 mL H;PO, Heat until 70 °C

and 2 ml HCL

h

Aqueous solution 1s
dropped on anti-
solvent solution
and mixing for 3 h
at 70 °C

Centrifugation and
filtration

C-coating: 20 % wt

glucose using ball
milling 600 rpm
¥ T =550°C
} "‘/\?/'/ 5h \\\‘\(?(?0

Figure 2-7: Flowchart of acetate-assisted antisolvent precipitation synthesis of LCP-Pnma

The antisolvent solution was transfered into a round 250 mL flask connected to a reflux system. In order
to avoid loss of solvent due to evaporation of alcohol and to control the flux rate, aqueous solution was
being dropped into antisolvent solution using a KDS 200 LEGACY syringe pump at 0.8 mL/min. A
formation of a blue/violet viscous solution was noted (see figure 2-8). The solution was maintained for
3 h at 70 °C until a precipitate formed. The stirring rate was fixed at 1000 rpm using a 20 x 6 mm

magnetic stirrer. The formed precipitate was separated from the rest of the solution by vacuum filtration.
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The product was collected and dried in an oven at 75 °C overnight. Subsequently, the precipitate was
ball-milled with glucose for 6 h using a program composed of 72 steps of 5 minutes of mixing with 20
minutes pauses between them. For the ball milling 1 cm in diameter ZrOs balls in a 45 mL jar were used.
The annealing of the sample was conducted under air and argon at 550 °C for 5 hours. The flowchart

of the process, as well as the graphical description of the montage, is shown in the figures 2-7 and 2-8.

Figure 2-8: Experimental setup for the acetate-assisted antisolvent synthesis. Left side: the Syringe driver adapted to the
round flask. The syringe tip cross trough rubber septa. The reflux cooler is use to avoid the evaporation of the solvent.

2.6 Polyol synthesis of LiFePO4-Pnma

For the synthesis LEP-Puma, 125 mL of TTEG were added into a 250 mL 3-neck round bottom flask
with a condenser and a 20 x 6 mm magnetic stir-bar. Then 14.8 mmol mol of LiAc were added on the
TTEG at room temperature, the mixture was stirred for 10 minutes at 1000 rpm and the temperature
increased up to 100 °C. After total dissolution of the LiAc, 7.41 mmol of HsPO4 (98%) were added
dropwise on the LiAc/TTEG mixture and stirred for another 30 minutes. Apart, 7.41 mmol of
FeSO4.7THO ate added into 75 mL of TTEG, the mixture is heated up to 100 °C. After complete
dissolution of FeSO4.7H;O this solution is added into the LiAc/H3;PO4/TTEG mixture. The Li:Co:P
molar ratio is 2:1:1. Then the mixture was heated until refluxing conditions were reached. The heating
process was assisted by the use of a heating mantle. This mixture was refluxed for 16 hours. After that,
the solution was slowly cooled. The posterior steps of centrifugation, filtration and drying are the same

as described before. A flowchart of the synthesis procedure is presented in the figure 2-9.
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Figure 2-9: Flowchart of polyol synthesis of LEP-Puma

2.7 Further equipment used for synthesis and characterization

2.7.1 Furnaces and tube ovens

Dry and anneal processes of the samples wetre done in a Nabertherm oven (30 - 3000°C). In this oven,
a heating rate, a target temperature and a holding time can be set. Subsequently, the furnace cools to
room temperature on its own. The annealing process under argon atmosphere was done in a tube

furnace controlled by an external flux regulator.

2.7.2 X-ray diffraction analysis - XRD

The qualitative crystal analysis was done at room temperature on a Stoe STADI P diffractometer using
Mo Ka radiation (Ge(111) monochromator, A = 0.70930 A) equipped with a Dectris Mythen DCS 1K
silicon solid-state detector. The sample is grounded and fine homogenized in an agate mortar and the
powder put between two gluing tape stripes (Scotch® Magic TM Tape 810, 3M). The tape is fixed in a
sample holder. The sample holder is clamped in the diaffractometer and spin during measurement. The
measure in done using transmission geometry in a a 20 range of 2°~ 60° in two ranges of measurement
with a step size of 0.015 in 20 and measure time per step of 2.0, 1.0 and 0.5 seconds (20 minutes, 30

minutes and 1 hour measure time). The generator is operated with 50 kV and 40 mA.
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For the analysis of the obtained diffractograms, crystallographic information files (.cif files) from the
Inorganic Crystal Structure Database (ICSD-FIZ Karlsruhe) were used. The phase analysis was
performed using the X “pert Highscore Plus software from PANalytical 133, The graphic interface of the
software WinXpow was used. The .cif files were converted in negative intensity in order to compare the
PXRD patterns. The .cif file reported by Kubel ez. a/ 134 tor LCP-Pnma was used as literature reference.

The calculation of the crystallite size was done by the use of Scherrer equation 135

K-2
A(20) = L-cos@

Eq. 2-1
where A(20) is the full width at half maximum cortesponding to the main signal in the PXRD pattern,
K is the Scherrer form factor, A is the wavelength, L the crystallite size and ¢ is the incidence angle. The

Scherrer form factor used was 0.94.
2.7.3 Scanning electron microscopy - SEM

Examination of the dry material regarding the shape and size of the particles was performed using

scanning electron microscopy (SEM). Two different microscopes were used:

A: For examination of morphology and approximately estimation of grain size and agglomerates size:

JCM-6000 NeoScope from JEOL. Acceleration voltage of 15 kV.

B: For approximately estimation of grain size, agglomerates size and high resolution images: High-
resolution scanning electron microscopy (HR-SEM) was performed on a JEOL JSM-7500F instrument

at an accelerating voltage of 1 kV.

The powders were prepared on carbon tape, which was attached to an aluminum stub. Both microscopes

were operated at high vacuum.

2.7.4 Electrochemical characterization

Electrochemical characterization was carried out in cooperation with the Electrochemical Chair of Prof.
Dr. H. Gasteiger. M.Sc. D. Haering developed the measurements and calculations. First, the active
material is homogenized in an agate mortar. Then, the active material, binder (PVdF) and carbon black
were mixed in a planetary centrifugal mixer (Thinky ARV-310). The composition of cathode ink was
80:10:10 (active material:binder:carbon black). The LCP inks were cast on the rough side of an aluminum

foil (MTT, thickness: 18 um, 4.7 g/cm?) using a doctor blade coater. The wet film thickness is of around
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250 um. The resulting coatings were dried at 50 °C in a convection oven for 3 hours. The electrodes are
punched with a 10 mm diameter and pressed 2 times for 1 minute at 3 tons of pressure. As electrolyte
1 M LiPFs in a solution of EC:DMC was used. Two glass fiber separators were used with 8 uL. of
electrolyte solution. The measures were done in two cells, each using three cycles at different C-rates

(C/10, C/5, C/2,1C and 2C). The potential range was between 3.5 — 5.2 against Li/Li*.

2.7.5 Brunauer-Emmett-Teller (BET) Analysis

The specific surface area of the samples was determined by a multipoint (11) BET measurement, using
an N2 adsorption isotherm on a gas adsorption device (QUANTACHROM, autosorbe® iQ). The
samples were placed in a glass tube with spherical tip (diameter = 9 mm), dried for 1 h at 90 °C and
heated for 16 h at 150 °C. The measurements were carried out to reduce the dead volume with a filling
rod while cooling with liquid nitrogen (-196 °C). M.Sc. D. Haering developed the measurements and

calculations.

2.7.6 Measurements of electrical conductivity

The electrical conductivity was measured using a tool designed at the Electrochemical Chair of Prof. Dr.
H. Gasteiger. The tool (see figure 2-10) was manufactured at the mechanics workshop of the Chemistry
department of TUM. The powder was homogenized in an agate mortar and then introduced inside the
tool. The sample inside is pressed and the height of the pellet is determined using a micrometer scale.
The pellet is located between two electrodes and a across the compressed powder a defined voltage is
applied and the current is measured. The voltage is controlled by a BIOLOGIC, VMP3 device. The
electrical conductivity is calculated using the following formula:

[-L

u- A

o= Eq. 2-2

Where 0 is the electrical conductivity, [ is the value of the current, L is the height of the pellet, # is the
voltage applied and A is the surface of the pellet. M.Sc. D. Haering performed the measurements and

calculations.
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Figure 2-10: Tool used for the determination of the electric conductivity

2.7.7 CHNS-Elemental analysis

This technique was implemented to determine the carbon content in coated samples. Approximately 2.0
mg of the sample were transferred into an elemental analysis device (ELEMENTAR, vario MICRO
cube) and burned at 1150 °C. Nitrogen oxide and sulfur oxide were reduced into Nz and SO, at 850 °C.
The detection system uses a thermal conductivity detector (WLD). The reference gas used is argon 5.0.
The data collection is controlled using the EAS vario CHNS software. M.Sc. Stephanie Bretzke

developed the measurements and calculations.

2.7.8 Ball milling

For the AAAP synthesis the C-coating procedure was made using a FRITSCH, Pulverisette 6 classic line
ball mill, using 45 mL jars with 10 mm balls both made of ZrO. The carbon source was glucose (20%
wt). The program used was for 30 minutes at 600 rpm with pauses of 10 minutes. Figure 2-11 shows the

diagram of the ball milling procedure.

T =550°C
@)
Pause e 5h &
600 rpm 20 min 600 rpm x31
5 min —_— 5 min —
Dry; 1em diameter ZrO, balls; 45 ml beaker, 18 mL water Calcination under argon

Figure 2-11: Ball mill procedure for the C-coating in the AAAP method



3. Results and discussion

This chapter presents the highlichted results of the different polyol routes tested. Since the vatiation of
the different synthesis parameters can produce a big matrix of experiments, only the most outstanding
results are shown according to the objectives and scope of the project. Moreover, in order to give an
overview of the additional parameters tested and attempts conducted, a compilation of tables resuming
the synthesis variations (e.g. time, temperature, pH, etc.) are presented in the appendix. This chapter
discusses the polyol synthesis of LCP-Prnma, followed by additional information regarding microwave,
acetate anti-solvent and solid state synthesis of LCP-Prua. Finally, a section describing the application

of the polyol synthesis to LiFePOj olivine is shown.

3.1 Polyol synthesis of LCP-Pnma phase

This section describes the polyol syntheses reproduced from literature, adapted from other LMP
materials or tested as first time for LCP. The first part corresponds to a reproduction of a polyol
synthesis reported in a publication as well as a patent. Then, the adaptation of a polyol route used for
LMP-Prnma is explained and the use of PVP as surfactant in order to control the particle size and
morphology. Afterwards, the influence of annealing temperatures, cobalt educts and water:polyalcohol
ratio on the crystal structure and morphology of the samples are analyzed. Finally, a system used for the

synthesis of LEP-Puma is adapted and implemented to produce LCP-Puwa.

3.1.1 Synthesis using the CoAcz, ADP and LiAc system (synthesis
reproduction %)

Table 3-1 summarizes two polyol syntheses (2 and 4) with differences in the solvent composition,

reaction time and the annealing program. These procedures allow to obtain a main phase of LCP-Pruwa;

however, some remarks regarding the crystallinity, solvent and annealing are necessary in order to

analyze the preliminary results.
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Table 3-1: Summary of two polyol syntheses with differences in solvent composition, reaction time and annealing

program
; Li:M:P Batch size Solvent Set T Time ] ]
Synthesis Ratio fisovent) il (el ©C) (h) Annealing program (Air)
T=X°C -
1:1:1 0.876 EG: 100 190 18 % 3h Ony, x ) 6500¢
2 :
The educts are solved in 20 mL of EG separately; then, mixed together with 40 mL of EG
H,O : 30 e ;
1 2 20 5h D, x Jarc
b 1:1:1 0.876 EG 70 190 3 : 5h X S

The educts are solved in 10 mL of water separately; then, mixed together with 70 mL of EG

The first point to discuss is the crystalline characteristic of the product obtained after the drying
process. In both cases (procedure @ and b), the PXRD pattern does not show any reflection in the 2-
theta range, indicating that both samples are amorphous. No crystallization process occurs. If some
crystalline phase exists, it is too small to be reflected in the PXRD pattern; even, after using long XRD
measurements of 1 hour. This also occurs when other synthesis parameters are changed: reflux time,

reflux temperature, Li:M:P ratio and pH.

The second point to discuss relates to the solvent. Despite the fact that the method proposed by
Satyanayana ez. al. 125 reported the use of EG as unique solvent, other literature > reports the use of
water as a co-solvent for two reasons: it increases the solubility of the educts and, water acts as
hydrolysis agent. However, the use of water causes a reduction of the boiling point compared to the
pute polyalcohol used. For instance, the boiling point of pure EG is 197 °C; however, a mixture of EG:
water ratio 90:10 presents a boiling point of approximately 130° C (decrease of approximately 34%) .
As a consequence of the decrease in the boiling point, the implementation of annealing processes is

necessary to complete the formation of the LCP-Prma 6177,

The third aspect to analyze is the formation of the phase after the thermal treatment. After the
annealing procedure at 350 °C over 3 hours (experiment z on table 3-1), the PXRD pattern still shows
an amorphous phase. The same occurs for experiment &, after annealing at 300 °C, over 5 hours. Only
after a second annealing, samples show reflections corresponding to LPC-Prma, suggesting that the
formation of the LCP-Pnma phase occurs at temperatures above 350 °C . The presence of

secondary phases; such as, Co3O4, Co3(PO4)2 and LizPOy is a general trend using this system.

Figure 3-1 presents the PXRD pattern of the samples after the last annealing at 650 °C and 750 °C

respectively. The existence of Co3Oy is attributed to the effect of successive annealing procedures under
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air atmosphere. Furthermore, a thorough comparison between the samples presented can not be done
since there are parameters that make them non-equivalent (variation of more than one parameter at the
same time). Additional experiments were conducted based on the variation of synthesis parameters; such
as, single annealing processes, reflux times (from 3 hours to 44 hours), pH variation and change in the
molar ratio of educts. They are summarized in the appendix 5.1. Noticeably, some of them present
secondary phases or even do not show reflections corresponding to LCP-Prna, after annealing processes

at temperatures over 400 °C.

3h

18h

-

=

Intensity [a.u)]

LCP (Puma)
0 CosO, - Fd-3ms
0 Co;(PO.),- P112,/b

0 Li,PO, - Pemn

0 — ./6." — I"]IC — I:JIC — I‘Z\" — .:_\‘I: — "5‘!’ — ‘40‘:

2617

Figure 3-1: PXRD pattern of samples after annealing. The red pattern corresponds to the synthesis uses a EG:Water ratio of
100:0 (mL). The black pattern corresponds to the synthesis using a EG:Water ratio of 70:30 (mL). The negative intensity
cortesponds to the reported LCP-Pra (black), CosPO4-Fd-3ms (O blue), Co3(PO4)2-P1121/b (© green) and LisPOy-Pemn (
). The measuring time is 1 hour.

As a final remark, the polyol synthesis using the CoAc; ADP and LiAc system leads to the
formation of LCP-Pnma with the presence of secondary phases. Although the experiments
described by Satyanayana ez. al. 12>, Renganathan e, a/. 138 and Exnar e#. al. 57 assure the obtaining of pure
LCP-Prma, still exist a lack of information on details; such as, mixing order, heating rate and molar ratio.

Those topics will be discus in the next sections.

3.1.2 Synthesis using the CoAc; and LDP system (adapted from
LiMnPO; polyol synthesis *)

This method was based on the procedure used for the synthesis of LiMnPOy4 (LMP-Pruma) reported by

Kim ez. al. ?°, due to the detailed information regarding the concentration of precursor solutions, exact
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amount of educts used and exact order of mixing. Similarly, the fact that only two educts are used instead
of three can decrease the probability to form undesirable secondary phases. Besides, the influence of

time and temperature on the formation of crystalline phases is analyze.

3.1.2.1 Influence of the reflux temperature and reaction time

The experimental procedure reported by Kim ¢z a/. 2 used a reflux time of 4 hours, in EG, at 135 °C,
without use of annealing steps to obtain LMP-Puma. Despite the last section demonstrates that short or
long reflux times does not influence the crystallization of LCP-Pruma, those parameters will be deeply
analyzed using this system. For this reason, two sets of experiments were performed, changing only one
parameter at the time (see table 3-2). The other synthesis parameters were kept same as it is described

in the experimental section 2.3.2.

Table 3-2: Temperature and reaction time parameters using the CoAcz - LDP system

Educts Li:Co:P ratio  Batch size (mmol) SetT (°C) Time (h)
LDP (1,0 M), CoAc; 1:1:1 3 135 14
LDP (1,0 M), CoAc; 1:1:1 3 190 14
LDP (1,0 M), CoAc; 1:1:1 3 135
LDP (1,0 M), CoAc; 1:1:1 3 190 4

The first parameter to analyze is the effect of the reaction time (or reflux time). The samples
synthesized at 135 °C are composed by LCP-Pr212 and Co3(HPO4)2(OH): (figure 3-2). In this case, the
reaction time does not to have a strong influence in the crystallization process, since both
samples present the same phase composition. The patterns are only differentiated by the
background:signal ratio. On the other hand, when temperature was increased up to 190 °C, the sample
synthesized during 4 hours presents some reflections corresponding to LCP-Puma (figure 3-3).
Surprisingly, with longer times (14 h), a mixture of LCP-Pr21a and Cos(HPO4)2(OH): is found. Based
on the PXRD analysis in this case the reaction time becomes important when the reaction is

performed near the boiling point of the solvent.
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Figure 3-2: Effect of reflux time. PXRD of samples refluxed at 135 °C. Pattern recorded after the drying process. The
black pattern cotresponds to the synthesis for 4 hours at 135 °C and the red to the synthesis for 14 hours at 135 °C. The
negative intensity corresponds to the reported phases of LCP-Pr2sa (O black) and Co3(HPO4)>(OH); (0 blue). The
measuring time is 20 minutes.

14 h, 190 °C
4k 190°C

LiCoPO, (Puma)
0 LiCoPOy, (Pn2,a)
0 Co;(HPO,),(OH), (P12,/¢ 1)

Intensity [a.u)]

26701
Figure 3-3: Effect of the reflux time. PXRD of samples refluxed at 190 °C. Pattern recorded after the drying process. The

negative intensity corresponds to the reported phases of LCP-Prnma (black), LCP-Pr21a (O Green) and Co3(HPO4)2(OH); (0
blue). The measuring time is 20 minutes.

The second parameter Is the effect of temperature. The comparison between the synthesis at 135
°C and 190 °C demonstrates a partial formation of LCP-Puma, suggesting that the synthesis
temperature plays a key role in the formation of the desired olivine phase. In the case of the
reaction conducted over 4 hours, the figure 3-3 suggested that the sample contains LCP-Puma, however

when the reaction time increases to 14 hours, LCP-Pn2ia as well as Co3(HPO4)2(OH)2 are present in
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bigger amount. This observation suggest a possibility that LCP-Prza can be formed at really early stages
of the synthesis however, over the time, the amount of LCP-P#212 and Co3(HPO4)2(OH)2 formed is
higher.

The reaction mechanism proposed during the synthesis is described by the equations 3-1 to 3-3:

First part of the reaction (under 4 hours — small amount of crystalline material):

Co** + H,PO; - LiCoPO, (Pnma) Eq. 3-1

Second part of the reaction (above 4 honrs — high amount of crystalline material):
Co** + H,PO; — LiCoPO, (Pn2,a) Eq. 32
Co** + HPO% + 20H™ - LiCoP0O4 — Co3(HPO,),(0H), Eq. 3-3

It is important to remark that after long times reaction, most of the material corresponds to LCP-Pr2ia
due to its higher stability. This affirmation is based on the computational calculations made by Ceder e7
al 1%, His works predicts the stability of several phosphate cathode materials using Ab initio calulations
in the framework of the density functional theory (DFT). Additionally, this method allows to predict the
electrochemical properties of new potential cathode materials. The stability of the predicted materials
was quantified using the energy above the hull concept (EAH). When a compound is stable at 0 K (0
K), its EAH is 0 meV/at. The EAH values are always positive, and the magnitude indicates a degtee of
instability. On the other hand, the local environment is related with the coordination of the transition
metals with oxygen atoms that adopt different geometries, such as tetrahedral, octahedral and square
planat. For Co?* a LISICON-like structure LCP presents an EAH of 24 meV/ that, compared with the
37 meV/at of LCP-Puma, indicates a more stable state of the tetrahedrally coordinated configuration
for Co?*. In figures 3-2 and 3-3 a common secondary phase corresponding to Cos(HPO4)2(OH): is
observed. This means that during the addition of the LDP solution, Co?* give priority to form
tetrahedrally coordination compounds rather than octahedrally coordinated ones. Only a few
amount of material present octahedrally coordination at short times and high temperatures,

with low crystallinity.

As preliminary conclusion: in order to crystallize LCP-Pnma, temperatures above 135 °C are
required, contrary to the observations reported by Kim et. al. ¥ for LMP-Pnma. Additionally,
exists a preference from Co?* to form tetrahedral compounds. This process involves different

complex chemical equilibria between the chemical-species that should be subject of further analysis.
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Finally, it is important to remark that different reflux temperatures induce the formation of

different crystalline phases in polyol routes.

In order to complete the formation of the single phase of LCP-Pua, successive annealing procedures
were used as described in experimental section 2.3.2. The PXRD patterns of the compounds formed
after synthesis at 135 °C/14 h and 190 °C/14 h, are presented in figures 3-4 and 3-5 respectively. For
the sample synthesized at 135 °C/14 h, the formation of the main olivine phase begins after annealing
at 350 °C (see figure 3-4). At these temperatures, the existence of LCP-Pun2ia, Pnma and
Co3(HPO4)2(OH): is obsetved. In the case of the samples synthesized at 190 °C/14 h, the formation of
the main olivine phase begins after annealing at 450 °C (see figure 3-5). After successive thermal
treatments, the formation of the pure Prma phase takes place at 750 °C. Finally, figure 3-6 shows the
comparison of the final olivine samples obtained in each experiment. Their corresponding lattice

parameters are presented in table 3-3.

Hp 135°c — 0°C
—650°C

550 °C

450 °C

350 °C

Dry °C

" ..Alu.i fy .
- pbelviopdms

N

Intensity [a.u.]

LiCoPO, (Puma)

8.0 12.0 16.0 20.0 24.0 28.0 320 36.0 40.0

Figure 3-4: Effect of reflux temperature. PXRD pattern of the samples refluxed at 135 °C for 14 h. Pattern recorded after
annealing at different temperatures. The negative intensity corresponds to the reported phases of LCP-Prma 13* (gray). The
measuring time is 20 min.
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Figure 3-5: Effect of reflux temperature. PXRD pattern of the samples refluxed at 190 °C for 14 h. Pattern recorded after
the annealing at different temperatures. The negative intensity corresponds to the reported phases of LCP-Puma. 134 (gray).
The measuring time is 30 min.
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Figure 3-6: Effect of reflux temperature and time. PXRD pattern after last annealing at 750 °C. The negative intensity
corresponds to the reported LCP-Puma (gray). The measuring time is 1 hour.

Equally important, evidence of the metastable behavior of the LCP-Pn2ia phase is presented by
Klingeler ez. al. 140 using a TGA/DSC analysis. The reported data shows an exothermic signal at 221 °C

and confirms that the complete transformation to the olivine structure is reached after annealing at 300
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°C. The TGA/DSC curve does not present additional exothermic/endothermic signals in the range
from 300 °C to 700 °C; concluding that LCP-Puma structure is stable at high temperatures. This
information is also corroborated by TGA/DSC measurements in LCP-Pr21a samples prepared by mean
sol-gel synthesis route 4. Table 3-3 presents the refined lattice parameters of the samples after the last
annealing process and their comparison with the data reported for LCP-Puma by 1CSD 134 The
comparison does not represent a significant difference between the experimental lattice parameters and

the reported ones.

