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Abstract	

Lithium	 transition	metal	 pyrophosphates,	 Li2MP2O7	(M=Fe,	Mn,	 Co),	 have	 been	

successfully	 synthesised	 by	 a	 conventional	 solid‐state	 method	 following	 a	 two‐step	

process.	 XRD	 patterns	 show	 three	 isostructural	 analogues,	 Li2FeP2O7,	 Li2MnP2O7	 and	

Li2CoP2O7,	and	the	solid	solution,	Li2Fe1/3Mn1/3Co1/3P2O7,	synthesised	at	700°C	for	12	h	

in	N2,	are	single	phase	with	monoclinic	symmetry	and	space	group	P21/c.	AC	impedance	

results	show	the	total	conductivity	of	these	four	compositions	at	room	temperature	are	

~10‐10	Scm‐1	 for	M=Fe,	and	~10‐11	Scm‐1	for	M=Mn,	Co	and	Fe1/3Mn1/3Co1/3.	A	detailed	

impedance	 investigation	 as	 a	 function	 of	 temperature,	 dc‐bias,	 and	 atmosphere	 was	

carried	 out	 to	 evaluate	 the	 conduction	mechanism	and	 activation	 energy.	 Specifically,	

for	M=Fe	conduction	is	predominantly	electronic.	For	Mn	and	Co,	however,	conduction	

is	primarily	 ionic.	Li2Fe1/3Mn1/3Co1/3P2O7	is	a	mixed	conductor	but	with	 less	electronic	

conduction.	 The	 materials	 were	 tested	 as	 possible	 cathodes	 in	 lithium	 batteries.	

Li2FeP2O7	 demonstrates	 better	 electrochemical	 properties,	 such	 as	 a	 stable	 voltage	

platform	(~3.6	V),	higher	discharge	capacity,	high‐rate	performance	and	good	cycle	life	

attributed	 to	 its	 smaller	particle	 size	 and	higher	 electronic	 conductivity	 than	 those	of	

Li2MnP2O7,	Li2CoP2O7	and	Li2Fe1/3Mn1/3Co1/3P2O7.	

Attempted	 modification	 of	 the	 electrical	 properties	 of	 Li2FeP2O7	 by	 aliovalent	

doping	(Al3+,	Zr4+,	Nb5+)	was	studied,	in	particular	with	a	view	to	increasing	the	level	of	

lithium	 ion	 conductivity.	 Different	 doping	mechanisms	were	 considered;	 XRD	 results	

showed	that	Al	and	Zr	do	not	substitute	into	the	Li2FeP2O7	structure	but	up	to	5%	Nb5+	

can	 be	 substituted	 into	 Li2FeP2O7,	synthesised	at	 700°C	 in	N2,	 to	 form	 solid	 solutions,	

Li1.85Nb0.05Fe0.95P2O7	 and	 Li1.95Nb0.05Fe0.9P2O7.	 Lattice	 parameters	 and	 unit	 volume	 are	

not	changed	in	Nb‐doped	compounds	and	EDS	mapping	showed	that	the	Nb	dopants	are	

not	present	uniformly	in	Li1.85Nb0.05Fe0.95P2O7	and	Li1.95Nb0.05Fe0.9P2O7	and	therefore,	do	

not	form	a	homogeneous	solid	solution.	Impedance	results	show	the	doping	of	niobium	

enhances	the	bulk	conductivity	of	material	by	a	factor	of	2~3	in	air.	

The	anion	doping	of	Li2FeP2O7	was	investigated	by	partial	substitution	of	oxygen	

by	nitrogen	to	create	either	interstitial	Li+	ions	(mechanism	1:	Li2+xFeP2O7‐xNx)	or	holes	

(mechanism	 2:	 Li2FeP2O7‐yNy)	 for	 charge	 compensation.	 Electrical	 results	 show	 that	

mechanism	 1	 has	 little	 effect;	 the	 total	 conductivity	 and	 activation	 energy	 of	
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compositions	 x=0.05	 and	 0.1	 have	 no	 big	 differences	 compared	with	 that	 of	 x=0.	 For	

mechanism	2,	composition	y=0.05	has	an	increased	electronic	conductivity	with	a	lower	

activation	energy	of	0.32(2)	eV	which	is	nearly	half	the	value	of	0.62(1)	eV	for	undoped	

Li2FeP2O7.	This	 is	attributed	 to	 the	presence	of	Fe3+	 ions	 (~1.2	%)	 in	Li2FeP2O6.95N0.05	

analysed	by	Mössbauer	spectra	and	which	therefore,	give	rise	to	electronic	conduction	

associated	 with	 mixed	 valence	 Fe.	 A	 nitrogen	 content	 of	 y=0.0167	 was	 obtained	 for	

y=0.05,	which	was	confirmed	by	Mössbauer	results	of	nitrogen	 incorporation	 into	 the	

sample.	 An	 improved	 synthesis	 method	 carried	 out	 in	 an	 Ar‐filled	 glove	 box	 was	

developed	for	the	targeted	composition,	Li2FeP2O6.95N0.05	(I‐LFPN005);	this	sample	had	

an	 electronic	 conductivity	 increased	 by	 a	 further	 three	 orders	 of	magnitude	 to	~10‐5	

Scm‐1	in	N2	and	a	lower	activation	energy	of	~0.16	eV.	

A	 range	 of	 lithium	 zinc	 pyrophosphate,	 Li4xZn2‐2xP2O7	 (0.2	 ≤	 x	 ≤	 0.75)	

compositions	were	synthesised	 to	 investigate	phase	 formation	 in	 the	Zn2P2O7–Li4P2O7	

binary	 system.	 Two	 single‐phase,	 LiZn1.5P2O7	 (x=0.25)	 and	 Li2.4Zn0.8P2O7	 (x=0.6),	

materials	were	successfully	obtained	at	600°C	for	24	h	 in	air	 to	confirm	results	 in	 the	

literature.	A	new	phase,	Li1.33Zn1.33P2O7	(x=0.33),	was	found	and	indexed	as	monoclinic	

with	 possible	 space	 group	 P21/a.	 A	 two	 phase	 mixture	 of	 Li1.33Zn1.33P2O7	 and	

Li2.4Zn0.8P2O7	 was	 observed	 in	 the	 composition	 Li2ZnP2O7	 (x=0.5)	 in	 contrast	 to	

literature	reports.	Three	solid	solution	regions:	x=0.2	to	0.25,	0.33	to	0.4	and	0.575	to	

0.625	were	 found.	The	 crystal	 structure	determination	of	 Li2.4Zn0.8P2O7	using	neutron	

diffraction	 data	 showed	 that	 revision	 of	 the	 reported	 structure	 was	 necessary.	 In	

particular,	 revised	M1	 and	M2	 site	 occupancies	 in	 the	 distorted	M1O4	 tetrahedra	 and	

M2O5	trigonal‐pyramids	were	necessary	with	Li:Zn	ratios	of	0.82:0.18	and	0.38:0.62.	A	

systematic	study	of	the	electrical	properties	with	composition	x	was	carried	out	using	

impedance	spectroscopy;	 in	general,	 the	conductivity	 increased	with	 increasing	x.	The	

sample	x=0.6	has	the	highest	ionic	conductivity,	which	is	attributed	to	2D	Li+	migration	

channels	in	the	structure,	and	reaches	a	maximum	of	~10‐2	Scm‐1	at	350°C	equal	to	that	

reported	for	other	Li+	ion	solid	electrolytes	such	as	Li3.4P0.6Si0.4O4	and	Li2.4Zn0.8SiO4.	
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CHAPTER	I	

Introduction	&	Literature	Review	

 In	order	to	decrease	the	global	warming	effect	produced	from	CO2	gas	and	to	abate	

the	energy	crisis	of	 fossil	 fuels,	 it	 is	necessary	 to	develop	hybrid	electric	vehicles	 (HEVs)	

and	electric	vehicles	(EVs)	which	are	energy	storage	devices	characterised	by	high	energy	

density,	 acceptable	 charge/discharge	 rates,	 safety,	 and	 long	 cycle	 life	 [1‐4].	 The	 next‐

generation	lithium‐ion	batteries	should	be	used	not	only	to	power	3C	portable	products	but	

also	 to	 meet	 global	 demands	 for	 advanced	 energy	 storage	 systems	 in	 terms	 of	 grid	

stabilization,	renewable	energy	source	integration	(solar	and	wind	power),	transportation,	

and	 military	 applications.	 The	 key	 research	 factors	 concerning	 electrode	 materials	 for	

lithium‐ion	 batteries	 focus	 on	 the	 need	 to	 increase	 energy	 and	 power	 density	 as	well	 as	

developing	 a	 low‐cost	 manufacturing	 process.	 High	 performance	 and	 nonflammable	

electrolyte	also	should	be	developed	to	improve	thermal	stability	and	cycling	life	of	battery.	

Since	Sony’s	 introduction	of	 insertion	 compounds	as	electrodes	 in	1990,	 the	early	

discovery	and	 commercialization	of	 cathode	materials	have	been	devoted	 to	oxide‐based	

electrodes	such	as	LiCoO2,	LiMn2O4,	LiNiO2	and	LiNi1/3Mn1/3Co1/3O2	[5‐7].	Although	organic	

liquid	electrolytes	are	widely	utilized	due	to	their	high	ionic	conductivities,	wide	operating	

temperature	window,	high	performance	and	nonflammability,	solid	electrolytes	should	be	

developed	 to	 improve	 thermal	 stability	 and	 cycling	 life	 of	 batteries	 [8].	 The	 practical	

application	 of	 solid	 electrolytes	 is	 currently	 limited	 because	 of	 their	 low	 ionic	

conductivities	≲	10‐2	Scm‐1	at	50−80	°C	and	low	chemical	and	electrochemical	stabilities	[9].	

A	 room	 temperature	 conductivity	 of	 at	 least	 ~10‐3	 Scm‐1	 is	 needed	 for	 an	 electrolyte	 to	

work	well	in	battery	systems	[10].		

In	1997,	Goodenough’s	 research	on	olivine‐structured	LiFePO4	 caused	a	paradigm	

shift	from	oxides	to	polyanionic	compounds	[11‐13].	LiFePO4	can	reversibly	deintercalate	

one	lithium	ion	per	iron	atom	(theoretical	capacity:	170	mAh/g),	at	about	3.4	V	vs.	Li+/Li.	

LiFePO4	seems	to	be	the	best	candidate	for	energy	storage	in	hybrid	and	electric	vehicles	

due	 to	 its	 thermal	 stability	and	 low	 toxicity.	However,	 in	 comparison	with	other	 cathode	

materials,	LiFePO4	suffers	 from	the	problem	of	 low	working	voltage	and	poor	capacity	at	
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high	 rate	mainly	 because	 of	 its	 low	 electronic	 conductivity	 and	 Li	 ion	 diffusivity.	 These	

shortcomings	need	to	be	overcome	before	its	realization	for	practical	uses.	To	store	more	

energy	density,	new	potential	phosphate	materials	are	needed	in	which	the	redox	reaction	

exceeds	one	electron	per	transition	metal.	

1.1	Lithium	Ion	Batteries	

A	 battery	 is	 an	 electrochemical	 energy	 storage	 system	 that	 can	 convert	 chemical	

energy	 into	 electricity.	 It	 consists	 of	 several	 electrochemical	 cells	 that	 are	 connected	 in	

parallel	 and/or	 in	 series	 to	provide	 the	 required	 capacity	 and	voltage,	 respectively.	Each	

cell	has	a	negative	(the	anode:	–)	and	a	positive	electrode	(the	cathode:	+),	as	the	sources	of	

chemical	 redox	 reactions	 separated	 by	 the	 non‐aqueous	 electrolyte.	 The	 electrolyte	

possesses	 dissociated	 salts,	 which	 provides	 an	 ion	 transport	 path	 between	 the	 two	

electrodes.	 The	 electrolyte	 does	 not	 take	 part	 in	 the	 reaction	 except	 for	 conveying	 the	

electro‐active	 lithium	 ions	 during	 discharge	 from	 a	 high	 (chemical)	 energy	 state	 in	 the	

anode	to	a	low	(chemical)	energy	state	in	the	cathode	while	the	electrons	pass	through	the	

external	 circuit	 with	 a	 release	 of	 (electric)	 energy.	 If	 this	 process	 is	 reversible,	 in	 other	

words,	the	chemical	energy	can	be	restored	by	supplying	electric	power,	the	device	which	

undertakes	 this	 process	 is	 called	 a	 rechargeable	 battery,	 as	 illustrated	 in	 the	 Fig.	 1‐1.	

Typical	electrochemical	reactions	in	a	C/electrolyte/LiCoO2	cell	on	charge	are	presented	by	

following	reaction,	Equations	1.1–1.3:	

	

 Anode:	 6x
eargch

6 CLiCxexLi    																																																																																								(1.1)	

 Cathode:	 
   xexLiCoOLiLiCoO 2x1

eargch
2 																																																																			(1.2)	

 Overall	reaction:	 2x16x
eargch

2 CoOLiCLiC6LiCoO   																																																			(1.3)	

	
Compared	with	mature	battery	technologies,	e.g.	Lead‐acid,	Ni‐Cd,	and	Ni‐MH,	the	lithium‐

ion	battery	 is	 the	dominant	rechargeable	battery	technology	because	of	 its	higher	energy	

density	up	to	200	Wh/kg	and	design	flexibility	(lighter	weight	and	smaller	size),	as	shown	

in	 Fig.	 1‐2.	 In	 addition,	 the	 Li‐ion	 battery	 possesses	 a	 relatively	 low	 self‐discharge,	 no	

memory	effect	and	is	environmentally	friendly.			
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Figure	1‐1	Schematic	illustration	of	the	lithium	ion	batteries	
(graphite/electrolyte/LiCoO2)	[14].	

 

 

Figure	1‐2	Graphic	description	of	the	volumetric	and	gravimetric	energy	density		
for	different	battery	technologies	[15].	
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A	typical	thermodynamic	Equation	(1.4)	for	the	cell	potential	of	an	electrochemical	

cell	is	given	as		

                                                        

																																																											 nFEG  																																																																													(1.4)	
	
where	n	is	the	number	of	transferred	electrons,	F	is	Faraday’s	constant	(96485.33	C/mole)	

and	E	is	the	cell	voltage	(V).	The	open‐circuit	voltage	(VOC)	of	a	Lithium‐ion	cell	can	be	

described	by	Equation	1.5:	

																																																				 nF

][
V )Anode(Li)Cathode(Li

OC

 
 																																(1.5)	

where	 C and	 A are	the	cathode	and	anode	electrochemical	potentials.		

This	 voltage	 is	 the	 difference	 between	 μC	 and	 μA	 and	 is	 limited	 by	 the	 ‘window’	 of	 the	

electrolyte	 which	 is	 the	 energy	 gap,	 Eg,	 between	 the	 lowest	 unoccupied	 and	 highest	

occupied	molecular	orbital	(LUMO	and	HOMO)	of	a	liquid	electrolyte	[16],	illustrated	in	Fig.	

1‐3.	 A	 cathode	 with	 a	 μC	 below	 the	 HOMO	 oxidizes	 the	 electrolyte	 and	 therefore,	 a	

passivating	 SEI	 layer	 forms	 which	 blocks	 further	 electron	 transfer	 from	 the	 electrolyte	

HOMO	to	the	cathode.	A	μA	above	the	LUMO	reduces	the	electrolyte	unless	a	SEI	creates	a	

barrier	 to	 electron	 transfer	 from	 the	 anode	 to	 electrolyte	 LUMO	 [4].	 Note	 that	 solid	

electrolyte	interface	(SEI)	is	a	surface	film	that	generally	forms	between	an	electrode	and	

electrolyte.	It	is	an	internal	resistor	that	limits	power	output	and	generates	heat	build‐up	in	

a	standard	Li‐ion	battery.	

The	 challenges	of	 developing	Li‐ion	batteries	 for	 electric	 vehicles	 are	 to	1)	design	

cathode	 and	 anode	 with	 their	 μC	 and	 μA	values	well‐matched	 to	 the	 electrolyte	 window,	

such	that	each	allows	a	large	reversible	capacity	with	a	fast	charge	and	discharge	cycle;	2)	

investigate	a	nonaqueous	electrolyte	with	high	ionic	conductivity	(σLi	˃	10‐2	Scm‐1)	over	a	

wide	operating	temperature	range,	‐40°C	<	T	<	60°C	[4].						
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Figure	1‐3	Schematic	illustration	of	the	energy	levels	in	the	Li‐ion	battery.		

LUMO:	the	lowest	unoccupied	molecular	orbital;	HOMO:	the	highest	occupied	
molecular	orbital;	VOC:	open‐circuit	voltage;	μ:	chemical	potential	[17].	

	

1.2	Design	of	Electrode	Materials	

In	 order	 to	 develop	 better	 electrode	 materials	 and	 electrolytes,	 there	 are	 many	

aspects	that	remain	to	be	improved	in	the	field	of	lithium	ion	batteries,	such	as	control	of	

the	particle	size,	structure	and	morphology.	Two	crucial	approaches	have	made	it	possible	

to	 improve	 the	 poorly‐conductive	 nature	 of	 many	 electrode	 materials	 for	 practical	

application	 in	 batteries,	 as	 shown	 in	 Fig.	 1‐4.	One	 is	 to	 reduce	 the	 particle	 size	 of	 the	

electrode	from	bulk	to	submicro‐	or	nano‐scale,	which	gives	a	shorter	transport	path	of	Li	

ions	and	therefore,	an	increased	ionic	conductivity.	The	other	is	to	coat	conductive	carbon	

on	 the	 surface	 of	 the	 electrode	 to	 form	 a	 core‐shell	 structure,	 which	 may	 dramatically	

increase	the	electronic	conductivity	[15].			

The	 energy	 density	 of	 a	 battery	 is	 the	 product	 of	 its	 capacity	 and	 potential,	 as	

expressed	by	Equation	1.6	[16]:	

																																									  
t

0

Q

0
dq)q(Vdt)t(IVenergy


																										(1.6)	

Eg 
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where	 V	 is	 the	 working	 voltage	 (V)	 and	 Q	 is	 the	 discharge	 capacity	 (Ah·kg‐1	 or	 Ah·L‐1)	

transferred	by	the	discharge	current	 dt/dqIdis  .	Therefore,	the	gravimetric	or	volumetric	

energy	 density	 (Wh·kg‐1	 or	 Wh·L‐1)	 in	 a	 rechargeable	 cell	 depends	 on	 the	 voltage	 and	

specific	capacity	of	electrode	materials.		

Fig.	 1‐5	 illustrates	 the	 voltage	 vs.	 capacity	 of	 the	 cathode	 and	 anode	 materials	

currently	 used	 and	 potential	 candidates	 for	 the	 next‐generation	 lithium	 ion	 battery.	 In	

terms	of	cathode	material	systems,	they	mainly	consists	of	layered	cathodes:	lithium	cobalt	

oxide	(LiCoO2,	~3.8	V),	 lithium‐cobalt‐nickel	(manganese)	oxide	(LiCoNi(Mn)O2,	~	3.6–3.7	

V),	 composite	 oxides	 (Li2MnO3•(1‐x)LiMO2,	 ~	 2.0–4.8	 V);	 spinel	 structures:	 lithium	

manganese	oxide	(LiMn2O4,	~4.0	V),	 lithium	nickel	manganese	oxide	(LiNi0.5Mn1.5O4,	~4.7	

V);	 olivine	 structures:	 lithium	 iron	phosphate	 (LiFePO4,	~3.4	V);	 lithium	 iron	manganese	

phosphate	(LiFexMn1‐xPO4,	~3.7	V);	3D	metal	fluoride	(MF3,	~	2.0–3.5	V).	To	achieve	higher	

energy	density	for	Li‐ion	batteries,	 it	 is	necessary	to	develop	new	cathode	materials	with	

increased	capacity	and/or	higher	voltage.		

Anode	materials	mainly	include	commercial	graphite,	hard	carbon	and	MesoCarbon	

MicroBeads	 (MCMB).	 The	 traditional	 anode	 in	 lithium	 ion	 battery	 possesses	 a	 specific	

capacity	 ca.	 310~360	mAh/g,	which	 has	 almost	 reached	 the	maximum	 theoretical	 value	

(372	 mAh/g).	 However,	 with	 the	 increasing	 challenges	 of	 battery	 technology,	 for	 high	

energy	density,	quick	charge,	low	cost	and	high	safety,	for	3C	portable	product	and	electric	

vehicle	applications,	traditional	carbon	materials	have	been	unable	to	meet	these	demands.	

Therefore,	 it	 is	 necessary	 to	 develop	 fast	 charge/discharge	 anode	 materials	 based	 on	

titanium	 (Ti)	 systems:	 titanium	 dioxide	 (TiO2,	 ~1.8	 V),	 lithium	 titanate	 (Li4Ti5O12	(LTO),	

~1.5	 V);	 high‐capacity	 silicon/carbon	 (Si‐C,	 ~0.4	 V)	 and	 tin/carbon	 (Sn‐C,	 ~0.2	 V)	

composite	materials	for	the	next‐generation	high	energy	and	power	density	Li‐ion	batteries.	

Fig.	 1‐6	 summarizes	 the	 capabilities	 for	 lithium‐ion	 battery	 R&D	 in	 Sheffield	

including	 new	 potential	 materials	 synthesis	 (cathode,	 anode	 and	 solid	 electrolyte),	

advanced	characterization	techniques,	and	electrochemical	testing	of	battery	materials	[20].	
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Figure	1‐4	Schematic	of	two	important	improvements	to	poorly‐conductive	electrode	
materials	by	downsizing	the	particle	size	and	carbon	nanocoating	[18].	

			

 

Figure	1‐5	Voltage	versus	capacity	for	cathode	and	anode	materials	presently	used	
and	potential	considerations	for	next‐generation	Li‐ion	batteries	[19].	

Cathode demands: 
  high capacity 
  high safety 
  low cost 
  long life cycle 
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Figure	1‐6	Development	of	battery	materials	in	Sheffield	[20].	
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1.3	Polyanionic	Cathode	Materials		

Polyanionic	 compounds,	 containing	 transition	 metals	 and	 different	 polyanionic	

units	(XO4)n−	or	(XmO3m+1)n−	(X	=	P,	S,	Si),	have	received	much	recent	attention	as	potential	

cathode	 materials	 for	 next‐generation	 Li‐ion	 batteries	 [21‐22].	 The	 olivine	 phosphate,	

LiFePO4	 has	 been	 the	 most	 successful	 so	 far	 due	 to	 its	 remarkable	 electrochemical	

performance	and	 thermal	 stability.	However,	 in	order	 to	 increase	energy	density,	 further	

advances	 in	 polyanioic	 cathodes	 are	 needed	 in	 which	 either	 the	 operating	 voltage	 is	

enhanced	and/or	the	redox	reaction	exceeds	one	electron	per	transition	metal.	A	historical	

diagram	including	different	Fe‐based	polyanionic	electrode	materials	is	shown	in	Fig.	1‐7;	

a	brief	description	of	their	crystal	structures	and	electrochemical	properties	 for	one‐	and	

two‐lithium	metal	polyanionic	cathodes	is	given	in	the	next	section.		

	

	

Figure	1‐7	Historical	overview	of	the	iron	oxyanionic	cathodes	(phosphates,	
sulphates,	complexes	and	others)	with	the	potential	of	Fe2+/Fe3+	redox	couple	[23].	

(2007) 
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1.3.1			One‐Lithium	Polyanionic	Cathodes	

(i)			LiFePO4	

Lithium	 iron	 phosphate	 (LiFePO4)	 has	 been	 a	 very	 attractive	 cathode	 material	

because	of	 its	 low	cost,	good	cycle	 life	and	safety.	The	olivine	structure	of	LiFePO4	has	an	

orthorhombic	 structure	 (Pnma)	wherein	 phosphorous	 (P)	 occupies	 tetrahedral	 sites,	 the	

transition	metal	 iron	 (Fe)	occupies	octahedral	 sites	and	Li	 forms	one‐dimensional	 chains	

along	 the	b‐axis,	 as	 illustrated	 in	Fig.	1‐8.	 LiFePO4	 can	 reversibly	 insert	 and	 extract	 one	

lithium	ion	per	 iron	atom	(theoretical	capacity	=	170	mAh/g),	at	~3.4	V	vs.	Li+/Li	(which	

makes	it	much	more	stable	in	the	electrolytes	commercially	used	in	Li‐ion	batteries).	

 

 

 

	
Figure	1‐8	Schematic	representation	of	the	(a)	LiFePO4	olivine	structure	projected	to	

b‐axis	[24],	and	(b)	Li	migration	path	in	the	[010]	direction	[25].	