Table 3-3: Lattice parameter of LCP-Puma synthesized under different temperatures and reaction times. Reported lattice
parameters are presented at bottom of the table to compatison

Set T (°C)  Time (h) a(A) b (A) c(A) V (A%)

135 14 102110(6)  5.9170(3)  4.6903(22)  283.4(3)

190 14 10.2050(8)  5.9220(4)  4.6813(19)  282.9(4)

135 4 1021004) 5.9155(23) 4.697923)  283.7(3)

190 4 102120(7)  5.9165(24) 4.690020)  283.4(3)

Reported LCP-Pnma - - 10.2001(6)  5.9199(4)  4.6899(15)  283.2(9)

The morphology of the samples is shown in the figure 3-7. Here, a comparison between the samples
after drying process and after the final annealing at 750 °C is sort. In general, after the drying process,
the particles agglomerate in clusters of several um. Particles sizes and shapes are not homogeneous and
there is a mixture of several morphologies. Indeed, figure 3-7 ¢ shows mixture of bars, beams and

truncated polyedra.

As consequence of annealing, particles suffer of densification processes and grain growth. This can be
observed comparing figures 3-8 c and 3-8 d. After drying process, particles with bar shapes and angular
edges are obtained. After annealing process, all of them show rounded borders and bigger agglomerates.
Finally, the reflux time and reflux temperature does not affect the morphology of LCP-Puma. The
particle shapes after drying process, present in overall same particle shape and morphology: crossing
bars, agglomeration of semi-rounded particles and big compact particles with flat surfaces. Even, after
the suspension of the particles in ethanol in order to break the agglomerates, particles between 6-8 pm

are identified (see figure 3-7 h).

The electrochemical performance is summarized in table 3-4. The best sample corresponds to the one
obtained after 4 h of reflux at 135 °C, equivalent to 7.8% of the theoretical capacity. This low capacity
value can be explain due to the formation of big particles and their long Li* transport pathway during

the intercalation process. The big mean domain size and big distances demands a higher amount of time
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and energy to extract the lithium ions from the lattice Additionally, it is well known, that the chemical

reactivity is enhanced when the particle size becomes smaller and the diffusion distance is shortened 14

143,

Finally, it is the first time that LCP-Pr21a is obtained using a polyol procedure in comparison with the
expensive microwave methodology reported by Klingeler ez al '40. Also, a deep analysis and further
polyol experiments to obtain Cos(HPO4)2(OH): as single phase, are relevant, since this compound may
have a certain potential as photocatalyst for Oz evolution; and has been produced only by complex

hydrothermal methods #4145,
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Figure 3-7: SEM images of the samples produced using the CoAcz and LDP system. The left side shows the samples after
drying process. On the right side, the particles after the last annealing step at 750 °C. Microscope B. Magnification: a) 2000X,
b) 5000X, ¢) 2000X, d) 2000X, ¢) 1000X, f) 1000X, g) 2000X and h) 2000X
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Table 3-4: Capacity values of LCP-Puma obtained by polyol synthesis (CoAc; and LDP system) after annealed at 750 °C. The

measurements were made under different C-rates.

o . C/10 C/5 C/2 C 2C
Set T ( C) Time (h) th th th th th
3 Cycle 3 Cycle 3 Cycle 3 Cycle 3 Cycle
135 14 6 4 3 3 2
190 14 10 8 7 6 5
135 4 13 10 7 5 3
190 11 8 6 5 4

As a final remark, this section demonstrates that the obtained of LCP-Pnma in pure form or without

the presence of secondary phases does not assures a good electrochemical performance. This

conclusion permits to focus on the morphology control and grain size as next factors to improve in the

polyol synthesis of LCP-Puma. This topic is described in the following section.

3.1.2.2 Influence of the surfactants on the morphology

The last section explains a useful method to synthesize LCP-Puma; however, the electrochemical

performance is poor due to the big particle size, wide range in the particle size distribution and the

formation of randomly oriented agglomerates above 20 um. As commented in the introduction section,

PVP has been use to control the particle size and particle morphology in the synthesis of cathode

materials. Table 3-5 presents the main experiments conducted using PVP as surfactant, based on the

synthesis using CoAcz and LDP starting materials.

Table 3-5: Highlighted experiments for the synthesis of LCP-Puma using the CoAcz and LDP system with PVP

Educts Li:M:P Ratio LCP:PVP Ratio  Batch size (mmol) SetT (°C) Time (h)
LDP (1,0 M), CoAc; 1:1:1 1:4 0.03 135 4
PVP dissolved half in EG and half in CoAc; solution at 100 °C

LDP (1,0 M), CoAc; 1:1:1 1:4 0.03 190 14
PVP dissolved in CoAc; solution

LDP (1,0 M), CoAc; 1:1:1 1:4 0.03 190 4
PVP dissolved in CoAc; solution

LDP (1,0 M), CoAc; 1:1:1 1:4 0.03 135 4

PVP dissolved in CoAc; solution
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Figure 3-8: Influence of PVP surfactant. PXRD patterns of the samples synthesized using PVP after drying process. The
negative intensity corresponds to the reported LCP-Pr21a (O gray) and Co3(HPOy)2(OH); (© blue). The measuring time is 30
min.

Figure 3-8 presents the PXRD pattern of the samples after drying process. Here a mixture between
LCP-Pr21a and Cos(HPOy)2(OH): is observed. In comparison to the experiments of the last section
conducted at high temperatures (190 °C), no reflections corresponding to LCP-Pruma are found. One of
the reasons is the change of the reaction conditions for the chemical species in the solution. When PVP
is added to the polyalcohol, its non-ionic surfactant property makes its dissolution easier and, on the
other hand, the amide group (N and O atoms) creates strong affinity to a single unit of cobalt-ion 17
(see figure 3-9). This imide-cobalt bond also helps to stabilize the particle growth and increases the
probability of nucleus development during the particle formation period. Furthermore, the cobalt-ion
particles will be surrounded by the long polymeric chain of PVP, inducing stabilization and formation
of tetrahedral coordinated complexes; specifically, the formation of LCP-P#2ia 46 147 and
Co3(HPO4)2(OH)2. The PVP promotes a change in the thermodynamic conditions and kinetics of the
polyol synthesis; however, further studies should be done in order to analyze the complete mechanism

and equilibrium of chemical species during reaction.
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Figure 3-9: Schematic representation of the bonding between LCP and PVP. Discrete metal collide on PVP backbone
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After completing the annealing procedures, LCP-Pruma is obtained (see figure 3-10). For each experiment
the lattice parameters are similar compared to the ones reported in the literature (see table 3-6). This

confirms that PVP does not influence the crystallographic parameters of the final samples.

_ PVP on CoAc,4 h, 135 °C
- — PVP on CoAc, 14 h, 190 °C
E— PVP on CoAc,4 h, 190 °C
—— PVP on EG and CoAc, 4 h, 135 °C
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Figure 3-10: Influence of PVP surfactant PXRD patterns of the samples synthesized using PVP. The negative intensity
corresponds to the reported LCP-Pruma (gray). The measuring time is 1 hour.

Table 3-6: Lattice parameters and crystallite size of LCP-Pnma synthesized under different temperatures and reaction times
with PVP. Reported lattice parameters ate presented at bottom of the table

Mean
SetT (°C) Time (h)  a(A) b(A) c(A) V(A sz‘)e“zzirfl)
(nm)
135 4 102116) 59143) 469122)  2833(3) 53.7
190 14 10.19408)  5918(3) 4.68522)  282.6(4) 42,9
135 4 10.193(7)  59193)  4686(23)  282.8(3) 53.7
190 4 101955 5913(4)  4692(20)  282.8(3) 429

Reported LCP - Pnma - - 102001(6)  5.919(4)  4.6899(15)  283.2(9)
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The morphology of the samples is strongly influenced by the use of PVP; specifically, by how
1t Is dissolved and mixed with the CoAc; and LDP precursors. As seen in figure 3-13 a and 3-14 a,
spheres with average size of 3-5 pm are obtained. These spheres are formed by primary nano-sheet
structures and their surface reveals some degree of porosity. Figures 3-13 ¢ to 3-13 h, show that the
precursor (powder recovered after drying) and the final product (powder recovered after annealing)
present a mixture between irregular blocks, cross-link bars and agglomerates of particles of several pm.
In the case of the spheres, the amount of PVP is split in two: one part dissolved with CoAc2/EG and
the other with EG. Thus, the PVP/EG dissolution is added during the dropping of LDP into a CoAc:
solution improving the surfactant effect during nucleation and growth processes. On the contrary, for
the other experiments, the PVP is completely added on the CoAcz/EG solution and, LDP solution is

added dropwise afterwards. A scheme explained the formation of the spheres is depicted in figure 3-11.
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Figure 3-11: Schematic illustration of the growth mechanism of LCP microspheres with PVP

These experimental details are important since, some publications report the advantages of 3D
hierarchical nano/micro structures because the electrochemically active planes are preferred exposed
and this unique feature can reduce the length of Li*/electron diffusion and increase the intercalation
kinetics 32 148,149 However, most of them do not specify the way that surfactants are mixed, dissolved

or which molar ratio (surfactant:educts) is used.

In addition, the time and temperature variations do not influence the phase composition this polyol
synthesis. The capacity of the samples are shown in the table 3-7. The best capacity mark is presented
by the samples with micro-sphere morphology, corresponding to 16.2 % of the theoretical capacity. This

value corresponds to the double in comparison to the best sample obtained without PVP, but still too
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far from the theoretical capacity. This behavior is explained from the morphology and shape of the

particles.

First, the porosity of the samples collapses due to the successive annealing processes. Here, thermally
activated processes, such as solid state diffusion, provide mechanisms where the dislocations and
interfaces of the material may be removed or arranged in configurations of lower energy. As this process
is conducted along long temperatures (350 °C) up to high temperatures (750 °C), recovety processes
and recrystallization processes are also involve. The first implicates a partial restoration of the properties
because the dislocation structure is not completely removed. The second implicates the formation of
new dislocation-free grains within the deformed or recovered structure. Further annealing may result in
normal grain growth or a the selective growth of a few large grains (abnormal grain growth or secondary

recrystallization) 13- 151, A scheme of these processes is shown in figure 3-12 a to 3-12 d.

Second, although the micro-spheres produced with PVP are homogeneous in size, giving a discrete
particle size range, the SEM pictures reveal particles bigger than the spheres with cubic forms that can
deplete the ionic and electronic transport. The Lit extraction path are extremely big can even work as
isolator when they are located above the spheres. This can be confirmed by the SEM images of figures
3-13a,3-13 b and 3-14 d.

Third, the surfactants are also considered not only as tool to control the morphology but as source of
carbon used for coating. However, even if a carbon coating layer exists, it could be not conductive, not
homogenous or it can be highly width. Additionally, inhomogeneous coating difficulty the extraction of

Li* ions. This behavior is illustrated in the figures 3-12 e to 3-12 g.
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Annealing 550 °C fo f) ~ g)
4 um 3-4 um (\))

Figure 3-12: Schematic diagram of the annealing processes: a) Partial recrystallization b) Full recrystallization ¢) Grain growth
d) Abnormal grain growth. PVP functionality and issues: €) Protective layer against grain growth d) Inhomogeneous C-
coating e) Highly thick C-coating
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After drying process After annealing process

oAy

14 by 1908
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Figure 3-13: SEM images of the samples produced using the CoAcz and LDP system with PVP. The left side shows the
samples after drying process. On the right side, the particles after the last annealing step at 750 °C. a) - b): PVP dissolved half
on EG and half on CoAc; solution at 100 °C; c) — h) PVP dissolved on CoAc; solution. Microscope B. Magnification:

a) 5000X, b) 5000X, c) 2000X, d) 2000X, ¢) 1000X, f) 1000X, g) 2000X and h) 2000X
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Figure 3-14: SEM images of LCP-Puma synthesized using PVP. a) Sample after drying process. Detailed view of the spheres.
Micro-spheres are formed by primary nano-sheets b) Sample after annealing. The porosity collapses after the successive
annealing in order to complete the formation of LCP-Pruma. c) Detailed view of the primary nano-sheets d)
Additional to the spheres, big blocks of around 6 um are also present. Microscope B. Magnification: a) 25000X, b) 10000X c)
50000X and d) 8000X

Table 3-7: Morphology, average grain size of LCP-Puma of figure 3-13 and capacity values after annealed at 750 °C. The
measurements were made under different C-rates.

. Average grain C/10 C/5 C/2 1C 2C
Motphology Figure : th th th th th
size 3 Cycle 3 Cycle 3 Cycle 3 Cycle 3 Cycle
Spheres: 3-5 pm
Agglomerated 513, b Primary layers: 27 20 14 9 7
pheres
<100 nm

Irregular -
blocks/spheres 313cd ~ 6 um 14 10 7 6 5

Irregular -
blocks/spheres 3-13e-f X1-5um 12 9 6 5 3
Cross-link bars 313 g- h ~ 4um 6 5 4 3 )

agglomerates
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3.1.2.3 Influence of the annealing process program

As presented before, an effort to control the particle size and shape is done using PVP; however, the
formation of agglomerates, collapse of porosity and possible effects of the carbon coming from the
surfactant are the main reasons of the poor electrochemical performance. In this sub-section a single

and long annealing at 550 °C for 10 h is tested in order to counteract the negative effects of successive

annealings.

4h,135°C
PVP on EG and CoAc, 4 h, 135 °C

| i ‘ O

Sl A il U Bt WL*-VL e e
E LiCoPO, (Pnma)
0 Coy(PO.), (P12,/61)
0 CoO (I4/ mmm )
80 120 16.0 20.0 24;6 . 28,0 320 36.0 0.0

Figure 3-15: PXRD pattern of samples after annealing for 10 h under air atmosphere at 550 °C. In red the synthesis uses a
precursor using PVP as surfactant. In black the synthesis uses a EG:Water ratio of 70:30 (mL). The negative intensity
corresponds to the reported LCP-Prma (black), Co3(PO4)2-P121/¢1 (0 blue) and CoO-I4/ mmm (O green) The measuring
time is 1 hour.

The precursors used are the same from previous synthesis at 135 °C for 4 hours with and without PVP
(samples collected after drying process). The figure 3-15 shows the PXRD pattern of the samples after
one single-long annealing. In both cases, the main phase corresponding to LCP-Puma is achieved;
however, secondary phases corresponding to Cos3(PO4)2 and CoO are present. Regarding the purity of
the phase, it was found that a single and longer annealing step does not achieve the complete formation
of the olivine. Regarding the morphology of the samples, figures 3-16 a and 3-16 b present a high degree
of agglomeration of particles forming units of several pm. On the other side, the annealing of the sample
using PVP shows that the spherical shape of the particles is conserved as well the primary nano-sheets
structures. After cycling, the values of capacity decrease for the sample without PVP; in contrast, for the

PVP sample, they improve. Only in this case it can be assured that a single thermal treatment is better
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for the electrochemical petformance in comparison to the successive thermal process until 750 °C (see

table 3-8).

After drying process After annealing process

Figure 3-16: SEM images of LCP-Puma synthesized using the CoAcz, LDP system. a — b: Samples produced without PVP
¢ — d: Samples produced with PVP. Microscope B. Magnification: a) 9500X, b) 30000X c) 5000X and d) 10000X.

Table 3-8: Capacity values and BET areas of LCP-Prza using a single-long annealing procedure

SetT  Time e gy C/10 c/s c/2 c 2C
PVP 8 domain o] th th th th th
0 (h) size (nm) m~g" 3 Cycle 3 Cycle 3 Cycle 3 Cycle 3 Cycle
No 135 4 35.8 2.8 11 8 5 3 2
Yes 135 4 30.7 19.0 34 26 18 13 9

The increase of capacity is due to a rise of the active surface area and smaller crystallite size. The figures
3-14 ¢ and 3.14 d reveal that the micro-spheres are composed by primary nano-sheets with irregular
form. Those nano-sheets are coupled leaving spaces between them. These spaces act like pores
facilitating the access of the electrolyte to the active material and, as consequence, the electrochemical
active area is increased. In order to corroborate this statement, BET measurements were performed.

For the sample obtained without PVP the BET value is 2.8 and for the sample obtained with PVP 19.0.
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Despite the increase of the surface area, the capacity remains at 20.3% of the theoretical value. It is
considered that secondary phases, such as Li;PO4 and Co3O4 serve as separation media that partly
prevents LCP-Puma particles from direct degradation due to contact with the electrolyte 3. However,
in the samples synthesized Co3(POy)2 and CoO ate no considered intercalation compounds, they are
present in a considerable amount, and their possible protective role on LCP can not be verified. Finally,
after annealing, the sample with PVP conserves the morphology; this indicates that PVP can creates a
protective coating-layer that prevents particle growth and particle densification during the long annealing

process.

As final remark, this section clarifies the importance of the morphology and particle size in the design
and electrochemical performance of cathode materials. It is important to obtain a high crystalline
material, with small and homogenous particle size distribution and high electrochemically active areas.
Those parameters are strong correlated and influence the capacity retention and overall electrochemical

performance in LIB systems.

3.1.2.4 Influence of the water content on pre-dissolution of CoAc»

In the section 3.1.1 (Synthesis using CoAcz, ADP and LiAc) a pre-dissolution of the educts in water was
used; however, this associates a decrease of EG boiling point at refluxing conditions, or in other words,
the measured boiling point is lower than the boiling point of pure EG. Now, CoAc; was pre-dissolved
in water and its influence on the morphology was analyzed. Figure 3.17 shows the PXRD pattern of the
samples after the drying process. A main phase corresponding to LCP-P#2i2 and small phase
corresponding to LCP-Puma were found. After annealing at 400 °C for 1 hour, a pure LCP-Puma is
obtained (see figure 3.18). From the PXRD patterns, the signal/background ratio increases (using
approximately the same amount of substance), in comparison to the PXRD pattern of section 3.1.2 (see
figure 3-2). The pre-dissolution of CoAcs is beneficial in order to increase its solubility; as well as, to
decrease the viscosity of the solvent mixture that improves the reaction with de LDP. After one single,
short annealing process, the complete formation of LCP-Prza without impurities was obtained. A
refinement of the lattice parameters is shown in table 3-9. This is a good achievement, because the short
annealing at relatively low temperatures are beneficial against the grain growth and densification of
particles. Figure 3-19 shows the SEM images of the samples after drying and annealing. All samples
present a common trend based on the formation of agglomerates composed by primary nanoparticles
smaller than 500 nm and micro-sized particles under 4 um. These values and morphology features are
summarized in the table 3-12. SEM images also reveal the strong change in the shape of the particles,

suggesting that water induces the reduction of the primary particles size; since most of them are under
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smaller than one pm (see figure 3-19 b). The previous dissolution of CoAc; reveals that the amount of
water influences the preliminary steps of grain growth and nucleation. This is a strong tool, as the first
experiments have showed sections of particles of several um (see figure 3-7 ¢) that increase their size
during annealing. Furthermore, the phase transition from LCP- Pn21a to LCP-Puma requires a less of
amount of time and energy during the annealing process. In general, the process can be improved, if
instead of trying to reach temperatures over 320 °C with the use of several annealing steps, a fast

crystallization of the LCP-Pr21a follow by a short annealing is used. This leads an easier formation of

the olivine structure.

—— 30mL (148°C)
——— 20mL (132 °C)
——— 10mL (125°C)

Intensity [a.u.]

0 LiCoPO, (Pn2,a)
0 LiCoPO(Puma)
= Unidentified phase

8‘2\ ,13.0 T — ‘.6‘0 T — "ﬁIO — 134.0 T v T L‘SIO T T P

& |
o
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o

2617

Figure 3-17: Influence of the water content in the pre-dissolution step. PXRD after drying process. The negative
intensity corresponds to the reported LCP-Pr21a 40(black). LCP-Puma (© red) and an unidentified phase (m Lila). The
measuring time is 20 mins.
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——— 30mL (148 °C)
——— 20mL (132 °C)
10 mL (125 °C)

Intensity [a.u.]
fa

LiCoPO, (Puwma)

12.0 16.0 20.0 24.0 28.0 32.0 36.0 40.0

2617

Figure 3-18: Influence of the water content in the pre-dissolution step. PXRD after annealing process at 400 °C for 1
hour. The negative intensity corresponds to the reported LCP-Puma (Black). The measuring time is 1 hour.

Table 3-9: Lattice parameter of LCP-Pruma synthesized using different water volumes in the pre-dissolution step. Reported
lattice parameters are presented at bottom of the table

Mean
Volume water (mL) a(A) b (A) cd) V (A3) domain
size (nm)
30 10.178(8) 5.915(3) 4.690(06) 282.4(06) 42
20 10.177(7) 5.915(3) 4.687(5) 282.2(4) 35
10 10.193(6) 5.914(3) 4.686(3) 282.5(3) 42
Reported LCP-Pnma - 10.2001(6) 5.9199(4) 4.689(15) 283.2(9) -

The values of the electrochemical capacity are presented in the table 3-10. Compared with the values of
the table 3-4, a small improvement of the capacity can be observed. This could be attributed to the small
average particles size of LCP-Puma, due to the use of a single-short annealing process. Besides, the
comparison of the samples after annealing (figures 3-7 and 3-19) reveals that a single short annealing
induces more homogeneity along all samples and, even if some particles in the um range exist, they will
have less impact to the reduction of the capacity. The sample that used a volume of 30 mL of water in
the pre-dissolution step presents some particles with plate-like or sheet-like form. This morphology is
responsible of the increase in the capacity value due to the preferred oriented form. Some publications
report that the plate-like morphology is beneficial in the improvement of Li-ion intercalation rate and
diffusivity processes 152153, This means that the increase of the capacity can be directly related with the
morphology of the sample. However, a deeper study of the influence of the water:polyalcohol ratio on

the morphology should be addressed in order to find the best water:polyalchohol ratio and the
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morphologic changes after the annealing process. The best value in this section corresponds to the 22%

of the theoretical capacity. Finally, the active BET area is smaller than the one obtained using PVP as

surfactant.

Table 3-10: Capacity values and BET areas of LCP-Puma produced using different amounts of water

Morpholo Average mL BET C/10 C/5 C/2 C 2C
PROTO8Y  grainsize  H;0  m’gl  3"Cyde 3"Cydde 3" Cyde 3" Cycle 3" Cycle
Primary
particles:
Irregular under 100 nm 10 6.1 32 24 17 12 8
agglomerates A
golomerates
under 5 um
Primary
Truncated particles:
bars and under 100 nm 20 5.8 31 22 14 9 6
beams Agglomerates
under 5 um
Mixture of Birsgzoﬁginrim
plalt::.:nd Plates 1.5 — 3.5 30 5.6 36 25 19 10 7

um
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After drymng process After annealing process
10 mL |

Figure 3-19: SEM images of the samples produced using the CoAcz and LDP with different amounts of water. Left side:
shows the samples after drying process. Right side: the particles after annealing at 400 °C. a) - b) 10 mL; ¢) — d) 20 mL; e)
—£) 30 mL. Microscope A. Magnification: left column 1000X, right column 4000X
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3.1.2.5 Influence of additional synthesis parameters on the crystal
structure and morphology using the CoAc; and LDP system

This sub-section describes the influence of the used polyalcohol solvent and cobalt source on the
synthesis of LCP-Prnma. Despite no electrochemical characterization was performed due to the presence
of secondary phases, it is important to discuss briefly the strong impact of those synthesis parameters
on the crystal structure and morphology of the samples. The results are present in order to identify

experimental conditions that let enhance the morphology control.

3.1.2.5.1 Influence of the polyalcohol media (solvent)

The synthesis of LCP is strongly dependent on the temperature; thus, in the section 3.1.2.1 the effect of
the reflux temperature on the formation and equilibrium between LCP-Puma and LCP-Pn21a phases was
subject of discussion. Previously, EG was used with a maximal boiling point of 190 °C; thereafter, a set
of different polyalchohols with higher boiling points (b.p.) was tested: DEG, b.p 244 °C; TEG, b.p 285

°C; and TTEG, b.p 314 °C. From these experiments, two main discussion points are derived.

The first point, it is related with the real temperature under refluxing conditions. In the section
3.1.2.1 the temperature of the heating device was set-up at 190 °C and right after the drying proess of
the samples, a mixture of phases composed by LCP-(Prn21a/ Pnma) and Cos(HPO4)2(OH): ate obtained.
The use of solvents with higher boiling points should increase the temperature, and as consequence, the
energy of the system to favor the formation of the LCP-Pnma phase. However, in the figure 3-20 it is
clear that for all the solvents used (DEG, TEG and TTEG) the phase obtained after drying is LCP-
Pr2ia. After complete reproductions of the syntheses using the polyalcohols mentioned above, the

measured temperatures under reflux conditions did not exceed a maximum of 230 °C (see figure 3-20).

The difference between the theoretical b.p. and the experimental measured b.p. under refluxing
conditions has two main reasons. First, is the water content introduced by the cobalt precursor.
In cobalt acetate, the central cobalt orbit is coordinated by four water molecules 134 those water
molecules induce the decrease of the boiling point during synthesis. Second, despite cobalt acetate
becomes anhydrous at 140 °C and additional experiments were done using the anhydrous form; the
system does not reach water-free conditions. This occurs because the polyalcohol may contain
residues of water and there is water coming from the environment. This can happen due to the system
is an open one. Other aspect to undetline is that the signal/background ratio for the synthesess using

TTEG is higher compared to the synthesis using TEG and DEG.
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On the other hand, as inquisitiveness point (presented in the section 3.1.2) is the fact that the reaction
conducted in EG shows some reflections corresponding to LCP-Puza. Since the temperature does not
overcome the value of 190 °C, the reaction in EG solvent has less chances to reach LCP-Prma compared
with the synthesis in DEG, TEG and TTEG solvents, nevertheless, the olivine phase is present in small
amount. The reason of this remains unclear, and there are factors that could play a role in the formation
of different intermediary species, such as solubility of the precursors as a function of the viscosity,

heating rate, and possible formation of Co-O-H-P intermediaries as function of the temperature.

TTEG (228 °C)
TEG (200 °C)
— DEG (190 °C)

Intensity [a.u)

LiCoPO, (Pr2,4)

20071

Figure 3-20: Influence of the polyalcohol media. PXRD of samples refluxed using DEG, TEG and TTEG with their
respective b. p. reached. Pattern recorded after the drying process. The negative intensity corresponds to the reported phase
of LCP-Pr2ia (grey). The measuring time is 20 min.
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TEG (200 °C)
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Figure 3-21: Influence of the polyalcohol media. Solvents: DEG, TEG and TTEG with their respective b. p. reached.
Pattern recorded after annealing at 400 °C for 5 hours under air. The negative intensity cotresponds to the reported phases of
LCP-Puma (grey), LCP-Pr2ia (O red), LiPO3-P12#1 (© blue), Co3(PO4)2-P121/¢1 ( ) and a unidentified phase (=
lila). The measuring time is 20 min.

The second discussion point is related with the morphology of the sample. Figure 3-22 shows the
SEM pictures of the dried and annealed samples synthesized using DEG, TEG and TTEG. In general,
it can be seen that using high b.p. polyols a formation of primary nm particles is strongly preferred. The
pictures after drying process in figure 3-22 reveal particles under 1 um. In contrast, the particles
synthesized in EG, after drying process are bigger in size and form more complex and bigger
agglomerates (see figure 3-7). It can be observed in pictures 3-18, 3-12 and 3-7. No substantial
differences between in the shape of the particles after synthesis in DEG, TEG and TTEG are observed.
However, it has to be noted that after annealing densification and grain growth processes has happened.
Furthermore, the reduction of particle size is beneficial (as demostred with the capacity values), but still
there are problems due to the strong agglomeration of the particles which can not be dispersed at the

moment of the ink preparation and contributes to the decrease of the electrochemical performance.

As final remark, the main outcome using high b.p. polyols is the fact that the particle size can be strongly
reduced. Nevertheless, the control of agglomeration and secondary phases should be improved by

testing additional water:polyalcohol ratios and combine it with the use of surfactants.
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After drying process

After annealing process

DEG ‘

€ :
¢

Figure 3-22: SEM images of the samples produced using the CoAcz and LDP system with different polyalchohols. The
pictutes correspond to the samples after drying/annealing process. a) DEG; b) TEG; ¢) TTEG. Microscope B.
Magnification: left column 10000X, right column 20000X
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3.1.2.5.2  Combination of pre-dissolution of CoAc; in water and high
b.p. polyols

This case combines a pre-dissolution step of CoAcz in 30 mL of water and the use of DEG, TEG,
TTEG. Figures 3-23 and 3-24 show the PXRD patterns after drying and annealing respectively. Main
phases are corresponding to LCP-Pr21a after drying and LCP-Puma after annealing. The measurement
of the temperature of the solution under refluxing conditions reveals a decrease of the boiling point due
to the water used in pre-dissolution step of CoAca. The samples present a high signal:background ratio;
however, after annealing, secondary phases are presented (see figure 3-24). An interesting point is that
particles conserve their morphology after annealing process. As seen in figure 3-25, the particles does
not present the same densification and agglomeration as particles obtained without CoAca pre-

dissolution (see figure 3-22). Morphology and average grain size is summarized in table 3-11.

Equally important, after annealing the samples do not agglomerate and do not suffer a remarkable grain
growth, as happened for samples of the last section. This implies that the water content allows to
conserve the size and the homogeneity along all the samples after the thermal treatment. Particles also
do not agglomerate after annealing in the same way as it is seen in figure 3-22. These experiments
confirm the ability of water to protect the particles of strong agglomeration; as well as, achieve a narrow

size distribution.

TTEG (112°C)
———  TEG (120 °C)
——— DEG (115°C)

v H k 0 LiCoPO, (Pn2,a)
= Unidentified phase

Intensity [a.u.]
4

120 16.0 200 240 28.0
2617
Figure 3-23: Influence of the predissolution of CoAc;and polyalcohol media. PXRD patter of the samples after drying.

The negative intensity corresponds to the reported phases of LCP-Pr214 (¢ black) and an unidentified phase (= lila). The
measuring time is 20 min.
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TTEG (112 °C)
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0 LiCoPO, (Pi2,a)
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= Unidentified phase
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Figure 3-24: Influence of the predissolution of CoAc; and polyalcohol media. PXRD of the samples after drying at 400
°C for 1 hour under air. The negative intensity corresponds to the reported phases of LCP-Puma (black), LCP-Pn21a (© red),
LiP3-P63/ mme (O blue), and an unidentified phase (= lila). The measuring time is 20 min.

Table 3-11: Morphology and average grain size of particles of LCP-Puma synthesized using the CoAcz and LDP system in

various solvents.

Solvent Morphology Average grain size
TTEG Bars Length: 4.0 pm, width: 1.8 pum
TEG Truncated bars and beams Length: 3.0 pm, width: 678 nm
DEG Mixture of plates, semi-spheres and bars Length: 3.0 um, width: 794 nm

Ovals: 300 nm
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After drying process After annealing process

Figure 3-25: SEM images of the samples produced using the CoAcz and LDP system with pre-dissolution of CoAcz in 10
mL water. The pictures correspond to the samples after drying/annealing process. a) DEG; b) TEG; ¢) TTEG. Microscope
A. Magnification: left column 1000X, right column 6000X
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3.1.2.5.3 Influence of the cobalt source

As commented before, the CoAc, precursor is used in its tetrahydrate form and the water content
induces a decrease of the boiling point of the polyalchohol under reflux conditions. In order to reach
higher temperatures, two experiments using cobalt carbonate (CoCOs) and cobalt sulfate anhydrous
(CoSOy) in TTEG were done. Figure 3-26 shows the PXRD pattern after drying process. As a result,
both experiments show LCP-Crze as a main phase. After annealing of the samples at 400 °C for 1 hour
(see figure 3-27), LCP-Cwmem is still present accompanied by a considerable proportion of CoSO4, No
reflections corresponding to LCP-Prma were found; moreover, the boiling point kept under 300 °C for

both cases. This leads the discussion to three final points.

First, the use of an open reflux-system will never reach the conditions to obtain a single phase
of LCP-Pnma without annealing. Assuming that the temperature under refluxing conditions could
overcome 300 °C, there will be some water content that avoids reaching this value. The measure of the
temperature at the beginning of the reaction shows a value over 300 °C; however this value decrease
during the reaction until a value around 240 °C in both cases. On the other hand, even if the atmosphere
is controlled, as reported by Wang '2¢ in his reported polyol procedure under nitrogen atmosphere, a

final annealing procedure at 650 °C is necessary to obtain the desire olivine phase.

Second, the use of CoCOjs and CoSO, promotes the formation of LCP-Cmcm. The change in the
cobalt precursor influences the chemical equilibrium between the species during the reaction. In contrast
to the tendency of Co?* to form tetraedrically-coordinated compounds, in this case, Co?* prefer an
octahedrically-coordination. The formation of the LCP-Cwze is a disclosure, based on the fact that it
has been synthesized only by high-pressure and high-temperature solid-state synthesis (6 GPa, 900 °C)
from LCP-Prnma and by microwave assisted synthesis from a mixture of CoC2O4:2H,0O, LiOH-H>O and
H;PO, 155, 156,

Third, the cobalt educts strongly influence the morphology of the samples. Figure 3-28 shows the
SEM pictures before and after annealing. In the case of CoSOy, the formation of rounded beams or
spheroid particles is noted. After annealing, the particles are bigger and another morphology is observed:
um size agglomerates that are formed by primary stacked sheets. On the other hand, the sample
produced from CoCOs, shows a mixture of sheets and irregular nanoparticles wich tend to agglomerate
after annealing, as happened with DEG, TEG and TTEG LCP-Puma samples. In this case, the grain

growth of the particles is smaller than in the case of particles produced from CoSOy4 precursor.
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Figure 3-26 Influence of the cobalt source on the synthesis of LCP by polyol method. PXRD of the samples
synthesized using CoCOj3 and CoSOy as cobalt precursor and their temperature under refluxing conditions. Pattern recorded
after the drying process. The negative intensity corresponds to the reported phases of SO2-A4ba2 (¥ blue), CoSO4Cracm
(black 9), LCP-Crzem (0 red) and an unidentified phase (= lila). The measuring time is 20 min.
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Figure 3-27 Influence of the cobalt source on the synthesis of LCP by polyol method. PXRD of the samples
synthesized using CoCO3 and CoSOy as cobalt precursor and their temperature under refluxing conditions after annealing at
400 °C for 1 hour under air. The negative intensity corresponds to the reported phases of CoSOg4-Crmem (O black) and LCP-

Cmem (O red). The measure time is 20 min.
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After drying process After annealing process
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Figure 3-28: Influence of the cobalt source on the morphology of LCP produced by mean polyol synthesis. SEM
pictures of the samples using CoCOj3 and CoSOy as cobalt precursor after drying and annealing respectively. Microscope B.
Magnification: a) 10000X, b) 10000X ¢) 10000X and d) 30000X

This experiments confirm that specific thermodynamic conditions should be reached to synthesize
single phase of LCP-Puma using polyol process. To the best of our understand, the under polyol process

the Pn21a and Cmem are kinetically favored over the Puma phase.
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3.1.3 Synthesis using the CoAcz, H;POy4, LiAc system (adapted from
LiFePO, ) — standard procedure

An easy and simple polyol synthesis using the FeAcs, H;PO4 and LiAc system has been reported
obtaining LFP-Puma nanoparticles without the use of annealing procedures 3. However, there is no
reported literature using the analogous system based on the CoAcz, HsPO4 and LiAc system for the

synthesis of LCP-Puma. This section presents the principal results of the experiments using these

precursor combination.

3.1.3.1 Standard synthesis procedure

Figure 3-29 presents the PXRD pattern after drying process. The standard procedure is a mixture of
LCP-Pr21a and LCP-Cmem. Another experiment was done by using PVP as surfactant (M.W. 350000).
In this case the main phase corresponds to LCP-Crzem. It is important to remark that the temperature

during refluxing conditions does not exceed 200 °C.

e With PVP (186 °C)
05 o ——— Standard - No PVP(193 °C)

Intensity [a.u]

0 LiCoPO, (Cmem)
0 LiCoPO, (P#n2,a)

2 [

Figure 3-29: PXRD pattern of samples after drying process using CoAcz, H3PO4 and LiAc as starting precursors. The red
pattern corresponds to the synthesis with PVP. The black pattern corresponds to the standard synthesis as described in
experimental section. The negative intensity corresponds to LCP-Crzem (0 black) and LCP- Pr2;a (O red). The measuting
time is 20 min.
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Figure 3-30: PXRD pattern of samples after annealing process using CoAcz, HsPO4 and LiAc as starting precursors. The
red pattern corresponds to the synthesis with PVP. The black corresponds to the standard synthesis as described in
experimental section. The negative intensity corresponds to LCP-Prza. The measure time is 1 hour.

After annealing procedure, both samples show the characteristic peaks corresponding to LCP-Puma (see
tigure 3-30). The lattice parameter values are presented in table 3-12. On the other hand, figure 3-31

shows the morphology of the samples produced before and after annealing.

Table 3-12: Lattice parameter and crystallite size of LCP-Pruma synthesized with and without PVP. Reported lattice
parameters are presented at the top of the table

Mean domain

PVP a(A) b(A) c(A) V(A% cize (m)
No  10203(5)  5921(4)  4.699(5)  283.9(5) 43
Yes  10199(7)  5922(3)  4.688(3)  283.2(4) 36

Reported LCP - Pama - 10.2001(6)  5.9199(4)  4.6899(15)  283.2(9)
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After drying process After annealing process

Figure 3-31: SEM images of the samples produced by using the CoAc; and LiAc and H3POy system with PVP and without
PVP. The left side shows the samples after drying process. On the right side, the morphology of the particles after the last
annealing step at 800 °C for 6 hours a) - b): with PVP; ¢) — h) without PVP. Microscope B. Magnification: left column
1000X, right column 20000X

Table 3-13: Capacity values and BET areas of LCP-Pruma using a the using the CoAcz and LiAc and H3POy system

C/10 C/5 C/2 C 2C
Morphology Av.e rage pVP BIZE'I; th th th th th
grainisize I, O 3" Cycle 3" Cycle 3 Cycle 3 Cycle 3 Cycle
serIrll-ir ‘:‘gui‘i;ed Primary
b particles: No 42 26 19 10 6 4
agglomerates

under 500 nm

Sticks e 43008?2 Yes 58 61 0 30 21 14

After drying and annealing processes, an agglomeration of nanoparticles can be seen (see figure 3-30).
The sample without PVP present a similar morphology in comparison to samples produced in TEG

using the CoAcz and LDP system (see figure 3-22 ¢ and 3-22 d). The particles produced with PVP form
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nano-sticks or nano bars with small particle size distribution. The summary of these morphologies as

well as the capacity is presented in table 3-13.

As a result, three main ideas can be discussed. First, it is related to the type of LCP-polymorph
obtained after drying process. Along the previous sections, only an equilibrium between LCP-Pr2ia
and LCP-Puma was analyzed; however, the change of the precursors to CoAcs, H3PO4 and LiAc induces
the formation of other complexes between the ions in solution. Thus, the thermodynamic conditions
and the kinetics associated with the formation of intermediates, as well as, nucleation and crystallization
processes are totally different. In this case during the nucleation phase, the precursor solution is under
thermodynamic control, allowing to obtain the most stable product. In this case the single-crystal seeds
are produced due to minimize the total interfacial free energy of the system with in a given volume.
After an uniaxial growth rates along one direction and cubic seeds will grow into octagonal rods 157. A

scheme explained the nucleation process is presented in figure 3-32.

100 °C 100 °C
- ‘ Holding
00 \
— - | Thermodinamic Surface

{°°/ ° ooo control activation

0 - 0 !
5 % { Remove all Growth

° °°° Q twinned

0~ —<09%
Precursors Single crystal - Cube Stick

240 °C

PVP gathered

Stick Nano-sticks

LCP TTEG PVP

Figure 3-32: Schematic illustration of the growth mechanism of LCP sticks with PVP
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Second, the metastability of the LCP-Cmcm modification. After annealing process, the samples are
transformed into LCP-Prnma. This feature is confirmed by reports, published during this work, which

claim the transition from LCP-Cwem to LCP-Pnma at temperatures between 450 °C — 600 °C 155,158,

Third is the slightly increase of the capacity due to the use of PVP. In sections 3.1.2.2 and 3.1.2.3,
a small improvement due to the decrease in particle size, as consequence of the effect of PVP was
discussed. The PVP induces the growth of stick-like or bar-like shape of approximately 300 nm length
and 40 nm width. This shape is beneficial because the diffusion of lithium ions is shorter in a stick-like
particle compared to a rounded one. The BET values suggest a high specific surface area for the sample
using PVP, but it is not large than the BET area obtained for the spheres of the section 3.1.2.2 (19 m?g-
1. This supports the concept regarding the importance of the shape control in the design of cathode
materials. Apart of the importance to obtain nanomet er particles, the plate-like, sheet, or plate
morphology enhances the electrochemical performance, as reported for other materials such as LFP and

1.CP 159, 160,

Additional experiments changing experimental parameters were done and are presented in the appendix

5.2.
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3.2 Microwave assisted-polyol synthesis route of LCP-Pnma

This method was done in order to extend the discussion regarding the thermodynamics in polyol
synthesis. The main point is the effect of the microwave (MW) radiation on the polyol solution,
temperature and morphology. Additionally, a reproduction of a synthesis reported in the literature using

MW-assisted polyol route is applied in order to compare it with the polyol system.

3.2.1 MW:-assisted synthesis using the CoX and LDP system (X = Acz,
SO4, CO3)

Microwave-assisted synthesis has been implemented in systems formed by CoAc,, LIOH and H;PO, '61;
CoAcy, LiAc and DAHP 162, CoSOy, LiOH, and H3;PO, 131.163; Co(OH),, LIOH and ADP 77 and CoAc,
LiAc and H3POy 164, In all cases nanoparticles of LCP-Puma have been obtained after synthesis. In order
to see the influence of the microwave radiation on the polyol assisted process, a system based on LDP
and different cobalt educts: CoCOs, CoSO4 and CoAcz was tested. Indeed, the precursor solution is
obtained using the same molar ratio and amount of educts as used for the polyol synthesis to make them

comparable.

The figure 3-33 shows the PXRD pattern after microwave reaction. For the experiments using CoCOs
and CoSOy reflections can be indexed as LCP-Puma; however, this samples present secondary phases
corresponding to Cos3(POy)2 and LCP-Pr24a, respectively. Based on the thermodynamic conditions of

the system and nature of the educts, the discussion of these results can be divided in several points.

First, is the thermodynamic conditions that rule the system. The use of MW radiation assures a
very fast and uniform heating of the total volume of reactants within a short time. Indeed, during the
microwave reaction, the mixture absorbs energy (coming from dielectric microwaves) that allows to
reduce the thermal gradients inside the reactor. The heating mechanism occurs by dipolar polarization
and ionic conduction. During MW reaction, polar molecules try to orientate with the rapidly changing
alternating electric field, this heat is generated by rotation, friction and collision of molecules. Ions will
move through the solution based on the orientation of the electric field causing an increase of
temperature due to collision and friction '65. This allows the solvent to reach solvothermal equilibrium

conditions in a few minutes.
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Figure 3-33: Influence of the cobalt source in the MW synthesis of LCP. PXRD pattern of the samples using CoCOs3,
CoSOy4 and CoAc; as cobalt precursor, after drying process. The negative intensity corresponds to the reported phases of
LCP-Pnma (0 black) and LCP-Prn214 (0 red) and Co3(PO4)2-P121/¢1 (A blue). The measuring time is 20 min.

As for the solvent, one of its most important properties is the polarity. The more polar the solvent is,
the higher is its ability to couple with the microwave energy. This results in a rapid increase of the
temperature and fast reaction rate '66. This ability is determined by the “loss tangent factor (6)”
described in the equation 3.4:

§=268/8 Eq. 3-4

Where 8 is the conversion efficiency of the electromagnetic radiation into heat (dieletric loss) and & Cis
the polarizability of the molecules in the electric field (dieletric constant) 167-169. EG has a very high &
value (1.350 at 2.45 GHz and 20 °C); therefore, it belongs to the family of strongly MW absorbing
solvents, allowing reach its boiling point (~ 198 °C) 170172, This feature combined with the reductive and
chelating properties of the polyalcohol, facilitates the control of the morphology and nuclei formation

of LCP-Puma. Those thermodynamic conditions cannot be reached in open-polyol system experiments.

Second, the influence of the educts on the formation of the different crystalline phases. In order

to compare them, table 3-14 summarizes the phases obtained using polyol and MW routes.
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Table 3-14: Summary of phases formed after polyol and microwave synthesis using the CoX and LDP systems (X = Acy,
SOy, CO3) system

Co source Polyol Microwave

Main phase: LCP-Prn2ia

CoAc2.4H,O Secondaty phase:

Main phase: LCP-Prn21a

Main phase: LCP-Crmemn Main phase: LCP-Pruna
CoCOs3 Secondaty phase: LCP-Pn2ia Secondary phase: Co3(POy)a,
Unidentified LCP-Pr2a

Main phase: LCP-Pruma
Secondary phase: LCP-Pn21a,
LiSOy4

Main phase: LCP-Crzem

CoS0.TH0 Secondaty phase: CoSO4, SO2

When CoAc; is used, the metastable form LCP-P#214 is obtained by both polyol and MW syntheses. On
the contrary, when CoCOj3 and CoSOgare used, LCP-Crzez and LCP-Prma phases are obtained by polyol
and microwave, respectively. Based on the nature of the educts, CoAcz and CoSOy are hydrated forms,
in other words, both contain water that can be removed and forms a gas phase during the synthesis. The
water gas-phase exerts extra pressure at high temperatures and it can be favorable on the formation of
the LCP-Puma phase. Moreover, CoSOy4 precursor can lead to the formation of a SO; gas-phase. Despite
the internal pressure can not be measured due to experimental limitations, this behavior can be inferred
due to the high energy and solvothermal conditions during the MW irradiation. However, this result is
contrary to the reported for LEP. Corr ez al. 17 reported the synthesis of nanoparticles of LFP-Puma
and LEP-Cmem using MW procedure. In this case the pure LEP-Puma phase is obtained from iron
acetylacetonate and LDP as precursors. A mixture of LFP-Puma and LEP-Comem is obtained from iron
oxalate dehydrate and LDP. Authors claim that the formation of the LFP-Crzen phase is a consequence
of the partial pressure due to water molecules released from iron oxalate precursor. In our case and as
presented in the section 3.1.3, the formation of the Cwem phase of LCP can be obtained in an open
system. This suggest that the formation of Puma phase is favored with the increase of the partial pressure
in the system, in the case of cobalt but not in the case of iron. However, this must be verified by in-situ

pressure measurements during the reaction in each vessel.

The third point is related to the solubility. In water the solubilities of the cobalt educts are: CoSOu:
330 g/L 174 CoAca: 380 g/L 175 and CoCO3: 12.98¢/1. 176, This is also observed by the deep putple color
for sulfate and acetate solutions in comparison with the carbonate one, prior to microwave treatment.

This indicates the superior reactivity of CoAcz and CoSO4 over CoCOjs precursor.

Figure 3-34 shows the SEM pictures of the samples. Larger morphological differences are palpable
between polyol samples and MW samples which is based on the differences during the nucleation

process, as explained before. For CoAcz a change from cross-bars (See figure 3-7 g) to spheres (see
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tigure 3-34 a, b) can be observed; for CoSO4 from rounded beams (see figure 3-28 a) to plates (see figure
3-34 ¢, d)and for CoCos (see figure 3-28 c) from sheets and irregular nanoparticles to needles (see figure
3-34 ¢, f).

Figure 3-34: Influence of the cobalt source in MW-assisted polyol synthesis. SEM pictures of the samples using CoAcz
(LCP-Pr21a), CoCO;3 (LCP-Prma) and CoSOy4 (LCP-Prma) as cobalt precursor after drying. Microscope A. Magnification: left
column 2000X, right column 10000X
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3.2.2 MW:-assisted polyol synthesis using the CoAc;, H;PO4 and LiOH
system

After the reproduction of the expetimental procedure reported by Manthiram ezal. /) the sample
present a main phase of LCP-Prnma with secondary phases of CosOs—Fd-3 and LisPOs—Pemn (see figure
3-35). This confirms the superior ability of MW-assisted polyol process to obtain LCP-Puma phase,

based on the fact that this system was also tested by polyol synthesis giving LCP-Pr214 as main phase.