(a) 

(b) 

Li

P 
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LiFePO4	 seems	 to	 be	 the	 best	 candidate	 for	 energy	 storage	 in	 hybrid	 and	 electric	

vehicles	due	to	its	thermal	stability	and	low	toxicity.	However,	in	contrast	to	other	cathode	

materials,	e.g.	LiCoO2,	Li[Ni1‐x‐yMnxCoy]O2	and	LiMn2O4,	the	main	inherent	shortcomings	of	

LiFePO4	are	 its	 low	electronic	 conductivity	 (σ	~10‐9	Scm‐1)	and	 low	Li	 ion	diffusivity	 (DLi	

~10‐14	cm2s‐1),	which	result	in	relatively	low	working	voltage	and	poor	capacity	at	high	rate	

discharge	 [26],	 see	 Table	 1‐1.	 These	 shortcomings	 need	 to	 be	 overcome	 before	 its	

realization	 for	 commercial	 application.	 It	has	been	 reported	 that	 the	electronic	 and	 ionic	

conductivities	of	LiFePO4	were	increased	by	cation	doping	[27‐28],	carbon	coating	[29]	and	

particle	 size	 reduction	 [30]	 and	 therefore,	 the	 high‐rate	 discharge	 properties	 and	 high	

temperature	stability	of	LiFePO4	can	be	improved.	

	

Table	1‐1	Characterization	of	different	cathode	materials	for	lithium‐ion	batteries.	

Materials		 LiCoO2	 LiNiO2	 Li[NiCo]O2	 Li[NiMn]O2	 Li[NiMnCo]O2	 LiMn2O4	 LiFePO4

Structure	 layer	 layer	 layer	 layer	 layer	 spinel	 olivine	

Average	working	
voltage	(V)	@	

0.2C	
3.85	 3.55	 3.7	 3.9	 3.8	 4.05	 3.4	

Energy	density	
(mAh/g)	@	0.2C;	

2.8–4.2V	
145	 200	 180	 155	 170	 110	 145	

Power	density	
(W/Kg)	@	1C	 456	 621	 602	 546	 570	 436	 452	

Conductivity	
(S/cm)	 ~10‐3	 ~10‐4	 4×10‐4	 6×10‐5	 1.4×10‐4	 2×10‐5	 ~10‐9	

Li	ion	diffusivity	
(cm2/s)	 5×10‐9	 2×10‐7	 10‐9~10‐8	 3×10‐10	 …	 1.2×10‐

11	
10‐14	

Safety		 O	 ×	 ~	 O	 OO	 OO	 OO	

Cycle	life	@	55°C	 ≈	 ×	 ~	 ~	 ≈	 ~	 ~	

Cost	 ×	 O	 O	 OO	 O	 OO	 OO	
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(ii)			LiFe1.5P2O7	

In	 2007,	 Ramana	 et	al.	 reported	 a	 new	 lithium	 iron	 pyrophosphate,	 LiFe1.5P2O7,	

synthesised	 via	 a	 wet‐chemical	 method	 using	 Li(COOCH3)·2H2O,	 Fe(COOCH3)·2H2O	 and	

H3PO4	as	reactants	and	reacted	at	500~600	°C	for	24	h	in	Ar/H2	gas	[31].	This	compound	

had	a	thortveitite‐like	monoclinic	structure	with	P21/c	symmetry,	in	which	phosphorous	P	

(purple)	 occupies	 tetrahedral	 sites,	 the	 transition	metal	 Fe	 (brown)	 occupies	 octahedral	

sites	and	lithium	(green)	forms	one‐dimensional	chains	along	the	a‐axis,	as	shown	in	Fig.	1‐

9(a).	 The	 crystal	 structure	 of	 LiFe1.5P2O7	 is	 built	 up	 through	 the	 interconnection	 of	 the	

edge‐sharing	FeO6	octahedra	and	P2O7	groups	to	form	a	three‐dimensional	framework.		

Fig.	1‐9(b)	presents	the	first	charge‐discharge	curve	of	LiFe1.5P2O7	in	the	potential	

range	2.5–4.2	V	at	a	constant	charge/discharge	rate	of	C/20	at	25°C;	it	shows	a	reversible	

capacity	~95	mAh/g,	reaching	94%	of	the	capacity	of	one‐electron	theoretical	value	of	101	

mAh/g.	Two	distinguishable	voltage	plateaus	were	clearly	observed	by	cyclic	voltammetry	

measurement	(insert),	which	correspond	to	 the	two	sets	of	redox	couples	 located	at	3.56	

and	 3.22	 V.	 The	 Fe2+/Fe3+	 redox	 potential	 of	 LiFe1.5P2O7	 was	 much	 higher	 than	 that	 of	

LiFeP2O7	(2.9	V)	[32].		

	

		 	

	
Figure	1‐9	(a)	3D	crystal	structure	of	LiFe1.5P2O7	along	the	a‐axis,	where	FeO6	
octahedra	and	P2O7	diphosphate	units	are	shown	in	brown	and	purple	[23];	(b)	
charge‐	discharge	curves	of	the	LiFe1.5P2O7	cell	tested	at	C/20	for	the	1st	cycle	and	

(inset)	its	cyclic	voltammogram	(CV)	at	0.1	mV/s	sweep	rate	between	2.5–4.3	V	[31].	

(a) (b) 
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(iii)			LiFeSO4F	

In	2010,	 Tarascon	et	al.	 reported	a	novel	 iron	 fluorosulfate	 (LiFeSO4F)	 as	 cathode	

synthesized	 via	 a	 low‐temperature	 ionothermal	 method	 to	 replace	 traditional	 ceramic	

solid‐state	 calcination	 [33].	 Specifically,	 1‐ethyl‐3‐methylimidazolium	 bis‐

(trifluoromethanesulfonyl)	 imide	 (EMI‐TFSI)	 was	 chosen	 as	 the	 reacting	 medium	 to	

synthesise	 LiFeSO4F,	 and	 FeSO4·7H2O	 and	 LiF	 as	 the	 Fe‐	 and	 Li‐based	 precursors,	

respectively.	 This	 material	 has	 a	 theoretical	 capacity	 151	 mAh/g	 in	 which	 the	 redox	

reaction	is	one	electron	per	transition	metal.		

Fig.	1‐10(a)	 illustrates	 LiFeSO4F	has	 a	 Tavorite‐type	 structure	 (space	 group	P‐1),	

with	lattice	constants:	a	=	5.1747(3)	Å,	b	=	5.4943(3)	Å,	c	=	7.2224(3)	Å,	α	=	106.522(3)°,	β	

=	107.210(3)°,	γ	=	97.791(3)°	and	V	=	182.559(16)	Å3,	with	three‐dimensional	channels	for	

Li‐ions	to	migrate.	In	the	triclinic	cell	of	LiFeSO4F,	for	two	independent	iron	(Fe)	atoms,	one	

(Fe1)	is	located	at	the	origin	of	the	unit	cell	(0,	0,	0)	and	the	other	(Fe2)	in	the	middle	of	the	

c‐axis	(0,	0,	1/2),	which	are	interconnected	through	a	SO4	tetrahedra	[33],	Fig.	1‐10(b).		

In	terms	of	electrochemical	performance	of	LiFeSO4F,	it	had	a	slightly	higher	voltage	

~3.6	V	than	LiFePO4	(3.4	V)	and	delivered	a	first	discharge	capacity	of	130~140	mAh/g	(≈	

85%	of	the	theoretical	value)	cycled	between	2.5	and	4.2	V	at	C/10	rate	without	any	carbon	

coating	on	the	surface	of	LiFeSO4F	particles.	After	being	subjected	to	the	1st	cycle,	LiFeSO4F	

still	demonstrates	a	good	capacity	retention	of	∼125	mAh/g	at	C/10	charge/discharge	rate	

after	50	cycles,	Fig.	1‐11.	

	
 

            
	

Figure	1‐10	Schematic	of	LiFeSO4F	Tavorite‐type	structure	[17,	33].	

Li

F

O

S 

Fe

 

(a) (b) 

Fe1 Fe2 



K.C.	Hsiao,	PhD	Thesis,	Chapter	I	Introduction	&	Literature	Review	

‐	14	‐	

	

Figure	1‐11	Charge/discharge	galvanostatic	curves	and	cycling	performance	for	
LiFeSO4F	cell	at	C/10	(cut‐off	voltages:	2.5–4.2	V)	[33]. 

	

1.3.2			Two‐Lithium	Polyanionic	Cathodes	

(i)			Li2FeSiO4	

In	2005,	Nytén	et	al.	 first	reported	the	 lithium	iron	silicate,	Li2FeSiO4,	prepared	by	

solid‐state	reaction	using	Li2SiO3	and	FeC2O4·2H2O	reactants.	This	compound	was	initially	

indexed	as	an	orthorhombic	unit	cell	with	space	group	Pmn21	which	is	 isostructural	with	

Li3PO4	[34].	 Electrochemical	 results	 showed	 the	 first	 discharge	 capacity	was	 165	mAh/g	

(99%	 of	 the	 one	 electron	 theoretical	 capacity	 of	 165.5	 mAh/g)	 and	 stabilised	 to	 ~140	

mAh/g	 after	 a	 few	 cycles.	 In	 particular,	 an	 irreversible	 phase	 transition	 and	 structural	

ordering	 on	 Li/Fe	 sites	 were	 observed	 after	 the	 first	 charge/discharge	 process	 [34‐36].	

Subsequently,	more	research	to	gain	insight	into	the	nature	of	Li2FeSiO4	was	widely	carried	

out	in	the	last	decade,	such	as	crystal	structure	determination	on	the	products	of	different	

preparation	 temperatures	 [37‐39],	 symmetry	change	to	 low	temperature	phase	 [40],	and	

voltage	 and	 structure	 change	 in	 the	 various	 Li2FeSiO4	 polymorphs	 by	 theoretical	

calculations	[41].	In	addition,	clarification	of	the	crystal	structure	and	phase	transformation	

mechanism	 upon	 charging	 and	 discharging	 is	 also	 significant	 to	 the	 design	 of	 Li2FeSiO4	

materials.	
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Recently,	 Masese	 et	 al.	 investigated	 the	 structural	 changes	 of	 Li2FeSiO4	 during	

charge	and	discharge	process	at	different	C‐rates	by	synchrotron	X‐Ray	diffraction	[42].	It	

was	 found	 at	 lower	 rate	 C/50,	 that	 the	 original	 monoclinic	 Li2FeSiO4	structure	 (P21/n)	

transforms	 to	 a	 thermodynamically	 stable	 orthorhombic	 LiFeSiO4	structure	 (Pnma)	 with	

half	 of	 the	 Li/Fe	 antisite	mixing	 after	 1st	 charging	 process,	Fig.	1‐12	 (a,	c).	 However,	 at	

higher	rate	C/10,	the	structure	appears	to	be	unchanged	with	little	cationic	mixing,	Fig.	1‐

12	 (a,	 b).	When	 given	 enough	 time	 to	 relax,	 the	 unstable	 monoclinic	 LiFeSiO4	(P21/n)	

should	undergo	reconstructive	phase	transformation	to	the	stable	orthorhombic	phase.	

	

		 		 	

Figure	1‐12	Schematic	illustration	of	the	phase	transition	occurred	in	the	Li2FeSiO4–
LiFeSiO4	system	upon	cycling	at	C/10	and	C/50	(a)	and	its	corresponding	charge	and	

discharge	curves	at	(b)	C/10	and	(c)	C/50	[42].	

(a) 

(b) (c) 
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(ii)			Li2MnP2O7	

A	novel	manganese	pyrophosphate,	Li2MnP2O7,	has	been	first	reported	by	Adam	et	

al.	 in	 2008	 [43].	 Li2MnP2O7	has	 monoclinic	 symmetry	 (space	 group:	 P21/a),	 with	 lattice	

constants:	a	=	9.9158(6)	Å,	b	=	9.8289(6)	Å,	c	=	11.1800(7)	Å,	β	=	102.466(5)°,	Z	=	8,	and	V	

=	1063.9(1)	(Å3),	with	channels	running	along	the	[100]	direction	for	two	lithium	ions	to	be	

possibly	mobile	and	removable,	as	illustrated	in	Fig.	1‐13(a).	Monoclinic	Li2MnP2O7	has	a	

3D	 framework	 built	 of	 MnO5	 trigonal	 bipyramids	 (Mn1)	 sharing	 edges	 with	 MnO6	

octahedra	 (Mn2),	(b),	which	are	 interconnected	 through	P2O7	groups,	(c).	 Li2MnP2O7	was	

regarded	as	an	ordered	pyrophosphate	and	its	structure	possesses	four	different	Li	cation	

sites,	Li1‐4,	with	full	occupancy,	to	form	[Li2O5]∞	and	[Li2O6]∞	layers.		

In	 2010,	 Zhou	 et	 al.	 reported	 the	 synthesis	 and	 detailed	 structural	 and	

electrochemical	 characterisation	 of	 Li2Mn1‐yFeyP2O7	 solid	 solution	 synthesised	 via	 a	 wet	

method	 (e.g.	 mixing	 stoichiometric	 precursors	 in	 aqueous	 solutions)	 followed	 by	 heat	

treatment	[44].	Specifically,	for	the	Mn‐only	phase,	its	electrochemical	properties	are	very	

poor	 including	 low	 capacity	 of	 less	 than	 5	 mAh/g,	 high	 polarization,	 and	 no	 voltage	

plateaus	observed	during	charge	or	discharge.	This	may	be	attributed	 to	 larger	 (>	5	μm)	

and	 inhomogeneous	 particle	 size.	 Similar	 results	 are	 obtained	 in	 Li2‐x(Fe1‐yMny)P2O7		

synthesised	using	 the	 solid‐state	method	by	Yamada’s	 group	 [45].	 They	 also	 claimed	 the	

reasons	for	inactive	Mn	species	are	probably	due	to	its	lower	electronic	conductivity,	Jahn‐

Teller	distortion	 caused	by	Mn3+,	 and	a	 lack	of	 isolated	minority	 spin	electron	below	 the	

Fermi	level	[45].		

Subsequently,	Tamaru	et	al.	 showed	that	Li2MnP2O7	can	deliver	~60	mAh/g	at	 the	

highest	 Mn3+/Mn2+	 redox	 potential	 of	 4.45	 V	 using	 a	 constant	 charge/discharge	 rate	 of	

C/50	 [46],	 Fig.	 1‐14.	 One	 possible	 explanation	 for	 the	 improved	 electrochemical	

performance	of	Li2MnP2O7	is	that	they	added	conductive	Super‐P	into	the	active	materials	

before	 electrode	 fabrication;	 as	 a	 result,	 smaller	 particle	 size	 (3~5	 μm)	 resulted	 from	

inhibited	 grain‐growth	by	 carbon	black	 and/or	 an	 increased	 electronic	 conductivity	may	

have	 occurred.	 However,	 no	 conductivity	measurements	were	 reported	 for	 Li2MnP2O7	in	

Ref.	44–46	to	indicate	whether	this	material	is	primarily	an	electronic	or	ionic	conductor.					
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Figure	1‐13	(a)	3D	crystal	structure	of	Li2MnP2O7	along	the	a‐axis,	(b)	local	atomic	
coordination,	and	(c)	connection	between	Mn2O9	with	P2O7	groups	in	ab	plane	[44].	

	

	

Figure	1‐14	Charge‐discharge	curve	of	Li2MnP2O7	for	five	cycles	in	the	voltage	range	
2–4.7	V	at	C/50	(at	40°C)	[46].	(Inset)	SEM	image	and	CV	profile	with	two	cycles.	

 

(a) (b) 

 

(c) 

Li 

 

a b 
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(iii)			Li2FeP2O7	

	 In	 2010,	 Nishimura	 et	al.	 first	 demonstrated	 a	 novel	 lithium	 iron	 pyrophosphate,	

Li2FeP2O7,	 as	 cathode	 material	 for	 lithium	 ion	 batteries	 [47].	 The	 Li2FeP2O7	 has	 a	

monoclinic	 structure	 (P21/c),	 in	 which	 FeO5	 trigonal	 bipyramids	 share	 edges	 with	 FeO6	

octahedra;	 these	pairs	 are	 interconnected	 through	P2O7	groups	 to	 form	a	3D	 framework,	

Fig.	1‐15(a).	Li2MnP2O7	has	two	distinct	Mn	sites: fully	occupied	MnO6	octahedra	and	MnO5	

bipyramids.	In	the	case	of	Li2FeP2O7,	Fe1	sites	in	distorted	FeO6	are	full,	however,	Fe2	and	

Fe3	sites	in	FeO5	distorted	bipyramids	are	partially	occupied,	see	(b);	Fe3	partially	moves	

into	the	LiO5	bipyramidal	sites,	which	shares	an	edge	with	Fe1	and	Fe2	sites.	Two	sets	of	

lithium	ion	sites	may	form	quasi‐two	dimensional	chains	along	the	a‐axis,	which	provide	a	

mobile	 and	 removal	 path	 for	 Li	 diffusion,	 (c).	 In	 short,	 Li2FeP2O7	 is	 a	 disordered	

pyrophosphate	with	Li‐Fe	anti‐site	defects	attributed	 to	similar	 ionic	 radii	of	Li+	 (0.76	Å‐

LiO6)	and	Fe2+	(0.78	Å‐FeO6)	[47].	

Li2FeP2O7	 can	 reversibly	 insert	 and	 extract	 one	 lithium	 ion	 per	 iron	 atom	 (one	

electron	 theoretical	 capacity:	 110	 mAh/g)	 at	 about	 3.5	 V	 vs.	 Li+/Li.	 The	 chemical	

composition	Li2‐xMP2O7,	however,	involves	a	two	electron	reaction	possibility	between	M2+	

and	M4+	(0	<	x	<	2),	where	the	theoretical	capacity	would	reach	up	to	220	mAh/g.	New	Fe‐

based	 lithium	 pyrophosphate	 compounds,	 therefore,	 may	 provide	 a	 new	 platform	 for	

related	 lithium	 battery	 electrode	 research	 and	 could	 be	 potential	 competitors	 to	

commercial	 olivine	 LiFePO4.	 Table	 1‐2	 summarizes	 the	 comparison	 of	 properties	 of	

Li2FeP2O7	and	LiFePO4	cathode	materials.	

In	comparison	to	other	cathode	materials	in	Fig.	1‐5,	Li2FeP2O7	also	suffers	from	the	

problems	of	relatively	low	working	voltage,	limited	capacity	(one	lithium	per	redox	center),	

and	poor	capacity	at	high	rate	mainly	because	of	its	low	electronic	conductivity	(~10‐9	Scm‐

1,	25°C	in	air)	which	was	first	presented	in	our	work	[14].	High‐rate	discharge	properties	

and	 high	 temperature	 stability	 of	 Li2FeP2O7	 could	 be	 further	 improved	 by	 coating	

conductive	carbon	into	the	Li2FeP2O7	material.	
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Figure	1‐15	(a)	3D	structure	of	Li2FeP2O7	along	the	a‐axis,	(b)	local	atomic	

coordination,	and	(c)	possible	two	dimensional	Li	diffusion	path.	
	
	

Table	1‐2	Characterization	of	Li2FeP2O7	and	LiFePO4	cathode	materials.	
	

Materials		 Li2FeP2O7	 LiFePO4	

Average	working	
voltage	(V)		 3.5	 3.4	

Density	(g/cm3)	 3.141	 3.5	

Symmetry	
monoclinic								
P21/c	

orthorhombic		
Pnma	

Theoretical	specific	
capacity	(mAh/g)	 220	 170	

Practical	capacity	
(mAh/g)	@	C/20	 85–110	 140–150	

Energy	density			
(kWh/L)	@	C/20	 1.21	 1.8	

Conductivity	(S/cm)					
@	25°C	in	air	 ~10–9	 ~10–9	

Cost	 O	 OO	

(a) 

 

(b) 

(c) 
 

Li 

b 
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1.4	Solid	Electrolytes	

The	Li+	conducting	oxide	materials	can	be	used	for	application	in	the	all‐solid‐state	

lithium	 batteries	 [48].	 Lithium	 superionic	 conductors	 used	 as	 solid	 electrolyte	 in	 high	

density	lithium	batteries	exhibit	a	higher	conductivity	and	lower	activation	energy	for	Li+	

migration	 contributed	 from	 their	 rigid	 framework	 structure	 to	 form	 a	mobile	 sublattice	

[49].	 Since	 the	 1970s,	 these	 materials	 based	 on	 LiO1/2–AOm/2–BOn/2	 system	 have	 been	

studied	 and	 are	 so‐called	 LISICONs	 with	 a	 general	 formula	 Li8‐cAaBbO4	 (c	 =	 ma	 +	 nb),	

whereas	the	m	and	n	are	the	valences	of	A	and	B	cations,	respectively	[50‐51].	The	prime	

LISICON	 composition,	 Li3.5Zn0.25GeO4,	 was	 discovered	 to	 possess	 an	 ionic	 conductivity	 of	

~2×10‐1	 Scm‐1	 at	 400°C	with	 an	 activation	 energy	 of	 0.24	 eV	 between	250~400	 °C	 [52].	

Soon	 it	opened	up	a	wide	range	of	crystalline	 lithium‐ion	conducting	materials.	Fig.	1‐16	

shows	 an	Arrhenius	 plot	 of	 the	 ionic	 conductivity	 of	 the	 Li3.5Zn0.25GeO4	in	 comparison	 to	

those	of	other	electrolytes;	 in	particular,	 the	new	Li10GeP2S12	exhibits	 the	highest	 lithium	

ionic	conductivity	~10‐2	Scm‐1	at	27°C	in	all	solid‐	and	liquid‐electrolytes	and	in	addition,	

even	 at	 temperatures	 below	 ‐30°C,	 the	 conductivity	 is	 still	 higher	 than	 the	 organic	

electrolyte,	 LiPF6	 in	 EC/PC,	 which	 may	 enable	 practical	 batteries	 to	 operate	 at	 low	

temperatures	[9].	

Except	 for	 the	 original	 solid	 solution	 Li2+2xZn1‐xGeO4	 system	 [52‐53],	 another	

interesting	system	was	focused	on	Li4XO4	and	Li3YO4	based	LISICONs	(X=Si,	Ge,	Ti	;	Y=P,	As,	

V,	 Cr)	 with	 a	 general	 formula	 of	 Li3+xY1‐xXxO4	 [50].	 For	 example,	 in	 the	 binary	 system	

Li4SiO4–Li3PO4,	 i.e.	 Li3+xP1‐xSixO4,	 intermediate	 compositions,	 prepared	 by	 solid	 state	

techniques	 in	 air,	 have	 a	 conductivity	 at	 25°C	 of	 ~10‐6	 Scm‐1,	 which	 is	 twelve	 orders	 of	

magnitude	higher	 than	 that	of	~10‐18	Scm‐1	 for	pure	γ‐Li3PO4	[54‐55].	The	reason	 for	the	

enhanced	conductivity	is	attributed	to	the	partial	occupation	of	interstitial	sites	by	Li+	ions	

[54].	The	ionic	conductivity	in	different	families	of	polyanionic	oxide	systems,	specifically,	

based	on	Li	zinc	pyrophosphate	(P2O7),	have	yet	to	be	studied	and	are	considered	to	be	of	

potential	 interest.	 Pyrophosphate	 compounds	 may	 offer	 a	 connected	 three‐dimensional	

(P2O7)‐4–framework	with	possible	multiple	sites	for	Li	ions	conduction.	
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Figure	1‐16	Arrhenius	plots	of	the	ionic	conductivity	for	the	lithium	solid	
electrolytes,	organic	liquid	electrolyte,	polymer	electrolytes,	ionic	liquid	electrolytes	

and	gel	electrolytes	[9].	
	

1.5	Electrical	Properties	

Electrical	conduction	occurs	by	the	long	range	migration	of	either	electrons	or	ions	

and	 it	 is	 one	 of	 the	 main	 challenges	 to	 further	 improve	 electrode	 materials	 for	 Li‐ion	

batteries.	 To	 maximize	 battery	 performance,	 it	 is	 required	 for	 electrical	 and	 ionic	

conductivities	 to	 be	 optimized	 in	 cathode	 materials	 as	 they	 can	 dictate	 the	 overall	 cell	

properties,	 such	 as	 capacity	 and	 cycle	 life	 [56‐57].	 Herein,	 a	 brief	 review	 of	 the	

fundamentals	of	electronic	and	ionic	conduction	theory	are	included.				

1.5.1			Electronic	Conductivity	

Electronic	 conductivity	 occurs	 to	 varying	 extents	 and	 by	 different	 mechanism	 in	

various	 materials	 including	 metals,	 superconductors	 and	 semiconductors.	 Typical	

Li3.5Zn0.25GeO4	
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conductivities	are	given	in	Table	1‐3;	in	general,	the	conductivity	of	most	semiconductors	

and	 insulators	 increases	 with	 increasing	 temperature	 except	 metals.	 Metallic	 materials	

with	band	gap	≈	0	have	very	high	electronic	conductivity,	and	electron	transport	dominates	

their	conduction	mechanism.		

	
Table	1‐3	Typical	values	of	electronic	conductivity	[49].	

Material		 σ	(Scm–1)	

Metals		 10–1		–	105	

Semiconductors	 10–5		–	102	

Insulators		 <	10–12	

	

The	conductivity,	σ,	is	shown	by	Equation	1.7	[49]:	

																																																																		   en 																																																																								(1.7)	

where	 n	 is	 the	 number,	 e	 the	 charge	 and	 μ	 the	 mobility	 of	 the	 charge	 carriers.	 For	 all	

electronic	conductors,	e	is	constant	and	independent	of	temperature.	The	mobility	term	is	

similar	 in	 most	 materials.	 However,	 for	 metals	 and	 good	 semiconductors,	 it	 usually	

decreases	slightly	with	 increasing	 temperature	because	of	 collisions	between	 the	moving	

electrons	 and	 phonons.	Fig.	1‐17	 shows	 the	 conductivity	 of	metals,	 semiconductors	 and	

insulators	as	a	function	a	temperature.	For	metals,	n	is	large	and	essentially	constant	with	

temperature.	The	only	variable	 factor	 in	σ	 is	μ	and	therefore,	conductivity	decreases	as	μ	

gradually	decreases	with	temperature.								

In	semiconductors,	the	number	of	mobile	electrons	is	small	and	may	be	increased	by	

enhancing	 the	 temperature	 to	 trigger	 more	 electrons	 from	 the	 valence	 band	 to	 the	

conduction	band,	or	doping	with	impurities	creating	electrons	or	holes.	The	number	of	the	

charge	carriers,	n,	is	given	by	Equation	1.8	[49]:	

																																																								 )Tk/Eexp(nn B0  																																		(1.8)	
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where		

													 0n :	constant	units	of	conductivity	(the	total	number	of	electrons)	

													 E :	activation	energy	(eV)	

													 Bk :	Boltzmann’s	constant	(1.38054×10‐23	JK‐1)	

													T :	temperature	(K)		

For	 intrinsic	 semiconductors	 and	 insulators,	n,	 and	 therefore,	σ,	 usually	 increases	

exponentially	with	temperature,	Fig.	1‐17.	Extra	mobile	carriers	can	be	generated	through	

the	 addition	of	dopants,	 specifically	 at	 low	 temperatures	 in	 the	 extrinsic	 region,	wherein	

the	concentration	of	extra	carriers	is	much	greater	than	the	thermally‐generated	intrinsic	

concentration.	 As	 a	 result,	 the	 carrier	 concentration	 is	 independent	 of	 temperature	 for	

extrinsic	 semiconductors.	For	 insulators,	σ	 is	 sensitive	 to	both	 temperature	and	dopants,	

however,	σ	is	very	small	because	n	is	small	and	E	is	large.	

						

	

Figure	1‐17	Conductivity	of	metals,	semiconductors	and	insulators	[58].	

	

The	 layered	 intercalation	 compound	 LiCoO2	 possesses	 a	 primarily	 electronic	

conductivity	~10‐3	 at	 room	 temperature,	which	 exhibits	 a	 semiconducting	 behavior.	 The	

mobile	 electrons	 are	 localized	 on	 individual	 atoms	 but	 they	 can	 hop	 to	 adjacent	 atoms	
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when	 given	 sufficient	 energy.	 The	 high	 concentration	 and	 considerable	 mobility	 of	 the	

electron	carriers	make	LiCoO2	a	good	electronic	 conductor	 [59],	which	 is	enough	 for	 fast	

charge	transfer	in	order	to	achieve	high‐rate	performance	for	lithium‐ion	batteries.	In	1997,	

West	et	al.	reported	Mg‐doped	LiCoO2,	e.g.	LiMg0.05Co0.95O2,	had	an	enhanced	conductivity	

of	 ~0.5	 Scm‐1	 at	 25°C,	 which	 was	 over	 two	 orders	 of	 magnitude	 higher	 than	 undoped	

LiCoO2.	This	is	due	to	the	generation	of	holes,	i.e.,	Co4+	ions	and	therefore,	a	mixed	Co3+/4+	

attributed	to	higher	electronic	conductivity	[60].		

1.5.2			Ionic	Conductivity	

Ionic	 conductivity	 occurs	 in	materials	widely	 named	 as	 solid	 electrolytes,	 fast	 ion	

conductors	 and	 superionic	 conductors.	Typical	 values	 of	 ionic	 conductivity	 are	 shown	 in	

Table	1‐4;	 in	 general,	 the	 conductivity	 of	most	 ionic	 solids	 increases	with	 temperature.	

Ionic	conductivity	has	two	main	characteristics	as	follows	[49]:	

(i)	These	materials	have	a	rigid	framework	wherein	a	set	of	ions	form	a	mobile	sublattice.	

(ii)	Two	 structural	 requirements	 to	 achieve	high	 ionic	 conductivity	 are	1)	 there	must	be	

available	empty	sites	for	ions	to	hop	into,	and	2)	the	energy	barrier	for	ions	to	hop	between	

sites	should	be	small.	

	
Table	1‐4	Typical	values	of	ionic	conductivity	[49].	

Material		 σ	(Scm–1)	

Ionic	crystals		 <	10–18		–	10–14	

Solid	electrolytes	 10–3		–	101	

Strong	(liquid)	electrolyte		 10–3		–	101	

	

Ionic	 conduction	 can	 occur	 in	 cases	 that	 either	 some	 sites	 are	 vacant	 and	 then	

adjacent	ions	can	jump	into	the	vacancies,	leaving	their	original	sites	vacant,	e.g.	NaCl	(a),	

or	there	are	some	ions	located	in	interstitial	sites	which	can	jump	into	adjacent	interstitial	

sites,	e.g.	AgCl	(b),	as	shown	in	Fig.	1‐18.	At	higher	temperatures,	ionic	conduction	is	easier	

because	not	only	 ions	do	have	greater	thermal	energy	and	can	vibrate	more	strongly	but	
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also	defect	 concentrations	are	 increased.	For	example,	 the	conductivity	of	NaCl	 increases	

up	 to	 ~10‐3	 Scm‐1	 at	 800°C,	 which	 is	 much	 higher	 than	 that	 of	 10‐12	 Scm‐1	 at	 room	

temperature	[49].					

Ionic	 conduction	 also	 can	 occur	 by	 ions	 hopping	 or	 diffusing	 from	 site	 to	 site	

through	a	crystal	structure	with	open	channels	or	 layers.	For	example,	sodium	β‐alumina	

(Na2O·nAl2O3),	exhibits	a	high	ionic	conductivity	~10‐2	Scm‐1	at	25°C	with	a	low	activation	

energy	of	0.16(1)	eV.	This	is	due	to	the	high	mobility	of	Na+	ions	along	a‐	and	b‐axes	in	the	

3D	framework,	e.g.	NaAl11O17,	as	illustrated	in	Fig.	1‐19.	

	

	

	

Figure	1‐18	Conduction	mechanism	of	(a)	vacancy,	e.g.	Na+	ions,	in	NaCl	and																								
(b)	interstitials,	e.g.	Ag+	ions	in	AgCl.	

	

                                

	
Figure	1‐19	Sodium	Beta	Alumina	(NaAl11O17):	3D	arrangement	of	AlO4	tetrahedra	
(grey)	and	AlO6	octahedra	(blue)	with	Na+	ions	in	the	conduction	planes	[61].	

(a) (b) 
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Ionic	conductivity,	σi,	 for	any	material	can	be	evaluated	using	Eq.	1.7.	For	an	 ionic	

conductor,	 it	 is	difficult	 to	obtain	 individual	estimates	of	n	and	µ	by	Eq.	1.7.	However,	 the	

concentration	 of	 the	 mobile	 species,	 ci,	 can	 vary	 by	 many	 orders	 of	 magnitude	 in	 ionic	

materials.	 For	 hopping	 semiconductors	 and	 ionic	 conductors,	 mobility	 is	 an	 activated	

process	and	therefore	increases	greatly	with	temperature.		

An	 important	 strategy	 to	 increase	 the	 value	 of	 ci	 is	 by	 means	 of	 doping	 with	

aliovalent	 ions,	 in	particular	to	create	vacancies	or	 interstitial	 ions	on	the	basis	of	charge	

balance.	If	the	vacancies	or	interstitials	are	able	to	migrate,	an	increased	conductivity	can	

be	expected.	Fig.	1‐20	 shows	four	fundamental	 ionic	mechanisms	by	aliovalent	doping	of	

cations	to	achieve	charge	balance	[62‐63].	An	example	of	each	is	included.	Substituting	with	

higher	 valence	 cations	 creates	 either	 cation	 vacancies	 (1)	 or	 anion	 interstitials	 (2);	

substituting	with	 lower	 valence	 cations	 leads	 to	 the	 creation	of	 either	 cation	 interstitials	

(3)	or	anion	vacancies	(4).	

	

	

	
Figure	1‐20	Solid	solution	mechanism	by	doping	with	aliovalent	ions		

for	ionic	compensation	[63].	

	

e.g. Li4-3xAlxSiO4 

[3Li+ → Al3+] 

e.g. (Ca1-xYx)F2+x 

[Ca2+ → Y3+ + F-] 

e.g. Li3+xP1-xSixO4 

[P5+ → Li+ + Si4+] 

(1) (2) 

(3) (4) 

e.g. (Zr1-2xY2x)O2-x 

[2Zr4+ + O2- → 2Y3+] 
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It	is	possible	to	optimize	the	ionic	conductivity	through	the	product	of	the	fraction	of	

occupied	 mobile	 species,	 ci,	 and	 fraction	 of	 empty	 mobile‐ion	 sites,	 (1–ci)	 [62].	 This	

important	parameter,	ci·(1–ci),	may	reach	a	maximum	when	the	concentration	of	filled	and	

empty	 sites	 is	 equal,	 based	 on	 random	walk	 theory.	 A	 typical	 example	 to	 illustrate	 this	

effect	 is	 Li4‐3xAlxSiO4	 solid	 solutions	 reported	 by	West	et	al.	 [64],	Fig.	1‐21.	 Single	 phase	

solid	 solutions	 form	 with	 x	 in	 the	 range	 0	 to	 0.5.	 When	 x=0	 (nc	→	 1),	 i.e.	 Li4SiO4,	 the	

conductivity	is	low	as	all	the	Li+	sites	are	full	and	there	are	few	vacancies,	i.e.	(1–ci)	is	small.	

As	x	increases,	one	particular	set	of	Li+	sites	in	the	crystal	structure	starts	to	empty	and	is	

completely	 empty	 at	 x=0.5	 (nc	→	0),	 i.e.	 Li2.5Al0.5SiO4.	 Therefore,	 the	 conductivity	 is	 again	

low	as	¼	of	Li+	sites	are	vacant	and	 there	are	 few	mobile	carriers,	 i.e.	ci	is	small.	A	broad	

conductivity	maximum	occurs	 around	 x=0.25	 (nc	→	0.5),	 at	which	 the	 amounts	 of	 vacant	

sites	and	mobile	ions	are	near	equal,	i.e.	ci	~	(1–ci).	

 

	
	

Figure	1‐21	Conductivity	of	Li4‐3xAlxSiO4	solid	solutions	in	which	the	fraction	of	
occupied	mobile	ion	sites,	nc,	varies	from	1	(at	x=0)	to	0	(at	x=0.5)	[62].	
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The	 temperature	 dependence	 of	 ionic	 conductivity	 (σi)	 is	 usually	 given	 by	 the	

Arrhenius	Equation	1.9	[49]:	

																																											 





 
RT

E
expA a

i 																																																																	(1.9)	

where	 A	 is	 the	 pre‐exponential	 factor,	 which	 consists	 of	 many	 constants	 including	 the	

vibration	frequency	of	the	potentially	mobile	ions,	R	the	gas	constant,	T	the	temperature	in	

Kelvin,	and	Ea	the	activation	energy	which	is	the	major	factor	controlling	the	ionic	mobility	

(μ).	 Ea	 represents	 the	 ease	 of	 ion	 hopping	 and	 is	 directly	 associated	 with	 the	 crystal	

structure	and	in	particular,	with	the	openness	of	the	conduction	pathways	[62].	

1.5.3			Mixed	Electronic/Ionic	Conductivity 

For	 mixed	 conductors,	 both	 electronic	 (σe)	 and	 ionic	 (σi)	 conduction	 occur	

simultaneously.	 They	 are	 used	 as	 electrodes	 for	 various	 applications	 in	 electrochemical	

cells.	 The	 electrical	 properties	 of	 mixed	 conductors	 cover	 three	 aspects	 [49].	 First,	 the	

mixed	valence	of	one	of	the	atoms	present	is	required	for	the	electronic	component.	Second,	

for	 the	 ionic	 conduction	 component,	 the	 structural,	 compositional	 and	 doping	

characteristics	are	similar	to	ionic	conductors.	That	is,	an	open	framework	structure	with	

the	mobile	ion	sites	is	necessary.	Third,	in	mixed	conductors,	it	is	questionable	whether	the	

electronic	and	ionic	conduction	parts	appear	independently	of	each	other	or	whether	they	

influence	each	other.		

For	 lithium	 cathode	materials,	 electronic	 conductivity	 is	 related	 directly	 to	mixed	

valence	of	transition	metal	ions	in	the	structure,	e.g.	a	mixture	of	Fe2+	and	Fe3+	in	Li1‐xFePO4.	

Efforts	to	optimize	the	electronic	and/or	ionic	conductivity	of	LiFePO4	via	doping	have	not	

yet	been	rewarding	[26].	So	far	only	conducting	carbon	coatings	and	scaling	down	particle	

size	make	a	great	contribution	to	higher	conductivity	of	LiFePO4	for	cathode	applications.		

For	 an	 oxide	 ion	 conductor,	 the	 transition	 between	 ionic	 conduction	 and	 mixed	

conduction	can	often	be	induced	in	the	same	material	by	changing	the	partial	pressure	of	

O2	in	the	atmosphere	[49].	The	ionic	transport	number,	ti,	is	given	by	Equation	1.10	[65]:		
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 																																																																		(1.10)	

A	useful	parameter	to	characterise	the	ease	of	reduction	in	oxide	ion	conductors	is	by	

means	of	the	oxygen	partial	pressure	( 
2O

P ),	at	which	ti	=1/2	since		

																																																																						    1

22
1

2

1 
 *

OOi PPt 																																																			(1.11)	

The	dependence	of	ionic	and	electronic	conductivity	as	a	function	of	
2O

P is	presented	

schematically	in	Fig.	1‐22.	Herein,	 )red(PO


2
	and	 )ox(PO


2

	indicate	the	transition	from	oxide	

ion	conduction	to	n‐	and	p‐type	conduction,	respectively.		

	

	

	
Figure	1‐22	Variation	of	ionic	and	electronic	conductivity	domains	as	a	function	of	

oxygen	partial	pressure	[65].	

	

The	 schematic	 reactions	 of	 n‐type	 and	 p‐type	 semiconduction	 are	 represented	 in	

Kroger–Vink	notation	by	Equations	1.12	and	1.13	[65]:	

(i) 

(ii) 

(iii) 
2Op  

2Op  
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																																				n‐type:				 
OO 	  


2O

p
	 22

1 O +	 
OV +	2 e 																																																					(1.12)	

																																				p‐type:				 22
1 O +	 

OV  


2O
p

	 
OO 	+	2 h 																																																					(1.13)	

	

In	oxygen	desorption	region,	the	concentration	of	electrons	is	greater	than	that	of	oxygen	

vacancies	and/or	holes	,	and	the	equilibrium	constant	(Kd)	is	expressed	by	Equation	1.14:		

																																														 ]O[

]P][V[]e[
K

O

2/1
OO

2

d
2





 																																														(1.14)	

Since	 the	 concentration	 of	 lattice	 oxygens	 is	 unity	 and	 the	 concentration	 of	 oxygen	

vacancies	 is	 high	 due	 to	 a	 significant	 level	 of	 dopant	 concentration,	 the	 relationship	

between	electron	concentration	and	oxygen	partial	pressure	can	be	given	by	Equation	1.15:	

																																																																													 ][ e ∞
4/1

2


OP 																																																												(1.15)	

At	high	temperature	and	low
2O

P ,	most	oxides	can	lose	small	amounts	of	oxygen	and	

become	n‐type	semiconductors.	The	conductivity	( n )	 increases	with	a	slope	of	–1/4	and	

the	 material	 is	 an	 n‐type	 conductor	 (i).	 At	 higher	
2O

P (ti=1),	 most	 electrolytes	 have	 an	

“electrolytic	domain”	where	the	conductivity	is	independent	of	
2O

P 	(ii).	At	very	high
2O

P ,	p‐

type	electronic	conduction	may	occur	as	the	oxygen	vacancies	are	filled	(iii).	In	this	region,	

the	sample	absorbs	oxygen	either	at	 the	sample	surface	or	by	diffusion	into	vacant	anion	

sites.	Holes	can	be	created	by	this	process,	which	become	the	dominant	charge	carriers	and	

therefore,	the	conductivity	( p )	increases	with	a	slope	of	+1/4. 	

	

1.6	Impedance	Spectroscopy	(IS)	

Impedance	spectroscopy	 is	a	powerful	 technique	to	study	the	electrical	properties	

of	ceramic	materials,	such	as	bulk,	grain	boundary	and	surface	effects	[66].	It	is	also	suited	

to	look	at	interfacial	phenomena	and	discriminate	between	electronic	and	ionic	conduction.	

In	general,	 IS	 can	be	operated	 to	extract	 resistance	and	capacitance	data	as	a	 function	of	

temperature,	 time,	 bias	 and/or	 oxygen	 partial	 pressure.	 Impedance	 measurements	 are	
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made	 over	 a	 wide	 range	 of	 frequency,	 10‐3	 to	 107	 Hz,	 and	 achieved	 by	 applying	 an	

alternating	voltage	across	the	sample	and	measuring	the	output	current.	

Different	regions	of	the	sample	are	characterised	by	a	combination	of	resistance	(R)	

and	capacitance	(C),	and	their	responses	can	be	modelled	using	an	equivalent	circuit,	such	

as	 a	 “parallel	 RC	 element”,	 as	 shown	 in	 Fig.	 1‐23.	 This	 element	 has	 a	 characteristic	

relaxation	time	or	time	constant,	τ,	which	is	given	by	the	product	of	R	and	C,	Equation	1.14	

[66]:	

																																																																		 RCτ  																																																																			(1.14)	

The	time	constant	has	unit	in	seconds	and	to	separate	the	RC	elements,	Eqn.	1.14	is	used	in	

the	frequency	domain,	Equation	1.15	[66]:	

																																																																													 1max RC 																																																														(1.15)	

 
where max is the angular frequency (rad·s-1) at the frequency of maximum loss in the impedance 

spectrum, max = 2f and f is the applied frequency (Hz). Therefore, the different RC elements 

could be identified and assigned to their appropriate contributions in a sample.  

 

	
Figure	1‐23	Single	parallel	RC	element.	

	

The	 typical	 electrical	microstructure	 of	 a	 polycrystalline	 sample	 can	 be	 described	

via	a	‘brickwork’	model	[66],	Fig.	1‐24.	As	a	current	passes	through	a	material,	it	may	pass	

through	the	different	structural	regions,	i.e.	bulk	(grains)	and	grain	boundary.	The	model	in	

Fig.	1‐24	 represents	 a	 ceramic	 containing,	 ideally,	 cube‐shaped	 grains	 of	 dimensions	 l1,	

separated	 from	 each	 other	 by	 a	 grain	 boundary	 of	 thickness	 l2,	 and	 sample‐electrode	

interface	of	thickness	l3.	The	sample	mainly	stores	charge	and	can	be	modelled	electrically	

as	 a	 capacitor,	 which	 is	 formed	 when	 two	 conducting	 plates	 are	 separated	 by	 a	 non‐

conducting	medium,	called	the	dielectric.	The	value	of	the	capacitance	is	dependent	on	the	
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size	of	the	plates,	the	distance	between	the	plates	and	the	properties	of	the	dielectric.	The	

relationship	is	given	by	Equation	1.16	[66]:	

																																																																																	
l

A
C 0e  																																																									(1.16)	

where				C =	capacitance	of	the	element	

															  =	sample	permittivity	
															 0e =	permittivity	of	free	space	(8.854×10‐14	Fcm‐1)	

														 A =	area	of	parallel	plate	capacitor		

															 l =	plate	separation	
	

	

	
Figure	1‐24	Brickwork	model	of	grain	and	grain	boundary	regions		

in	a	ceramic	placed	between	metal	electrodes	[66].	
	

The	magnitudes	of	the	various	C	values	are	used	to	identify	the	regions	in	a	ceramic	

response.	For	materials	with	a	unit	cell	constant	(l/A	=	1	cm‐1)	and	a	typical	permittivity	of	

~10,	a	 capacitance	value	of	~1×10‐12	Fcm‐1	 is	attributed	 to	 the	bulk	 response.	Table	1‐5	

lists	 the	 capacitance	 values	 for	 different	 structural	 elements	 and	 their	 possible	

interpretation;	 a	wide	variety	of	 ceramic	microstructures	occur	 in	practice	and	 the	grain	

boundary	 has	 values	 in	 the	 range	 10‐8	 to	 10‐11	 Fcm‐1	 [66].	 From	 the	 inverse	 relation	
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between	capacitance	and	thickness	given	by	Eqn.	1.16,	the	value	of	C	depends	primarily	on	

l	assuming	a	fixed	cross‐sectional	area,	A,	Equation	1.17:	

																																																																	
1

2

gb

b

l

l

C

C
 																																																																	(1.17)	

Grain	boundary	regions	can	also	store	charge.	These	are	thin	 layers	and	therefore	have	a	

higher	capacitance	than	the	bulk	(Brickwork	layer	model,	BLM).	In	general,	grain	boundary	

regions	 are	 10‐2–10‐4	 and	 sample‐electrode	 interface	 <	 10‐7	 of	 the	 overall	 cell	 length;	

therefore,	the	thin	layers	have	a	high	C	value,	i.e.	Cb	≪	Cgb	≪	Cel.	

	

Table	1‐5	General	capacitance	values	and	their	interpretation	[66].	

	

Capacitance	/	Fcm–1	 Element	Responsible	

10–12		 Bulk	

10–11	 Minor,	second	phase	

10–11	–	10–8	 Grain	boundary	

10–10	–	10–9	 Bulk	ferroelectric	

10–9	–	10–7	 Surface	layer	

10–7	–	10–5	 Sample‐electrode	interface	

10–4	 Electrochemical	reactions	

	

Higher	capacitances	occur	in	materials	with	well‐sintered	and	narrow	intergranular	

regions.	In	contrast,	lower	capacitances	are	usually	observed	in	poorly‐sintered	or	porous	

pellets	 that	 consist	 of	 constriction	 resistances	or	narrow	 contacting	 ‘necks’	 between	 two	

grains	[66].	Fig.	1‐25	shows	a	schematic	constriction	effect	between	two	grains	(a)	and	a	

model	equivalent	circuit	is	represented	in	(b).	Herein,	the	capacitances	of	the	two	regions	

are	C1	and	C2;	C1	corresponds	to	the	grain	region	and	C2	to	a	combination	of	the	capacitance	

of	 the	 constriction	 region,	Cc,	 and	 the	 capacitance	 of	 the	 air	 gap,	Ca,	 i.e.	C2	=	Cc	+	Ca.	 The	
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Maxwell	relaxation	times	of	the	grain	region,	τ1,	and	constriction	region,	τ2,	are	given	using	

τ1=R1C1	and	τ2=R1C1;	τ2	can	be	derived	by	Equation	1.18	[67]:				

																																																																							
c

g1
12 A

A





 																																																						(1.18)	

where		

													R1	and	R2:	resistance	of	the	grain	and	constriction	region		

													Ag	and	Ac:	cross‐section	area	of	the	grain	and	constriction	region		

													lg	and	lc:	length	of	the	grain	and	constriction	region.	

				

	

		

Figure	1‐25	(a)	Schematic	diagram	of	an	intergranular	constriction	resistance	and	
(b)	the	equivalent	electrical	representation	[67].		

	

Data	 obtained	 from	 ac	 impedance	 can	 be	 analysed	 using	 four	 different	 complex	

formalisms:	 impedance	 Z*,	 admittance,	Y*,	 permittivity	 ɛ*	 and	 electric	modulus	M*	 [68].	

The	 interrelations	 between	 the	 four	 complex	 formalisms	 are	 summarized	 in	Table	1‐6.	