= o A

<, (¢] ofl © & 0O

&

4

)

o LiCoPO,(Pnina)
0 Li;PO, (Pemn)
0 Co,0, (Fd-3m)

2007
Figure 3-35: PXRD pattern of sample produced by MW-assisted polyol synthesis. The blue pattern sample synthesized in
EG. Black pattern is the sample synthesized in TTEG (Manthiram ez. a/. reproduction 131). The negative intensity

corresponds to the reported phases of LCP-Puma 13+ (black), LisPOy-Pomn (0 red) and CosOs—Fd-3m(0 green). The
measuring time is 1 hour

Figure 3-36 shows the morphology of the samples. Figure 3-36 a and 3-36 b illustrate the formation of
round particles of 1 — 3 pm in diameter. The particles are agglomerated and small round-sphered particles
below 100 nm are distributed along the surface. On the other hand, the sample synthesized in TTEG
shows straight thombohedral structures with dimensions below 500 nm. Additionally, the sample
presents a narrow particle size distribution. Not only rhombohedral, but even small irregular
nanoparticles are also present in this sample. Table 3-15 summarizes the capacity values showing an
improvement compared with the polyol synthesis ones. As mentioned before, the combination of the
educts play an important role during the formation of LCP, as well as, the control of side phases.
Certainly, this system is more suitable for the production of LCP-Prnma with less amount of secondary
phases in comparison with the systems based on LDP and different cobalt sources. Furthermore, the
nature of polyol solvent plays and important role in the shape control of the particles obtained. Similar

results are observed in the synthesis of GAPO4 nanoparticles: bigger spheroidal particles with relatively
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uniform sizes are obtained during MW precipitation process in EG. When EG is replaced by butylene

glycol, nanocubes are obtained 7.

After drymng process

Figure 3-36: SEM images of the LCP samples produced using the MW-assisted polyol route using the CoAcz, H;PO4 and
LiOH system. Samples after drying process are shown. Figures a - b: synthesis in EG. Figures c - d: Synthesis in TTEG.
Microscope B. Magnification: a) X1000, b) 55000X, c¢) 10000X and d) 30000X.

Table 3-15: Capacity values and BET areas of LCP-Pruma using the using the CoAc, LiOH and H5POy4 system

Mean
domain  BET C/10 C/5 C/2 C 2C
Solvent Morphology . 201 th th th th th
Sizc L 5 3 Cycle 3 Cycle 3 Cycle 3 Cycle 3 Cycle
(nm)
EG Agglomerated 53 59 83 88 70 50 9
spheres
TTEG Rhombohedral 36 nm 9.7 102 84 63 43 25

Other considerations such as the particle size and particle shape are fundamental to understand the
increase of the capacity. First, the mean domain size of rhombohedral particles is small compared to the

agglomerated spheres. Second, the LCP-Puma produced by MW-polyol synthesis present a smaller
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degree of agglomeration compared to LCP-Puma produced by polyol route. Less agglomeration
increases the probability of exposing the electrochemically active (010) surfaces. The (010) surface is
consider the most facile pathway for Li* migration 178, The Li-ion migration has been calculated using
atomistic simulation techniques. For LCP-Prnma, it has been found that the shortest distance between
Li* ions lies in the [010] direction parallel to & axis with a jump distance between 2.9 — 3.0 A. The
migration Energy (Emig, €V) is listed in the table 3-16. The results reveal that the lowest energy path for
Li* migration for all LMP olivines is along the [010] channel. Ideally, the thinness of the crystals in the
[010] direction enhances the rate capability of the cathode material 7. This indicates that in

rhombohedral structures a higher (010) surface area exist, compared to the spherical agglomerated ones.

Table 3-16: Mechanism and energies of Lit migration in LMP-Puma (M = Mn, Fe, Co and Ni) 178

Migration energy, Enig (eV)

Direction Mn Fe Co Ni
[010] 0.62 0.55 0.49 0.44
[001] 2.83 2.89 3.28 3.49
[101] 2.26 3.36 3.41 3.99

On the other hand, extremely small particles sizes are counterproductive for electrochemical
performance. While one advantage of a reduced particle size is the enhancement of the rate capabilities
100,180, 181 " the surface area at the same time becomes large compared to the micron-sized particles. Thus
the volume of the nanomaterial composite is extremely high due to the empty space between particles,
resulting in a low tap density. This characteristic decreases the loading of the nanomaterial on the specific
area of the current collector and limits the volumetric energy density '82. Furthermore, the difference in
the shape of nanoparticles directly affects the diffusion path length of lithium ions and, as a consequence,
the electrochemical performance. TTEG solvent possesses more hydrophilic OH-anchors that prevent

further growth into micron-sized particles and agglomeration of particles than EG solvent.
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3.3 Acetate-assisted antisolvent precipitation (AAAP) synthesis
of LCP-Pnma

This section describes the synthesis of LCP-Prza by the AAAP method. This synthesis route was used
for the synthesis of LMP-Prnma 132 and, for the first time, is adapted for the synthesis of LCP-Prma. The
influence of cobalt soutce, dropping rate and annealing atmospheres in the formation of crystalline

phases, as well as the morphology are further discussed.

3.3.1 Standard procedure

In order to understand the AAAP route, some basic principles have to be considered. In a solution, the
system opposes local supersaturation by precipitating solved species as a solid. This attempt can appear
in two different ways, by nucleation of the solved species directly from solution or by growth on a
particle inside the solution (either of a different or the same substance). Supersaturation (defined as
actual concentration over equilibrium solubility) is one of the most important parameters controlling
whether new nuclei form or already existing ones grow bigger and it has been shown that higher
supersaturation usually results in higher nucleation rate 83186, Besides, nucleation is influenced by the
systems metastable zone (concentration range where no crystallization is observed in a given time).
According to Guo et al. '8 systems with a metastable zone over a wide concentration range hinders
nucleation and therefore particle growth is favorable 187. Consequently, systems with small metastable
zones have to be brought to a high level of supersaturation in order to favor nucleation over particle
growth and obtain many small particles instead of few big ones. Following this idea, an antisolvent
(liquid with a low solubility of the desired product) can be added to a homogeneous solution, causing

high supersaturation thus rapid nucleation.

As shown in figure 3-37, as soon as nucleation begins, two processes (coagulation and condensation)
are initiated, causing particle growth in order to reduce surface free energy of the nuclei. To summarize,
there are many factors (i.e. supersaturation, metastable zone, reaction time, etc.) having significant
influence on particle size and according to that, careful fine tuning of a given system has to be undertaken

in order to produce nanometer sized particles via AAPM.
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Figure 3-37: Schematic of particle precipitation process

In the particular case of LCP, HsPO,, CoAcz and HCI are dissolved in deionized water to obtain a
homogeneous aqueous solution. Then the aqueous solution is added to the LiAc solution in ethanol
ethanol. Ethanol as the antisolvent induces the high supersaturation of Co.P207; and
(H50)(Co2(OH)2(HPO4)(H2POy)). Acetate in the ethanol as proton acceptor further increases the
supersaturation. The high supersaturation created by acetate and antisolvent is supposed to lead a fast
formation of nuclei and limited particle growth, yielding the precipitate with small particle size. An

scheme of this process is shown in figure 3-38.
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Figure 3-38: Schematic illustration of the acetate-assisted antisolvent precipitation process
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The figure 3-39 shows the PXRD pattern of the sample after drying process. This material obtained
after antisolvent reaction is formed by phases corresponding to cobalt phosphate and a cobalt hydrogen

phosphate complex. In contrast, the reported composition of the precursor is composed by Mn3(POy)2

and LizPO4 132,

Intensity [a.u]

V-’vr W"V"‘V i
& Co,P,0-(P2,/el)

0 (H,0)(Co,(OH),(HPO,) (FL,PO,) (Peab)

2\

2617

Figure 3-39: AAAP synthesis of LCP- Pnma. PXRD pattern of the precursor material prior carbon coating and
annealing. Pattern recorded after the drying process. The negative intensity corresponds to the reported phases of Co2P207-
P21/t (O black) and (H30)(Co2(OH)2(HPO4)(H2POy)-Peab (© red). The measuring time is 20 min.

The PXRD pattern after coating and annealing at 550 °C is presented in figure 3-40. A comparison is
done between the samples annealed under air and under argon atmosphere. The sample obtained under
air presents a main phase corresponding to LCP-Prza with a small secondary phase of Co3O4. In order
to avoid the formation of the oxide, an argon atmosphere is used instead. However, after annealing
under Ar atmosphere, the sample present a mixture of LCP-Puma, LiP7, LisCoOs and an unidentified

phase.



115

S Annealed under Ax
Annealed under Air

Intensity [a.u]

LiCoPO,(Puma)
YC 0;,0,4(Fd-3m)

o LiP; (I4,/ acd)

O LigCoQ, (P4,/ nmc)
= Unidentified phase

8.0 12.0 16.0 20.0 24.0 280 320 36.0 400

2617

Figure 3-40: AAAP synthesis of LCP. PXRD pattern of the C-composite. The red pattern corresponds to the sample

annealed under Ar atmosphere. The sample annealed under air atmosphere is shown in black. Peaks marked with symbols

cortespond to the secondary phases of Co3O04-Fd-3m (V orange), LiP7-141/ acd (0 blue), LisCoO4-Pha/ nme (O green) and an
unidentified phase (= lila). The measure time is 1 hour.

The usage of inert atmospheres in the synthesis of LCP-Prma-carbon composites 188190 is already known;
they help to avoid formation of undesirable oxides and keep the reduced form of the metal cation.
However, depending on the starting materials, the composition of the precursor (material recovered
after drying process) will be different; as well as possible secondary phases at the end of the C-coating
procedure. For example, in the case of LCP-Puma produced by sol-gel process, the starting materials are
LiAc, CoAcs, HsPOy and citric acid. Here, there is no evidence of crystalline phases after drying; indeed,
after annealing at 300°C for 5 hours under nitrogen atmosphere, no reflections are found. For this case,
10 hours of thermal treatment at 730 °C under nitrogen atmosphete leads to the formation of LCP-
Prma, LisP20O7 and CozP secondary phases 1. Another example is reported by Wolfenstine ¢z a/., where
the LCP precursor is obtained by means of solid state synthesis, from lithium carbonate, cobalt oxalate
and ADP. The coating procedure is done under a mixture of Ar + 4% vol.% Ha, reaching LCP-Pruma
with a secondary phase of CooP 192. In the case of the AAAP synthesis developed, the annealing
procedure under Ar conducts to a higher amount of secondary phases in comparison with the one
conducted under air atmosphere. This behavior, contradicts most part of publications which use an inert
gas to complete the formation of the olivine phase with less amount of secondary phases. Additionally,
as no reflections of crystalline phases containing lithium are detected, the lithium remains in the LCP

precursor in an amorphous form. The morphology of the LCP precursor and LCP-C composite is
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presented in figure 3-41. After the drying process, formation of sticks with average size of approximately
830 nm width and 4 um length is shown. After carbon coating and annealing, the sample forms a LCP-

C composite of particles between 2 — 3 pm to approximately 600 nm (see figures 3-41 b and d).
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Figure 3-41: SEM images of the samples produced using the AAAP method. Samples after drying process: figures a — ¢,
corresponding to the precursor after drying process. Figures b - d: sample after C-coating and annealing. Microscope A.
Magnification: a) 1000X b) 2000X, c) 3000X and d) 7000X

Table 3-17: Capacity values and BET area of LCP-Puma produced by AAAP method

C-wt% Conductivity BET dmx‘:z‘;ize C/10 c/5 Cc/2 C 2C
CHNS  (Scm) m?g-! (nm) 3"Cycle 3"Cycde 3"Cyce 3" Cyce 3" Cycle
5.7 7.6 x 10 5.6 2 79 66 53 M 29

The value of the capacity is presented in table 3-17. This value reaches the 47.3% of the theoretical value.

On the other hand, the addition of 20 % glucose as carbon source increases the conductivity value of
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the system by a factor of 107 without the use of any high-purity argon atmosphere, as reported for doped

and coated samples of LCP-Prnma 123191,

3.3.2 Discussion about the influence of cobalt source and dropping rate

The standard synthesis is based on the use of cobalt acetate as cobalt precursor; however, in order to
decrease the amount of secondary phases, additional experiments using cobalt chloride, carbonate and
sulfate were done. Figure 3-42 presents the PXRD pattern of the samples after annealing process under

air at 550 °C. The summary of the phase composition is presented in table 3-18.
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Figure 3-42: AAAP synthesis of LCP. Influence of cobalt source. XRD pattern recorded after annealing process under
air. The patterns correspond to: CoSOy (green), CoCl (blue) and CoCOs3 (black). Negative intensity corresponds to
reported LCP-Puma (black) Peaks marked with symbols are the main secondary phases: CoSO4-Crmem (V orange),
Co3(PO4)2-P121/¢1(0 red), Co203-R-3/¢h (0 gray), CoP207-P121/¢1 (A pink) and LiSO4-P121/al (= lila). The measuring
time is 20 min.

In synthesis using CoCl, and CoSOy after annealing process, a mixture of different phases is obtained.
Only in the case of CoCOs3, a main phase of LCP-Prnma is found; however, it contains secondary phases.
The fact that only the use of CoAcz and CoCOsas cobalt precursors leads to olivine phase is explained

by the different reactivity of each counter ion (CH3COO-, COs%, Cl- and SO4%). In general, the reaction

can be described by the equation below:

o Lt
0 o Q o oM o b O_L' 0
Co?* + HO-P-OH + Lt —————> = + 3 Eq. 3-5
)J\O' )J\O' Oy )J\O’ ' H-Cl O oo )J\OH d
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Table 3-18: Phase analysis of the product mixture after drying process and annealing process for AAAP method using
different cobalt sources

Before annealing

After annealing

Co source
Compound Compound
LCP-Pn21a LCP- Puma
POs-Fdd2 Co203- R-3¢h
CoCO;
CoO-Fm-3m Co,P,05- P12/l
Li,O-Fm-3m LixO- Fm-3m

Cos(POy)s- P12/l
LisP,O5- P121/n1
CoS0, CoSOu- Crem
LisP- P65/ mme
LiSOy- P12/ al

Co(PO3)- C12/¢1
Co3(POy)2- P124/¢1
Co,P,07- P12/l
CoO- Fm3m
LisP2O7- P12,/n1
CoSOy Criem

Lizs()4— P121/ﬂ1

LCP- Prn21a
Li4PZO7— P121/ﬂ1
LCP- Puma
COzOy R,3[b —
Co304- Fd3mS
CoCly(H20),-C12/m1
CoCl, LiPOs- P1¢1

CoCla(H:0)s- C12/m1
LiOH- P4/ nimm
P,0s- Fdd2

LiCoO,- R3mH
PCls- Pdn

LiO- Fn3m

Taking a closer look at pK, values, it classify the ability of a substance to either accept or donate a
proton. While compounds with a low pK, value are not likely to accept a proton, those having a higher
one accept it. In this case, chloride (pK, < 1) and sulfate ions (pKa = 1.92) can not be protonated in
significant amounts, while acetate (pK, = 4.75) and carbonate ions (pK. = 10.32) have relatively higher
pK. values, thus they may be partially protonated '%3. The associated reactions are shown in equations

3-6 and 3-7, respectively.

@) O
® Eq. 3-6
THD =
)J\O@ )J\OH
(0] @) Eq. 3-7
+ @ —_— q

The formation of this equilibrium seems to facilitate reaction towards the desired product to some
extend, since the counter ion is partially removed from the reaction mixture. According to this, a cobalt
source comprised of a weak base as counter ion shall be used in following experiments. Since cobalt

acetate as starting material lead to slightly less side phases compared to cobalt carbonate, it was used
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hereafter. One possible explanation for the fact that cobalt acetate yielded slightly less side phases may
be that the pKa of the acetate ion is in a more favorable range than the quite high pKa of the carbonate

ion.

On the other hand, the dropping rate influences the morphology of the precursor; as well as, the final
product in the AAAP method. Based on the standard procedure, different dropping rates were tested.
Figure 3-43 presents the PXRD pattern after annealing process under air at 550 °C. The pattern shows
secondaty phases of Co2P207and Co30s4. It can be noted that the dropping rate of 1.0 mL/min leads
to the formation of rounded nanoparticles with an average size of approximately 700 nm. The rate of
0.6 mL/min presents a mixture between agglomerates of several irregular forms of um size with some
nano-needles. Finally, very slow rates of 0.1 mL/min, leads the formation of spikes of around

approximately 300 nm width x 3-4 um large (see figure 3-44)

Additionally, the slow dropping rate induces a low crystallinity of the final sample. This occurs because
a droplet of acidic solution is formed at the tip of the syringe and it grows for a specific time until it is
released into the antisolvent solution. Since a reflux cooler was used to prevent loss of solvent (see figure
2-8), the gas phase inside the reaction vessel contained significant amounts of ethanol and condenses on
the surface the syringe tip. This causes partial precipitation of the educt already inside the drops and
therefore it is not recommend applicable. Finally, the rate control constitutes an easy method to obtain
nano-structures and control of morphology even after long annealing treatments. However, additional
experiments should be conducted to control the amount of secondary phases in the final LCP-Pumwa

sample.
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Figure 3-43: AAAP synthesis of LCP. Influence of droping rate. XRD pattern recorded after annealing process under air.
The patterns corresponds to a rate of: 1.0 mL/min (green), 0.6 mL./min (blue) and 0.1 mL/min (black). Negative intensity
correspond to reported LCP-Puma (black). Peaks marked with symbols are the main secondary phases: Co2P207-P121/¢7
(o red), Co304-Fd-3mS (0 gray).The measuting time is 1 hout.
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0.6 mL/min
] }

Figure 3-44: SEM images of the LCP samples produced using the AAAP method at different dropping rates. Samples after
annealing at 550 °C for 10 hours. Microscope A. Magnification: left column 1000X, right column 5000X
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3.4 Synthesis of LCP-Cmcm phase and LipsCoPO4-Cmcm

This section remarks some comments about the synthesis of the LCP-Cwen and a new lithium deficient
LiosCoPO4-Cmem phases. The section is focus on the synthesis procedure and the control of the
morphology. Further details about the crystal structure, thermal behavior, and magnetic properties are

reported by Alarcon-Suesca er.al. 194 and their respective publications attached in the section 6.

In section 3.1.2.5.3 a synthesis using as starting materials LDP with CoSO4 and CoCO; respectively lead
to a sample with a crystalline phase of LCP-Crom, as well as, the synthesis using LiAc, CoAcs, and
H3PO; presented in section 3.1.3. Those systems do not result in a phase pure LCP-Crze due to the
presence of additional phases. However, through development of additional experiments (see appendix
5.3) a procedure using LiAc, CoAcz, and H3PO4 with a Li:Co:P molar ratio of 3:1:10 finally results in
phase pure LCP (see figure 3-45).

10O WO

Intensity [a.u.]

20071

Figure 3-45: PXRD pattern of LCP-Cmem synthesized using polyol synthesis. Pattern recorder after drying process. The
measuring time is 1 hour.

The LCP-Cwem phase has been synthesized only by the use of solid state synthesis using high pressure
and high temperature parameters from LCP-Puma ¢ or applying MW-assisted synthesis, where the use
of water free TTEG and cobalt acetate are fundamental to the obtaining of the LCP-Crzem structure!>
158, The polyol synthesis developed allows to obtain this LCP-Crz in a simple and easy way. Figure 3-
46 shows the morphology of the sample. A dumbbell-like morphology with formation of hierarchical

3D structures is predominant in the along all sample. This dumb-bells are formed by agglomeration of
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nano-layers. Moreover, when the order of mixing of the educts is changed (see experimental part 2.3.3)
a change in the nucleation process is induced. Here, the dumb-bell morphology is conserved, but they
are formed by primary nano-dots instead of layers. This kind of morphology has been beneficial in the
context of cathode materials, specifically in the case of LFP-Puma. In the work of Niederberger e, a/19,
a synthesis of LFP-Cwem/Prnma dumb-bells has been done using MW-assisted synthesis. The authors
claimed that Li-ion diffusion and higher rate performance can be achieved due to the special 3D
structure. However, in some cases this 3D structures are obtained by the use of organic templates 9.
The advantages of the developed polyol method are the phase pure synthesis of LCP-Crzem polymorph
without the use of MW-radiation and access to the 3D dumb-bell structure without the use of
surfactants, additive or organic templates. So far, is the first time that this kind of structure is reached in

LMP compounds using such a simply synthesis method.

After drying process

Figure 3-46: LCP-Cmum samples using the standard and modified polyol route. a) and b) samples obtained using the standard
method. ¢) and d) samples obtained using a variation in the educts mixture. Microscope B. Magnification: left column
10000X, right column 20000X
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On the other hand, an interesting change in the color of the solution during the first part of the synthesis
is noted. After complete the addition of CoAc: dissolution, the color turns from blue-violet to light-
pink after 18 minutes of reaction (see figure 3-47). This behavior can be explain based on the ability of
cobalt(lI) to change its configuration between tetrahedral and octahedral coordination by the exchange
of ligands '97. The visible absorption band of tetrahedrally-coordinated cobalt(Il) ion is located in the
red part of the UV spectrum, giving a blue color. This band stems from d-d transition from the A,
ground state to the #T'1(P) state, and its fine structure results from spin-orbit coupling 8. This happened
after the addition of CoAc: (red solution) to the mixture of H3POy4 and LiAc solution. Additionally,
some species can be formed in the solution. Those species are cobalt-ligand species of the type
“CoL12L2,”, where L1 and L2 are ligands, for example [Co(H20)4]>* 1%°. This effect is the so-called
solvochromic effect and depends of the kind of ligands in the mixture solution. Additionally, at
temperatures between 100 °C and 200 °C, aqueous solutions of cobalt(IT) show a reversible color change
from pink to violet, giving also a thermochromic effect >, 0. Furthermore, the occurrence of
intermediate species such as, cobalt phosphates, peroxodiphosphates, lithium phosphate hydrates,
phosphites can take place; however, no further literature related with the formation of LCP species at

low temperature is published, therefore, this subject should be further analyze.

Reaction Time

Figure 3-47: Change of the color of solution during polyol synthesis of LCP-Crzen

Additionally, during the synthesis process of LCP-Cwem phase the crystal structure does not change
when surfactants are used. The figure 3-48 shows the PXRD patterns of the samples a reaction time of
3 hours and after use PVP and SDBS. Furthermore, the formation of the LCP-Cmeon phase is
thermodynamically favored and the kinetic of the reaction is relatively fast The signal:background ratio
of the measurement is high and the reaction is done in a short period of time (3 hours), in comparison

with the standard procedure (14 hours). Indexing and refinement of the data suggest the formation of
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phase pure LCP-Cozem (see table 3-19). This data confirms the ability to control the morphology without

affecting the crystal structure of the Cmem material obtained by the polyol route.

SDBS

PVP (M.W 58000)
PVP (MW 360000)
3 h No surfactant

Intensity [a.u)

LiCoPOy (Crrer)

8.0 12.0 16.0 20.0 240 28

26 [

320 36.0 400

Figure 3-48: PXRD pattern of LCP-Cmem synthesized using polyol synthesis. Black pattern corresponds to the synthesis
using 3 hours of reflux. The red, green and blue patterns correspond to the synthesis using 3 hours of reflux and use of SDBS
and PVP (M.W. 58000 and 360000) surfactants. Pattern recorder after drying process. The measuring time is 20 minutes.