Each	 of	 them	 is	 represented	 by	 complex	 notation	 consisting	 of	 real	 and	 imaginary	

components,	e.g.	Z*	and	Y*	in	Equations	1.19	and	1.20,	where	j	=	√‐1.			

																																																																							 Zj  ZZ 																																																																(1.19)	

																																																																							 YjYY 
																																																																(1.20)	

 

(a) (b) 

C2 = Cc + Ca 
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Table	1.6	Interrelations	between	the	four	basic	immittance	functions	[69].	

	
Functions	 *Z 	 *Y 	 * 	 *M 	

*Z 	 *Z 	
*

1

Y
	

0*

1

Cj
	

0

*

Cj

M


	

*Y 	
*

1

Z
	 *Y 	 0* Cj 	

*

0

M

Cj 	

* 	
0*

1

CjZ 
	

0

*

Cj

Y


	 * 	

*

1

M
	

*M 	 0* CjZ  	
*

0

Y

Cj 	
*

1


	 *M 	

C0:	vacuum	capacitance	of	the	cell;	ω:	angular	frequency	

	

An	 equivalent	 circuit	 with	 two	 parallel	 RC	 elements	 in	 series	 is	 widely	 used	 to	

represent	bulk	and	grain	boundary	phenomena	 in	polycrystalline	materials,	Fig.	1‐26(a);	

the	overall	resistance	may	be	a	combination	of	the	bulk	crystal	resistance,	Rb,	and	the	grain	

boundary	resistance,	Rgb;	individual	capacitances	are	Cb	and	Cgb	[70].		

	

							 	

Figure	1‐26	Equivalent	circuit	for	a	polycrystalline	solid	electrolyte	[70].		
Rb	and	Cb:	bulk	crystals;	Rgb	and	Cgb:	grain	boundaries;	Re:	electronic	resistance;		

Cdl:	electrode	double‐layer	capacitance.			
	

In	general,	the	interface	between	a	metal	electrode	and	a	solid	electrolyte	can	store	

a	charge	without	discharge	or	chemical	reaction	at	the	electrode‐electrolyte	interface.	For	

 

(a) (b) 
double‐layer	
formation 
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ionic	 conducting	 materials,	 there	 are	 two	 types	 of	 metal	 contacts,	 blocking	 and	 non‐

blocking	[71].	Gold	and	platinum	metals	are	usually	employed	as	the	blocking	electrodes.	In	

the	case	of	Li+	conductors,	electrons	are	blocked	at	the	metal	surface	in	direct	contact	with	

oppositely	 charged	 Li+	 ions	 and	 therefore,	 an	 electrical	 double	 layer	 is	 produced,	Fig.	1‐

26(b).	Due	to	the	presence	of	the	electrical	double	layer	a	“blocking”	electrode	behaves	like	

a	capacitor,	i.e.	double‐layer	capacitances,	Cdl,	with	a	typical	magnitude	of	1×10‐6	Fcm‐1,	in	

series	with	 the	 sample	 resistance,	 see	(a).	 If	 the	 solid	electrolyte	possesses	 an	electronic	

conductivity	together	with	an	ionic	conductivity,	the	equivalent	circuit	can	be	modified	to	

add	a	separate	electronic	resistance,	Re,	in	parallel	with	the	other	elements.	In	this	case,	the	

inverse	of	the	total	resistance,	 1
TR  ,	is	equal	to	the	sum	of	inverse	electronic,	 1

eR  ,	and	ionic	

resistances,	 1
gbb )RR(  ,	 using	Equation	1.21.	When	Re	≫	ሺRbRgbሻ,	 1

eR  can	be	effectively	

ignored.	

																																																						 )RR(

1

R

1

R

1

gbbeT 
 																																													(1.21)	

Fig.	1‐27	summarises	the	equivalent	circuit	from	Fig.	1‐26	in	the	complex	Z*	plane	

for	 a	 solid	 electrolyte	with	 blocking	 electrodes	 over	 a	wide	 frequency	 range.	 Rb	 and	 Rgb	

values	 are	 determined	 from	 the	 intercepts	 on	 the	 real	 Z’‐axis;	 Cb	 and	 Cgb	 values	 can	 be	

calculated	from	the	Z’’	maximum	of	each	semicircle,	using	the	relations,	b(max)RbCb	=	1	and	

gb(max)RgbCgb	=	1.	The	occurrence	of	an	 ideally	vertical	 spike	at	 low	 frequencies	 indicates	

the	 presence	 of	 a	 large	 series	 capacitance	 in	 the	 circuit	 that	 identifies	 the	 electrodes	 as	

probably	blocking.	Therefore,	the	electronic	conduction	within	the	solid	electrolyte	is	small	

or	can	be	 ignored	 in	comparison	to	the	magnitude	of	 the	 ionic	conductivity.	On	the	other	

hand,	 an	 inclined	 spike	with	 angle	~45o	may	 be	 observed	 at	 low	 frequencies	 due	 to	 the	

diffusion	of	mobile	species	into	or	out	of	the	electrode	materials,	referred	to	as	Warburg‐

type	behaviour	[71].	

The	 information	 available	 from	 the	 simulated	 Z*	 plot,	 Fig.	 1‐28,	 can	 be	 further	

analysed	by	combined	spectroscopic	plots	of	the	imaginary	components	of	 impedance,	Z’’	

and	 electric	modulus,	M’’,	Fig.	1‐29.	 The	 peaks	 in	 Z’’	 and	M’’	 are	 described	 by	means	 of	

Equations	1.22	and1.23	[71]:	
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where	ɛ0	is	the	permittivity	of	free	space	and	the	term	in	square	brackets,	(RC/1+(RC)2),	

indicates	a	mathematical	representation	of	a	Debye	peak.	In	this	case,	if	the	bulk	and	grain	

boundary	 regions	 have	 very	 different	 time	 constants,	 it	 is	 possible	 to	 distinguish	 their	

electrical	contributions.	At	the	Debye	peak	maxima	in	Fig.	1‐29,	ωmaxRC	=	1	and	the	values	

of	 maxZ  and	 maxM  are	 2/gbR 	and bC2/0 ;	therefore,	values	of	Rgb	and	Cb	can	be	calculated.	Z”	

spectra	 are	dominated	by	 the	 largest	R	 value	 (i.e.	Rgb);	M”	 spectra	 are	dominated	by	 the	

smallest	 capacitance	 values	 (i.e.	 Cb)	 [71].	 For	 inhomogeneous	 ceramics,	 non‐ideal	 Debye	

peaks	 are	 probably	 obtained,	 in	 which	 the	 full	 width	 at	 half	 maximum	 (FWHM)	 >	 1.14	

decades	 on	 a	 log	 f	 scale.	 R	 and	 C	 values	 calculated	 from	 ‐Z”	 or	 M”	 peaks,	 may	 show	 a	

deviation	in	comparison	those	directly	calculated	from	Z*	plots.	

	

	

Figure	1‐27	Semi‐circles	exhibiting	bulk	(blue)	and	grain	boundary	(green)	response,		
ionic	conduction	with	blocking	electrodes	(red),	and	infinite,	Warburg‐type	ionic	

diffusion	(orange)	in	a	complex	Z*	plot.	
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Figure	1‐28	Simulated	Z*	plot	for	the	BLM;	Rb	=	1	MΩcm,	Cb	=	15	pFcm‐1,		
Rgb	=200	MΩcm,	Cgb=2	nFcm‐1.	
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Figure	1‐29	Simulated	Z”	and	M”	spectra	for	the	BLM;	Rb	=	1	MΩcm,	Cb	=	15	pFcm‐1,	
Rgb	=	200	MΩcm,	Cgb	=	2	nFcm‐1.	
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1.7	Aims	of	this	Thesis		

The	overall	 aim	of	 this	 thesis	 is	 to	 develop	 and	 test	 new	pyrophosphate	materials	 of	

general	formula	Li2MP2O7	for	possible	lithium	battery	applications	and	to	develop	further	

the	ac	impedance	technique	for	characterising	lithium	ion	conductivity.			

	 There	are	recent	reports	in	the	literature	on	the	potential	usefulness	of	the	M=Fe,	Mn	

analogue	 pyrophosphate	 phases	 as	 lithium	battery	 cathodes.	 For	 example,	 Li2FeP2O7	 has	

potential	 as	 a	 new,	 two‐lithium	 cathode	 material	 which	 could	 offer	 nearly	 double	 the	

specific	capacity	compared	to	existing	cathode	materials.	Although	two‐lithium	cycling	has	

still	 not	 been	demonstrated,	 this	 system	has	 received	most	 attention	 and	 future	 study	 is	

anticipated.	 In	Chapter	 III,	a)	 a	survey	of	compound	 formation	 in	 this	 family	of	materials	

with	 variable	 M	 is	 reported;	 b)	 electrical	 properties	 are	 measured,	 specifically,	 to	

determine	the	 e
σ 	and/or	 Li

σ 	in	Li2MP2O7	cathodes.		

	 The	 supervalent	dopants	 (e.g.	Al3+,	 Zr4+	 and	Nb5+)	have	been	 reported	 to	 substitute	

either	 on	 the	 M1	 or	 M2	 sites	 in	 the	 LiFePO4	 structure	 with	 appropriate	 charge	

compensation,	 resulting	 in	 improved	 electrical	 and	 electrochemical	 properties	 [27].	

However,	 experimental	 work	 of	 similar	 ideas	 to	 the	 poorly‐conductive,	 two‐lithium	

polyanionic	 cathodes	 are	 less	 studied	 in	 the	 literature.	 In	 Chapter	 IV,	 attempted	

modification	of	the	electrical	properties	of	Li2FeP2O7	by	aliovalent	doping	 is	described,	 in	

particular	with	a	view	to	increasing	the	level	of	lithium	ion	conductivity.			

The	 effect	 of	 using	 anionic	 substitution,	 e.g.	 N	 and	 F,	 for	 O	 on	 the	 electrical	 and	

electrochemical	 properties	 of	 polyanionic	 compounds	 has	 not	 been	 reported	 in	

experimental	 work.	 In	 Chapter	 V,	 N‐doping	 of	 Li2FeP2O7	 is	 reported	 for	 the	 first	 time,	

leading	 to	an	 increase	 in	 its	 ionic	or	electronic	 conductivity,	 and	 further	 improvement	 in	

the	electrochemical	properties.		

In	 Chapter	 VI,	 different	 lithium	 zinc	 pyrophosphate	 (Li4xZn2‐2xP2O7)	 compositions	

were	synthesised	to	confirm	several	phases	reported	in	the	Zn2P2O7–Li4P2O7	binary	system.	

One	new	phase	Li1.33Zn1.33P2O7	 is	 reported.	The	 crystal	 structure	of	Li2.4Zn0.8P2O7	 (x=0.6)	

was	restudied	by	neutron	diffraction	to	compare	with	that	obtained	by	XRD.	A	systematic	

study	of	 the	electrical	properties	with	various	x	 values	was	 carried	out	using	 impedance	
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spectroscopy.	 Based	 on	 these	 results,	 a	 basic	 understanding	 of	 structure‐composition‐

property	relations	for	Li4xZn2‐2xP2O7	materials	may	be	developed.	
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CHAPTER	II	

Experimental	Procedure	
	

The	experimental	flow	chart	is	presented	schematically	in	Fig.	2‐1	and	each	operating	

step	is	described	in	detail	in	the	following	sections.	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	2‐1	The	experimental	flow	chart.	
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2.1	Solid‐State	Synthesis	

	 Materials	 in	 this	 thesis	were	 prepared	 by	 the	mixed	 oxide	 solid‐state	method.	 All	

reagents	were	dried	at	appropriate	temperatures	before	weighing,	Table	2‐1.	~5	g	batches	

were	prepared	with	stoichiometric	amounts	of	reagents.	The	precursors	were	ground	for	

~30	min	 in	an	agate	mortar	with	acetone,	pressed	 into	pellets	and	decomposed	at	350°C	

for	6	hours	(heating	rate,	2.5	°C/min)	to	drive	off	H2O	and	CO2	under	air	or	N2	atmosphere.	

The	calcined	powders	were	reground,	pressed	into	pellets	and	then	heated	at	600~800	°C	

for	12–24	hours	 (heating	rate,	5	 °C/min)	 in	air	or	N2.	A	horizontal	 tube	 furnace	used	 for	

material	synthesis	in	chapters	III‐V	is	illustrated	in	Fig.	2‐1.	Prior	to	each	heating,	the	tube	

containing	samples	in	the	middle,	constant	temperature	hot	zone	was	purged	by	N2	for	3	

hours	at	a	constant	pressure	of	~1.5	bar	to	ensure	an	oxygen‐free	atmosphere.	The	output	

connection	was	attached	to	a	pyrex	gas‐wash	bottle	with	water	inside;	the	rate	of	the	gas	

flow	 was	 monitored	 through	 an	 observation	 of	 two‐bubbles	 per	 second	 to	 maintain	 a	

constant	pressure	during	reaction.	

	

Table	2‐1	Drying	temperatures	and	purity	of	all	reagents.	

Reagent	 Drying	Temperature	(°C)	 Source	and	Purity	

Li2CO3	 180	 Aldrich,	99%	

FeC2O4·2H2O	 Not	Applicable	 Aldrich,	99%	

MnCO3	 180	 Aldrich,	≥99.9%	

CoO	 180	 Aldrich,	99%	

Al(OC2H5)3	

ZrO2	

Nb2O5	

MgC2O4·2H2O	

CuO	

ZnO	

(NH4)H2PO4	

Li3N	

Not	Applicable	

600	

700	

Not	Applicable	

600	

600	

Not	Applicable	

Not	Applicable		

Aldrich,	97%	

Aldrich,	99%	

Aldrich,	99.9%	

Alfa	Aesar,	98.5%	

Aldrich,	99%	

Sigma‐Aldrich,	99.9%	

Fluka,	≥99%	

Aldrich,	99.9%	
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2.2	X‐ray	diffraction	(XRD)	

The	 phase	 composition	 of	 the	 produced	 powders	 was	 determined	 using	 X‐ray	

diffraction	(XRD,	SIEMENS	D5000,	operated	at	40	kV	and	30	mA	with	Co	or	Cu	Kα	radiation	

at	room	temperature).	Powder	samples	for	XRD	of	about	0.5	g	were	prepared	with	double‐

sided	adhesive	plastic	tape	on	an	aluminium	substrate.	The	scanning	step	size	and	counting	

time	for	each	step	were	set	at	0.05°	and	5.5	seconds,	respectively	in	the	2θ	range	10–100°.	

The	phase	identification	used	WinXPOW	or	Steve+	XRD	software	packages.		

Lattice	 parameters	 were	 determined	 using	 a	 high‐resolution	 STOE	 STADI	 P	 X‐ray	

diffractometer	(STOE	&	Cie	GmbH,	Germany)	with	Mo	or	Cu	Kα1	radiation	in	transmission	

mode	using	a	position	sensitive	detector	(PSD),	as	shown	in	Fig.	2‐2	[1].	The	scanning	step	

size	and	counting	time	were	set	at	0.2°	and	200	seconds	in	the	2θ	range	5–35°	and	5–80°	

for	Mo	and	Cu	PSD,	respectively.	Peak	calibration	was	carried	out	using	Si	powders	as	an	

external	standard.	A	typical	procedure	is	described	elsewhere	[2].	Diffraction	data	collected	

with	different	XRD	instruments	are	summarised	in	Table	2‐2.	

	

 

Figure	2‐2	STOE	STADI	P	powder	diffractometer	with	PSD	[1].	
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Table	2.2	XRD	instruments	used	to	collect	data	in	this	thesis.	

Instrument	 Type	 Samples	analysed	 Purpose	

	
	

	
	

Siemens	D5000	

	

Co	Kᾱ	radiation	

(1.78896	Å)	

(III)	Li2MP2O7	(M=Mn,	Fe,	Co)	

(IV)	Doped‐Li2FeP2O7	

(V)	N‐doped	Li2FeP2O7	

(VI)	Li4xZn2‐2xP2O7	

	
	

Phase	analysis	

Cu	Kᾱ	radiation	

(1.54178	Å)	

	
(VI)	Li4xZn2‐2xP2O7	

	
Phase	analysis	

	
	
	

STOE	STADI	P	
Diffractometer	

	
Mo	Kα1	radiation	

(0.7093	Å)	

(III)	Li2MP2O7	(M=Mn,	Fe,	Co)	

(IV)	Doped‐Li2FeP2O7	

(V)	N‐doped	Li2FeP2O7	

	

Lattice	parameter	

Cu	Kα1	radiation	

(1.5406	Å)	
(VI)	Li4xZn2‐2xP2O7	 Lattice	parameter	

	
Siemens	D5000	
(Glancing	Angle)	

	
Cu	Kᾱ	radiation	

(1.54178	Å)	

(V)	 N‐doped	 Li2FeP2O7:	 pellet	 by		
one‐step	synthesis	

	

Phase	analysis	

	

The	measured	density	of	a	sintered	pellet	was	calculated	by	measuring	its	mass,	Mg	(g)	

and	geometrical	volume,	Vg	 (g/cm3),	and	therefore,	a	relative	density	was	obtained	using	

the	following	Equations	2.1	[3]	and	2.2:		

																																											
V

66.1ZFW
D ltheoretica


 																																																																			(2.1)	

																																											 100D/
V

M

D

D
D ltheoretica

g

g

ltheoretica

measured
relative 






















 																										(2.2)	

where	

Dtheoretical:	theoretical	density	(g/cm3)	

Dmeasured:	measured	density	(g/cm3)	
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FW:	formula	weight	(g/mol)	

Z:	number	of	formula	units	per	unit	cell		

V:	volume	of	the	unit	cell	(Å3)	

	

The	 average	 crystal	 size	was	 evaluated	 through	 broadening	 of	 the	 XRD	peaks	 using	

Scherrer’s	formula	[4]	as	follows:		

																																																																										
B

XRD cosB

94.0
d







 																																																								(2.3)	

Where	dXRD	is	the	crystal	size,	λ	is	the	X‐ray	wavelength	(1.54186	Å),	B	is	the	peak	width	in	

radians	at	FWHM	after	correcting	 for	 instrumental	broadening	and	θB	 is	 the	Bragg	angle.	

The	instrumental	peak	broadening	(Bi)	which	is	caused	by	slit	width,	sample	size,	sample	

penetration,	 imperfect	 focusing	 and	 non‐monochromaticity	 of	 the	 beam	 (α1	 and	 α2	 for	

example)	was	 calibrated	 [4].	 Gaussian	 shape	 for	 the	 peak	 is	 assumed	 and	 therefore,	 the	

integral	breadth	from	the	sample	(Bs)	is	calculated	by	

222
ims BBB  	

where	Bm	is	the	measured	FWHM	of	the	XRD	peaks	.	

	

2.3	Neutron	Powder	Diffraction	(ND)	

Neutron	powder	diffraction	 (ND)	 is	 an	expensive	but	excellent	 technique	 to	 study	

the	 crystallography	 of	 polycrystalline	 samples	 in	 cases	 where	 XRD	 is	 not	 adequate	 [5].	

Specifically,	ND	is	much	more	sensitive	 to	 light	elements	such	as	Li,	H	and	O	to	precisely	

locate	 their	 atomic	 coordinates	 and	 site	 occupancies	 in	 crystal	 structure	 determination.	

Neutrons	 interact	 with	 the	 atomic	 nuclei	 of	 elements,	 rather	 than	 the	 extranuclear	

electrons,	 and	 that	 is	 responsible	 for	 the	 scattering.	 This	means	 that	 there	 is	 no	 simple	

intensity	 dependence	 of	 neutron	 scattering	 on	 atomic	 number.	 In	 terms	 of	 XRD,	 the	

scattering	 length	of	an	atom	is	proportional	 to	 the	square	of	 the	atomic	number	and	this	
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makes	 light	 atoms	 diffract	 X‐rays	 weakly.	 Neutron	 scattering	 lengths	 of	 the	 relevant	

elements	in	chapter	VI	are	given	in	Table	2‐3;	 the	scattering	length	of	neutrons	does	not	

increase	with	atomic	number	(Z)	and	in	particular,	oxygen	has	a	relatively	long	scattering	

length	[6].	Light	elements,	e.g.	Li	and	O,	make	only	a	small	contribution	to	peak	intensities	

in	 XRD	 patterns,	 but	 make	 a	 significant	 contribution	 to	 ND	 intensities;	 this	 helps	 in	

determining	 accurate	 atomic	 positions,	 thermal	 parameters,	 and	 site	 occupancies	 of	 the	

elements	in	the	structure.	

	

Table	2‐3	Neutron	scattering	lengths	(bc)	for	different	elements	[6].	

Element(s)	 Atomic	Number	(Z)	 bc	(fm)	

Li	 3	 ‐1.90(3)	

O	 8	 5.805(4)	

P	 15	 5.13(1)	

Zn	 30	 5.680(5)	

	

Structural	 characterisation	 of	 Li2.4Zn0.8P2O7	 powder	 was	 carried	 out	 by	 Rietveld	

refinement	[7]	of	ND	data	obtained	at	room	temperature.	ND	data	were	collected	from	the	

D2B	 diffractometer	 (λ=1.59432	Å)	 at	 the	 Institut	 Laue‐Langevin	 (ILL),	 Grenoble,	 France.	

The	wavelength	was	selected	using	a	Ge	monochromator.	~5	g	samples	were	placed	 in	a	

sealed	 cylindrical	 vanadium	 can	 (5‐8	mm	 diameter;	 80‐100	mm	 length).	 Data	 collection	

times	were	~2	h	 in	 the	2θ	 range	of	10–150°	with	a	step	size	of	0.05°.	ND	measurements	

were	carried	out	by	Dr Nahum	Masó.		

	
D2B,	Institut	Laue‐Langevin,	Grenoble,	France	

The	D2B	diffractometer	has	a	constant	wavelength	with	variable	θ,	and	is	generally	

similar	to	a	transmission	geometry	XRD	instrument	setup	in	Debye‐Scherrer	mode.	A	large	

monochromator	with	take‐off	angle	of	135°	results	in	narrow	peaks	at	high	scattering	angle,	

as	shown	in	Fig.	2‐3.	
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Figure	2‐3	Schematic	layout	of	the	diffractometer	D2B	[8].	

	

2.4	Rietveld	Refinement		

The	 Rietveld	 method	 is	 a	 computational	 technique	 for	 structural	 analysis.	 It	 was	

developed	 by	 Hugo	 M.	 Rietveld	 in	 ~1969,	 and	 has	 been	 widely	 used	 with	 powder	

diffraction	data	for	crystal	structure	refinement	[7].	A	least	squares	approach	is	applied	to	

obtain	the	best‐fit	between	the	calculated	diffraction	profile	of	a	model	structure	and	the	

measured	diffraction	profile	[9].	The	quantity	minimised	in	the	refinement	is	the	residual,	

Sy,		

																															     2ii
i

iy calcyobsywS  																																										(2.4)	

where	

wi	=	1/yi	=	weighting	factor	at	step	i	

yi	(obs) = observed intensity at the i th step 

135° 
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yi	(calc) = calculated intensity at the i th step 	

The	best	 fit	 is	 achieved	when	 the	 calculated	diffraction	patterns	 are	best	matched	 to	 the	

observed	ones.	Several	R‐values	have	been	developed	to	estimate	whether	the	refinement	

is	 proceeding	 satisfactorily	 and	when	 the	 refinement	 is	 sufficiently	 close	 to	 completion,	

equations	2.5–2.8	[9].	

R‐pattern	(Rp)																																					

   

 
 



i
i

i
ii

p obsy

calcyobsy
R 																																																		(2.5)	

R‐weighted	pattern	(Rwp)															
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R‐expected	(Rexp)																														
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																																																			(2.7)	

Goodness‐of‐fit	(χ2)																										

2

exp

2














R

Rwp
																																																																										(2.8)	

where	

yi	(obs)	=	observed	intensity	at	data	point,	ith	

yi	(calc)	=	calculated	intensity	at	data	point,	ith	

wi	=	weighting	factor=1/σi2	;	σi is the standard deviation of yi	(obs)	

N	=	number	of	data	points	

P	=	number	of	least‐squares	variables	

Rp	 indicates	 the	difference	between	the	observed	and	calculated	patterns	(Eq.	2.5).	Rwp	 is	

similar	to	Rp	but	is	more	accurate	because	it	not	only	takes	account	of	general	fitting,	but	

takes	 the	 standard	 deviations	 of	 the	 background	 and	 peak	 intensities	 into	 consideration	
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(Eq.	 2.6).	Rexp	 reflects	 the	 quality	 of	 the	 experimental	 data	 (Eq.	 2.7).	 The	 ‘goodness‐of‐fit’	

indicator,	χ2,	is	used	to	evaluate	the	overall	quality	of	refinement	results;	if	the	model	fits	all	

data	exactly,	Rwp	should	be	equal	to	Rexp	and	therefore,	the	ideal	value	of	χ2	would	be	1	(Eq.	

2.8).	 The	 statistical	 measures	 start	 off	 large	 but	 decrease	 as	 the	 fit	 is	 improved	 during	

refinement.	 In	 general,	 a	 reasonable	 fit	 should	 have	 R‐values	and	 χ2	 between	 1	 and	 10;	

when	R‐values	are	larger	than	20%,	the	structural	model	is	probably	only	partial	correct.		

	

Apart	from	the	numerical	indicators,	 it	 is	also	important	to	study	the	graphical	difference	

plots	for	each	histogram	to	ensure	the	fit	to	the	experimental	data	is	adequate.	

	

Rietveld	 refinements	 in	 this	 thesis	 were	 carried	 out	 using	FullProf	 software	 [10].	

The	usual	refinable	parameters	are	as	follows	[11]:	

i. Scattering	Factor:	

This	parameter	is	to	ensure	that	the	observed	and	calculated	peak	intensities	are	on	

the	same	scale.	

ii. Background:	

The	 background	 of	 the	 observed	 patterns	 is	 fitted	 by	 a	 separate	 mathematical	

function.	A	linear	interpolation	method	between	a	set	of	fixed	background	points	is	

commonly	used	for	XRD	and	ND	refinements	using	FullProf	program.	

iii. Peak‐shape	Function	

A	Pseudo‐Voigt	 function	was	chosen	 to	reproduce	 the	 line	shape	of	 the	peaks	 in	a	

powder	pattern.	The	Pseudo‐Voigt	approximation	has	been	widely	used	 for	X‐Ray	

and	 constant‐wavelength	ND	 data	 [12],	 and	 is	 a	 linear	 combination	 of	 Lorentzian	

and	Gaussian	functions,	Equations	2.9–2.10	

	

Lorentzian	function:	FWHM	=	X	tan	θ	+	Y/	cos	θ																																																														(2.9)	

Gaussian	function:	FWHM2	=	U	tan2	θ	+	V	tan	θ	+	W																																																					(2.10)	

where	X,	Y,	U,	V,	and	W	are	the	refined	parameters.	
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The	 Pseudo‐Voigt	 function	 gives	 a	 better	 description	 of	 a	 symmetrical	 X‐ray	

diffraction	peak	and	in	addition,	 it	appears	to	describe	the	asymmetric	peak	shape	

resulting	from	beam	divergence	at	low	angle	[13].		

iv. Lattice	Parameters	

These	values	must	be	refined	to	reach	the	global	minimum	if	the	peak	positions	are	

slightly	displaced	between	the	observed	and	calculated	patterns.	

v. Atomic	Positions	

The	 atomic	 coordinates	 (x,	 y,	 z)	 of	 each	 atom	 in	 the	model	 are	 refined	 to	 obtain	

accurate	positions.	In	general,	it	is	advisable	to	start	the	refinement	of	the	positions	

with	heavy	atoms	and	then	to	refine	those	of	the	lighter	ones.	If	the	latter	converges,	

all	atomic	positions	in	the	model	would	then	be	refined	simultaneously.			

vi. Thermal	Parameters	

Thermal	parameters,	Uiso	(Å2),	are	essentially	a	measure	of	atomic	vibration	and/or	

displacement	on	a	particular	site.	The	Uiso	of	a	site	can	be	influenced	by	the	atoms	

occupying	that	site	and	the	size	of	the	site.	Negative	Uiso	values	but	those	within	one	

or	two	standard	deivation	from	zero	may	be	accepted	since	they	are	not	statistically	

distinguishable	from	small	positive	values.				

vii. Site	Occupancies	

The	 fractional	occupancy	at	each	site	can	be	changed	to	clarify	whether	 the	site	 is	

fully	 or	 partially	 occupied	 in	 the	 structural	 model.	 Note	 that	 it	 is	 compulsory	 to	

apply	 constraints	 to	 a	 site	 occupied	 by	 two	 different	 atoms	 and	 the	 thermal	

parameters	 and	atomic	 coordinates	must	be	 fixed	 to	be	 the	 same.	The	 sum	of	 the	

fractional	occupancies	should	correspond	to	the	total	site	occupancy.							

	

	

	



K.C.	Hsiao,	PhD	Thesis,	Chapter	II	Experimental		

‐	56	‐	

2.5	Scanning	Electron	Microscopy	(SEM)	

	 The	particle	size	and	morphology	of	the	sintered	pellets	were	examined	by	scanning	

electron	microscopy	 (SEM)	 JEOL	 JSM‐6400	 (JEOL	 Ltd.,	 Japan)	 operated	 at	 20	 kV	 with	 a	

working	distance	of	15	mm.	The	 chemical	 composition	and	elemental	 distribution	of	 the	

powders	were	measured	 using	 an	 Oxford	 Link	 ISIS	 (Oxford	 Instruments	 Ltd.,	 UK)	 X‐ray	

energy	 dispersive	 spectroscopy	 (EDS)	 instrument	 installed	 in	 the	 SEM	 with	 an	 INCA	

software	 package	 attached.	 The	 poorly	 conductive	 or	 nonconductive	 specimens	 were	

carbon‐coated	 with	 an	 Edwards	 Carbon	 Coating	 Unit	 for	 ~1	min	 in	 vacuum	 to	 prevent	

surface‐charging	during	SEM	observation.	

2.6	Mössbauer	Spectroscopy	

Mössbauer	spectroscopy	has	been	widely	used	for	Fe‐containing	substances.	Room	

temperature	 57Fe	 Mössbauer	 spectra	 were	 collected	 relative	 to	 ⍺‐Fe	 by	 a	 WissEl	

spectrometer	(Wissenschaftliche	Elektronik	GmbH,	Germany)	over	the	velocity	range	using	

a	 constant	 acceleration	 spectrometer	with	 a	 57Co/Rh	 source.	 	 A	 data	 acquisition	module	

CMCA‐550,	was	used	to	run	the	analyses	for	42	hours.	The	spectra	were	analysed	using	the	

RECOIL	 analysis	 software	 package	 [14]	 and	 satisfactorily	 fitted	 with	 two	 broadened	

Lorentzian	 paramagnetic	 doublets.	 Mössbauer	 measurements	 and	 data	 analysis	 were	

performed	by	Dr	Paul	A.	Bingham.	

2.7	Impedance	Spectroscopy	(IS)	

2.7.1	Pellet	Preparation	

Impedance	spectroscopy	was	utilized	to	measure	electrical	properties;	pellets	(~0.2	

g)	were	 sintered	 in	N2	 or	 air	 at	 600~700	 °C	 for	12	hours	with	 a	heating/cooling	 rate	of	

±5.0	 °C/min.	Prior	 to	 sintering,	 samples	were	pressed	 into	pellets,	 vacuumed	 in	a	plastic	

glove,	 and	 then	placed	 in	 a	 cold	 isostatic	 press	 (CIP)	 at	~200	MPa	 to	 increase	 the	 green	

density	 of	 the	 pellets.	 All	 samples	 were	 platinum‐	 and/or	 gold‐sputtered	 on	 opposite	

parallel	 faces	 for	4	min	with	2	 cycles	 to	 form	electrodes	using	a	 sputter	 coater	 (Emitech	

K575XD,	UK)	at	30	mA.	Different	metals,	Au,	Pt,	Ag	and	InGa,	were	deposited	on	opposite	
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parallel	faces	to	form	electrodes,	as	summarised	in	Table	2‐4.	

Table	2‐4	Preparation	of	metal	electrodes.	

Electrodes	 Firing	Temp.	(°C)	 Firing	Time	(h)	 Heating	Rate	(°C/min)	

Sputtered	Au	 25	 …..	 ……	

Sputtered	Pt	 25	 ……	 ……	

Au	paste	 800	 2	 10	

Pt	paste	 900	 1	 10	

Ag	paste	 600	 2	 10	

InGa	alloy	 25	 ……	 ……	

		

2.7.2	Impedance	Measurement	

Room‐	 and	 high‐temperature	 impedance	 spectroscopy	 of	 the	 sputtered‐coated	

pellets,	 chapter	 VI,	 was	 conducted	 using	 a	 HP4192A	 (Hewlett	 Packard,	 USA)	 impedance	

analyser.	The	voltage	amplitude	and	frequency	range	were	set	at	100	mV	and	50–107	Hz,	

respectively.	 A	 small	 ac	 voltage	 was	 applied	 across	 a	 sample	 connected	 to	 Pt	 wires	

supported	in	a	compression	jig	via	Au	electrodes,	as	shown	in	Fig.	2‐4.		

For	chapter	III‐V,	high	temperature	impedance	testing	was	carried	out	to	investigate	

the	electronic,	ionic,	and/or	mixed	conductivities.	A	pellet	was	connected	to	an	atmosphere	

jig	via	 two	Pt	wires	 in	different	atmospheres,	e.g.	N2	and	compressed	air.	 In	addition,	 the	

flow	rate	of	 input	gas	was	monitored	through	an	output	gas	bubbles	observed	 in	a	pyrex	

gas‐wash	bottle	with	water,	see	Fig.	2‐5.	The	atmosphere	was	equilibrated	by	purging	gas	

for	 at	 least	 30	 minutes	 before	 measurements.	 Low	 frequency	 impedance	 response	 was	

measured	 using	 a	 Solartron	 SI	 1260	 (Solartron	 Analytical,	 UK)	 impedance	 analyser	with	

voltage	 amplitude	 and	 frequency	 range	 set	 at	 100	 mV	 and	 10−2–107	 Hz,	 respectively.	 A	

small	dc	bias	of	1–3	V	was	also	applied	to	get	insight	into	the	nature	of	materials.	Collected	

IS	data	were	presented	using	the	ZVIEW	3.3	software	package	[15].					
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Figure	2‐4	Schematic	diagram	of	sample	and	compression‐jig.	

	

	

Figure	2‐5	Schematic	diagram	of	sample	and	atmosphere‐jig.	

2.8	Electrochemical	Testing	

2.8.1	Electrode	and	Coin‐cell	Preparation	

	 In	order	to	reduce	the	particle	size	of	the	active	materials	used	for	battery	testing,	

samples	 were	 ball	 milled	 using	 zirconia	 beads	 as	 milling	 media	 with	 iso‐propanol	 at	 a	

constant	 speed	 of	 30	 rpm	 for	 24	 hours.	 Experimental	 details	 are	 given	 in	 Sec.	 2.1.	

Electrochemical	tests	were	carried	out	using	a	CR2325‐type	coin	cell	assembled	in	an	Ar‐

filled	glove	box,	as	shown	in	Fig.	2‐6	(a).	The	active	material	(84	wt.%),	the	Super	C65	and	
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KS‐6L	 (3.5:3.5,	 wt.%)	 as	 a	 conducting	 additive	 and	 the	 polyvinylidene	 fluoride	 (PVDF)	

binder	 (9	 wt.%)	 were	 dissolved	 in	 N‐methyl‐2‐pyrrolidone	 (NMP)	 solution	 for	 the	

preparation	of	the	positive	electrode.	The	black	mixture	was	blended	in	an	agate	mortar	for	

30	minutes	 to	 form	a	uniform	paste.	The	paste	was	 then	coated	onto	aluminum	foil	by	a	

doctor	blade	and	NMP	was	evaporated	at	130°C	in	an	oven	to	form	the	electrode.	A	disk,	13	

mm	in	diameter,	was	punched	from	the	electrode	and	dried	in	vacuum	at	90°C	for	4	hours,	

see	(b).	The	final	test	cell	consisted	of	an	electrode	film	(cathode)	and	a	punched	 lithium	

metal	of	0.2	mm	thickness	 (anode),	which	were	separated	by	porous	polypropylene	 film,	

see	 (c).	 The	 electrolyte	 solution	was	 1.0	M	 LiPF6	 in	 polycarbonate	 (PC)	 or	 a	mixture	 of	

ethylene	carbonate	(EC)	and	dimethyl	carbonate	(DMC)	with	a	weight	ratio	of	1:1.	

		

	

												 	

	
Figure	2‐6	(a)	Coin‐cell	construction,	(b)	punched	electrode	film	(Li2FeP2O7),		

and	(c)	final	coin‐cell	configuration.	

	

2.8.2	Battery	Testing	

Electrochemical	 measurements	 were	 carried	 out	 using	 a	 versatile	 multichannel	

potentiostat	(VMP)	system	(Perkin‐Elmer,	UK)	connected	to	16	channels	(made	in‐house)	

and	to	a	computer	with	the	EC‐Lab	V10.19	software.		

(a) 

Case bottom 

Electrode on Al 
current collector

Separator soaked in 
liquid electrolyte 

Li metal (anode) 

Stainless steel spacer

Disk spring

Gasket

Case top 

 

(b) 

13 mm 

(c) 
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(a) Galvanostatic	Cycling	with	Potentiostatic	Limitation	(GCPL)		

Battery	performances	were	examined	using	the	GCPL	technique	that	applied	a	constant	

current	across	the	cell	while	the	variation	in	cell	potential	was	recorded	during	both	charge	

and	discharge.	To	know	the	current	rate	required	for	the	cell	to	be	(dis)charged,	firstly,	it	is	

necessary	to	calculate	the	theoretical	capacity	(Q)	for	the	cell,	Equation	2.11		

                                  10003600/)/(  MnFgmAhQ Li 																																	(2.11)	

where,	F	=	Faraday’s	constant	(96485.33 	C/mol)	

												nLi	=	Number	of	Li	per	formula	unit	of	the	active	material	

													M	=	Molecular	weight	of	the	active	material	(g/mol)	

It	is	noted	that	3.6	Coulomb	=1mAh,	hence	the	correction	factor	in	Eq.	2.11.	The	maximum	

theoretical	capacity	(assuming	that	all	lithium	ions	which	can	be	deintercalated)	has	units	

of	mAh·g‐1.			

For	example,	the	theoretical	capacity	of	Li2FeP2O7	cathode	is	calculated	if	two	Li	ions	

can	be	electrochemically	extracted,	Equation	2.12,	and	therefore	Q=220	mAh/g	is	obtained	

as	follows.	

																																					 72722 22: OFePeLiOFePLiCathode   																																						(2.12)	

																																					 )g/mAh(2201000
3600243.67

233.96485
Q

722 OFePLi 



 	

When	a	constant	current,	I,	is	applied	for	a	fixed	time	t,	the	amount	of	charge,	QT,	passed	

across	the	cell	can	be	described	by	Equation	2.13	

	

																																																		 tIQT  																																																																																											(2.13)	

where	I	is	the	current	(mA)	and	t	is	time	(h).		
	
Charge/discharge	 current	 is	 often	 expressed	 as	 a	 C‐rate	 in	 order	 to	 normalise	 against	

battery	 capacity.	 The	 C‐rate	 is	 a	measure	 of	 the	 rate	 at	 which	 a	 battery	 is	 (dis)charged	
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relative	 to	 its	 maximum	 capacity.	 A	 1C	 rate	 is	 designated	 as	 the	 rate	 required	 to	

(de)intercalate	one	Li	ion	in	1	hour.	For	t=20,	the	current	rate	is	denoted	by	C/20.	

	
	(b)	Cyclic	Voltammetry	(CV)	

Cyclic	 voltammetry	 (CV)	 is	 widely	 used	 to	 acquire	 qualitative	 information	 about	

electrochemical	 reactions	 in	 Li‐ion	 battery	 research.	 It	 gives	 information	 on	 redox	

processes,	 heterogeneous	 electron‐transfer	 reactions	 and	 adsorption	 processes.	 A	 rapid	

determination	of	the	redox	potential	can	be	obtained	for	the	electroactive	species.	Fig.	2‐7	

shows	 the	potential	 change	as	a	 function	of	 time	within	a	chosen	potential	 ‘window’	at	a	

constant	scan	rate.	Note	that	the	scan	rate	(ν)	can	be	calculated	from dt/dE .	A	number	of	

sequential	cycled	sweeps	are	performed	in	CV	via	a	linearly	triangular	potential	waveform	

to	study	the	reversibility	of	the	working	electrode.	During	the	potential	sweep,	the	current	

resulting	from	electrochemical	reactions	can	be	observed.	

In	 this	 thesis,	 CV	measurements	were	 performed	 at	 a	 scanning	 rate	 of	 0.02	mV/s	

between	2	V	and	4.5~5.0	V.	Cycle	 tests	were	performed	at	various	 charge	and	discharge	

rates	with	constant	cut‐off	voltages	at	room	temperature	(25°C).	

	

	

Figure	2‐7	Schematic	diagram	of	the	variation	of	applied	potential	with	time.	
Emax	and	Emin:	the	upper	and	lower	limits	of	the	potential	‘window’;	Ei	and	Ef:	the	

initial	and	final	potential;	OCV:	Open‐Circuit‐Voltage.	
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CHAPTER	III	

Synthesis,	Characterisation,	Electrical	and	Electrochemical	Properties	of	
Li2MP2O7	(M=Fe,	Mn,	Co)	

3.1	Introduction	

	 In	recent	years,	various	abundant	and	different	insulating	Li‐based	compounds	such	

as	 silicates	 (Li2MSiO4),	 borates	 (LiMBO3),	 fluorophosphates	 (Li2‐xMPO4F),	 and	

fluorosulphates	 (LiMSO4F)	 are	 attracting	 wide	 attention	 specifically	 for	 the	 increase	 of	

electrode	 redox	 potential	 [1‐4].	 As	 reported	 by	 Goodenough	 et	 al.	 [5],	 substitution	 of	

polyanionic	phosphates	(PO4)3‐	by	sulfates	(SO4)2‐	in	isostructural	NASICON	[LixTM2(XO4)3]	

can	 increase	 the	 open	 circuit	 voltage	 by	 0.8	 V.	 Therefore,	 sulfate	 polyanionic‐based	

electrodes	can	present	better	performance	than	their	phosphate	counterparts.	In	addition,	

fluoride‐based	 electrodes	 display	 greater	 potential	 because	 of	 the	 larger	 ionicity	 of	M–F	

bonds	as	compared	to	M–O	bonds.	For	instance,	Tarascon	et	al.	have	reported	two	novel	Fe‐

based	 polyanionic	 materials,	 3.6	 V	 LiFeSO4F	 [4]	 and	 3.9	 V	 Li(Fe1‐δMnδ)SO4F	 [6],	 with	

theoretical	 capacities	 of	 151	mAh/g	 and	125	mAh/g,	 respectively.	 To	 store	more	 energy	

density	with	novel	cathode	systems,	new	PO4‐based	polyanionic	compounds	are	needed	in	

which	the	redox	reaction	exceeds	one	electron	per	transition	metal.	

	 Novel	 lithium	 transition	 metal	 pyrophosphates	 (Li2MP2O7)	 have	 been	 recently	

reported	as	polyanionic	cathode	material	for	lithium‐ion	batteries.	In	2008,	the	structure	of	

Li2MnP2O7	was	first	reported	by	Adam	et	al.	with	no	electrochemical	data	[7].	Subsequently,	

a	 new	 lithium	 iron	 pyrophosphate,	 Li2FeP2O7,	 as	 3.5	 V	 cathode	 with	 one	 electron	

theoretical	 capacity	 of	 110	 mAh/g	 was	 demonstrated	 by	 Nishimura	 et	 al.	 in	 2010	 [8],	

followed	with	Li2Mn1‐yFeyP2O7	solid	solution	by	Zhou	et	al.	[9]	and	Li2–xMP2O7	(M	=	Fe,	Co)	

by	Kim	et	al.	 [10]	 in	2011.	 In	 comparison	 to	LiFePO4,	 Li2FeP2O7	possesses	many	positive	

characteristics	such	as	electrochemical	activity	without	the	need	for	nanosizing	or	carbon	

coating,	a	quasi‐two	dimensional	pathway	for	Li	ion	diffusion,	and	the	possibility	of	a	two‐

electron	redox	reaction	(theoretical	capacity:	220	mAh/g).	Electrical	properties,	however,	

were	not	reported	in	ref.	7‐10.  
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 In	 order	 to	 increase	 the	 operating	 voltage	 for	 the	 development	 of	 high‐energy	

density	 for	 Li‐ion	 batteries,	 it	may	 be	 possible	 to	 substitute	 Fe	 by	 other	 isovalent	metal	

elements,	 e.g.	Mn,	 Co,	 to	 form	Li2[Fe1‐xMx]P2O7	 compounds	 [9].	 The	 chemical	potential	 of	

the	Mn2+/Mn3+	couple	is	located	at	~4.5	V	and	of	Co2+/Co3+	at	~4.9	V,	which	is	higher	than	

that	of	the	Fe2+/Fe3+	couple	at	3.8	V	[9‐10].	In	other	words,	it	may	be	practical	to	increase	

the	 redox	 potential	 of	 pure	 Li2FeP2O7	 (3.5	 V)	 by	 replacing	 the	 Fe2+.	 The	 higher	 voltage	

profile	of	Li2[Fe1‐xMx]P2O7	could	be	attractive	to	increase	the	energy	density	to	200	mAh/g.		

	 AC	impedance	is	an	invaluable	technique	to	characterise	lithium	ion	conductivity	of	

new	materials	 for	 possible	 lithium	battery	 applications.	Herein,	we	 present	 a	 systematic	

investigation	 of	 the	 structure,	 composition,	 electrical	 properties,	 and	 electrochemical	

performance	of	Li2Fe1‐xMxP2O7	 (M=Mn	and/or	Co)	solid	solution	cathodes	synthesised	by	

conventional	 solid	 state	method,	with	 compositions	shown	 in	Fig.	3‐1.	Most	 importantly,	

the	focus	of	this	chapter	is	to	determine	whether	the	isostructural	compounds	are	lithium	

ion	 conductors,	 electronic	 conductors	 or	 mixed	 conductors	 using	 the	 impedance	

spectroscopy	technique.	

																										 	

Figure	3‐1	Composition	triangle	of	the	Li2MP2O7	(M=Fe,	Mn,	Co)	solid	solution	
systems.	The	compositions	synthesised	are	marked	by	closed	circles. 
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3.2	Synthesis	

	 The	 materials	 with	 formula	 Li2Fe1‐xMnxP2O7	(x=0–1),	 Li2Fe1‐yCoyP2O7	(y=0–1),	 and	

Li2Fe1‐x‐yMnxCoyP2O7	(x=y=1/3)	 were	 synthesised	 from	 stoichiometric	 amounts	 of	 Li2CO3	

(Aldrich,	 99%),	 FeC2O4·2H2O	 (Aldrich,	 99%);	 MnCO3	 (Aldrich,	 ≥	 99.9%);	 CoO	 (Aldrich,	

99%),	 and	 (NH4)H2PO4	(Fluka,	≥	99%)	by	 conventional	 solid‐state	 reaction.	The	mixtures	

were	ground	for	~40	min	in	an	agate	mortar	with	acetone,	pressed	into	pellets	and	heated	

at	350°C	 for	6	h	and	600~800	°C	 for	12	h	under	nitrogen	atmosphere.	The	 furnace	 tube	

containing	samples	was	sealed	and	then	purged	by	nitrogen	for	several	hours	to	ensure	an	

oxygen‐free	 atmosphere	 before	 the	 heat	 treatment.	 A	 schematic	 experimental	 flow	 chart	

for	the	synthesis	is	shown	in	Fig.	3‐2.	

	

 

Figure 3-2 (a) One- and (b) two-step processes for heat treatment in N2.  
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3.3	Results	

3.3.1				XRD	Patterns	and	Crystallinity	

(i)	Li2MP2O7	(M=Fe,	Mn,	Co,	Fe1/3Mn1/3Co1/3)	

	 Lithium	 pyrophosphate	 Li2MP2O7	 (M=Fe,	 Mn,	 Co)	 compounds	 were	 synthesised	

according	to	the	following	Equations	3.1–3.3:	

Li2FeP2O7:				Li2CO3	+	FeC2O4·2H2O	+	2(NH4)H2PO4		→		Li2FeP2O7	+	CO	+	CO2	+	H2O										(3.1)	

Li2MnP2O7:				Li2CO3	+	MnCO3	+	2(NH4)H2PO4		→		Li2MnP2O7	+	CO	+	CO2	+	H2O																			(3.2)	

Li2CoP2O7:		Li2CO3	+	CoO	+	2(NH4)H2PO4		→		Li2CoP2O7	+	CO	+	CO2	+	H2O																												(3.3)	

Table	3‐1	 summarizes	 XRD	 results	 of	 stoichiometric	 Li2MP2O7	(M=Fe)	 prepared	 by	 one‐

step	solid	state	reaction,	Fig.	3‐2(a),	at	different	temperatures	in	N2.	Phase‐pure	material	

was	produced	in	the	sample	synthesised	at	700°C,	however,	LiFePO4,	Li4P2O7,	and	LiFeP2O7	

impurities	were	detected	in	the	final	product	of	samples	synthesised	at	600°C	and	800°C,	

respectively.	The	simulated	and	measured	X‐ray	power	diffraction	patterns	(Co	radiation)	

of	 Li2FeP2O7	 heated	 at	 700°C	 are	 presented	 in	 Fig.	 3‐3.	 Note	 that	 the	 theoretical	 XRD	

pattern	is	drawn	using	published	lattice	parameters	and	atomic	coordinates	[8].	In	general,	

the	intensity	distribution	is	similar	without	any	impurities.	The	Li2O‐FeO‐P2O5	composition	

triangle	 is	 presented	 in	 Fig.	 3‐4,	 which	 shows	 different	 stable	 binary	 and	 ternary	

compounds.	