Table 3-19: Lattice parameter and mean domain size of LCP-Cowem synthesized with surfactants. Reported lattice parameters
are presented at the bottom of the table 156

Tim Mean
h € Surfactant a(A) b (A) cA) V(A3  domain size

(h) (hm)
3 No 5439(4)  81714)  6201(6)  275.6(4) 21
14 No 5443(3)  8.169@)  62123)  2762(2) 24
14 PVP58000  5446(3)  8.174(6)  6.192(5)  275.6(4) 35
14 DPVP360000  54493)  8.166(6)  6214(6)  275.5(4) 32
14 SDBS 54414 8.162(4)  6.224(4)  2753(4) 29

Reported LCP -

- 5.4448 8.1656 6.1938 275.18 -
Cmcm
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After drying process

Figure 3-49: SEM pictures of LCP-Cmem. a) and b): Synthesis using 3 hours of reflux time. c) to h) synthesis using 14 hours
with different surfactants. Microscope A. Magnification: left column 5000X, right column 10000X
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As mentioned before, a lithium deficient compound was also synthesized using a similar methodology.
In this case, based on a modification of the Li:Co:P molar ratio of 1:1:10, a new compound was
identified. Previous reports of Ehrenberg ez al 76 7% 8 and Ju ez al. 22 demonstrate the existence of
lithium deficient phases that have been obtained after delithiation processes from LCP-Puma. However,
this reported phases are unstable and undergo amorphization under exposure of air. They must be
studied using in-situ techniques and are thermal unstable. Figure 3-50 shows the PXRD pattern of the
LCP-Crenr and Lio sCoPO4-Cremr samples obtained after drying process. Additionally, figure 3-51 shows
the SEM images of the samples after drying. Here a similar dumbbell-like morphology is obtained,

however, the primary structure is formed by nano-spheres.

LiCoPO,-Cmem
Liy sCoPO,-Crem

Intensity [a.u.]

80 12.0 16.0 20.0 240 28.0 320 36.0 40.0
260
Figure 3-50: PXRD pattern of LigsCoPOy-Crmem synthesized using polyol synthesis. Blue pattern corresponds to full

lithiated LCP-Camem. Negative intensity corresponds to LiosCoPOg4-Crzem. Pattern recorder after drying process. The measure
time is 1 hour.

Figure 3-51: LCP-Coem samples using the standard and modified polyol route. Microscope B. Magnification: left column
10000X, right column 20000X
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Regarding the electrochemical performance, this polymorphs of LCP are not attractive, as well as, in the
case of the LCP-Px21a. Based on the crystallographic considerations regarding Li* diffusion along the
[010] direction in the case of the Cwmem and Pr2ia polymorphs, the lithium path is blocked and the
intercalation process can not be completely achieved. Figure 3-52, shows the comparison between the
three structures. It can be observed that for LCP-Prza the detailed structural analysis of the migrating
ion shows that a curved or zig-zag migration path is present between the adjacent lithium ions. There is
also a certain amount of lattice distortion around the diffusing lithium ion as it passes the PO4 and MO
polyhedra. On the other hand, the migration path for the Cmen and Pr2ia polymorphs are blocked by
MOg polyhedra as well as POy tetrahedra through the structure.

B =g -—_
(010) \O ’ ’ ’ 0,) 00,) °
Surface i ) ) o o OCEQOOQOOQ

T L o€ o

‘,’{. O . j" \0‘ 000@00090

! |

*p°p° 2.2, ©09000000
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oS b §5 o0 000000000
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Pnma Pn2a Cmcm

Figure 3-52: Schematic view parallel to (010) surface, showing the sinusoidal Li*-migration path (dotted line) to a Li*
vacancy (open square for Puma). The tilting of the PO, tetrahedron near the Li* vacancy is also shown. Li*: green; Co?™: blue
spheres; PO43 yellow tetrahedra.
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3.5 Synthesis of LFP-Pnma by polyol method

This section presents an overview of the synthesis of LFP-Puma by polyol method. As commented in
section 1.6, the literature reports on the preparation of nanoparticles of LFP-Prma by a polyol method
using a simple-single step, without using any further annealing procedure. However, a common issue is
that the reproduction of the synthesis does not lead to the olivine phase without secondary phases. Here
a systematic approach is presented, in order to overcome the reproducibility problems of LFP-Pruma that

are extended when the same methodology is applied to LCP-Puma.

3.5.1 First step: reproduction of the synthesis reported in literature

The table 3-20 summarizes LEP-Puma polyol synthesis approaches. Based on the combination of starting
materials, five different systems (1 to 5) are reported. Those systems reported to obtain high crystalline
LFP olivine after reflux process without annealing procedures. Systems 6 and 7 were tested for the first
time. After the reproduction of the systems 1 to 5 and experiment as first “test approach” the systems
6 and 7; no olivine phase is obtained after a reflux and drying process. Despite that for each synthesis,
the reported experimental steps were done as described, the materials collected did not show the
characteristics mentioned in their respective publications. Indeed, the collected materials for all systems
(except for systems 3, 6 and 7) are amorphous. For this reason, an annealing procedure was implemented
in order to complete the formation of the olivine phase; however, only for system 4 a complete
formation of LFP olivine was found. A summarize of phase analyses for each system is presented in
table 3-21. After a change of synthesis parameters (see appendix 5.5) such as reflux time, order of mixing

of educts, mixing at high temperatures (> 250 °C), no olivine phase was obtained.



Table 3-20: Summary of polyol synthesis published for LFP-Puma (up to June 2012)

Reflux Molar
Reflux Capacity
System number Starting Materials temperature ratio Solvent Coating Year Ref.
time (h) (mAh/g)
(°C) Li:M:P
Fe(CH3COO).
18 270 TEG 2006 Shao et. al. 12
1 LiCH3COO.2H0 1:1:1 CNTs 129
16 335 TTEG 2009 Kim ez. al. 7'
(NH4)H2PO4
FeNO;.9H20, (Fluka 99%) MWCNT
2 6,18 245 1:1:1 DEG 146 2011 Porada et. al. 2
LiH2POj4 (Aldrich 99%) 250 °C, 2 h, Ar
Fe(S04)2:TH20
LiCH;COO.2H:0 3D-VCB 10% Not
3 2-4 105 1:1 TEG 2011 Jaegermann ez. al. ”?
Citric Acid 600°C,2h mentioned
H;PO4
Fe(CH3COO): 245 DEG 124
LiCH;COO.2H:0 16 278 1:1:1 TEG No 154 2010 Kim et. al. %
H;PO4 320 TTEG 167
Fe(CH3COO):
Not 5,10, 15 % of
4 LiCH;COO.2H:0 12 320 TTEG 164.1 2012 Kim et. al. %
mentioned RGO
H;PO,
Fe(CH3COO): 245 DEG
Not Lactose, 700°C, 104
LiCH3COO.2H:0 4 285 TEG 2010 Julien et. al.
mentioned 1h 151
H;PO4 325 TTEG
FePO4.2H0 Munichandraiah ez. al.
5 12 335 1:1 TTEG No 166 2010
LiOH 97
FC(C5H704)2
Engbert, Alarcén,
6 LiCH;COO.2H:0 16 206 1:1:1 TTEG No 124 2010
Nilges
H;PO4
Fe(C204)2TH20
Engbert Alarcon,
7 LiCH3COO.2H:0 16 228 1:1:1 TTEG No 2010
Nilges

H;PO4




Table 3-21: Phase analysis after reproduction of synthesis based on table 3-20

Reflux Reflux Molar
System Phases after Phases after
Starting Materials! time temperature ratio
number drying annealing?
(h) (°C) Li:M:P
Fe(CH3COO):
1 LiCH3COO.2H.0 s 210 1:1:1 Amorphous Amorphous
(NH4)H2PO4
FeNOs.9H20, (Fluka 99%) FesPO4(OH2)-P432:2
18 200 1:1:1 Amorphous
LiH>POs4 (Aldrich 99%) Unknown phase
LFP-Puma
Fe(SO04)2TH20
Fex(SO4)3-P-31¢ Fex(SO4)3-P-31¢
33 LiCH;COO.2H:0 4 185 1:1:1
Unknown phase FesOu-Fd-3m
H;3PO4
Unknown phase
Fe(CH3COO):
4 LiCH;COO.2H:0 16 214 1:1:1 Amorphous LEP-Puma
H;PO;4
LEP-Pnma
5 FePO«2ML0 12 208 1:1 Al h Fes(HP: P-1
: morphous e7(HPO4)(PO4)s-P-
Lo P (HPO)(PO)
Unknown phase
LEP-Pnma
Fe(CsH704):2
LisPOu-Prmn2 Fe203-R3cH
6 LiCH;COO.2H:0 16 206 1:1:1
Unknown phase Fe3O4-Fd-3m Unknown
H;POs
phase
LEP-Pnma
Fe(C204)2:7H20 Fe(C204)2:2H20
Fe203-R3cH
7 LiCH;COO.2H:0 16 228 1:1:1 LisPOs-Prmn2
LiFeP207-P1211
H;3PO4 Unknown phase

Unknown phase

T All reactions conducted in TTEG
2 Annealing procedure under argon for 8 hours
3 The experiment was done with and without use of citric acid

Since no olivine phase was obtained after by following the experimental setups published, there is lack
of important information to obtain the olivine phase in a simple synthesis. For instance, only the systems

3, 6 and 7, shown some reflections, after the drying process. For the systems 6 and 7, corresponding to

iron oxalate and iron acetylacetonate the PXRD patterns show a very low signal:background ratio.

3.5.2 Second step: variation of the synthesis parameters

The system based on iron sulfate represent the best evidence of phase formation in comparison with
systems 6 and 7. Thus, this system is selected to explore additional variations of the synthesis parameters.
Further experiments suggested that the change in the molar ratio of the educts induces a strong change
in the phase composition. As an example, figure 3-53, present the PXRD pattern of the system 3 with a

Li:Fe:P molar ratio 1:1:1 and 3:1:1. It can be observed, that the PXRD pattern of the 3:1:1 sample shows
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reflections corresponding with LEP-Puma. However, a considerable Li>SO4 phase is also present. Also,

reflections with higher intensity in the PXRD pattern of the 3:1:1 sample corresponds to this phase.

—— TiFeP1:1:1
— LiFeP31:1

Intensity [a.u.]

LiFePO, (Prma)

0 Li,SO,(P12,/al)
O FeSO, (Creni)

A Li,P,O- (P12,11)
= Unidentified phase

20 [7]

Figure 3-53: Influence of the molar ratio on the synthesis of LFP-Pnma. PXRD pattern of samples refluxed after the
drying process. The patterns corresponds to samples with Li:Fe:P molar ratios of 3:1:1 (black) and 1:1:1 (blue) respectively.
The negative intensity corresponds to the reported phases of LFP-Puma (black), LizSO4-P121/al (0 Green), FeSOu-Crem (O

blue), LisP2O7-P12in1 (A red) and unidentified phase (m lila). The measuring time is 30 min.

3.5.3 Third step: tunning the Li:Fe:P molar ratio

The last section suggested that the change in the Li:Fe:P molar ratio; more precise by an increase in the
amount of lithium starting material, leads to the formation of LEP-Puma. After testing a wide range of
molar ratios (see appendix 5.5), the interval is restricted between 1:1:1 and 3:1:1. Figure 3-54 shows the
comparison of the PXRD patterns of the experiments conducted within this interval. Among all
experiments, the one with a Li:Fe:P molar ratio of 2:1:1, shows a best correspondence in comparison
with the reported LFP-Puma. It is observed that a small difference in the molar ratio induces the
formation of several phases is observed for the 2:1:1 and 2.5:1:1 samples. In this case, the 2:1:1 ratio was

fixed and in the next steps, another synthesis parameter is optimized.
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Figure 3-54: Influence of the Li:Fe:P molar ratio on the synthesis of LFP-Pnma. PXRD pattern of the samples after
drying process. The PXRD pattern in black corresponds to the Li:Fe:P ratio 2:1:1. Negative intensity corresponds to LFP-
Pnma. The measuring time is 20 minutes.

3.5.4 Fourth step: variation of the mixing method of educts

Generally, the literature related to polyol syntheses of cathode materials do not specify the mixing order
of educts, the use of pre-dissolution steps in between or the way of adding starting sollutions (dropwise
or single shot). The importance of these details is further analyzed in this section. Figure 3-55 shows
three different methods of mixing for LiAc, FeSO4 and HsPOs. In addition, the figure 3-56 shows the
PXRD patterns of samples corresponding to each mixing method. All mixing methods include a
previous dissolution of lithium and iron sources in TTEG. When the PXRD patterns of samples
prepared by the mixing methods 1 and 3 are compared, it can be noted that the signals corresponding
to the secondary phases are higher in intensity for method 3. It can be a consequence of the difference
of solubility between LiAc and FeSO4in TTEG. The solubility of LiAc is higher than the one of FeSOy,
this leads to a reaction with bigger amount of LiAc dissolved in TTEG with H3PO4. On the other hand,
mixing method 2 includes and extra step of 30 minutes mixing of LiAc and H3POs. This simple step is

important to decrease considerable the amount of secondary phases present in the olivine product.
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[ Mixing method 1 ]

~

(" TLiAc 1s dissolved ] ]
) _ R H;PO, is added dropwise
in 125 mL of . ,
on LiAc/TTEG muxture

TIEG

~

4 FeSO, is dissolved h

L . FeSO, dissolution is
in 75 mL of

added in 2 single shot

TTEG y
[ Mixing method 2 ]
(" LiAc is dissolved h . . .-
) _ R H;PO, is added dropwise Mix for 30 |
in 125 mL of . . . 'y
on LiAc/TTEG mixture minutes J
TIEG

)

4 FeSO, 1s dissolved h
in 75 mL of
TTEG

FeSO, dissolution is

added in a single shot

[ Mixing method 3 ]

4 LiAc 1s dissolved )

] _ ) LiAc dissolution is added
mn 125 mL of . .
— in a single shot
A J
- . N ; Y
FeSO, is dissolved H;PO, is added dropwise
in 75 mL of > on FeSO, /TTEG
\ TTEG ) \ mixture p

Figure 3-55: Mixing methods tested in the polyol synthesis of LFP-Prnza. Additional experimental details are described in
experimental section 2.6.
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Figure 3-56: Influence of the mixing method on the synthesis of LFP-Pnma. PXRD pattern of the samples after drying
process. The mixing details are specified in figure 3-55. Negative intensity corresponds to LEP-Puma. Secondary phases
corresponds to (O red) LizSOy-F-437 and ( ) LisPOy-Penn. The measuring time is 1 hour.

3.5.5 Fifth step: variation of the polyalcohol

The system 4 detailed in table 3-20 uses DEG, TEG and TTEG as solvents for the production of LFP-
Prma. 1t is important to remark that the data reported by Julien ezal 9> suggest that pure LFP-Prua can
only obtained in TEG and TTEG solvents. However, after testing EG, DEG and TEG as solvents, a
complete formation of the olivine phase is achieved using DEG and TEG. In the case of EG, small
differences can be observed for different reflection positions in the 2-theta range, when it is ompared
with the reported LFP pattern. For example, at 17.74 2-theta, the first peak has a lower intensity and it
is shifted to lower 2-theta values. At 2-theta 20.13° there is only one signal instead of two. The refined

lattice parameters, as well as, the size of the crystallite are presented in table 3-22.

Table 3-22: Lattice parameter and crystallite size of LFP-Pruma synthesized in EG, DEG and TTEG. Reported lattice
parameters are presented at the top of the table

Solvent a(A) b(A) c(d) vy Men ‘zzgﬁn
EG 10307 (7)  5988(4) 4697 (4)  289.8 (4) 268

DEG  10302(3) 59956 47054 2832 (4 306

TEG 10305 (4)  5982(5) 4696 (7) 2895 (3) 30.7

Reported LFP - Pnma - 10304 (1) 5982(8)  4.695 (5) 289.4
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Figure 3-57: Influence of the polyalcohol on the synthesis of LFP-Pnma. PXRD pattern of the samples after drying
process. Black pattern: EG; blue: DEG and green: TEG. The reflux temperature is also included. Negative intensity
corresponds to LEP-Puma. The measure time is 1 hour.

The morphology of the samples are presented in figure 3-58. In general, the samples show a rod-like
morphology, however, in the case of DEG, some particles appears to be semi-rounded or oval. The
estimated particle size calculated from HR-SEM images is: EG: 100 x 50 nm; DEG: 100 x 50 nm and
TEG: 100 x 40 nm. After comparison between LCP-Puma and LEP-Pruma particles (figures 3-19 and 3-
58 respectively) it can be concluded that LFP show less agglomeration than LCP. The LFP particles can
be easily identified along the sample, especially in the case of EG. Indeed, EG produces the smallest
mean domain size (see table 3-22). The morphology obtained is similar to the particles synthesized by

Kim et. al. 2* and Heng ez, al. 205, with particle sizes around 100 to 200 nm in length, 60 to 100 nm in

diameter.

Finally, this section shows the importance to specify the order of mixing of precursors as well as the
ability of reproduction of polyol synthesis from the literature. Moreover, the role of the molar ratio is
fundamental in order to achieve olivine phases without the presence of impurities. Finally, it is important

to underline that, in contrast to the reports in literature, a LFP synthesis is possible without the use of

ascorbic acid as reduce agent.
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Figure 3-58: Influence of the polyalcohol. SEM images of LFP-Puma produced using EG, DEG and TEG. Microscope B.
Magnification: left column 50000X, right column 100000X
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3.6 Synthesis of LFP-Cmcm phase

The first report of the Cmem polymorph of LFP was reported by Amador ez al. 2. The phase was
obtained in a high pressure (65 kbar) synthesis at an elevated temperature of 900 °C from LFP-Puma.
Years after, Haase ez, a/. 27, published a liquid-phase method at ambient pressure and low temperature.
However, this methodology request a multi-step synthesis between FeCl».4H,O, LiCl with methanol,
dyphenylether and tris-n-octylphosphine oxide with a reduction step under nitrogen atmosphere and a
final reaction with Hs;POs The H3PO, is previous prepared with dihexylether and hexylamine.
Afterwards, Niederberger ez al. 207, Corr ef. al. 73 and Manthiram ez, a/. 18 reported MW-assisted synthesis
based on the control of the solvent. For example, Niederberger uses a mixture of benzyl alchol and 2-
pyrroliodinone; however the mixture with the raw materials is done inside a glovebox to avoid oxidation
of Fe(Il). Manthiram claims that in order to complete the Crem phase it is crucial to use oxalate as iron
precursor source and dried TTEG. Finally, Corr wuses 1-ethyl-3-methyl imidazolium
trifluoromethanesulfonate (EMI-TFMS) in a mixture with EG; however, in this case the phase is mixed

with LEP-Puma.

On the other hand, in the last section, during the synthesis of LFP-Puwa, a sample synthesized present
a mixture of LEP-Pruma, 1isPOs, an unidentified phase (see figure 3-53). After developing an analogous
methodology compared with in the last section, a LFP-Cmem was synthesized for the first time by a
simple-single synthesis. Although the sample present a small fraction of LFP-Puma (see figure 3-60), this
methodology strongly simplifies the procedures reported in the literature. Table 3-23, summarizes the

experimental variations employed, focused mainly on the Li:M:P molar ratio and the solvent.

Table 3-23: Summary of the variations in molar ratio and solvent in the polyol synthesis of LFP-Cum

Reflux Reflux Molar ratio
Starting Materials Solvent pH range
time (h) temperature (°C) Li:M:P
0.5:1:1, 1:1:1,
Fe(C204)2:7TH0 EG, DEG, TEG, TTEG,
A range cover from 102 1.5:1:1, 2:1:1, 3:1:1,
LiCH;COO.2H:0 16 PEG, TTEG:H20 50:50, 35-5.0
to 260 2:1:10, 3:1:10, 2:1:5
H;PO4 TTEG:H20 90:10

After screening the complete set of experiments, the best experimental conditions are identified: they
are Li:Fe:P 1:1:1 molar ratio using TTEG as solvent. The temperature in the solution during reaction
was 216 °C. On the other hand, the morphology of the sample is show in figure 3-61. In general, the

sample presents agglomerates of rod-like and oval-like particles.
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Intensity [a.u.]
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Figure 3-59: PXRD pattern of the LFP precursor sample using LiAc, iton oxalate and H3PO4 in molar ratio 2:1:1. Sample
synthesized in TTEG. The negative intensity corresponds to the reported phases of LFP-Cwem (black), LEP-Puma (blue 0),
LisPOy4-Penmn (green V), LiFeO-I41/ amd ( ) and an unidentified phase (m lila). The measuring time is 30 min.

Intensity [a.u)
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Figure 3-60: PXRD pattern of the sample using LiAc, iron oxalate and H3POy in molar ratio 1:1:1. Sample synthesized in
TTEG. The negative intensity cotresponds to the reported phases of LEP-Cmem (black), LEP-Puma (blue ¢). The measuring
time is 1 h.
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Table 3-24: Lattice parameters and crystallite size of LFP-Cmem synthesized in TTEG. Reported lattice parameters are

presented at the top of the table.

Main domain

Solvent a(d) b(A) c(A) V(A3) cize (nmm)
TTEG 5528 (24) 8.259 (22) 6174 (24) 2819 (24) 35
280.82 -

Reported LFP - Cmcm - 55230 (3) 8.2565 (5) 61583 (5)

After drying process

Figure 3-61: SEM images of LFP-Cmem produced using TTEG. Microscope A. Magnification: left 1000X, right 5000X

Finally, the polyol synthesis represent a simple way of synthesis of LCP-Cwen phase without the need

of complex methodologies involving pre-treatments with organic substances or the use of expensive

MW-assisted synthesis.
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4. Conclusions and outlook

4,1 Conclusions

The phospho olivine-type LiCoPO,-Pnma has been subject of intensive studies due to its high thermal
stability, high theoretical capacity and high energy density, allowing its application as cathode
material for LIB’s. Within the objectives of this work, the polyol synthesis method was used to
synthesize LCP-Prnma using a systematic approach based on the combination of different starting
materials, as well as a variation of experimental parameters. In order to achieve good electrochemical
performance, the LCP-Pmza materials should be highly crystalline, show a small particle size

(nanometer range) and also a discrete particle size distribution.

Contrary to the reports for LiFePO, and LiMnPO, and, in order to complete the formation of high
crystalline LCP-Puma phase, the use of annealing procedures after reflux and drying processes is
necessary. Despite the inherent problems of annealing procedures represented mainly by grain
growth and particle agglomeration, small and narrow particle size distributions are obtained by the use
of high boiling point polyalcohols (DEG, TEG, and TTTEG) combined with water in ratios 10:1, 20:1
and 20:3, respectively. In addition, the shape of the particles, as well as the morphology can be controlled
by the use of surfactants; such as PVP, without altering the crystalline structure. The best capacity mark
reaches 22% of the theoretical value; to our knowledge, the best value of LCP-Prza synthesized by
polyol method but still low in comparison with LCP-Puza produced using other synthesis routes
(i.e. microwave-assisted, solid state, hydrothermal). In order to compare the influence of the
synthesis procedures on the electrochemical capacity, a MW-assisted polyol route was implemented
reaching 61% of the theoretical capacity. In the case of MW synthesis, the MW radiation favored to
the formation of the Puma phase. Furthermore, the acetate-assisted antisolvent precipitation (AAAP)

method for LCP-Pruma was developed for the first time, reaching 42% of the theoretical capacity. This
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improvement is reached by the use of C-coating procedure using glucose, leading the formation of a C-
composite. An increment of the electrical conductivity by a factor of 107 without the use of argon

atmospheres is reached.

Despite polyol process can not be considered as advantage way for the synthesis of LCP-Prna, this
route is beneficial for the synthesis of the LCP-Pn2,a and LCP-Cmem. These compounds can be
obtained in a simple single step polyol process, avoiding the use of MW irradiation and complicated
synthesis procedures reported before. The results suggest that the LCP-Pr2,a and LCP-Crmzem phase
formations are thermodynamically favored at temperatures below 200 °C. In addition to the
reported meta-stable character of LCP-P#n2,a and LCP-Cmem, which can easily be converted to LCP-
Pnma at temperatures above 350 °C, we found a high-temperature transition from LCP-Prma to
LCP-Pr2.a at 725 °C by high-temperature in-situ XRD measurements. On the other hand, an
analysis of the magnetic properties of LCP-Cwem was published as the first time. The observations

have shown an antiferromagnetic ordering below Tx of 11 K at 10 kOe.