	 The	 key	 point	 to	 obtain	 pure	 Li2FeP2O7	 is	 the	 synthesis	 conditions;	 the	 ground	

powders	need	to	be	purged	with	enough	N2	gas	in	the	tube	furnace,	and	subsequently	the	

precalcined	samples	must	be	reground	well	before	high‐temperature	heating,	following	the	

two‐step	solid	state	reaction	in	Fig.	3‐2(b).	Based	on	the	successful	synthesis	of	Li2FeP2O7,	

the	 experimental	 approach	 and	 temperature	 of	 700°C	 was	 adopted	 to	 synthesise	 other	

isostructural	analogues,	e.g.	M=Mn,	Co,	and	Fe1/3Mn1/3Co1/3.   
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Table	3‐1	Results	of	Li2FeP2O7	composition	reacted	at	different	temperatures.	
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Figure	3‐3	Simulated	(black)	and	synthesised	(blue)	XRD	patterns	(Co	radiation)	of	

Li2FeP2O7	synthesised	at	700°C	following	a	two‐step	process.  

 

Process	 Synthesis	Temperature Phases	Present	

	
One‐step	 600°C	

Li2FeP2O7,		LiFePO4,	Li4P2O7,	
LiFeP2O7	

One‐step	 700°C	 Li2FeP2O7,	LiFePO4	(<1%)	

Two‐step	 700°C	 Phase	Pure	

One‐step	 800°C	
Li2FeP2O7,	LiFePO4,	Li4P2O7,	

Fe2P2O7,		LiFeP2O7,	LiPO3,	Li3PO4	

Measured Li2FeP2O7 

Simulated Li2FeP2O7 
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Figure	3‐4	The	Li2O‐FeO‐P2O5	composition	triangle.	

	
	 The	 XRD	 patterns	 of	 Li2MnP2O7	 and	 Li2CoP2O7	 compounds	 synthesised	 at	

700°C	for	12	h	in	N2	atmosphere	are	similar,	consistent	with	the	retention	of	the	Li2FeP2O7	

structure,	as	shown	in	Fig.	3‐5(a).	The	intensities	of	some	diffraction	peaks,	however,	were	

different	which	was	attributed	to	a	different	cation	distribution	in	the	two	structures	[8].	

All	samples	are	single	phase	with	monoclinic	symmetry	and	were	indexed	on	space	group	

P21/c.	In	general,	all	peaks	present	a	shift	toward	lower	2θ	values	in	the	sequence:	Co;	Fe;	

Mn;	 the	magnified	positions	of	 the	 ( 111)	and	 (200)	 reflections	are	highlighted	 in	Fig.	3‐

5(b).	 The	 lattice	 parameters	 and	 unit	 cell	 volume	 of	 Li2MnP2O7	are	a	=	 11.169(5)	 Å,	b	=	

9.821(4)	Å,	c	=	9.897(5)	Å,	β	=	102.49(4)°,	V	=	1059.9(6)	Å3,	of	Li2FeP2O7	are	a	=	11.019(5)	

Å,	b	=	9.746(6)	Å,	c	=	9.791(8)	Å,	β	=	101.49(5)°,	V	=	1059.9(6)	Å3,	and	of	Li2CoP2O7	are	a	=	

10.974(4)	Å,	b	=	9.684(5)	Å,	c	=	9.766(6)	Å,	β	=	101.87(4)°,	V	=	1015.7(6)	Å3.	
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Figure	3‐5	(a)	XRD	patterns	of	Li2MP2O7	(M=Fe,	Mn,	Co);	(b)	Magnified	shift	of		

(‐111)	and	(200)	peaks	in	(a).	
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The	structural	difference,	Fig.	3‐6,	between	Li2FeP2O7	and	Li2MnP2O7	cause	different	

intensities	 of	 the	XRD	data.	 Li2MnP2O7	 has	 a	 3D	 framework	 built	 of	 fully‐occupied	MnO6	

octahedra	 sharing	 edges	 with	 MnO5	 trigonal	 bipyramids	 to	 form	 Mn2O9	 units	 (a).	

Li2MnP2O7	was	 regarded	 as	 an	 ordered	 pyrophosphate	 and	 the	 Li	 atoms	 occupy	 four	

distinct	 sites	 (Li1,	 Li2,	 Li3	 and	 Li4)	 with	 full	 occupancy.	 Its	 structure	 possesses	 two‐

dimensional	lithium	migration	channels,	e.g.	two	Li	ions	in	the	tunnels	along	the	a‐axis	(b)	

and	 one	 along	 the	 b‐axis	 (c).	 However,	 for	 Li2FeP2O7,	 the	 fully‐occupied	 FeO6	 octahedra	

share	 edges	with	 the	mixed‐occupied	 FeO5/LiO5	 trigonal	 bipyramids	 (a).	 The	 occupancy	

ratio	of	Fe	and	Li	in	FeO5	polyhedra,	labelled	by	Fe2:Li4,	is	~	2:1	and	in	LiO5,	Fe3:Li5,	~	1:2	

[11].	The	Li−Fe	anti‐site	mixing	 is	highlighted.	2‐D	channels	 for	Li	diffusion	are	observed	

along	 the	b‐axis	 (d)	 and	 c‐axis	 (e).	Further	 structural	 details	 are	 described	 in	 Chapter	 I	

(1.3.2).	
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Figure	3‐6	Local	crystal	structure	of	Li2MP2O7	(M=Mn	and	Fe)	in	ac	plane	(a);				
M=Mn:	projected	along	the	(b)	a‐axis,	(c)	b‐axis,	and	M=Fe:	along	the	(d)	b‐axis	and	
(e)	c‐axis.	Purple	polyhedra	are	edge‐sharing	Mn2O9	units,	blue	ones	are	edge‐
sharing		FeO6	+	FeO5/LiO5	units;	Blue	and	red	spheres	indicate	Li	and	O	atoms.	

	

Lithium	multi‐transition	 pyrophosphate,	 i.e.	 Li2Fe1/3Mn1/3Co1/3P2O7,	was	 prepared	

by	solid‐state	reaction	at	700°C	for	12	h	in	N2	gas.	The	XRD	pattern	was	similar	to	that	of	

simulated	Li2FeP2O7	with	a	=	11.041(6)	Å,	b	=	9.757(4)	Å,	c	=	9.818(6)	Å,	β	=	102.05(4)°,	V	=	

1034.3(6)	Å3,	as	shown	in	Fig.	3‐7.	The	 lattice	parameters	are	comparable	to	the	average	

values	of	Li2FeP2O7,	Li2MnP2O7,	 and	Li2CoP2O7,	 indicating	all	 three	components	are	 likely	

present	 homogeneously,	 with	 no	 phase	 segregation.	 Lattice	 parameters	 and	 unit	 cell	

volumes	 of	 Li2MP2O7	 (M=Fe,	 Mn,	 Co,	 Fe1/3Mn1/3Co1/3)	 are	 illustrated	 in	 Fig.	 3‐8.	 The	

reported	lattice	parameters	for	different	Li2MP2O7	compounds	are	summarised	in	Table	3‐

2.	Indexed	summaries	of	the	Li2MP2O7	(M=Fe,	Mn,	Co)	XRD	reflections	together	with	their	

corresponding	 powder	 patterns	 are	 given	 in	Tables	A3‐1~3‐3	and	Figs.	A3‐1~3‐2.	 The	

M=Mg,	 Cu	 unit	 cells,	 however,	 are	 different	 from	 that	 of	 M=Fe,	 Mn,	 Co.	 This	 is	 because	

Li2MgP2O7	 and	 Li2CuP2O7	 phase	 have	 quite	 different	 X‐ray	 powder	 diffraction	 patterns;	

probably	 they	 have	 a	 different	 structure.	 The	 patterns	 of	 Li2MgP2O7	and	Li2CuP2O7	were	

indexed	in	a	monoclinic	unit	cell	with	space	group	P21/n	(13)	and	C2/c	(14),	respectively.	

	

	

	

(d) (e) 

b 

a 

a 
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Figure	3‐7	XRD	patterns	(Co	radiation)	of	measured	Li2Fe1/3Mn1/3Co1/3P2O7	(red)	and		
simulated	Li2MnP2O7	(purple)	drawn	from	ref.	[7]	and	Li2FeP2O7	(black).	
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Figure	3‐8	Unit	cell	parameters	of	Li2MP2O7	(M=Fe,	Mn,	Co,	Fe1/3Mn1/3Co1/3)	against	

the	standard	octahedral	ionic	radiṅ	of	the	divalent	M	cations	[12].	
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Table	3‐2	Reported	lattice	parameters	for	lithium	pyrophosphate	Li2MP2O7	compounds	with	monoclinic	symmetry.	

References	 Chemical	formula	
a	parameter	

(Å)	
b	parameter		

(Å)	
c	parameter	

(Å)	

β	
(deg)	

Volume		
(Å3)	

PDF	card	00‐048‐0573	[13]	 Li2MgP2O7	 12.410	 6.270	 9.690	
	

104.75	 729.14	

PDF	card	04‐016‐0327	[14]	 Li2CuP2O7	 15.3360(14)	 4.8733(13)	 8.6259(16)	 114.795(10)	 585.24	

Laure	Adam	et	al	[7]	 Li2MnP2O7	 9.9158(6)	 9.8289(6)	 11.1800(4)	 102.466(5)	 1063.9(1)	

Shin‐ichi	Nishimura	et	al	[8]	 Li2FeP2O7	 11.01847(4)	 9.75536(3)	 9.80517(3)	 101.5416(2)	 1033.01	

Hui	Zhou	et	al	[9]	

Li2FeP2O7	
Li2MnP2O7	

Li2Mn0.8Fe0.2P2O7	
Li2Mn0.5Fe0.5P2O7	
Li2Mn0.2Fe0.8P2O7	
Li2Mn0.1Fe0.9P2O7	

9.7997(5)	
9.8941(6)	
9.8879(4)	
9.8768(2)	
9.8712(7)	
9.8267(5)	

9.7488(8)	
9.8111(1)	
9.8129(4)	
9.8085(1)	
9.8124(6)	
9.7693(5)	

11.0123(6)	
11.1597(8)	
11.1368(2)	
11.1038(0)	
11.0898(2)	
11.0389(3)	

101.516	
102.482	
102.348	
102.111	
101.799	
101.681	

1030.907	
1057.705	
1055.608	
1051.759	
1051.480	
1037.801	

Hyungsub	Kim	et	al	[10]	
Li2‐xFeP2O7	
Li2‐xCoP2O7	

11.0224(4)	
10.9603(3)	

	

	
9.7541(3)	
9.6957(2)	

	

9.8080(3)	
9.7641(2)	

	

101.564(2)	
101.784(1)	

1033.083	
1015.740	

	

Naoya	Furuta	et	al	[15]	

Li2FeP2O7	
Li2(Fe0.75Mn0.25)P2O7	
Li2(Fe0.50Mn0.50)P2O7	
Li2(Fe0.25Mn0.75)P2O7	

Li2MnP2O7

11.0262(3)
11.0528(2)	
11.0849(3)	
11.1232(2)	
11.1584(2)	

9.7558(2)
9.7739(2)	
9.7879(2)	
9.8034(2)	
9.8116(1)	

9.8128(2)
9.8361(2)	
9.8586(2)	
9.8798(1)	
9.8948(1)	

101.5666(13)
101.8770(15)	
102.1290(17)	
102.3383(15)	
102.4802(13)	

1034.12(4)
1039.84(4)	
1045.76(4)	
1052.47(4)	
1057.71(3)	

This	Study	
Li2MnP2O7	
Li2FeP2O7	
Li2CoP2O7	

11.169(5)	
11.019(5)	
10.974(4)	

9.821(4)	
9.746(6)	
9.684(5)	

9.897(5)	
9.791(8)	
9.766(6)	

102.49(4)
101.49(5)	
101.87(4)	

1059.9(6)	
1030.4(7)	
1015.7(6)	
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	(ii)	Li2Fe1‐xMnxP2O7:	0	≤	x	≤	1	

The	 XRD	 patterns	 of	 Li2Fe1‐xMnxP2O7	synthesised	 at	 700°C	 for	 12	 h	 in	 N2	 gas	 are	

presented	 in	 Fig.	 3‐9(a).	 In	 general,	 the	 similar	 intensity	 distribution	 of	 XRD	 patterns	

indicates	 the	 probable	 existence	 of	 a	 complete	 solid	 solution	 between	 Li2FeP2O7	 and	

Li2MnP2O7.	All	 samples	are	single	phase	with	monoclinic	symmetry	and	were	 indexed	on	

space	 group	 P21/c.	 The	 enlarged	 peaks	 present	 a	 shift	 toward	 lower	 2θ	 values	 in	 the	

positions	of	the	(‐111)	and	(200)	reflections,	indicating	increases	of	lattice	parameters	and	

unit	cell	volume,	Fig.	3‐9(b).	Moreover,	there	is	a	clearer	splitting	of	the	(222)	and	(13 2 )	

peaks	as	x	goes	from	1	to	0,	caused	by	the	difference	in	unit	cell	parameters.	Since	Fe2+	and	

Mn2+	 are	 almost	 isoelectronic,	 the	 intensities	 of	 some	 diffraction	 peaks	 from	 x=0	 to	 x=1	

(arrowed)	varied	which	must	be	due	to	a	different	cation	distribution	in	the	two	structures	

[8].	In	particular,	the	intensity	of	(‐111)	peak	decreased	significantly	with	increasing	x.	Fig.	

3‐10	compares	the	relative	intensity	ratio,	I(‐111)/I(200),	in	Li2Fe1‐xMnxP2O7;	it	decreased	

linearly	from	1.158	to	0.317	as	x	increased	from	0	to	1.	

The	 variations	 of	 lattice	 parameters	 and	 unit	 cell	 volume	 as	 a	 function	 of	 x	 are	

illustrated	in	Fig.	3‐11(a);	the	data	look	like	a	solid	solution	for	all	x,	and	a,	b	and	c	increase	

from	 x=0	 to	 x=1.	 Zhou	 et	al.’s	 data,	 however,	 indicate	 partial	 solid	 solutions	 only	 form,	

showing	 a	 minimal	 change	 in	 lattice	 parameter	 “b”	 but	 sharp	 change	 in	 all	 other	

parameters	with	increasing	Fe	content	from	80	to	100	%,	see	black	circles	[9].	The	lattice	

parameters	and	unit	cell	volumes	of	Li2Fe1‐xMnxP2O7	synthesised	by	solid‐state	method	are	

summarised	in	Table	A3‐4,	and	these	values	are	identical	to	those	of	previous	reports	from	

the	Yamada	group	[15].  
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Figure	3‐9	XRD	patterns	of	Li2Fe1‐xMnxP2O7	solid	solution		
with	continuous	2θ	shift	to	low	angle.		
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Figure	3‐10	Relative	intensity	ratio,	I(‐111)/I(200),	in	Li2Fe1‐xMnxP2O7	(x=0−1).	
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Figure	3‐11	Lattice	parameters	of	Li2Fe1‐xMnxP2O7	(a)	and	Li2Fe1‐yCoyP2O7	(b)	as	a	
function	of	Mn	and	Co	content	x	and	y.	Black	data	points	in	(a)	are	taken	from	Ref.	9.	
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	(iii)	Li2Fe1‐yCoyP2O7:	0	≤	y	≤	1	

	 XRD	patterns	show	the	Li2Fe1‐yCoyP2O7	compositions	synthesised	at	700°C	for	12	h	

in	N2	are	a	 complete	 solid	 solution	with	assumed	monoclinic	 symmetry	and	 space	group	

P21/c	 between	 two	 end	 members,	 Li2FeP2O7	and	 Li2CoP2O7,	 see	 Fig.	 3‐12.	 The	 relative	

intensity	 ratio	 I(‐111)/I(200)	 in	 Li2Fe1‐yCoyP2O7	 was	 similar,	 but	 different	 from	 that	 of	

Li2Fe1‐xMnxP2O7,	Fig.	3‐13.	 The	 Fe‐	 and	 Co‐based	 lithium	 pyrophosphates	 have	 a	 partial	

exchange	between	the	MO5	and	LiO5	(M=Fe/Co)	pyramid	sites	by	~	30%	[10].	The	degree	

of	site	exchange	can	be	evaluated	by	the	intensity	ratio	between	the	(‐111)	and	(200)	XRD	

peaks	at	around	15°	(Co	Kα);	the	higher	the	intensity	ratio	of	I(‐111)/I(200),	the	higher	the	

degree	of	site	exchange	[10].	Li2CoP2O7	has	 lattice	parameters	close	to	those	reported	for	

Li2–xCoP2O7	with	a	=	10.9603(3)	Å,	b	=	9.6957(2)	Å,	c	=	9.7641(2)	Å,	β	=	101.784(1)°,	V	=	

1015.740	Å3	[10].	Fig.	3‐11(b)	shows	variation	of	the	lattice	parameters	of	Li2Fe1‐yCoyP2O7	

with	y;	the	data	look	like	a	solid	solution	for	all	y.	The	unit	cell	parameters	and	V	decrease	

gradually	with	y,	attributable	to	the	smaller	ionic	size	of	Co.	
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Figure	3‐12	XRD	patterns	of	Li2Fe1‐yCoyP2O7	solid	solution	showing	continuous		
2θ	shift	to	high	angle.	
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Figure	3‐12	(Continued)	
	

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

 I (-111) / I (200)R
el

at
iv

e 
In

te
n

si
ty

 R
at

io

y in Li
2
Fe

1-y
Co

y
P

2
O

7  

Figure	3‐13	Relative	intensity	ratio,	I(‐111)/I(200),	in	Li2Fe1‐yCoyP2O7	(y=0−1).	
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3.3.2				Morphology	

	 SEM	was	used	to	evaluate	the	morphology	and	densification	of	the	sintered	samples.	

Fig.	 3‐14	 shows	 the	 cross‐section	 SEM	 images	 of	 the	 Li2MP2O7	 (M=Fe,	 Mn,	 Co,	

Fe1/3Mn1/3Co1/3)	 pellets	 sintered	 at	 700°C	 for	 12	 h	 under	 N2	 atmosphere.	 Most	 of	 the	

particles	have	shapes	of	aggregated	spheres	and	an	average	particle	size	of	less	than	10	μm	

for	M=Fe	and	Fe1/3Mn1/3Co1/3,	and	of	 larger	than	10	μm	for	M=Mn	and	Co.	SEM	shows	all	

four	 samples	 have	 a	 porous	 microstructure,	 and	 the	 measured	 density	 of	 Li2FeP2O7,	

Li2MnP2O7,	Li2CoP2O7	and	Li2Fe1/3Mn1/3Co1/3P2O7	is	2.629	g/cm3,	2.646	g/cm3,	2.866	g/cm3,	

and	2.724	g/cm3,	respectively,	consistent	with	a	final	density	~	84%,	87%,	89%,	and	87%	

of	the	theoretical	X‐ray	value,	see	Table	3‐3.	

	

   

   

Figure	3‐14	SEM	pictures	of	cross	section	of	the	sintered	(a)	Li2FeP2O7,	(b)	Li2MnP2O7,	
(c)	Li2CoP2O7	and	(d)	Li2Fe1/3Mn1/3Co1/3P2O7	pellets.	
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Table	3‐3	Theoretical,	measured	and	relative	density	of		
Li2MP2O7	(M=Fe,	Mn,	Co,	Fe1/3Mn1/3Co1/3)	pellets.		

	

Materials	 X‐ray	Density	
(g/cm3)	

Measured	Density	
(g/cm3)	

Relative	Density	
(%)	

Li2FeP2O7	 3.141	 2.629	 83.7	

Li2MnP2O7	 3.042	 2.646	 86.9	

Li2CoP2O7	 3.226	 2.866	 88.8	

Li2Fe1/3Mn1/3Co1/3P2O7	 3.138	 2.724	 86.8	

	

3.3.3				Chemical	Composition	

	 The	 chemical	 compositions	 of	 the	 as‐produced	 Li2Fe1/3Mn1/3Co1/3P2O7	 powders	

were	 determined	 by	 elemental	 analysis	 from	 energy	 dispersive	 X‐ray	 spectra	 (EDS),	 as	

illustrated	 in	Fig.	3‐15(a).	 Inset	 shows	 the	average	 calculated	atomic	percentage	of	 each	

element.	 The	 EDS	 spectra	 reveal	 that	 the	 stoichiometric	 ratio	 of	 (Fe1/3Mn1/3Co1/3):P	

analysed	 from	 the	 average	of	 10	distinct	 points	 in	 (b)	 is	 0.48(4):1,	which	 is	 close	 to	 the	

expected	value	of	0.5:1	within	errors.	This	may	indicate	homogeneous	mixing	of	the	three	

transition	 metals.	 Note	 that	 the	 value	 of	 oxygen	 is	 not	 measured	 directly	 but	 could	 be	

calculated	 by	 element	 differences.	 It	 is	 not	 possible	 to	 analyse	 Li	 because	 of	 the	 limited	

detection	capability	for	Li	element	with	lower	energy	X‐rays.	

	

		 	

Figure	3‐15	EDS	spectra	(a)	and	EBSD	image	(b)	of	Li2Fe1/3Mn1/3Co1/3P2O7	powders.	

Element Atomic % 
Fe  K 3.67(25) 
Mn  K 3.60(22) 
Co  K 3.40(21) 
P K 22.48(37) 

(a) 
(a) 
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3.3.4				Electrical	Properties	

(i)	Li2FeP2O7	

Impedance	 complex	 plane,	 Z*	 plots,	 Fig.	3‐16,	 show	 the	 total	 resistivity	 of	 pure‐

phase	Li2FeP2O7	pellet	with	 sputtered‐Pt	 electrodes	 at	 different	measuring	 temperatures.	

Specifically,	at	T=200°C	(b),	a	nearly	ideal	semicircle	is	found	with	associated	capacitance	

of	 C1	~4.5	 pFcm‐1	 and	 of	 C2	~1.0	 μFcm‐1,	 calculated	 from	ωRC=1	 at	 the	 first	 and	 second	

semicircle	maximum,	 respectively.	 Low	 frequency	 data	 at	 all	 temperatures	 show	 a	well‐

resolved	second	arc	but	no	evidence	for	a	Warburg	impedance	or	inclined	spike	that	could	

result	from	the	(partial)	blockage	of	ionic	species	at	the	sample‐electrode	interface	(d,	e,	f).	

Further	discussion	of	the	possible	origins	of	R2	will	be	described	in	the	next	section.				

The	parallel	 capacitance	 (Cp)	of	 the	bulk	 response	as	a	 function	of	 frequency	over	

the	 temperature	 range	 150°C	 to	 400°C	 can	 be	 observed	 from	 Fig.	 3‐17(a),	 in	 which	 a	

capacitance	 plateau	 at	 higher	 frequency	 is	 ~5.0	 pFcm‐1	 (arrowed).	 As	 the	 temperature	

increases,	 the	 data	 show	 a	 very	 broad	 dispersion,	 probably	 following	 a	 power	 law	 at	

intermediate	 frequencies,	 and	 in	addition,	 the	capacitance	at	 lower	 frequencies	 increases	

up	 to	 an	 approximate	 value	 of	~10‐5	 Fcm‐1	 and	 is	 therefore	 associated	with	 the	 sample‐

electrode	interfacial	response.	

Conductivity,	Y’,	data	as	a	 function	of	 frequency	are	shown	 in	Fig.	3‐17(b)	 for	 the	

same	 temperature	 range	 as	 in	 Fig.	 3‐17(a).	 The	 Y’	 data	 show	 a	 dispersion	 at	 high	

frequencies	 and	 present	 a	 nearly	 frequency‐independent	 dc	 conductivity	 plateau	 at	

intermediate	 frequencies.	 At	 T	 >	 300°C,	 Y’	 spectra	 present	 a	 frequency‐independent	 dc	

conductivity	plateau.		

Combined	Z’’/M’’	spectra	at	250°C	in	N2	show	Z’’	and	M’’	peaks	at	similar	frequency,	

Fig.	 3‐18.	 The	 peak	 maxima	 coincide,	 which	 indicates	 the	 sample	 is	 electrically	

homogeneous.	The	 full	width	at	half	maximum	(FWHM)	of	 the	Z’’	peak	 is	~1.16	decades,	

which	is	close	to	the	ideal	value	of	1.14	decades.	A	broad	low‐frequency	arc	in	the	Z’’	peak,	

which	is	also	seen	in	the	Z*	plots,	may	be	associated	with	an	electrode	effect.	
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The	conductivity	data	for	Li2FeP2O7	pellet	are	presented	in	Fig.	3‐19.	The	activation	

energy	was	calculated	using	the	Arrhenius	Equation	3.4:	

																																																																						σ	=	A	exp	(–Ea	/	RT)																																																											(3.4)													 															

,	where	conductivity,	σ=1/R,	was	obtained	from	impedance	data,	Ea	is	the	activation	energy,	

A	is	the	pre‐exponential	factor,	and	R	is	the	gas	constant	[16].	Note	that	an	Arrhenius	plot,	

ln	σ	 (i.e.	 ln	1/R)	against	1000/T	(in	Kelvin),	 can	be	 constructed	 to	give	a	 straight	 line	of	

slope	 –Ea/R	 and	 therefore,	 the	 activation	energy	 value	of	Ea	was	obtained	 from	Eqn.	3.4.	

The	 data	 for	 R1‐1	 and	 R2‐1	 show	 a	 linear	 response	with	 activation	 energy	 0.63±0.02	 and	

0.68±0.03	eV,	respectively.	

Fig.	3‐20(a)	 compares	 the	 complex	 impedance	 spectra	 of	 sputtered‐Au	 Li2FeP2O7	

measured	 at	 various	 temperatures	 so	as	 to	 gain	 an	 insight	 into	 the	 effect	 of	 electrode	

material	on	the	second	semicircle	at	low	frequencies.	An	obvious	low	frequency	depressed	

semicircle	is	still	observed	similar	to	those	results	obtained	using	Pt	electrodes.	Specifically,	

no	spike	attributed	to	ionic	conduction	behavior,	i.e.	Li+,	was	observed	as	the	temperature	

increased	 to	 350°C.	 The	 high	 frequency	 arc	 is	 related	 to	 the	 electronic	 and/or	 ionic	

migration	in	the	bulk	of	the	ceramics	with	a	capacitance	of	~5×10−12	Fcm‐1,	Fig.	3‐20(b).	

The	 calculated	 bulk	 activation	 energy	 of	 Li2FeP2O7	 is	 0.613±0.008	 eV	 (not	 shown)	 for	

sputtered	Au,	which	is	consistent	with	previous	value	in	Fig.	3‐19	within	errors.		

The	effect	of	dc	bias	with	1	V	potential	on	the	impedance	results	at	400°C	in	N2	using	

Pt	electrodes	 is	 shown	 in	Fig.	3‐21.	The	 resistance	of	 the	high	 frequency	arc,	R1,	 slightly	

decreased	(a)	but	its	capacitance	(b)	and	admittance	(c)	did	not	change	with	the	applied	dc	

bias.	 In	 addition,	 the	 response	 of	 low	 frequency	 arc	 stayed	 unchanged	 with	 dc	 bias.	 On	

removal	of	the	dc	bias,	however,	the	resistance	of	R1	continued	decreasing	to	a	lower	value.	

	 The	 effect	 of	 atmosphere	 at	measuring	 temperature	 of	 400°C	without	 a	dc	 bias	 is	

shown	 in	Fig.	3‐22.	The	value	of	R1	(a)	 in	air,	 after	6	h,	 is	 slightly	 lower	 than	 that	 in	N2,	

probably	 due	 to	 the	 sample’s	 partial	 oxidation	 (Fe2+/Fe3+)	 or	 decomposition.	 Further	

studies	are	necessary	to	clarify	this	point.	Moreover,	the	capacitance	(b)	does	not	show	big	

difference,	but	a	small	increased	conductivity	(c)	is	observed	in	air.	
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Figure	3‐16	Li2FeP2O7:	Impedance	complex	plane	plots,	Z*,		

at	(a)	150°C	to	(f)	400°C	in	N2.	
(continued	on	next	page)	
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Figure	3‐16	(continued)	
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Figure	3‐17	Li2FeP2O7:	spectroscopic	plots	of	(a)	capacitance,	C’	and		
(b)	admittance,	Y’,	at	temperatures	of	150°C	to	400°C.	
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Figure	3‐18	Z’’/M’’	spectroscopic	plots	for	Li2FeP2O7	at	250°C	in	N2.	
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Figure	3‐19	Arrhenius	plots	of	R1‐1,	R2‐1,	and	total	conductivity		
in	N2	for	Li2FeP2O7	with	sputtered‐Pt	electrodes.	
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Figure	3‐20	(a)	Complex	resistivity	plots,	Z*,	and	(b)	capacitance	plots,	C’,	measured	
at	300~350	°C	in	N2	for	Li2FeP2O7	pellet	with	sputtered‐Au	electrodes.	
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Figure	3‐21	(a)	Impedance	complex	plane	plots,	Z*;	(b)	spectroscopic	plots	of	
capacitance,	C’;	(c)	spectroscopic	plots	of	admittance,	Y’,	at	a	measuring	temperature	

of	400°C	with	different	dc	bias	of	0	and	1	V	in	N2.	
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Figure	3‐22	(a)	Impedance	complex	plane	plot,	Z*;	(b)	spectroscopic	plots	of	
capacitance,	C’;	(c)	spectroscopic	plots	of	admittance,	Y’,	for	Li2FeP2O7	in	various	

atmospheres	at	400°C	without	dc	bias.
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(ii)	Li2MnP2O7	

	 Impedance	 complex	 plane,	 Z*	 plots,	 are	 shown	 in	 Fig.	 3‐23,	 for	 Li2MnP2O7	 with	

sputtered	Pt	electrodes	at	different	temperatures	from	150°C	to	400°C	in	N2.	There	are	two	

distorted	semicircles	and	low	frequency	dispersions	at	 low	temperatures,	as	shown	in	(a,	

b).	At	higher	 temperature	of	250°C,	 the	Z*	plot	 shows	a	high‐frequency	arc	of	 resistance	

(R1),	an	intermediate‐frequency	arc	of	resistance	(R2),	and	a	large	low‐frequency	electrode	

spike,	 see	 (c).	 At	 temperatures	 above	 ~	 300°C,	 the	 length	 of	 electrode	 spike	 at	 lower	

frequencies	 increases,	 but	 the	 slope,	 at	 ~	 60°	 (d,	 e),	 becomes	 a	Warburg,	 at	 45°	 at	 the	

highest	measuring	temperature	of	400°C,	(f).		

	 The	capacitance,	C’,	data	as	a	function	of	frequency	at	different	temperatures	can	be	

observed	 from	 Fig.	 3‐24(a).	 A	 plateau	 at	 high	 frequency	 is	 attributed	 to	 the	 bulk	

capacitance,	 ~5	 pFcm‐1	 (arrowed),	 and	 a	 dispersion	 at	 lower	 frequency	 is	 observed	 at	

150°C.	The	capacitance	C2	associated	with	the	R2	response	at	 lower	frequency	is	partially	

resolved	at	temperatures	above	250°C	with	a	value	in	the	range	10‐8	to	10‐9	Fcm‐1.	Higher	

temperature	 IS	 measurement	 up	 to	 400°C	 was	 carried	 out	 to	 show	 an	 approximately	

constant	capacitance	at	low	frequencies	of	~	10‐5–10‐4	Fcm‐1	which	could	be	attributed	to	

the	sample‐electrode	interface	and	a	double	layer	effect.	

	 Conductivity,	Y’,	data	as	a	function	of	frequency	are	shown	in	Fig.	3‐24(b).	At	150°C,	

the	Y’	plot	presents	two	approximately	frequency	independent	plateaus,	first	one	below	~	

1	Hz	and	second	one	between	~	103	and	104	Hz,	and	a	high	frequency	dispersion,	above	~	

105	Hz.	 	As	the	temperature	 increases,	 the	data	at	 lower	frequencies	show	a	curvature	to	

lower	 conductivity	 values	 attributed	 to	 the	 ionic	 blocking	 character	 consistent	 with	 the	

electrical	double	layer	effect.	In	addition,	the	second	low‐frequency	plateau	shifts	forward	

to	higher	frequencies,	and	the	high‐frequency	dispersion	out	of	the	frequency	window.		

	 Fig.	3‐25	 shows	 the	Arrhenius	 response	with	 activation	 energy	 of	 R2,	 0.75(3)	 eV,	

which	is	higher	than	that	of	bulk	(R1),	0.64(1)	eV,	for	Li2MnP2O7.	The	total	conductivity	is	

limited	by	large	R2	resistances.	

Typical	 impedance	 results	 at	 400°C	 in	N2	with	different	dc‐bias	of	0,	 1,	 2,	 3	V	 are	

shown	 in	 Fig.	 3‐26.	 A	 decreased	 slope	 of	 Warburg	 spike	 (a)	 and	 slightly	 increased	
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electrode	capacitance	(b)	at	low	frequencies	are	observed	applying	dc‐bias	from	0	to	3	V.	

The	responses	of	C’	and	Y’	of	bulk	and	grain	boundary	do	not	change	with	the	applied	dc‐

bias,	(c),	however,	an	increase	in	conductivity	at	low	frequencies	is	observed	with	dc‐bias	

of	above	1	V,	and	is	fully	reversible	on	removing	the	dc‐bias,	see	orange	line.			

Lithium	is	able	to	form	well‐defined	intermetallic	phases	(LixM)	with	various	metals	

M	 (M=Pt,	 Ag,	 Au,	 etc.)	 at	 room	 temperature	 if	 the	 metal	 is	 polarized	 to	 a	 sufficiently	

negative	potential	(17).	The	so‐called	‘lithium	alloys’	are	formed	according	to	Equation	3.5:		

																																																																		 MLiMxexLi x

ech

edisch

arg

arg

  																																												(3.5)	

The	 voltage	 probably	 can	 induce	 the	 Li	 ions	 to	 diffuse	 toward	 the	 electrode‐sample	

interface,	and	therefore,	an	intermetallic	phase	may	form,	e.g.	LixPt;	

																																					Li+	conductor	(Li2MnP2O7)	｜LixPt	｜Metal	electrode	(Pt)	

The	 movement	 of	 lithium	 ions,	 however,	 is	 reversible	 at	 the	 sample‐electrode	 interface	

after	removing	a	dc‐bias,	following	an	electrochemical	reaction,	Equation	3.6:	

																																																 PtLiPtxexLi x

applying

removing

  																																			(3.6)	

Similar	 impedance	 results	 with	 different	 metal	 electrodes,	 e.g.	 Au,	 are	 illustrated	 in	

appendices,	Figs.	A3‐1~A3‐3.	Micrographs	of	the	surface	of	sputtered	platinum	electrodes	

after	 applying	 dc‐bias	 at	 400°C	 in	 N2	 are	 shown	 in	 Fig.	 3‐27.	 The	 color	 of	 both	 sides,	

positive	(+)	and	negative	(−),	did	not	show	any	difference	after	dc	bias.	Note	that	Li	ions	can	

move	 toward	 the	 negative	 side	while	 applying	 bias	 similar	 to	 the	 charging	 process	 in	 a	

battery.		

	 Higher	temperature	impedance	testing	with	different	atmospheres	was	carried	out	

to	understand	the	conduction	mechanism	for	pure	Li2MnP2O7,	as	shown	in	Fig.	3‐28.	The	

bulk,	 grain	 boundary	 and	 electrode	 response	 without	 a	 dc‐bias	 is	 independent	 of	

atmosphere. 
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Figure	3‐23	Li2MnP2O7:	Impedance	complex	plane	plots,	Z*,	
at	(a)	150°C	to	(f)	400°C	in	N2.	
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Figure	3‐23	(continued)	
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Figure	3‐24	Li2MnP2O7:	(a)	spectroscopic	plots	of	capacitance,	C’,	(b)	spectroscopic	

plots	of	admittance,	Y’,	at	different	temperatures	of	150°C	to	400°C.	
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Figure	3‐25	Arrhenius	plots	of	the	R1‐1,	R2‐1,	and	total	conductivity	(R1‐1	+	R2‐1)		
in	N2	for	Li2MnP2O7	with	sputtered‐Pt	electrodes.	
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Figure	3‐26	(a)	Impedance	complex	plane	plots,	Z*;	(b)	spectroscopic	plots	of	

capacitance,	C’;	(c)	spectroscopic	plots	of	admittance,	Y’,	at	a	measuring	temperature	
of	400°C	with	different	dc‐bias	of	0–3	V	in	N2.	

(continued	on	next	page)	
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Figure	3‐26	(continued)	

 

 

     

 

Figure	3‐27	Positive	(+)	and	negative	(−)	side	micrographs		
of	sputtered‐Pt	Li2MnP2O7	pellet	after	applying	3	V	dc‐bias.	
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Figure	3‐28	(a)	Impedance	complex	plane	plot,	Z*;	(b)	spectroscopic	plots	of	
capacitance,	C’;	(c)	spectroscopic	plots	of	admittance,	Y’,	for	Li2MnP2O7	in	various	

atmospheres	at	400°C	without	dc‐bias.	
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(iii)	Li2MP2O7	(M=Co	and	Fe1/3Mn1/3Co1/3)	

Z*	 plots	 of	 Li2CoP2O7	 and	 Li2Fe1/3Mn1/3Co1/3P2O7	 with	 sputtered	 Pt	 electrodes	 at	

different	 temperatures	 in	N2	are	given	 in	Fig.	3‐29.	At	T	≳	200°C,	 these	 two	compounds	

show	a	high‐frequency	arc	of	resistance	(Rb),	an	 intermediate‐frequency	arc	of	resistance	

(Rgb),	 and	 a	 large	 low‐frequency	 spike	 representing	 charge	 carrier	 blocking	 at	 the	

electrode‐sample	interface.	At	temperatures	above	~	300°C,	only	the	resistance	Rgb	can	be	

identified	and	the	low	frequency	effect	gives	a	combination	of	a	curve	at	low	frequency	and	

a	linear	response	at	higher	frequency.		

C’	plots	as	a	function	of	frequency	at	300°C	in	N2	can	be	observed	from	Fig.	3‐30(a);	

both	 show	 three	 poorly‐resolved	 plateaus.	 The	 first	 plateau	 at	 high	 frequencies	 is	

attributed	 to	 the	 bulk	 capacitance	 of	 ~5	 pFcm‐1,	 C1.	 A	 second	 one	 at	 intermediate	

frequencies	is	partially	resolved,	and	is	assigned	to	capacitance	C2	with	~10	nFcm‐1.	A	third	

capacitance	C3,	with	a	capacitance	value	~3×10‐5	Fcm‐1	 is	attributable	to	the	double	layer	

interface.		

Y’	data	as	a	function	of	frequency	are	presented	in	Fig.	3‐30(b).	The	data	at	lower	

frequencies	show	a	curvature	to	 lower	conductivity	values.	Two	poorly‐resolved	plateaus	

are	 seen	 at	 intermediate	 frequencies,	 and	 the	 high‐frequency	 dispersion	 lies	 outside	 the	

frequency	window.	

Based	 on	 the	 previous	 study	 of	 the	 effect	 of	 dc	 bias	 on	 Li2MnP2O7,	 the	 applied	

voltage	 can	 induce	 the	 Li	 ions	 to	 diffuse	 towards	 the	 electrode‐sample	 interface.	 An	

increased	conductivity	at	low	frequencies	is	obtained	by	applying	a	dc‐bias	of	≥	1V,	Fig.	3‐

31.	The	movement	of	 lithium	 ions,	however,	 is	not	 fully	 reversible	after	 removing	 the	dc	

bias	 (see	 orange	 line).	 Fig.	 3‐32	 shows	 an	 increased	 electrode	 capacitance	 at	 low	

frequencies	on	increasing	the	dc‐bias	from	0	to	2	V,	but	with	a	slightly	decrease	between	2	

to	3	V	bias.	The	high‐frequency	responses	of	 capacitance	are	not	obviously	changed	with	

the	applied	dc‐bias.	On	removal	of	the	dc	bias,	the	values	of	capacitance	at	high	frequencies	

are	similar	to	the	original	ones,	however,	an	increased	response	for	C’	are	found	at	lower	

frequencies.	
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Figure	3‐29	Complex	resistivity	plots,	Z*,	at	200~300	°C	in	N2	for	(a)	Li2CoP2O7	and	(b)	

Li2Fe1/3Mn1/3Co1/3P2O7,	with	sputtered	Pt	electrodes.	
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Figure	3‐30	Capacitance	plots,	C’,	(a)	and	admittance	plots,	Y’,	(b),	measured	at	300°C	

in	N2	for	M=Co	and	Fe1/3Mn1/3Co1/3,	with	sputtered	Pt	electrodes.	
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Figure	3‐31	Admittance,	Y’,	at	a	measuring	temperature	of	400°C	with	different	dc	
bias	of	0–3	V	in	N2	for	(a)	Li2CoP2O7	and	(b)	Li2Fe1/3Mn1/3Co1/3P2O7.	
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Figure	3‐32	Capacitance,	C’,	at	a	measuring	temperature	of	400°C	with	different	dc	
bias	of	0–3	V	in	N2	for	(a)	Li2CoP2O7	and	(b)	Li2Fe1/3Mn1/3Co1/3P2O7.	
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The	 effect	 of	 atmosphere,	 Fig.	 3‐33,	 shows	 that	 the	 responses	 of	 bulk,	 grain	

boundary	and	electrode	effect	at	400°C	have	no	big	difference.	Further	impedance	data	of	

Li2CoP2O7	 and	 Li2Fe1/3Mn1/3Co1/3P2O7	 as	 a	 function	 of	 temperature,	 dc‐bias,	 and	

atmosphere	are	summarised	in	the	appendices.	
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Figure	3‐33	Impedance	complex	plane	plot,	Z*,	in	various	atmospheres	at	400°C	
without	a	dc	bias	for	(a)	Li2CoP2O7	and	(b)	Li2Fe1/3Mn1/3Co1/3P2O7.	
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between	 2.0	 V	 and	 4.5	 V.	 It	 can	 be	 seen	 that	 the	 discharge	 capacity	 at	 C/5	rate	 is	 ~47	

mAh/g	and	decreases	with	the	discharge	rate.		

	 Fig.	 3‐38	 shows	 the	 1st	 charge	 and	 discharge	 curves	 of	 Li2FeP2O7	 and	

Li2Fe1/3Mn1/3Co1/3P2O7	at	 constant	 charge/discharge	 rate	 of	 C/20	at	 25°C,	 with	 constant	

voltage	 relaxation	down	 to	C/400	 applied	 at	 4.5	V	 for	2	 hours.	 The	discharge	plateau	 of	

Li2FeP2O7	 appears	 at	 ~3.3	 V,	 and	 the	 first	 discharge	 capacity	 is	 ~70	 mAh/g.	

Li2Fe1/3Mn1/3Co1/3P2O7	has	 low	capacity	of	~12	mAh/g,	high	polarization,	and	no	voltage	

plateau	at	the	first	charge‐discharge.	Cyclic	voltammetry	(CV)	was	investigated	to	verify	the	

electrochemical	 reactions	 during	 charge	 and	 discharge,	Fig.	3‐39.	The	 oxidation	 peak	 of	

Li2FeP2O7	is	observed	at	~3.8	V,	which	may	correspond	to	the	Fe2+/Fe3+	redox	couple.	No	

peak	is	seen	for	Li2Fe1/3Mn1/3Co1/3P2O7.		

Fig.	 3‐40	 shows	 the	 high‐rate	 discharge	 capacity	 for	 the	 Li2FeP2O7	 and	

Li2Fe1/3Mn1/3Co1/3P2O7	 powders	 without	 carbon	 additives.	 Li2FeP2O7	 had	 a	 discharge	

capacity	of	ca.	70	mAh/g,	48	mAh/g,	30	mAh/g,	and	15	mAh/g	at	discharging	rates	C/20,	

C/5,	C/2,	and	1C,	 respectively,	using	constant	charge	rate	of	C/20.	Li2Fe1/3Mn1/3Co1/3P2O7	

had	a	 low	discharge	 capacity	of	~5	mAh/g	at	C/20	discharge	 rate	 and	~3	mAh/g	at	C/5	

discharge	rate	after	5	cycles.	The	high‐rate	discharge	capacity	of	Li2FeP2O7	is	much	higher	

than	 that	 of	 Li2Fe1/3Mn1/3Co1/3P2O7.	 After	 being	 subjected	 to	 the	 high‐rate	

charge/discharge	 cycles,	 Li2FeP2O7	still	 demonstrates	 a	 good	 capacity	 retention	 of	 ∼68	

mAh/g	at	C/20	charge/discharge	rate	after	30	cycle	numbers,	Fig.	3‐41.	

	 Fig.	3‐42	shows	the	charge	and	discharge	curves	of	the	Li2CoP2O7	electrode	material	

tested	at	a	constant	current	rate	of	C/20	at	25°C.	The	cut‐off	voltage	was	set	between	2.0	V	

and	5.2	V.	An	average	charge	voltage	was	estimated	close	to	5.0	V	versus	Li+/Li.	This	active	

material	has	a	 theoretically	capacity	of	~108	mAh/g,	 for	1	Li/formula;	however,	 the	 first	

discharge	 capacity	 at	C/20	 rate	 is	 only	~20	mAh/g	 in	 our	 results.	 A	 representative	 SEM	

image	shows	large	micron‐sized	particles	with	aggregated	morphology.		Further	discussion	

will	be	addressed	in	next	section.	
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Figure	3‐34	Charge‐discharge	curves	of	Li2FeP2O7	at	a	constant	charge/discharge	
rate	of	C/20	at	25°C	(Cut‐off	voltage:	2.0–4.5	V). 
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Figure	3‐35	Voltage	drop	magnification	in	Fig.	3‐34	between	first	and	second	charge. 
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Figure	3‐36	A	voltage	profile	of	Li2FeSiO4	cycled	at	60°C	at	a	C/16	rate		

on	the	first	and	second	charging	cycle	[18].	
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Figure	3‐37	Discharge	curves	of	the	Li2FeP2O7	cell	tested	at	a	constant		
charge	rate	of	C/20	and	various	discharge	rates	at	25°C.	
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Figure	3‐38	Charge–discharge	curves	of	the	Li2FeP2O7	and	Li2Fe1/3Mn1/3Co1/3P2O7	
cells	tested	at	a	constant	charge	rate	of	C/20	at	25°C	for	the	1st	cycle.	
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Figure	3‐39	Cyclic	voltammetry	of	Li2FeP2O7	and	Li2Fe1/3Mn1/3Co1/3P2O7	samples		
at	a	scanning	rate	of	0.02	mV/s	between	2V	and	4.5~5.0	V.		
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Figure	3‐40	Discharge	capacity	of	Li2FeP2O7	and	Li2Fe1/3Mn1/3Co1/3P2O7	as	a	function	
of	discharge	rate	at	a	constant	charge	rate	of	C/20	(cut‐off	voltages:	2.0–4.5	V).	
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Figure	3‐41	Cycling	performance	of	Li2FeP2O7	and	Li2Fe1/3Mn1/3Co1/3P2O7	at	C/20	
discharge	capacity	with	a	constant	charge	rate	of	C/20	(cut‐off	voltages:	2.0–4.5	V).	
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Figure	3‐42	First	charge–discharge	curves	of	the	Li2CoP2O7	cell	tested	at	a	constant	
charge	rate	of	C/20	at	25°C	(cut‐off	voltages:	2.0–5.2	V).	The	insert	SEM	image	shows	

the	size	and	morphology	of	the	Li2CoP2O7	particles.	
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3.4	Discussion	

3.4.1	XRD	Patterns	and	Crystallinity	

	 Lithium	mixed‐metal	pyrophosphates,	Li2Fe1‐xMnxP2O7	(0	≤	x	≤	1),	Li2Fe1‐yCoyP2O7	(0	

≤	 y	 ≤	 1),	 and	 Li2Fe1/3Mn1/3Co1/3P2O7	have	 been	 successfully	 made	 though	 a	 solid‐state	

method.	 In	 the	 preparation	 of	 phase‐pure	 compounds,	 a	 two‐step	 synthesis	 route	 is	

preferred	 to	 achieve	 complete	 reaction	and	 to	 get	 rid	of	 impurities	 in	 the	 final	products.	