The polyol route was also effective in obtaining of the first lithium deficient structure derived from
LCP-Crmem using a direct synthesis. In this case, phase pure LisCoPO.Crmem phase pure was
obtained using a similar procedure than for LCP-Crzem. A remarkable point is the formation of 3D
microstructures based on nano-sheets that assemble to form micro dumb-bells. This kind of
morphology was previously reported for LFP, however, in our synthesis, the procedure avoids the
use of organic templates and expensive equipment reported by other authors. Moreover, the simple
change in the order of addition of the starting materials influences strongly the nucleation process,
resulting in superior control of the particle shapes. Despite the poor electrochemical performance
of Cmem phases, their magnetic properties were analyzed. A paramagnetic-ferrimagnetic transition
is observed for LijsCoPO,-Cren and LCP-Crernz was found at Ty of 10.5 K at and 11.0 respectively,
at 10 kOe.

As several publications claim the ability of the polyol procedure for the synthesis of LEP-Prumza in a single
step synthesis, the reproduction of several published experimental procedures were done. Indeed, for
the case when Fe(SOy),7H,O, LiCH;COO.2H,O and H;PO, were used as starting materials, we found
that the correct Li:Fe:P molar ratio was 2:1:1 instead of the 1:1:1 as presented in the literature. Using an
experimental approach after a systematic optimization, phase pure LFP-Puma was obtained. The
optimized synthesis avoids the use of ascorbic acid as reducing agent and decrease the requirement of

energy because the temperature remains below 250 °C, in contrast to the 320 °C as reported.
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4.2 Outlook

The polyol method offers a huge range of possibilities using inexpensive starting materials and simple
experimental setup. However, since the reaction is controled by parameters such as, temperature, time,
molar ration and others; the importance of the kinetics of the reaction as well as the understanding of

the crystallization processes involved is vital to enhance its application.

For this case, the use of a systematic approach combined with the control of the experimental parameters
are relevant in order to improve the reproducibility. Certainly, the control of the heating process after
the mixing of the educts is fundamental during the nucleation, crystallization and grain growth. This
consideration can be extended to other active cathode materials that can be synthesized by simple one-

pot synthesis.

New systems can be explored by the variation of the starting materials; moreover, the use of flux
controller, as in used for the AAAP method, can enhance the possibilities to find morphologies where
the electrochemical active surfaces can be exposed in order to enhance the capacity. This in combination
of surfactants can address new morphologies that allows to enhance the ion and electron conductivity.
The modification of the reaction times and the use of additional carbon sources in the coating procedure,
is necessary to increase the conductivity and formation of C-composites. A detailed control of the phase

purity can be done by altering the molar ratio of the educts.

The application of polyol process to the obtain LAMP polymorphs is suitable since the process is simple,
safe and has been demonstrated its potential compared with MW-assisted or solid state syntheses.
Finally, its use for the synthesis of potential cathode materials for Na-ion batteries is useful since the

point of the scale up process and mass production.



144

5. Appendix

5.1 Parameters tested using the CoAc;, ADP and LiAc polyol

synthesis
Synthesis Li:M:P Ba.tch Solvent Set T Reflux ;
Parameter Comments Ratio size vol. ©C)  time (h) Annealing program
(mmol) (ml)
Reflux time Test using 1:1:1 0.876 EG 190 3,6,18 T=X°C -
different 50 ml and 40 »> b T x e

reflux times

Result: The temperature does not influence in the formation of a crystalline phase after drying.
After calcination LCP is formed with side phases of Co304, Co3(PO4)2 and LisPO4. The sample of
18 hours shows less amount of side phases, however this do not represent big differences in the
formation of the final sample

Annealing Use of a 1:1:1 0.876 EG 190 18 . e
program multi-step 50 mLL e i %
annealing ®
program

Result: At the end of the drying process, the sample do not shown reflections. After annealing the
sample present as mixture of LCP-Pnma and LisPO4 phases.

Reflux Teemperature 1:1:1 0.876 EG 250 3,6,18 T=XC e
temperature over the EG 50 mL and 40 »® 3h Dy, x e
boiling point
Result: After calcination LCP-Pruma is formed with side phases of Co304, Co3(POy)2 and LizPOs,.
Mixing Mix all the 1:1:1 0.876 EG 190 18 T=X°C e
conditions precursors in 50 mL I\ 3h Dy, x e
of the solid form
precursors from the
beginning
into the flask
for
dissolution

Result: Mixture of phases of LCP-Puma and Co3(POg)2

Long Use a long 1:1:1 0.876 EG 190 18 T=XC o
Annealing annealing 50 mLL w7 10k O x = e
program program (over -
10 h)

Result: The signal:background ratio is improved but still there is a mixture of phases between LCP-
Prnma and Cos3(POs)2
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Synthesis

Lim:p  Batch  Solvent o . Reflux

Comments . size vol. h . Annealing program
Parameter Ratio (mmol) (ml) (°C) time (h)
Volume of Use of the 1:1:1 0.876 EG 190 18 T=X°C -
solvent double of 100 mL Ly 3h Oy x s
solvent in
order to
increase the
solubility
Result: Mixture of phases of LCP-Puma and Co3(POg)2 and Co3zOy4
Variation on Different 1:1:1 0.876 H,O 190 18 T=X°C -
water:EG H,O content by 3h Opp x ~esc
ratio amounts 210 -
50%
Result: Formation of LCP-Pr2i4 in the water:EG ratio of 30:70 (Or 30 % water content).
Increase of Additional 1.5:1:1 0.876 EG 190 18 T=X°C 5
Li and P lithium 2:1:1 50 mL 100 O x o
content content to 2.5:1:1 -
avoid 3:1:1
secondary 1:1:10
phases 1.5:1:10
2:1:10
2.5:1:10
3:1:10
Result: Mixture of phases of LCP-Puma, CoO, Co3(PO4)2
pH Control Use of pH 4, 1:1:1 0.876 EG 190 18 T=X"°C
7,10 o 5h
controlled
using
ammonia
Result: Formation of LCP-Pr21a at basic pH after drying. Secondary phases of Co2P4O12 and
Co2P207 after annealing.
Use of PVP and 1:1:1 0.876 EG 190 18 T=X"°C .
surfactants citric acid in o 5h %y, x — s
LCP: T
surfactant
ratio 1:1, 4:1,
1:4,1:10, 1:5

Result: Mixture of phases of LCP-Pr212 and Co3(POy); after drying. After calcination the sample
present a mixture of LCP-Puma and LiCoO3 for both cases.
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5.2 Table of parameters tested using the CoAc; and LDP
system (Adapted from LiMnPO, polyol synthesis »)

Synthesis Li/P:Co Daich  Solvent o .. Reflux .
Parameter Comments Ratio size vol. oC time Annealing program
(mmol) (ml) ©) (h)
Test using T=X"C
. EG 4,8 © 5 Oy,
. 5 O A 5h oy X —
d1ffer§nt 1:1 0.03 150 190 12, 40 : h X .
reflux times 7C

Reflux time

Result: After drying, most of the samples present a main phase corresponding to LCP-Pn21a and
sometimes with small impurities of LisPO4 and Co3(HPO4)(OH).. The time does not represent a big
difference on the formation of the phases.

. T=X°C 350°C
Te.st using EG 100, - ah O o 450°C
different 1:1 0.03 150 135,190, 14 v ; " X =
Reflux temperatures 250
temperature
Result: The high temperatures (above 190 °C) promotes the formation of the olivine phase; however,
there is not highly crystalline.
Test to verify
the influence T=XeC
of the addition 11 0.03 EG 190 4 7 5h Uy 5
LDP speed on the 150
addition rate preliminary
sample
Result: The LDP was add in one single shot. After drying, there is only differences in the
morphology: slow rates promotes formation of bigger crystals compared with fast addition.
PVP was -
added solid, Tex e
solved with 1:1 0.03 BG 190 4 W s O x s
150 5
. CoAc or c
PVI; mixing solved in EG
orm
Result: After drying process there is a formation of LCP-Pr214 as a main phase in all the cases with
secondary phases corresponding to Li3P and after annealing LizPO4. After annealing the secondary
phases still remaining with the main LCP olivine phase. In some cases the precursor form crystal in
the same size range without formation of agglomerates.
PVP M.W. T=X°C
58000, 360000 EG o
> . LA 5h
and 630000 11 0.03 150 190 4
PVP .lnolar were used
weight ; T - :
Result: The formation of phases is similar to the PVP mixing form test. However, here the highest
molar weights present formation of big agglomerates or formation of big clusters of particles of
irregular form.
LCP:PVP in T=X°C
molar ratios EG ° 5 D o
. LA 5h Ty X —
PVP molat 11, 1:2 and 1:1 0.03 150 190 4 _ W X
ratio 1:4 were tested

Result: The molar ratio shows formation of agglomerates or formation of big clusters of particles of
irregular form. The crystal phases remain similar as previous PVP test
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Synthesis Li/P.Co [DBateh  Solvent = Reflux .
P ter Comments Rati size vol. T (°C) time Annealing program
aramete atio (mmol) (end) o
LDP was -
added at . T=X°C e
LDP adding  temperatures 1:1 0.03 1135(6 190 4 VT sh P@ x s
temperature of 135 °C ke
and 190 °C

Result: Mixtutre of phases of LCP-Prma, 1isPO4, Co203, Co3(PO4)2 and unidentified phases.

Molar ratio

Change in the
molar ratio
values

1.5:1
2:1
2.5:1
3:1
1:2
1.5:2
10:1
1:10

DEG,
TEG,

TTTEG

150

Range

from

135°C

to

220 °C

Range
from 4

hto 16

h

3s0°C
0 450°C
Ty, X — 550°C

- 650°C
| 750°C

T=X°C

Result: Mixture of phases of LCP-Prma, CoO, Co3(POy), Co2P207 and unidentified phases.
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5.3 Table of parameters tested using the CoAc,, H;PO,, LiAc
system (adapted from LiFePO,)

Batch Solvent

Synthesis Li:M:P . Set T Reflux ]
Parameter Comments Ratio size vol. °oC time (h Annealing program
(mmol) (ml) 0 (b)
. 600 °C
Test using < ——
different reflux 1:1:1 7.41 T;f(%G 190 4,16 O
R?ﬂux times ! h
time
Result: After drying process of the precursor, short times present a main phase of LCP-Caew but for
longer times is a mixture between LCP-Pn21a and LCP-Comem are obtained
EG .
Test using DEG & o
different 1:1:1 741 TEG 250 °C 16 v Bh
solvents TTEG : b
Solvent 200
Result: After drying process the precursor most of the times there is a formation of LCP-Crzem as main
phase. Every so often secondary phases, such as Co3(PO4)2, Co2P207 are also present. After annealing
process, there is formation of LCP-Puma with secondary phases.
1.5:1:1
2:1:1
2.5:1:1 From
Change in Fhe 3:1:1 TTEG 150 °C
molar ratio 1:1:10 7.41 200 X 16
Molar values 1.5:1:10 25000 c
ratio 2:1:10
2.5:1:10
3:1:10

Result: After drying process, the precursor for short times is LCP-P#214 but for longer times is a mixture
between LCP-Prn21a and LCP-Crm. After annealing there is a formation of LCP-Puma

Use PVP (M.W.

From
5.8 x 107, 36 x 0
105,13x 109,  3:1:10 741 T;&G 15? C e
Surfactant ~ SBS, SDBS and 250 °C

citric acid

Result: There is no change in the crystal structure of the LCP-Cmem. However different morphologies
are obtained, such as rods, dumbells-like and spheres
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5.4 Other systems tested in the polyol synthesis of LCP-Pnma

Synthesis Li:M:P  Batch size Solvent and 8 Reflux ]
e 000 Ry (o) vol. (ml) TCO  ime@m Annealingprogram
600 °C
Standard 1:1:1 7.41 TTEG 218 4,16 v 8h g
procedure 200 ’ N
CoSO, EG gooir(’: PR i
Solvent /CoAc,  1:1: 741 TEG o 16 v 8h Ny
H;PO, 200 O A
LiOH 20°¢
2:1:1 600 °C
Molar 3:1:1 6.339 TIEG 220 °C 16 O TR N
ratio 200 % L
3:1:10 ¢
Synthesis Li:M:P  Batch size Solvent and 8 Reflux ;
Parameter Bl Ratio (mmol) vol. (ml) TCO time (h) Annealing program
600 °C
Standard 1:1:1 741 TTEG 218 4,16 W 8h
procedure 200 - N
EG From 600 °C
0 S oL\
Solvent  CosPOy,  1:1:1 7.41 DEG T P sh gy
LiOH TEG to ’
! 200 250 °C
2:1:1 600 °C
Molar TTEG o P —
N 311 6.339 00 220°C 16 S TRON

3:1:10
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5.5 Tables of experimental parameters tested during the polyol
synthesis of LFP-Pnma

Synthesis Li:M:P  Batch size Solvent and 8 Reflux . .
Parameter Educts Ratio (mmol) vol. (ml) TCO) time (h) caling program
600 °C
HsPO, . Pty
Standard %, 1:1:1 6.339 TTEG 218 4,16 v 8h
procedure 200
FeAc
BG From °
H}PO4, DEG lSOOOC & .
Solvent LiAc, 1:1:1 6.339 TEG X 16 v sh
FeAc TTEG_DME 25000 c : -
200
1.5:1:1
2:1:1
2.5:1:1
EG From
HsPO,, 3:1:1 0
Molar LiAc, 1:1:10 6.339 DEG 150°C 16 :
ratio FeAe 1.5:1:10 TEG to
2110 200 250 °C
2.5:1:10
3:1:10
Batch
Synthesis Li:M:P . Solvent and g Reflux ]
Parameter Educts Ratio siz€ vol.(ml) LCO  Gme(n Avnealing program
(mmol)
600 °C
Standard 1:1:1 6.339 TTEG 212 4,16 v 8h Oy
procedure 200 4 =
LiAc,
Fe(AcAc),, -
(NH4),HPO,4 SGG 1I*;roomC 600 °C
1 B ° 7 8h
Solvent 1:1:1 6.339 TEG . 16 NG
200 250 °C
. . Batch
Synthesis Educts Ll.M.P size Solvent and T (°C) .Reﬂux Armreittorm oz
Parameter Ratio vol. (ml) time ( h)
(mmol)
. 600 °C
Standard TTEG
procedure 1:1:1 6.339 200 190 4,16 o oh U
Solvent BG From
2 o
and molar 1:1:1 6.339 DEG 150°¢ 16 -
. LiAc TEG to
ratio > °
FeSO4.7H,0, 200 250°C
H3PO4 1.5:1:1
2251111 EG From
el o
Molar 31 6339 DEG - B0PC .
ratio 1:1:10 TEG to
21110 200 250 °C

3:1:10
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Batch
Synthesis Li:M:P . Solvent and Q Reflux .
Parameter Educts Ratio stze vol. (ml) TCO time (h) Annealing program
(mmol)
LLAC’ 17
Surfactant  FeSO.THLO |1y 6339 s 210 16 .
H;PO,, PVP Ak
. LiAc,
de‘;:t“g FeSO.7TH:0  1:1:1:0.6  6.339 TI&G 211 16 -
g H3PO4, AsAc
Batch
Synthesis Li:M:P . Solvent and = Reflux .
Parameter Educts Ratio stze vol. (ml) TCO time (h) Annealing program
(mmol)
. 1:1:1 600 °C
LiOH, I’ P
Standard = p o oppo 21 6.339 TTEG 218 16 v 8h
procedure H.PO 3:1:1 200
T 1:1:10
. . Batch
Synthesis Educts Ll.M.P size Solvent and T CC) Beﬂux st e
Parameter Ratio vol. (ml) time (h)
(mmol)
600 °C
Standard 1:1:1 6.339 TTEG 228 4,16 w7 8h
procedure 200 =
BG From o
Solvent DEG 150 5C e .
and molar 1:1:1 6.339 TEG 16 w7 Bh
tio . PEG o ’ .
ra LiAc, 500 250 °C
FeCy04.2H,0O
H3PO4 1.5:1:1
2:1:1
2.5:1:1 EG From
3:1:1 DEG 0
l\r';‘ﬁa‘ 1110 6339 TEG 15? ¢ 16 -
° 1.5:1:10 PEG 2500°c
2:1:10 200
2.5:1:10

3:1:10
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6. Publications and participation in conferences

No Name Work presented Dates
DAAD Stipendiaten Treffen — Augsburg
1 Title: Olivines for Li-ion batteries: From energy storage to Oral contribution 2527 May 2013

green transportation
Alarcon-Suesca C., Stinner C., Gasteiger H. and Nilges T.

Graduiert Akademie DAAD — Berlin
2 Title: Olivines for Li-ion batteries: From energy storage to
green transportation — Nachhaltigkeit International gestalten
Alarcin-Suesca C., Stinner C., Gasteiger H. and Nilges T.

Oral contribution 25-29 Sep. 2013

XXI Latin American Symposium on Solid State Physics
SLAFES — Villa de Leyva — Colombia
Title: Synthesis, characterization and electrochemical properties
of olivine-type structures and its application as cathode
3 materials

Alarcon-Suesca C., Stinner C., Gasteiger H. and Nilges T.

Title: Ferroelectric, Magnetic and structural studies of
BisLaSmFe;Ti301s material using solid-state method
Alarcin-Snesca C., Landinez-Téllez D. and Roa-Rojas |.

Oral/Poster

o 30 Sep. - 4 Oct 2013
contribution

226 Joint International meeting of ECS — Cancun — Mexico
Title: Stability of Carbon Coating Surrounding LiMPO4
4 (M=Fe, Co) Particles in Water Free and Water Containing
Electrolytes
Metzger M., Haering D.,Kavakli C., Alarcin-Suesca C., Puravankara
8., Nilges T., Stinner C. and Gasteiger H

Poster 5-9 Oct. 2014

Materials Research Society Fall Meeting and Exhibition- Boston
Title: Synthesis of high-pressure polymorph of LiCoPOj using
a single-step polyol route
Alarcon-Suesca C., Ludwig |., Stinner C., Gasteiger H. and Nilges T.
Title: Microwave-Assisted Solvothermal Synthesis of LiCoPO4
Using Various Polyol Media
Ludwig J., Alarcon-Suesca C.,Marino C., Haering D., Stinner C.,
Gasteiger H. and Nilges T.

Poster (2) 29 Nov -4 Dec 2015
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21st Latin American Symposium on Solid State Physics (SLAFES XXI) 10OP Publishing
Journal of Physics: Conference Series 480 (2014) 012018 doi:10.1088/1742-6596/480/1/012018

Phospho-olivines as cathode materials for lithium ion battery:
trends on microwave synthesis

C E Alarcén-Suesca, T Nilges

Fachgebiet Synthese und Charakterisierung Innovatiert Materialien, Chemistry
Department, Technische Universitit Miinchen, Lichtenbergstrasse D-85748, Garching,
Germany

Email: tom.nilges@lrz.tu-muenchen.de

Abstract. In recently years, scientific research has been focused on finding new sources of
efficient energy storage and lithium batteries are one of the most outstanding alternatives.
Nowadays, investigation on cathode materials constitute one of the key factors of lithium
rechargeable batteries studies. Recently, oxides with olivine structures has triggered the battery
field, due to its excellent electrochemical properties, crystal stability, energy density, power
capacity and are not expensive. However, the demand and development of more enhanced
cathode materials can be achieved by the use of sophisticated synthetic methods. The purpose
of this article 1s to provide a perspective to the materials community on the opportunities and
limitations of nanostructured materials by highlighting examples in synthesis, fundamental
studies and applications on microwave synthesis as novel route to obtain high voltage phospho-
olivines.

1. Introduction

Since their commercialization in the early 1990°s by Sony™, Li-ion batteries (LIB) are considered an
important element inside the so-called “modern electricity-based society”. So far, LIB constituted the
most appropriate method of energy storage: they show long cycle life, wide range of operating
temperatures, high energy density, low cost and safety [1]. LIB have prompted the progress of
electronic devices commercialization (mobile phones, laptops, tablets), internal combustion engines
(ICE), ¢lectric vehicles (EVs) and support the storage of energy produced by renewable energy
sources (RES) [2]. In currently LIB technology, the electrochemical performance (cell voltage,
capacity, Li" transportation rate) is determined mainly by the cathode material and this justifies the
intense research in this field [3]. Since report of electrochemical activity of LiMPO, (M=Fe, Mn) by
Goodenough [4], lithium transition metals phosphates with ordered olivine structure (Phospho-
olivines) has emerged as a promising cathode material due to its excellent electrochemical properties,
good thermal stability, low cost and environmentally friendly [5]. Crystalline LiMPO,, has an
orthorhombic unit cell (D} -space group Prmnb), where oxygen ions form strang covalent bonds with

P*" to form PO, tetrahedral units stabilizing the entire network assuring a stable operation and high
temperaturcs; present the so-called “inductive effect” due to the Piy-O-M,q linkage allowing an
interaction that tunes the M*/M*" redox energy to useful levels (3.4 to 5.0 V) and present high
theoretical capacity (up to 170 mAh/g) that provides high energy density compared with other cathode
materials such as spinel-oxides or layered oxides [6,7]. The insertion and extraction of Li* ions into
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the stable crystal lattice of the electrode is the key factor inside LIB operation. One of the main causes
of poor performance of the battery is the instability of electrode materials, due to the existence of
secondary phases, imhomogeneity in the compound formation, stoichiometry, crystal structure and
morphology of the active material [8]. These factors are closely related and the selection of an
appropriate synthesis route is the key factor to enhance the battery working. Following the report of
Higuchi [9], microwave-assisted route is considered a novel processing technique to obtain nanoscale
cathode materials with excellent electrochemical properties. The purpose of this article is not provide a
comprehensive review; rather, this paper offers a perspective to the materials community on the
microwave (mw) synthesis by highlighting examples and propose some promising developmental
directions on assisted-microwave route for the synthesis of phospho-olivines for LIB cathode-
materials.

2. Microwave assisted-solid state synthesis

Microwave processing method is based on a self-heating process that occurs by the absorption of
electromagnetic energy; due to the use of dielectric microwave (which reduce the thermal gradients
inside the reactor), a very fast and uniform heating of the total volume of reactants is obtained within a
short time, resulting in very homogenous reaction conditions. Moreover, it allows the possibility to
synthesized cathode materials at temperatures lower than those required in solid state synthesis using
an oven [10]. The first attempts of direct microwave synthesis evolved from preliminary steps of
mixing precursors, pelletizing and the use of domestic microwave ovens; in the case of LiFePO, a
capacity value of 125 mAh/g was reported [9] and then improved until 161mAl/g at C/10 mixing
stoichiometric amounts of Li;,PO, and Fe;(PO,), 8IL,O in a ball-milling jar with 5 wt.% acetylene
black, pressed in a pellet and then irradiated for several minutes (2-5) at 750 W [11]. Recently reports
shows alternative procedure using FePO,.4H,0 and Li,CO; mixed with glucose and milling in ball-
mill for 5 min at 400 rpm. Mixture is transferred in a crucible and alternatively heated at a procedure
of 20 seconds with 10 seconds pause for 4 times at 1000W and 2.45 GHz without use of inert gas; the
reported capacity reach 162 mAh/g at C/10 which is one of the highest discharge specific capacity
reported so far [12]. The use of carbonaccous substance (such as acetylene and glucose) is a good
strategy to include in mw synthesis. The carbon source acts as a room temperature susceptor that
reaches a critical temperature to couple with the mw radiation; besides, carbon supplies thermal
energy by heat transfer by surrounding and immersing the sample in both thermal and electric fields
[8] and finally, carbon covers the precursor particles and create a layer around them to facilitate the
transport of electrons between the current collector and the particle surface [13].

On the other hand, reports on formation of LiCoPO,/C nanocomposites, mixing CH,COOLAi,
(CH,CO0),Co, (NH,);HPO, with acetylenc black in alcohol media, followed by decomposition under
Ar atmosphere for 2 h at 350°C and mw irradiation (2.45 GHz, 700W) for 11 min; shows particle sizes
of 150 nm and capacities of 144 mAh/g at C/10 [14]. Develop of nanosized electrode materials is an
essential strategy to achieve short diffusion path lengths from the particle-core to the surface, faster
ion diffusion and higher rate capability in LIB’s [15]. Synthesis of LiMnPO4 nanocrystallites
deposited in nanopores of porous carbon was made using mw irradiation process. Here, LiH,PO, and
Mn(COOCH,),-4H,0O were dissolved with a Li/Mn/P molar ratio of 1/1/1 in dicthylene glycol and
mixed with porous carbon with an average pore diameter of 110 nm (PC110) afterward, subjected to a
mw irradiation (2.45 GHz, 400 W) for 5 and 8 min at 200 °C and 250 °C respectively and finally dried
at 110 °C in air for 12 h. . Although capacity of the samples 1s not high so far (= 104 mAg/h at C/10),
the formation LiMnPO, nanocrystallites-embedded porous carbons exhibited a retention capacity of
87% at 0.5 C against 0.1 C, which was comparable to that reported for LiMnPO,-C coated [16].
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3. Microwave assisted-solvo/hydrothermal synthesis

The requirement of uniformity conditions during the mw irradiation is fundamental to assure good
electrochemical activity in the final material. The use of an adequate hydro/solvothermal settings,
facilitates the synthesis of polyanionic compounds with well controlled morphology and fine crystal
particles; tuned by factors such as temperature, pH, concentration of species and kinetic parameters
(speed stirring) [17]. Murugan [18], present a combination of mw and solvothermal process using as
starting materials LiOH and (CH,COO),Fe solved in tetracthyleneglycol (TEG) and mixed with
H;PO,. The homogenous gel is placed in an Anton Paar microwave synthesis system (2.45 GHz, 400
W) machine and heated for 5 min at 300 °C. In addition, produced LiFePO, particles were coated with
p-toluene sulfonic acid (p-TSA) doped poly(3,4-ethylenedioxythiophene) (PEDOT) in ethanol. TEM
analysis reveals well-defined crystalline nanorod morphology of 25 + 6 nm and a length of up to 100
nm. This material exhibits high discharge capacity (166 mAh/g) at C/10. PEDOT is used due to its
redox behavior (over a wide range of potentials), relative high environmental and thermal stability and
high electronic conductivity in its doped state compared to other commonly available conducting
polymers. A key factor in hybrid mw-solvothermal synthesis is the use of an organic solvent; indeed
polyalcohols (ethylene glycol, tetracthylene glycol) acts first as a solvent in the process and then as a
stabilizer to allow limit the particle growth and prohibiting agglomeration [19]. Versatility of the
method includes recent contributions on synthesis of doped samples. Goodenough [20] use mw-
solvothermal method to produce LiFe; s, Vix:PO, (x < 0.2) doped samples by mixing LiOH.H,O,
H,PO,, (CH,COO)Fe in TEG and adding OV(OCH(CH,),); at 300 °C for 30 mins. First
charge—discharge curves of the samples shown values around 160 mAh/g in the range of 3.8-4.5 V.
This synthetic approach demonstrated a maximum V doping of 10% without the formation of
impurity; in fact, the method avoid to use conventional high-temperature routes. Finally, formation of
vacancies on Fe site provide an additional conduction pathway for Li* ions to transfer between
neighbouring 1D conduction channels along the crystallographic b axis.

Microwave-hydrothermal have gained reception and made remarkable progress due to increase in
kinetic rates of reactions by one or two orders of magnitude, reduce reactions times, offers large scale
batch reactions and saves energy [21]. Furthermore, control of the morphology shows an improvement
in electrochemical performance as published by Ji [22]. In this study, LiMnPO, crystals were obtained
using MnSO,-H,0, H,PO,, LiOH as starting materials in the stoichiometric ratio 1:1:3. Sodium
dodecyl benzene sulfonate (SDBS) and citric acid (Hscit) were used to affect the morphology of the
products and 5 min mw irradiation at 180 °C —300 °C and 300 W conditions were used. SEM analysis
shows the formation of nanoplatelets (150 nm) orientated in the ac plane whose thickness 1s controlled
mainly by the concentration of precursors. The plate-like morphology could be useful for fast charge—
discharge performances as it offers short lengths for Li" ion insertion/exertion as comment previously.
Addition of organic additives to limit the size shown and improve of capacity value from 44.1 to 89.0
mAh/g. On the other hand, the mw-hydrothermal was used in synthesis of high homogeneity LiFePO,
with elongated parallelepiped shape in the range 0.5-1.0 mm for suitable studies onto the intrinsic
defectivity, chiefly the so-called lithium iron anti-site, considered one of the most critical issues when
envisaging electrochemical applications [23].

4. Microwave assisted-sol-gel synthesis

From the point of view of yields and use of novel strategies such as carbon-nanotubes to increase the
conductivity, new mw-sol-gel synthesis offer better characteristics rather than conventional sol-gel
method [24]. Gyroscope-like lithium iron phosphate/multiwalled carbon nanotubes composites has
been synthesized with initial discharge capacities of 153.3, 149.6, 140.7, 135.3 and 130.1 mAh/g at
0.1, 0.2, 0.5, 0.8 and 1 C rate, respectively. Multi-wall carbon nanotubes (MWCNTSs) are considered
ideal materials due to hollowfiber structure and ability to be inserted in the centre of LiFePO,, thus
forming a conductive network, which not only provide pathways for electron transference but also
lead to interparticle electronic connection [25]. Not only carbon compounds are suitable to use to
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make coating in phospho-olivines. Zhang [26] use mw-sol-gel method to prepare LiFePO,-Li,Si0O,
cathode material. The Li,SiO, coating prevent the direct contact between LiFePO, and the electrolyte
solution. The discharge capacity of the uncoated LiFePO, decayed with the increase of the discharge
rates, whereas Li,Si0,-coated LiFePO, shown a very steady cycling behaviour. Morcover, from
electrochemical impedance spectroscopy coated cathode exhibits a smaller charge-transfer the
resistance (135.1 Q) than that of the uncoated LiFePO, cathode (305.6 Q).

5. Conclusion

Microwave processes constitute a powerful tool to synthesize phospho-olivines with a strong reduced
power consumption. Microwave assisted process enables us to produce crystalline cathode particles
with different shapes and sizes and has the advantage that the solvent used in the synthesis can often
be converted into the carbon source upon heating. Finally it is a simple method for mass production at
low cost and short time of synthesis.
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Abstract: LiCoPOy (LCP) exists in three different structural modifications: LCP-Prma (olivine
structure), LCP-Pn2ia (KNiPOy structure type), and LCP-Cmem (NapyCrOy structure type).
The synthesis of the LCP-Cmcmt polymorph has been reported via high pressure/temperature
solid-state methods and by microwave-assisted solvothermal synthesis. Phase transitions from both
LCP-Pn24a and LCP-Cmicm to LCP-Pnma upon heating indicates a metastable behavior. However,
a precise study of the structural changes during the heating process and the magnetic properties
of LCP-Crmem are hitherto unknown. Herein, we present the synthesis and characterization of
LCP-Crmicm via a rapid and facile soft-chemistry approach using two different kinetically controlled
pathways, solvothermal and polyol syntheses, both of which only require relatively low temperatures
(~200 “C). Additionally, by polyol, method a dumbbell-like morphology is obtained without the use
of any additional surfactant or template. A temperature-dependent in situ powder XRD shows a
transition from LCP-Cricin at room temperature to LCP-Prma and finally to LCP-PnZqa at 575 and
725 °C, respectively. In addition to that, the determination of the magnetic susceptibility as a function
of temperature indicates a long-range antiferromagnetic order below Ty = 11 K at 10 kOe and 9.1 K
at 25 kOe. The magnetization curves suggests the presence of a metamagnetic transition.

Keywords: polymorph; LiCoPOy-Cmcn; metamagnetic transition; in situ XRD; polyol; solvothermal;
transition phase; hierarchical morphology

1. Introduction

Since their introduction by Whittingham [1] and commercialization in the early 1990s by Sony® [2],
Li-ion batteries (LIB) have become a breakthrough technology in portable electronics. So far, LIB
constituted the most appropriate method of energy storage in this sector because they show high
energy density, low weight, design flexibility and long lifetime [3]. In current LIB technology, the
electrochemical performance (e.g., cell voltage, capacity, Li* transportation rate) is mainly determined
by the cathode material and, thus, intense research efforts are undertaken in this field [4]. Among several
cathode materials, such as spinel types and lithium-rich layered oxides, lithium transition-metal
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orthophosphates with the sum formula LiMPO, (M = Fe, Mn, Co, Ni) or simply LMP (LFE, LML, LCP,
LNP) have received particular attention due to their excellent electrochemical properties, good thermal
stability, low cost and environmental friendliness [5]. While LFP and LMP have been widely investigated
to date, LCP is still under investigation. In LCFE, the Co?* /Co®* redox couple offers a high operating
voltage of approximately 4.8 V versus Li/Li* [6]. Moreover, LCP shows a high theoretical energy density
of 800 Wh/kg (superior compared to the 580 Wh/kg of LFP), exhibits the lowest hole polaron migration
barrier of the phospho-olivine family and subsequently has the highest electronic conductivity compared
to LFP, LMP and LNP [7]. Furthermore, LCP shows a reduced cobalt weight fraction per formula unit
compared to commercial LiCoO,, making it a lower-cost option [8,9]. LCP can exist in three polymorphs
with orthorhombic crystal structures, and several electrochemical and physical properties have been
reported so far [10-12]. The most widely investigated one is olivine-type LCP-Prma. In the structure,
Li* and Co?* ions occupy octahedral sites and P*® is located in a tetrahedral environment formed by a
distorted hexagonal close-packed (ficp) array of oxygen atoms [13]. The [CoOg] octahedra form zigzag
chains that are running parallel to the crystallographic c axis (Figure 1a). The chains are linked by the
[PO4] tetrahedra, resulting in a 3D network structure [14]. The Li* ions are located in channels along
[010] and [001]. However, studies for olivine structures show that Li* diffusion is only promoted aleng
the b direction due to a lower activation energy [15-17]. The second polymorph (Figure 1b) is LCP-Pr24.
This modification was theoretically predicted by Hautier [6] based on ab initio DFT calculations and
subsequently experimentally reported by Jaehne et al. [18]. Unlike the olivine structure, Co?* cations
are tetrahedrally coordinated in this structure. The framework features alternating corner-sharing [PO4]
and [CoQy4] tetrahedra along the c axis, the Li* diffusion paths are blocked by [CoOy] tetrahedra and
the compound shows a poor electrochemical performance. As a result, there are no direct Li* channels
along any direction [6,18]. The third modification is LCP-Cricmn, which adapts the NayCrOy-type
structure (Figure Ic). This structure was first reported by Amador and co-workers[19] resulting from
a high-pressure and high-temperature solid-state synthesis (6 GPa, 900 °C). In the structure, chains
of edge-sharing [CoOg] octahedra, which are running along the ¢ direction, are cross-linked by [POy4]
tetrahedra along a. As a result, layers of the composition [(CoOg)(PO4)]e are generated. Moreover, the
remaining tetrahedral sites are occupied by Li* ions and a high activation energy is required for Li*-ion
migration [19,20]. Recently, a microwave-assisted synthesis pathway was reported for LCP-Cmcm.
In this report, Manthiram et al. [21,22] claimed two conditions to be necessary for the formation of
LCP-Cmic: the use of fresh dried tetraethylene glycol (TTEG) as a solvent and the use of cobalt oxalate
as a cobalt precursor. This synthesis was performed in a closed system using a temperature of 260 °C
and a pressure below 30 bar. A transformation of LCP-Crcm to LCP-Prima revealed by thermal analysis
was also reported in this study. Besides, an ex situ XRD analysis was conducted after a long annealing
process (8 h) and posterior cooling of the material. However, there is no further information about
the crystal structure at temperatures above 650 °C and/or further verification of any other possible
transition during the cooling process. In addition, it is well known that morphology plays an important
role in the electrochemical performance of cathode and anode materials for LIB [23-25]. Some reports
explain the benefits of hierarchical dumbbell-shape morphologies such as larger surface area, high
porosity and the formation of small-sized primary particles, leading to a reduction of the diffusion
distance of lithium ions and an increase of reaction sites of Li*-ions as well as preventing a decrease in
volumetric energy density caused by low tap-density nanostructures [26,27]. Equally important, in order
to achieve morphology control, the synthesis often requires the use of hydrothermal or solvothermal
methods, sometimes microwave-assisted, as well as the use of expensive organic surfactants or additives,
co-solvents and temperatures above 250 °C making the process expensive and complicated [28-30].
Herein, we report two alternative, kinetically controlled synthesis pathways towards the Crncm-type
LCP polymorph under mild conditions using a solvothermal as well as a polyol synthesis approach.
Our synthesis is conducted at temperatures as low as 200 °C in a traditional round bottom flask.
This simple synthesis does not require the use of water-free TTEG and is conducted using different
cobalt ion precursors. The thermal behavior of LCP-Cmem is examined comprehensively, revealing a
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transformation of LCP-Crmicm to LCP-Prima and finally to LCP-Pn2)a at high temperature. Finally, the
magnetic properties and metamagnetic transition of LCP-Cricmn are presented for the first time.

a) Pnma

Figure 1. Projections of the crystal structures of the three orthorhombic polymorphs of LiCoPO, (LCP)
along the crystallographic ¢ and b axes with the space groups: (a) Pnma; (b) Pn2ya; and (c) Crcm.
[CoOg] octahedra are drawn in blue, [POy] tetrahedra in yellow, [CoOy] tetrahedra in purple, Li* ions
in grey and O?~ ions in red.

2. Results and Discussion

2.1. X-ray Powder Diffraction

From solvothermal synthesis, the LCP polymorph with Crcm symmetry was obtained from all
solvents (see experimental section), yet varying amounts of Liz PO, as well as traces of olivine-type
LCP (space group Pnma) were observed as impurities (cf. Supplementary Materials, Figure S1,
Tables 51-53). The sample formed in diethylene glycol (DEG) solvent showed the smallest amount
of impurities and was therefore selected for further characterization (designated as LCP-Crmicm (ST)
in the following). Figure 2 shows the Rietveld refinement of the X-ray powder diffraction patterns
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of the LCP-Crmem samples obtained by solvothermal (ST) and polyol (PO) synthesis. The refined
lattice parameters and refinement details are presented in Tables 52 and S3 of the Supplementary
Materials. In the case of the solvothermal sample from the DEG solvent (Figure 2a), the refined lattice
parameters are # = 5.4347(4) A, b=81638(5) A, and c = 6.2135(4) A. However, very small amounts of
LizPOy, which is often formed in solution-based synthesis [31,32] and olivine-type LCP (space group
Prnma) are observed as side phases. For the polyol sample (Figure 2b), no impurities were detected.
All of the identified reflections can be fully indexed using the space group Cmcm. The refined lattice
parameters @ = 5.4433(3) A, b=81694(4) A, and ¢ = 6.21293) A are in good agreement with the values
for LCP-Cmcm reported in the literature [19]. Atomic coordinates, thermal displacement parameters,
and selected interatomic distances can be found in the Supplementary Materials (Tables 52-54).
Furthermore, the appearance of sharp diffraction peaks strongly reflects the high crystallinity of the
samples produced at comparably low pressure, temperature and in a one-step synthesis without
post-annealing. It has to be pointed out that, according to reference measurements presented in
our previous work [33], the background can be fully attributed to the capillary and no amorphous
components are present in the sample.

a)
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Figure 2. Rietveld fit of the X-ray powder diffraction data of LCP-Cicm prepared by different synthesis
pathways: (a) solvothermal; and (b) polyol synthesis.

2.2. Scanning Electron Microscopy (SEM)

High-resolution SEM images (Figure 3) of the two materials reveal that the synthesis conditions
strongly affect the morphology of the particles. The solvothermal synthesis results in the formation
of irregular macrostructures formed by agglomeration of primary platelets with overall dimensions
of 5-10 um (Figure 3a,b). The agglomerates consist of cross-linked, leaf-shaped platelets of about
0.5-1 pum x 5-6 pm in size, and about 80 nm in thickness. Complex morphologies like this are
generally obtained by solvothermal or hydrothermal routes [34]. On the contrary, the polyol synthesis
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results in the formation of agglomerates with dumbbell or bow-tie shapes in the size range of 1-4 um,
which are formed by nanosheet-like primary particles with average dimensions of 20-40 nm in
length, and 34 nm in thickness (Figure 3c,d). Given the fact that to date the synthesis of cathode
materials with dumbbell-like morphologies is only reported by the use of templates and/or under
solvothermal / hydrothermal conditions, and sometimes assisted by microwave irradiation [26,27,29],
itis remarkable that such a well-organized hierarchical morphology was obtained by a simple synthesis
approach. Moreover, this morphology type allows for the obtainment of materials with high surface
areas which offer a larger interface between the electrode and the electrolyte, a fast intercalation
probability and an improved electron transport as reported for LFP [30]. In our case, the polyol
synthesis is conducted without the use of special additives or under high temperature or high pressure
conditions. We suggest in accordance with the literature that the tetraethylene glycol acts not only as a
solvent and mild reducing agent but also as a soft template to direct the growth and self-assembly of
structures with preferred orientations [35]. Furthermore, the mixing order of the precursors has an
influence on the morphology of the final product. Figure 3e,f show LCP particles prepared after direct
mixing of the cobalt acetate and lithium acetate solutions and the subsequent addition of phosphoric
acid. In this case, no primary nanosheet-like particles were observed but even primary nano-dots
with the same bow-like morphology. This implies that only by a simple variation of the mixing
sequence, the morphology can be modified, thereby inducing a change from primary nano-needles to
primary nano-dots without the use of any surfactant or organic template. The crystal structure remains
unaltered (not shown). Results of Fourier transform infrared spectroscopy (FI-IR}, including band
assignment and literature comparison, are presented in Figure 52 and Table $4 in the Supplementary
Materials section.

Figure 3. Scanning electron microscopy (SEM) images of LCP-Crmcm prepared by different procedures.
(a,b) Solvothermal synthesis; (c,d) Polyol synthesis; Addition of H;POj to LiAc solution and posterior
addition of CoAc, to HzPO4/LiAc mixture; (e,f) Polyol variation on the order of mixture: First mixture
of CoAcy and LiAc with posterior addition of H3POy to the CoAcy /LiAc mixture.
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2.3. Elemental Annlysis

The chemical composition of the samples was determined by means of CHNS (determination
of the C, H, N, and S contents by combustion analysis) and AAS (atomic absorption spectroscopy)
analyses. The results are given in Table 1. The Li:Co:P wt % ratio is found to be close to the theoretical
composition 4.3:36.6:19.3 of LiCoPOy in hoth cases. The results correspond to Li:Co:P molar ratios of
0.99(5):0.97(3):1.00(2) and 0.93(5):0.91(5):1.00(2), implying that both materials are stoichiometric within
three standard deviations. The CHNS analyses show that no significant amounts of hydrogen as well
as carbon are present in the sample, which might be arising from residual water or the decomposition
of residual organic polyol solvents and precursors. However, it has to be emphasized that, whereas the
solvothermal sample tends to be stoichiometric, the phase pure polyol material seems to be deficient
both in Li and Co. Hence, the results indicate that the synthesis method affects the stoichiometry of the
phase. A more systematic investigation of the role of the synthesis route on the chemical composition
will be the focus of oncoming research.

Table 1. Elemental analysis of LCP-Cicm synthesized by (a) the solvothermal (ST) and (b} the polyol

process (PO) 12,

Element (a) LCP(ST) (b) LCP(PO) Theoretical
C (wt %) 0.7(3) 0803) 0

H (wt %) 0.2(3) 04@) 0

Li (wt %) 42(2) 41(2) 43

Co (wt%) 35(1) 341) 36,6

P (wt %) 189(3) 19.6@3) 193
#(LL)n(P) 0.99(5) 0.93(3) 1
#(CoYn(P) 0.97(3) 0.91(3) 1

1 The composition is determined from the experimental values of the CHNS (combustion analysis to determine
the C, H, N, and S contents) and AAS {(atomic absorption spectroscopy) analyses (standard deviations in
parentheses); 2 The N and S values were below the detection limit (= 0).

2.4. Thermal Stability and Phase Transformation

As reported previously, the polymorphs LCP-Cmicm and LCP-Pn21a are metastable with transition
temperatures to the thermodynamically stable LCP-Prma of 220 and 550 °C, respectively [18,21,22].
However, all these conclusions were based on (a) TGA (thermogravimetric analysis) /DSC (differential
scanning calorimetry) experiments which were only performed in a temperature range up to 700 and
500 °C, respectively, and (b) only supported by ex situ XRD analyses, which exclusively provide
information about the particular phase at the end of the cooling process. Moreover, the reports
were lacking additional SEM studies, which provide information about morphological changes upon
heating. Taking the metastable behavior of LCP into consideration, it is important to examine the
thermal behavior and respective phase transitions more thoroughly. The TGA /DSC data for the sample
obtained by polyol synthesis are presented in Figure 4. In the TGA curve, a mass loss is observed
between 200 and 300 °C, which can be attributed to the removal of residual water as well as to the
decomposition of residues of the organic solvent. A strong signal occurs in the DSC experiment in
the temperature range from 550 to 700 °C. At first glance, this effect can be attributed to the transition
from LCP-Cmcm to LCP-Prima, which represents a typical monotropic solid-solid phase transition
of a metastable to a stable phase (irreversible process). Figure 5 shows the corresponding ex situ
room temperature powder diffraction data of LCP-Cmcm produced by the polyol methoed, in the
temperature range between 200 and 900 °C with an increment of 100 °C and posterior cooling. Herein,
the transformation of LCP-Cmcm to LCP-Prma takes place in the region between 500 and 700 °C.
Moreover, the formation of an additional unidentified phase is evident. The corresponding peaks are
marked with the symbol ¢.
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Figure 4. Thermal and gravimetric analyses for LCP-Cment (PO) obtained from the polyol route.
TGA data are drawn in blue, and DSC data in black.
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Figure 5. Ex situ X-ray powder diffraction patterns of LCP-Cimem (PO) samples after heat treatment
for 6 h in air in the temperature range from 200 to 900 “C (increment: 100 °C, b-i), in comparison
with the theoretical patterns of LCP-Caemt (a, red) and LCP-Pumia (j, blue). The quantitative transition
from phase-pure LCP-Cmcm (h) to the olivine-type LCP-Pnmi (a) can be observed upon heating,
The reflections arising from an unidentified secondary phase are marked with the symbol ¢.

In order to elucidate the formation and stability of the phases at high temperatures without
performing annealing and cooling steps in between, which is not suitable for the observation of
metastable intermediates, we performed a temperature-dependent in situ powder XRD experiment
between 21.8 and 600 “C. In Figure 6a, the section of the diffraction pattern is presented where the
strongest reflections of LCP-Cmcm, (112) and (130), are observed. It can be clearly derived that the
transformation to LCP-Prima occurs at 575 “C. Hence, the data up to this temperature confirm the
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metastable nature of LCP-Cincr, which was reported previously [21]. To check the thermal stability,
we further increased the temperature to 800 °C (Figure 6b). Surprisingly, the LCP-Pnma phase is
only stable up to 625 °C, which is in strong contrast to any previous reports about the thermal
behavior of olivine-type LCP [36,37]. The (101) and (210) peaks of LCP-Puma are present from 575 to
625 °C. At 650 °C, no reflections are present in the measured range. Finally, starting from 675 °C,
LCP-Pn2ya is formed, which is indicated by the characteristic (210) reflection. The two-phase transition
temperatures found in the in situ XRD experiments are marked by two arrows in the DSC (differential
scanning calorimetry) trace of Figure 4. After cooling from 800 °C to room temperature, the LCP-Prma
structure reemerges in the powder XRD (PXRD) pattern of the in situ study (see Figure $3). To the
best of our knowledge, the complete thermal properties and phase stabilities touching all three LCP
polymorphs are reported for the first time. Combining the information derived from in situ XRD and
DSC experiments, it becomes obvious that the broad signal between 500 to 700 °C is caused by the
phase transitions.
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Figure 6. In situ X-ray powder diffraction patterns of LCP-Cmcm (PO): (a) Temperature range from
21.8 to 600 °C showing the transition from the Cmcm to the Prma polymorph. The 20 range is from 34°
to 38° where the main reflection (112) of LCP-Cmcm is observed; (b) Temperature range from 550 to
800 °C in the 26 range from 20° to 24°. The transition from the Prma to the Pr2ja modification is
evident from the disappearance of the Pruma (101) and (210) reflections and the emergence of the Pn2ia
(210) reflection.

In addition, the morphology of the samples obtained from the ex situ annealing experiments
on LCP-Cmcm (PO) was examined using SEM (Figure 7). The studies reveal that the nanosheet-like
primary structure of the dumbbells continuously changes upon heating. After annealing at 400 °C
(Figure 7c), the material starts to sinter and, finally, a denser and more compact material is formed.
Simultaneously, the dumbbell-like shape is preserved (Figure 7d,e). At about 700 °C (Figure 7f), the
phase transition of the material takes place and the dumbbells start to conglomerate. Further heating
(Figure 7g,h) destroys the primary particle shape and results in irregular particles.
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b) 300 °C

Figure 7. SEM images (a-h) of LCP-Cmcm (PO) after annealing in the temperature range from 200 to
900 °C (increment: 100 °C). The samples (f-h) are shown with higher resolution for clarity.

2.5. Magnetic Properties

The results of the static magnetic susceptibility as a function of the temperature measured on
the LCP-Cnem sample are shown in Figure 8. In the high temperature regime, the data obey the
Curie-Weiss law (x = xo + (Ng ;tfﬂ-) /(3ky(T — 6c))) with xg being the temperature-independent
contribution, y,¢s the effective magnetic moment, N4 the Avogadro number, - the Weiss temperature
(negative value), and k; the Boltzmann constant. Table 2 shows the results of the Curie-Weiss fitting
for the measurements at 1, 10 and 25 kOe.

Table 2. Results of the Curie-Weiss fitting in the high temperature regime for LCP-Crmem sample
produced by polyol method.

Variable 1kOe 10 kOe 25 kOe
TN (K) 12.7 12.7 9.1
B (K) —27.6 —-27.7 —26.2
xo (em?/mal) 1.35 x 107! 1.73 x 107! 1.48 x 10~
Hery (1B) 5.46 542 5.56

In Tigure 8, the ZI'C curves reveal a long range antiferromagnetic order below the Néel
temperature Ty, as result of the antiparallel alignment of magnetic moments of cobalt atoms. As seenin
‘Table 2, the values of the magnetic moments are slightly higher in comparison to the ones reported for
high spin octahedral cobalt (IT) complexes (4.7 to 5.2 ug) [38]. As reported for LCP-Pnma, the large value
of the effective magnetic moment can be explained by the strongly coupled Co-O-Co superexchange
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interactions with Co?* magnetic moments or higher order interactions, such as, Co-O-P-O-Co [39,40].

On the other hand, the behavior of zero-field-cooled (ZFC) and field-cooled (FC) curves below the
Néel temperature changes with the increasing magnetic field. At 1 kOe (Figure 8a) the ZFC-FC
curves are overlapping, then at 10 kOe (Figure 8b), below the Néel temperature, the FC curve presents
susceptibility values that are slightly higher in comparison with the ZFC data. Finally, at 25kOe, the
ZFC-FC curves present a branch point suggesting a magnetic transition depending of the temperature
and magnitude of the external magnetic field. This behavior can be confirmed by the magnetization
measurements. The isothermal measurements of the magnetization as a function of the applied
field are shown in Figure 9. At room temperature (green line), the sample exhibits a paramagnetic
behavior. However, when the temperature decreases to values near to Ty (11 K), the sample presents
a slightly double hysteresis behavior (blue line) which is increased when the temperature reaches
2 K (black line). The magnetic field-induced phase transition occurs at about 10 kOe caused by the
switching from an antiferromagnetic to ferro (or ferri) magnetic state upon increasing the magnetic
field. In literature, a weak-ferromagnetic to an antiferromagnetic state transition in LCP-Prma was
reported [41], caused by a distortion of the octahedral, formed by cobalt and oxygen atoms at low
temperatures (T = 23 K); however, in order to study the origin of these metamagnetic transitions as
well as the magnetic structure in different magnetic states, neutron powder diffraction experiments are
required for LCP-Cmicm.
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Figure 8. Magnetic susceptibility as a function of the temperature at zero-field-cooled /field-cooled
(ZFC/FC) conditions under constant applied fields of: (a) 1 kOe; (b) 10 kQe; and (c) 25 kOe for
LCP-Caem produced by polyol method. The inset shows the inverse magnetic susceptibility and the
Curie-Weiss fitting of the high temperature data under ZFC conditions.
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Figure 9. Magnetization as a function of the applied field between 5 and —5 T measured at 2, 11 and
300 K for the sample of LCP-Caen (PO).

3. Materials and Methods

3.1. Solvothermal Synthesis

For the solvothermal synthesis of LCP-Cmcm, stoichiometric amounts of CoCp0y-2H,O
(Alfa Aesar, Ward Hill, MA, USA, 98%) and LiHoPOy (Sigma Aldrich, St. Louis, MO, USA, 99%)
were introduced in 9 mL of solvent, whereas diethylene glycol (DEG; Merck, Darmstadt, Germany,
>99.0%), triethylene glycol (TEG; Merck, >99%), and tetraethylene glycol (TTEG; Merck, >98%)
were used. The resulting suspensions were homogenized for 20 min, transferred to Teflon-lined
stainless steel pressure vessels (BERGHOF Products + Instruments GmbH, Eningen, Germany), and
sealed. For the solvothermal treatment, the temperature was ramped to 220 °C within 2 h. Aftera
reaction period of 7 days, the mixtures were cooled to ambient temperature, The resulting bright pink
precipitates were separated by suction filtration, washed several times with distilled water (Millipore
water type I, 18.2 M{)-cm) and absolute ethanol (VWR BDH PROLABO AnalaR NORMAPUR, Radnor,
PA, USA, 99.95%) followed by drying in air at 130 °C overnight.

3.2, Polyel Synthesis

Powder samples were prepared via a polyol process using cobalt acetate tetrahydrate
(Co(CH;COO),-4H,0, Merck, 99.99%), lithium acetate (Li(CH;COO), ChemPUR, Karlsruhe, Germany,
99+%) and HaPOy4 (Merck, 85%) in a stoichiometric molar ratio of 1:3:10. Tetraethylene glycol (TTEG,
Merck, >99.0%) was used as solvent. First, lithium acetate was solved in 125 mL of TTEG and,
subsequently, phosphoric acid added dropwise. Cobalt acetate was dissolved in 75 mL of TTEG
and then added to the prior solution. The mixture was refluxed at 200 “C for 14 h in a three-necked
round bottom flask. After cooling down to room temperature, the precipitate was separated from the
solvent by centrifugation (1500 rpm, 20 min) and washed several times with ethanol (VWR AnalaR
NORMAPUR, 99.95%) in order to remove the solvent. The light pink powder was collected by
suction filtration, washed with acetone (99% VWR, Semi grade), and dried in air at 120 °C overnight.
The material obtained from the polyol process is denoted as LCP-Cmcm (PO).

3.3. Structural, Physical and Chemical Properties Determination

X-ray powder diffraction data were collected at room temperature on a STADI P diffractometer
(STOE & Cie. GmbH, Darmstadt, Germany) using Mo K« radiation (Ge(111) monochromator,
A=070930A) equipped with a Mythen DCS 1K silicon solid-state detector (Dectris Ltd.,
Baden-Daettwil, Switzerland). The ground samples were sealed in glass capillaries (Hilgenberg,
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Malsfeld, Germany, borosilicate glass type no. 50, length: 80 mm, diameter: 0.5 mm, wall thickness:
0.01 mmy}), which were then measured in a 26 range of 3°-60° (PSD (position sensitive detector) step:
0.15°; time/step: 30 s, three ranges, total measurement time: 12 h). An external calibration was
performed using Si (# = 5.43088 A, NBS standard reference material). The JANA2006 software [42] was
used for Rietveld analysis of the diffraction patterns. The structure data of the LNP polymorph (ICSD
database no. 97767 [20]) were taken as a starting model and refined in the space group Crrcm.

The temperature-dependent XRD studies were done in situ with a Stoe STADI P diffractometer
using Cu Ko radiation {(Ge(111) monochromator, A = 1.540598 A) equipped with a Dectris Mythen 1K
QOEM (Dectris Ltd.) silicon solid-state detector. The data were collected between 19° and 37.93° 20,
The detailed temperature program is provided in Table 55 in the Supplementary Materials.

High-resolution scanning electron microscopy (HR-SEM) was performed on a JSM-7500F
instrument (JEOL, Tokyo, Japan) at an accelerating voltage of 1 kV. The powders were prepared
on carbon tape, which was attached to an aluminum stub.

Elemental analysis of the sample was carried out by atomic absorption spectroscopy using a
Varian AA280FS sequential device for the lithium and cobalt, and by photometry using a UV-160
device (Shimadzu, Kyoto, Japan) for the P contents. CHNS analysis was performed by combustion
analysis using a Euro EA CHNSO Analyzer (HEKAtech, Wegberg, Germany).

Attenuated total reflectance (ATR)-FTIR data were collected on a 670 IR FTIR spectrometer
(Varian, Palo Alto, CA, USA) equipped with a PIKE GladiATR ATR stage (400-4000 cm™1, 132 scans)
(see Supplementary Materials). The Resolution Pro software (Agilent, Santa Clara, CA, USA) was used
for data handling.

The thermal analysis was carried out to assess the chemical stability of the powders up to 900 °C
ona TGA/DSC 1 STAR system (Mettler Toledo, Columbus, OH, USA). Experiments were run at a
heating rate of 10 °C-min~! in an argon stream flowing at 10 mL-min~! (specimen weight of 20 mg).
The effect of the thermal treatment as a function of temperature was additionally examined using
ex situ powder XRD studies (Mo Ke radiation (Ge(111) monochromator, A = 0.70930 A, 20 range of
5°-50°, PSD step: 0.49°; time/step: 10 s, two ranges). For this purpose, approximately 50 mg of the
sample were annealed for 6 h in air at temperatures ranging from 200 to 900 °C with an increment of
100 °C using a muffle furnace.

DC magnetization data were collected using a MPMS XL5 superconducting quantum interference
device (SQUID, Quantum Design, San Diego, CA, USA). The temperature-dependent data were
obtained by measurement of the magnetization from 1.8 to 300 K in an applied magnetic field of
1, 10 and 25 kOe, by using the powdered samples fixed in calibrated gelatin capsules held at the center
of a drinking straw. The temperature-dependent measurements were performed in zero-field-cooled
(ZFC) and field-cooled (FC) mode. Magnetization as a function of applied field measurements were
done between 5and —5T at 2, 11 K, and room temperature.

4, Conclusions

LiCoPOy4-Cmcm was synthesized by two different kinetically controlled synthesis approaches.
Whereas the product of the solvothermal process showed secondary phases of Li3POy and the
olivine-type Pnma phase, the polyol process results in the formation of a single-phase LCP-Cmcm
material in a one-step synthesis without post-annealing. Using the polyol method, a dumbbell-like
morphology could be obtained by a simple one-step synthesis without the use of additional surfactants
or templates. Moreover, by a simple methodology based on the variation of the mixing order of
the educts, the morphology of the samples can be controlled. The temperature-dependent in situ
powder X-ray diffraction (PXRD) analysis reveals the phase transitions between the three reported
LCP polymorphs. Starting from the Cimicm phase, a transition to the Prma structure is observed at
575 °C, which then converts to the Pn2ja polymorph at 675 °C. After cooling to ambient temperature,
the thermodynamically stable Prima modification is obtained. At temperatures above 675 °C, the Pn2ya
polymorph is thermodynamically stable in contrast to that reported at room temperature. To the best
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of our knowledge, this behavior is reported for the first time. Moreover, also the hitherto unknown
magnetic properties of the Cimmcm phase were investigated. The LCP-Cmcmn polymorph shows an
antiferromagnetic order below the Néel temperature at low fields (1 and 10 kOe) The measurements
of the magnetic response confirm a transition from antiferromagnetic ordering to ferromagnetic
(or ferrimagnetic) ordering at temperatures below Try as a function of the applied field. This study
paves the way for a novel methodology towards the synthesis and investigation of new polymorphs of
transition-metal phosphates. Thus, our approach provides insights into studying potential cathode
materials for lithium-ion batteries from a fundamental point of view.

Supplementary Materials: The following are available online at www.mdpi.com /2304-6740/4/4/35/s1. Rietveld
refinement details, infrared spectra, PXRD pattern of the sample obtained after the temperature-dependent in situ
PXRD measurement, temperature program for temperature-dependent PXRD measurements. Further details of the
crystal structure investigation may be obtained from FIZ Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany
(Fax: +49-7247-808-666; E-mail: crysdata@fiz-karlsruhe.de), on quoting the deposition numbers CSD 432183-432186.
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Supplementary Materials: In Situ Studies and
Magnetic Properties of the Cmcm Polymorph of
LiCoPOs: with a Hierarchical Dumbbell-Like
Morphology Synthesized by Easy Single-Step Polyol
Synthesis

Carlos Alarcon-Suesca, Jennifer Ludwig, Viktor Hlukhyy, Christoph Stinner and Tom Nilges
1. Structural, Physical and Chemical Properties

1.1. Rietveld Refinement Details

The background profile, which can rather be attributed to the capillaries used than to
amorphous components of the material, was fitted with a Chebyshev polynomial function with
35 coefficients. Thereafter, the lattice parameters as well as the zero-point and scale factor were refined.
A pseudo-Voigt profile function with three Gaussian and one Lorentzian coefficients was used for
modeling the shape of the diffraction peaks; the profile was cut outside the 8 FWHM range. Because
the FWHM of the peaks exhibited a marked anisotropy, anisotropic strain broadening implemented
in JANA2006 [42] was tentatively refined. No correction for preferred orientation was applied. Peak
asymmetry, which was especially observed at low scattering angles, was corrected by the axial
divergence model described by Finger et al. [43]. The empirical starting values of the parameters S/L.
and H/L were set to —0.011 and 0.06, according to the characteristics of the instrument. The refinement
of the general atomic positions of Co, P, and O was performed unrestrictedly, the atomic site
occupancies as well as the thermal parameters were fixed. As Li positions and thermal displacement
parameters cannot be deduced by means of X-ray diffraction because of the low atomic scattering
factor, they have been fixed as well. After applying an absorption correction (estimated packing
fraction ~0.6) [44], the temperature factors of the Co, P and O sites were refined freely. Finally, the
Berar's factor was applied to obtain more realistic standard uncertainties [45].

a) X lovs b) X o
= leate. — leale
= = lags, ~ lear = = lobs. = leate
§ | Bragg positions 5 | Bragg positions
E‘ LiCoPO4 (Cmem): 73(2)% E LiCoP Q4 (Cmem): 77(1)%
& LisPOs (Pmn2i).  4.4(9)% L LisPOs(Pmn21): 4.9(7)%
% LICOPOs (Pnma): 22.2(8)% Z LiCoPOa (Prma): 17.7(4)%
5 3
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Figure SI. Rietveld fits of the X-ray powder diffraction patterns of LCP-Cmcm obtained from
solvothermal synthesis using (a) TEG; and (b) TTEG as solvents.
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Table 51. Crystallographic data, details of data collection, and structure refinement of LCP-Crmem
prepared by (a) solvothermal (ST) ({a) DEG, (b) TEG, and {c) TTEG solvent) and (d) polyol (PO}
syntheses as refined from X-ray powder diffraction data at T=298 K=,

(a) LCP (ST-DEG) {b) LCP {ST-TEG) {c) LCP (ST-TTEG) {d) LCP (PO)

M: (gmol) 160.8
Crystal system orthorhombie
Space group Cmem (no. 63)
Z 4
a(A) 5.4347(4) 5.4354(5) 5.4341(4) 5.4433(3)
b (A) 8.1638(5) 8.1680(7) 8.1676(5) 8.1694(4)
c(A) 6.2135(4) 6.2159(5) 6.2176(4) 6.2129(3)
V (A3) 275.68(3) 275.97(4) 275.96(3) 276.28(2)
F(000) 112 112 112 308
¢ (caled) (grem?) 3.8753(6) 3.8713(8) 3.8714(6) 3.8657(4)
Rp 0.032 0.041 0034 0.021
Rop 0.041 0.057 047 0.027
Regp 0.026 0.026 0.030 0.025
Re 0.018 0.024 0.027 0.013
x2 1.57 216 157 1.08
Data/restraints/parameter 3802/0/75 3800/0/75 3800/0/75 3835/0/55
93(2) wt % 732y wt % 77(H) wt %
LiCoPOs (Crrcir) LiCoPOu (Cmcar) LiCoPCu (Cmcm)
Phase composition 3.4(4) wt % LiCoPOs  22.2(8) wt % LiCoPOs  17.7(4) wt % LiCoPOs 100 wt % LiCoPOe
{(Prima) (Prmay {(Pnma) (Cmem)

4(2) wt % LisPOu

(Pmnili)

4.4(9) wt % LizsPOs

{Pmnl1)

4.9(7) wt % LisPOu

(Pmn21)

2 The estimated standard deviations (E.5.D's) were calculated by means of the Berar's procedure und
are indicated in round brackets.

Table S2. Fractional atomic cootrdinates and isotropic thermal displacement parameters of
(a) LCP-Cmicm (ST; from DEG), and (b) LCP-Cmem (PO) as refined from X-ray powder diffraction
data at T=298 K=,

Sample Atom  Wyckoff Position x/a y/b z/c Uiso (AZ)
Lil 4c 0 0.675°b Va 0.019*+
Col 4a 0 0 0 0.0107(9)
LCP-Cimcm (ST)  P1 4¢ 0 0.3527(6) 4 0.0118(13)
01 8f 0 0.2469(6) 0.0505(11)  0.007(2)
02 8¢ 0.028%9) 0.4653(8) V4 0.006(2)
Lil 4c 0 0.675¢ Va 0.0192
Col 4n 0 0 0 0.0107(5)
LCP-Cmem (PO) Pl 4c 0 0.3523(4) Y 0.0064(8)
o1 8f 0 0.2474(4)  0.0500(7)  0.0039(13)
02 8¢ 0.2255(6) (0.4653(5) 2 0.0028(12)

 The estimated standard deviations (E.5.D's) were calculated by means of the Berar’s procedure und
are indicated in round brackets; * Li positions and thermal factors have been fixed as they cannot be
deduced by means of X-ray diffraction due to the low atomic scattering factor.
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Table S3. Selected interatomic distances in (a) LCP-Cticm (ST; from DEG), and (b) LCP-Crictn (PO) as
refined from X-ray powder diffraction data at T=298 K2

Sample Atom Pair d(A)
Lil Ol =2 1973(6)
02 =2 2.116(6)
Col O1 =2 2.040(5)
02 x4 2.159(3)
P1 O1 x2 1511(7)
02 x2  1.547(6)
(

(

(

(

(

(a) LCP-Cricm (ST)

02 2 2.107(4)
Col Ol »2 2.045(3)
02 x4 2.174(2)
Pl Ol x2 1510(4)
02 2 1536(4)

2 The estimated standard deviations (E.5.D’s) were calculated by means of the Berar’s procedure und

3
7
6
Lil Ol x2 1.968(4)
4
3

(b} LCP-Cmcm (PO)

are indicated in round brackets.

1.2. Infrared Spectroscopy

Attenuated total reflectance (ATR)-Fourier transform infrared spectroscopy (FTIR) data were
collected on a Varian 670 IR FTIR spectrometer equipped with a PIKE GladiATR ATR stage
(4004000 cm, 132 scans). The Agilent Resolution Pro software was used for data handling. Figure 52
shows the FT-IR spectrum of Cmcm-LiCoPOs Generally, the spectra of LiCoPOs polymorphs are
dominated by the fundamental vibrations of the [PO4]* groups, which involve the displacement of
oxygen atoms of the tetrahedral [POsf- anions. Hence, the observed frequencies are closely related
to those of the free phosphate molecule [46]. In the spectrum, four fundamental vibrations are present:
symmetric bending vibrations (doublet) of O-P-O (vz at 466-644 cm™), antisymmetric bending
vibrations of the O-P-O fragment (v« around 644 cm), asymmetric stretching vibrations (triplet) of
P-O (vsaround 1058 cm™), and symmetric stretching vibrations of P-O bond (v1967-1146 cm). Out
of these, only the vibrations v» and vs are infrared active. However, theoretically non-active vibrations
can be observed. Hence, a band due to symmetric stretching vibration around 937-970 cm™ and a
band due to deformation vibrations around 358-420 cm™! are expected in some cases [47,48]. Table 54
resumes the assignments of the IR vibrations. Here, two main regions can be distinguished: The first
between 400 and 700 cm! is associated with the intramolecular [PO4]*- bending modes (v2 and va);
the region from 900 to 1200 cm™ corresponds to the intramolecular stretching vibrations of the
tetrahedral anion (vi and va). Furthermore, the spectrum shows a splitting in the relative intensities
of the intramolecular [PO4]* bands due to the difference of the specific interactions between the
diverse ions and the unit cell, specifically between the monovalent lithium ion and the phosphate
anion [48]. In addition to that, the bands below 500 cm? could be attributed to Li-ion “cage modes,”
which represent translational vibrations of the Li-ions inside a potential energy environment
determined by the neighbor oxygen atoms; however, due to splitting effect, this bands are
overlapping with the phosphate bending vibrations [49].
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Figure 52. Comparison of the FTIR spectra of (a) the Crmon-LCP (PO) obtained from the polyol route
(black); and (b) Prma-LCP obtained after the TGA/DSC measurement at 900 °C (red).

Table 54. Assignments of the internal and external IR wibrations for (a) LCP-Cmcomn (PO) and
(b) LCP-Prma obtained after the TGA/DSC experiment.

FT-IR Assignment Frequency (cm™)
Vibrational mode {a) LCP-Crzeme (b) LCP-Prona
Lirion “cage modes” 457 470
Symmetric bending vibration O-P-O e §01
Intramolecular bending modes i 541 547
Asymmetric stretching modes [CoO«] octahedra 603 577
Asymmetric bending vibration O-P-0 - 646
Symmetric stretching vibrations P-O 941 970
Intramolecular stretching modes Asymmetric stretching vibrations P-O :1002 :1050
Asymmetric stretching vibration P=0 lt]_?“l ﬁg‘;

1.3. Temperature-Dependent In Situ X-Ray Powder Diffraction

LiCoPO, { Pro)
a = 10200 (5) 4
b=5si03 A
=489 24 A
¥=280105 (120 AF

Heported LiCoPO, ( Precun)
a = fon 20 i) A
b=sorec) A

o= L6589 ¢15) A

V= 2RL19 () A

Figure 53. Room temperature PXRD of a LCP-Cmiomn (PO) sample after the temperature-dependent
in situ PXRD experiment. Heating to 800 °C and cooling to room temperature resulted in LCP-Prona
as the final product.
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Table S5. Temperature program used for temperature-dependent PXRD measurements.

Temperature Range Heating Rate
20°C  to 200°C  (50°C/min)
200°C to 300°C (50 °C/min)
300°C to 350°C  (10°C/min)
350°C to 400°C (10 °C/min)
400°C to 425°C (2° C/min}
425°C to 450°C (2° C/min)
450°C to 475°C (2° C/min}
475°C to 500°C (2° C/min)
500°C to 525°C (10 °C/min)
525°C to 550°C (10 °C/min)
550°C to 575°C  (10°C/min)
575°C to 600°C (10 °C/min)
600°C to 625°C (10 °C/min)
625°C to 650°C (10 °C/min)
650°C to 675°C (10 °C/min)
675°C to 700°C (10 °C/min)
700°C to 725°C (10 °C/min)
725°C  to 750°C (10 °C/min)
750°C to 775°C (10 °C/min)
775°C to 800°C (10 °C/min)

55 of 55
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