XRD	patterns	show	the	Mn‐	or	Co‐	substituted	Li2FeP2O7	synthesized	at	700°C	for	12	h	in	N2	

form	a	complete	solid	solution	with	monoclinic	symmetry	and	space	group	P21/c.	The	unit	

cell	parameters	in	Li2Fe1‐xMnxP2O7	(0	≤	x	≤	1)	decrease	linearly	with	Fe	content	as	a	result	

of	the	smaller	ionic	radius	of	Fe2+	(0.78	Å)	than	Mn2+	(0.83	Å),	and	which	typically	follows	

Vegard’s	law	even	if	small	deviations	are	observed.	Zhou	et	al.’s	results	[9],	however,	show	

an	 obviously	 positive	 deviation	 from	 Vegard’s	 law,	 specifically,	 a	 sharp	 change	 in	 all	

parameters	at	 x=0.2	composition	referred	 to	 in	Fig.	3‐11(a).	This	 cause	could	be	usually	

ascribed	 to	 the	 occurrence	 of	 incipient	 immiscibility	 in	 an	 apparently	 homogenous	 solid	

solution	[19],	or	to	incomplete	reaction	though	a	wet	method	followed	by	a	heat	treatment	

at	lower	temperatures	ranging	from	400°C	to	700°C	[9].	

	 For	the	Li2Fe1‐yCoyP2O7	(0	≤	y	≤	1)	compositions,	the	unit	cell	volume	shows	nearly	

linear	decrease	with	increasing	Co	substitution	y.	This	phenomenon	was	reasonable	given	

the	smaller	ionic	radius	of	Co2+	(0.75	Å)	than	Fe2+	(0.78	Å).	The	reason,	however,	why	the	c‐

axis	 increased	and	reduced	deviation	 from	Vegard’s	 law	at	y=0.2	and	0.5,	 respectively,	 is	

still	unclear	and	further	experiments	are	necessary	to	check	whether	this	is	a	real	effect,	e.g.	

comparison	of	rapidly	quenched	and	slowly	cooling	samples.	

	 The	 multi‐transition	 metal	 pyrophosphate	 Li2Fe1/3Mn1/3Co1/3P2O7	 has	 a	 lower	

degree	of	site	exchange,	~0.7,	calculated	from	I(‐111)/I(200)	in	Fig.	3‐7,	in	comparison	to	

those	of	 the	Li2FeP2O7	and	Li2CoP2O7	compounds	with	~1.2	 (Fig.	3‐10)	and	~1.1	 (Fig.	3‐

13),	 respectively.	 This	 result	 indicates	 the	 site	 exchange	 between	 TM	 and	 Li	 in	 multi‐

component	 compound	 can	 be	 less	 significant	 than	 that	 of	 single‐component,	 Fe	 or	 Co	

counterparts.	
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3.4.2	Electrical	Properties	

(i)	Li2FeP2O7	

	 Z*	plots	of	Pt‐	and	Au‐sputtered	Li2FeP2O7	pellets	show	a	high	frequency	arc	with	an	

associated	capacitance	value	~5	pFcm‐1,	which	 is	confirmed	to	be	the	bulk	response.	The	

capacitance	at	intermediate	frequencies	did	not	show	a	clear	plateau	close	to	~10‐11	Fcm‐1,	

which	 make	 it	 difficult	 to	 resolve	 the	 grain	 boundary	 response	 for	 all	 temperatures.	 In	

addition,	 both	 samples	 have	 a	 second	 distorted	 semicircle	 at	 low	 frequency	 with	 a	

capacitance	 of	~1	 μFcm‐1,	 probably	 due	 to	 an	 electrode	 effect.	 At	 high	 temperatures,	 no	

blocking	 spike	 attributed	 to	 ionic	 conduction	 was	 present	 at	 low	 frequencies	 in	 these	

samples.	 The	 Pt	 or	 Au	 electrode	 used	 is	 reversible	 for	 electronic	 charge	 carriers	 but	 it	

blocks	the	Li	ions,	indicating	that	electronic	conduction	mechanism	is	predominant.		

However,	 some	 Li	 ion	 conduction	 is	 perhaps	 present	 due	 to	 the	 corresponding	

capacitance	of	~10‐6	Fcm‐1	obtained	from	the	second	semicircle,	R2,	at	low	frequencies.	At	T	

<	300°C,	the	resistivity	just	slightly	increases	as	the	measuring	frequencies	changed	to	10‐2	

Hz,	Fig.	3‐17(b).	This	fact	perhaps	shows	a	non‐ideal	blocking	electrode	effect	caused	from	

the	poorly‐sintered	Li2FeP2O7	ceramics	with	a	pellet	density	~84	%.	Sputtered	Pt	and/or	

Au	electrodes,	without	hardening	treatment,	probably	have	discrete	contacts	with	sample	

and	 therefore,	 the	 air	 gap	 may	 exist	 along	 the	 electrode‐sample	 interface.	 Similar	

phenomena	were	observed	in	doped‐lanthanum	gallate	ceramics,	La0.8Sr0.2Ga0.83Mg0.17O2.815	

(LSGM),	reported	by	Abram	et	al.	[20];	an	additional	semicircle	with	associated	capacitance	

1	nFcm‐1	was	obtained	at	a	measuring	temperature	of	~328	°C	using	gold	paste	electrodes	

hardened	at	500~850	°C.	This	additional	resistance	is	due	to	partially‐sintered	Au	particles	

in	 the	 paste,	 resulting	 in	 discrete	 contacts	 with	 the	 samples	 [20].	 The	 measured	 bulk	

activation	 energy	 of	 Li2FeP2O7	 for	 electronic	 conduction	 is	 ~0.6	 eV	 similar	 to	 data	 for	

polycrystalline	and	single	crystal	LiFePO4	from	ac	impedance	using	blocking	electrodes,	Au	

and	Ti,	respectively	[21‐22].	

The	dc‐bias	has	no	distinct	influence	on	the	electrical	properties	of	Li2FeP2O7	at	the	

highest	measuring	temperature	of	400°C	although	a	slight	increase	in	bulk	conductivity	is	

observed	with	a	dc	bias	of	1	V.	This	could	be	due	to	a	tiny	degree	of	oxidation	from	Fe2+	to	
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Fe3+	during	measurement.	Applying	a	dc‐bias	also	can	be	carried	out	to	verify	the	effect	of	

sample‐electrode	 interface	 (non‐Ohmic	contact)	 to	get	 insight	 into	 this	material	 [23].	For	

example,	 a	 Schottky	 barrier	 can	 form	 as	 a	 result	 of	 charge	 transfer	 across	 the	 metal‐

semiconductor	 interface.	 Generally,	 the	 Schottky	 barrier	 height	 is	 created	 by	 the	 space	

charge	and	 is	voltage	dependent.	Herein,	 in	order	to	clearly	 indicate	 the	dc‐bias	effect	on	

the	 second	 arc	 at	 low	 frequencies,	 the	 bulk	 conductivities	 R1	 at	 1	 V	 and	 3	 V	 are	 shifted	

forward	 to	 the	same	value	as	0	V,	and	 therefore,	 the	assumed	oxidation	 factor	 in	 sample	

could	be	 ignored,	 as	 shown	 in	Fig.	3‐43.	 Specifically,	 the	 resistance	of	 low	 frequency	arc	

decreases	slightly	with	applying	a	higher	dc‐bias	of	3	V,	which	perhaps	means	the	height	of	

a	Schottky	barrier	could	be	decreased	for	electron	to	transfer	across	the	interface.	
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Figure	3‐43	Effect	of	dc	voltage	effect	on	low	frequency	response,	with	constant	R1	at	

400°C	applying	different	dc‐bias	of	1	and	3	V	in	N2.	

	

In	general,	if	the	conductivity	increases	with	the	oxygen	partial	pressure	(
2OP ),	the	

conduction	mechanism	should	be	p‐type	due	to	a	change	in	electronic	carrier	concentration,	

i.e.	
2

O +	 

O
V2 	→	 

O
O2 	+	4 h .	Herein,	the	bulk	conductivity	of	Li2FeP2O7	at	higher	frequency	

in	air	 is	slightly	higher	 than	that	 in	N2,	 indicating	the	conduction	 is	now	probably	p‐type.	

However,	 as	 the	 atmosphere	 changed	 from	 Air	 to	 N2	 once	 again	 for	 6	 hours,	 the	

R1 
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conductivity	 does	 not	 decrease	 reversibly	 to	 its	 original	 value,	 suggesting	 a	 partial	

oxidation	of	Fe2+	to	Fe3+	occurred	in	sample	at	400°C.	This	could	be	in	agreement	with	the	

following	reaction	proposed	by	Whittingham	et	al.	[9],	Equation	3.7:																																															

																																									12	Li2FeP2O7	+	3	O2	→	8	LiFeP2O7	+	4	Li4P2O7	+	2	Fe2O3																														(3.7)	

(ii)	Li2MnP2O7 

	 Z*	plots	of	Pt‐sputtered	Li2MnP2O7	pellet	show	a	high	frequency	semicircle	with	an	

associated	capacitance	value	~5	pFcm‐1	attributed	to	the	bulk	resistance.	At	temperatures	

above	 200°C,	 a	 second	 semicircle	 can	 be	 clearly	 distinguished	with	 an	 associated	 higher	

capacitance	 close	 to	 10	 nFcm‐1;	 this	 value	 can	 be	 due	 to	 a	 Schottky	 barrier	 and	 either	

different	 electrode	material	 or	 thick/thin	pellet.	 In	 order	 to	 clarify	 this	 point,	 a	 different	

electrode,	 Au,	 was	 utilized	 and	 compared	 to	 the	 results	 in	 Figs.	3‐23	 and	3‐24.	 A	 large	

second	semicircle,	however,	is	still	observed	with	a	similar	capacitance	of	~50	nFcm‐1,	see	

Figs.	A3‐3	and	A3‐4.	 On	 the	 other	 hand,	 a	 Schottky	 barrier	 usually	 occurs	 in	 electronic	

conductors,	but	not	in	ionic	conductors.	As	a	result,	this	second	semicircle	can	correspond	

to	large	grain	boundary	resistances	(Rgb)	or	to	a	surface	layer.		

	 Typically,	partial	 blocking	behavior	of	metal	electrodes	 identifies	 ionic	 conduction	

within	a	sample	[24].	High	temperature	IS	measurements	for	Li2MnP2O7	were	carried	out	to	

provide	 detailed	 insight	 into	 conduction	mechanisms;	 a	 low	 frequency	Warburg	 spike	~	

45o	 above	350°C,	Fig.	3‐23(f),	 is	 exhibited	 and	 attributed	 to	 ionic	 diffusion	between	 the	

electrode/sample	 interface.	 In	 addition,	 a	 blocking	 double	 layer	 associated	 with	 a	 low	

frequency	 capacitance	 of	 ~10‐5	 Fcm‐1	 above	 300°C	 is	 obtained	 and	 the	 RT	 of	 cell	 +	

electrodes	cannot	be	measured.	DC‐bias	effect	on	Li2MnP2O7	shows	 the	Li	 ion	diffusion	 is	

fully	 reversible	 across	 the	 electrode‐sample	 interface	 after	 applying	 dc‐bias.	 However,	

there	is	no	difference	in	bulk	and	grain	boundary	responses.	These	results	are	similar	using	

platinum	or	 gold	 electrodes,	which	 indicate	 less	 decomposition	 in	 electrodes	 is	 obtained	

after	dc‐bias.	A	schematic	model	of	bias‐dependence	is	given	in	Fig.	3‐44;	since	the	height	

of	a	Schottky	barrier	could	be	decreased	by	applying	a	dc‐bias	and	therefore	a	decreased	

resistance	 and	 increased	 capacitance	 appear	 for	 charge	 transfer	 across	 the	 sample‐

electrode	interface	(Fig.	3‐26).	
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Figure	3‐44	Schematic	model	of	the	Li+	movement	with	applied	and	removed	dc	bias.	

	
	 The	responses	of	bulk,	grain	boundary	and	electrode	effect	without	a	dc‐bias	do	not	

show	a	big	difference	at	high	temperature,	400°C,	 in	different	atmospheres,	which	means	

the	manganese	is	stable	and	hard	to	oxidize	from	Mn2+	to	Mn3+.	This	is	expected	from	the	

relative	oxidation	state	stability	at	600°C:	Mn2+	>	Mn3+	[25],	and	confirmed	by	a	TGA	study	

of	Li2Mn1‐yFeyP2O7	from	Whittingham	et	al.	[9].	Li2MnP2O7,	therefore,	cannot	be	clarified	as	

either	p‐	or	n‐type	material,	and	 its	conducting	species	 is	almost	primarily	dominated	by	

ionic	conduction	instead	of	electronic	conduction.		

(iii)	Li2CoP2O7 

	 The	results	of	Nyquist	plots	of	Li2CoP2O7	were	similar	to	those	of	Li2MnP2O7;	a	high	

frequency	 bulk	 semicircle	 and	 a	 second	 depressed	 semicircle	 with	 a	 higher	 capacitance	

~50	nFcm‐1,	which	is	attributed	to	a	grain	boundary	resistances	or	a	surface	layer.	A	similar	

phenomenon	was	observed	using	Au	electrodes,	Fig.	A3‐21(a).	At	T	>	300°C,	an	 inclined	

spike	 at	 lower	 frequencies	 is	 displayed	due	 to	 a	 blocking	 interfacial	 effect.	 Specifically,	 a	

low	frequency	Warburg	spike	~45o	is	present	at	350°C	and	400°C	because	of	ionic	diffusion	

across	the	electrode/sample	interface.	
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	 The	 Li	 ion	 diffusion	 in	 Li2CoP2O7,	 however,	 is	 not	 fully	 reversible	 across	 the	

electrode‐sample	 interface	after	applying	dc‐bias,	which	may	be	due	to	decomposition	on	

the	surface	of	Pt	electrode,	as	shown	by	a	dark	colour	on	the	pellet	surface.	In	contrast,	with	

sputtered	Au	electrodes,	the	Li	ions	are	more	reversible	due	to	less	electrode	cracking,	Fig.	

A3‐22.	 A	 high	 measuring	 temperature	 above	 300°C	 and	 applied	 voltage	 may	 influence	

electrode	 stability.	 The	 electrical	 responses	 of	 Li2CoP2O7	 are	 almost	 independent	 of	

different	atmospheres,	indicating	the	cobalt	is	quite	stable	and	is	not	easy	to	oxidize	from	

Co2+	 to	 Co3+.	 This	 suggests	 the	 electrical	 behaviour	 of	 Li2CoP2O7	is	 predominately	 ionic	

conduction	with	much	lower	electronic	conduction.				

(iv)	Li2Fe1/3Mn1/3Co1/3P2O7	

	 Z*	 plots	 at	 different	 temperatures	 from	200°C	 to	 300°C	 in	N2	 show	 two	distorted	

semicircles	 and	 a	 low	 frequency	 inclined	 spike	 which	 may	 be	 attributed	 to	 a	 partially	

blocked	electrode	interface	with	an	associated	capacitance	of	~10‐5	Fcm‐1.	The	capacitance	

shows	a	typical	plateau	at	high	frequency	of	~5	pFcm‐1,	which	is	associated	with	the	first	R1	

resistance,	and	therefore,	attributed	to	the	bulk	response.	Similar	to	the	second	disordered	

semicircles	 in	 Z*	 plots	 of	 Li2MnP2O7	 and	 Li2CoP2O7,	 R2,	 in	 Li2Fe1/3Mn1/3Co1/3P2O7	 can	 be	

also	 attributed	 to	 a	 grain	 boundary	 resistance.	 Comparable	 results	 using	 Au	 electrodes	

were	 demonstrated	 in	 Figs.	A3‐23~A3‐24.	 As	 the	 temperature	 increased	 to	 350°C	 and	

400°C,	a	low	frequency	Warburg	spike	~45o	is	exhibited,	and	the	total	resistance	of	cell	+	

electrodes	cannot	be	evaluated.	

	 DC‐bias	 results	 show	 the movement of lithium ions, however, is not fully reversible at 

the sample-electrode interface after	 applying	 dc‐bias	 of	 3	 V	 at	 400°C	 in	 N2.	 One	 possible	

explanation	is	the	decomposition	of	the	surface	of	Pt	electrode	with	time.	Nevertheless,	the	

lithium	ions	are	full	reversible	using	a	sputtered	Au	electrode	at	300°C	in	N2,	indicating	less	

decomposition	on	the	pellet	surface	is	more	probable	at	lower	measuring	temperature,	as	

shown	in	Fig.	A3‐25.	Atmosphere	studies	find	that	the	responses	of	bulk,	grain	boundary	

and	 electrode	 effect	 without	 a	 dc‐bias	 at	 400°C	 do	 not	 show	 big	 difference	 in	 various	

atmospheres.	This	means	the	valence	(M2+)	of	manganese	and	cobalt	species	are	still	quite	

stable	 in	 multi‐component	 Li2Fe1/3Mn1/3Co1/3P2O7,	 and	 in	 addition,	 probably	 the	 Fe	
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oxidation	 could	 be	 inhibited.	 Li2Fe1/3Mn1/3Co1/3P2O7,	 therefore,	 seems	 to	 be	 primarily	 an	

ionic	conductor	with	perhaps	some	electronic	conduction.	

	 The	 comparative	 bulk	 (Rb)	 conductivity	 data	 measured	 in	 N2	 of	 Pt‐sputtered	

Li2MP2O7	(M=Fe,	Mn,	Co,	Fe1/3Mn1/3Co1/3)	analogues	are	summarized	in	Fig.	3‐45.	The	bulk	

activation	 energy	 Ea	 of	 Li2Fe1/3Mn1/3Co1/3P2O7	 (0.60	 eV)	 is	 slightly	 lower	 than	 that	 of	

Li2CoP2O7	(0.62	eV),	Li2FeP2O7	(0.63	eV)	and	Li2MnP2O7	(0.64	eV).	The	Ea	values	of	M=Mn	

and	 Co	 are	 compared	 to	 previous	 results	 in	 lithium	 orthophosphates,	 e.g.	 0.65	 eV	 of	

LiMnPO4	and	0.62	eV	of	LiCoPO4,	by	ac	conductivity	measurements	reported	by	Rissouli	et	

al.	[26].	Moreover,	their	results	showed	that	the	activation	energy	decreases	slightly	with	a	

decrease	 of	 the	 unit	 cell	 volume	 as	 a	 result	 of	 a	 shrinking	 lattice	 effect.	 That	 is,	 the	

increasing	 repulsion	 between	 Li+	 and	 M2+	 cations	 may	 diminish	 the	 strength	 of	 Li–O	

bonding	 in	 smaller	 lattice,	 and	 therefore,	 result	 in	 lower	 activation	 energy	 and	 higher	

conductivity	 [26].	 A	 similar	 phenomenon	 was	 observed	 in	 our	 results	 of	 Li2MnP2O7	and	

Li2CoP2O7	pyrophosphates.	More	detailed	structure	refinement,	however,	should	be	carried	

out	to	get	insight	into	this	explanation.	

	 The	specific	grain	boundary	(Rgb)	conductivities	and	activation	energies	of	Li2MP2O7	

are	seen	in	Fig.	3‐46.	The	Ea	value	of	Rgb	is	0.75±0.02	eV	for	M=Mn,	0.79±0.02	eV	for	M=Co,	

0.84±0.03	 eV	 for	 M=Fe1/3Mn1/3Co1/3.	 The	 reason,	 however,	 why	 the	 resistance	 of	 Rgb	 of	

Li2MnP2O7	is	much	higher	with	a	slightly	lower	Ea,	 is	still	unclear	and	further	studies	are	

necessary	for	clarification.	The	total	conductivity	of	M=Mn	is	 lower	than	that	of	the	other	

three	 samples	 due	 to	 its	 high	 grain	 boundary	 resistance,	 as	 shown	 in	 Fig.	 3‐47.	 	 This	

implies	the	grain	boundary	resistance	should	be	the	limiting	factor	for	room	temperature	

Li	 ion	 transport	 in	 Li2MnP2O7,	 and	 therefore,	 can	 be	 one	 explanation	 for	 its	 very	 poor	

electrochemical	behavior,	i.e.	discharge	capacity	of	≈	0	mAh/g,	is	observed	[9,	15].	Recently,	

Yamada	et	al.	 reported	 the	 low	 conductivity	 and	 sluggish	 kinetics	 of	 Li2MnP2O7	 could	 be	

improved	 through	 moderate	 thermal	 activation	 [27].	 For	 example,	 Li2MnP2O7	 cathode	

could	observe	a	reversible	(de)lithiation	reaction	involving	a	redox	plateau	of	~4.5	V	with	a	

first	 discharge	 capacity	 close	 to	 60	 mAh/g	 obtained	 while	 subjecting	 to	 galvanostatic	

cycling	at	40°C	using	a	slower	rate	of	C/50	[27].	
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Figure	3‐45	Arrhenius	plots	of	bulk	conductivities	(Rb‐1)	for	Li2FeP2O7,		
Li2MnP2O7,	Li2CoP2O7	and	Li2Fe1/3Mn1/3Co1/3P2O7	ceramics.	
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Figure	3‐46	Arrhenius	plots	of	grain	boundary	conductivities	(Rgb‐1)	for		
Li2MnP2O7,	Li2CoP2O7	and	Li2Fe1/3Mn1/3Co1/3P2O7	ceramics.	



K.C.	Hsiao,	PhD	Thesis,	Chapter	III	Li2MP2O7	(M=Fe,	Mn,	Co)	

- 115 - 

	

1.0 1.5 2.0 2.5 3.0
-8

-7

-6

-5

-4

-3

-2
 M=Fe [Ea=0.67(3) eV]
 M=Mn [Ea=0.78(3) eV]
 M=Co [Ea=0.82(2) eV]
 M=Fe

1/3
Mn

1/3
Co

1/3
 [Ea=0.83(2) eV]

lo
g 
 

/ S
cm

-1

1000K / T 	
	

Figure	3‐47	Arrhenius	plots	of	total	conductivities	(RT‐1)	for	Li2FeP2O7,		
Li2MnP2O7,	Li2CoP2O7	and	Li2Fe1/3Mn1/3Co1/3P2O7	ceramics.	

	

3.4.3	Electrochemical	Testing	

	 Li2FeP2O7	demonstrates	an	average	working	voltage	of	~3.6	V,	which	is	higher	than	

that	of	3.45	V	for	LiFePO4,	3.22	V	for	LiFe1.5P2O7,	and	2.9	V	for	LiFeP2O7	[28],	and	the	first	

reversible	discharge	capacity	is	~72	mAh/g,	indicating	65%	of	the	capacity	of	one‐electron	

theoretical	value	of	110	mAg/g.	Although	this	value	is	relatively	lower	than	those	reported	

in	references	 [8‐10],	 the	reason	 is	 that	no	conductive	additives	are	added	 into	our	active	

materials	before	electrode	fabrication.	As	a	result,	a	lower	electronic	conductivity	of	~10‐9	

Scm‐1	at	room	temperature	and	 larger	particle	size	of	5~10	μm	could	 limit	 the	discharge	

capacity	performance	at	 low	and	high	rates,	Fig.	3‐37.	Nanosizing	and/or	carbon	coating	

may	 overcome	 this	 drawback,	 and	 further	 improve	 the	 capacity.	 Recently,	 Saito	 et	 al.	

showed	that	the	carbon	coating	on	the	surface	of	Li2FeP2O7	particles	was	effective	to	inhibit	

the	 fast	 capacity	 degradation	 at	 high	 rates,	 providing	 a	 high	 discharge	 capacity	 of	 ~80	

mAh/g	at	1C	rate	due	to	the	significantly	increased	electronic	conductivity	[29].	
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	 The	voltage	drop	 (~0.1	V)	between	 the	 first	 and	 second	 charging	 could	be	due	 to	

formation	 of	 Li‐Fe	 anti‐site	 defects,	 wherein	 the	 occupancy	 of	 LiO5	 and	 FeO5	 pyramidal	

sites	may	rearrange,	resulting	in	an	irreversible	structural	change.	A	similar	phenomenon,	

a	 voltage	 drop	 of	 ~0.07	 V,	 was	 obtained	 in	 Shimizu	 et	 al.’s	 results,	 and	 the	 detailed	

electrochemical	 redox	 mechanism	 was	 elucidated	 by	 Ex‐situ	 X‐ray	 diffraction	 [30].	

Although	ab	initio	calculations	indicated	the	2nd	redox	reaction	(Fe3+/Fe4+)	can	be	active	at	

a	 higher	 voltage	 of	~5.2	V,	 so	 far,	 it	 has	 been	 difficult	 to	 extract	 two	 lithium	 ions	 out	 of	

Li2FeP2O7	until	a	stable	high‐voltage	electrolyte	is	developed	and	electronic	conductivity	is	

increased	 [9].	 Li2FeP2O7	 demonstrates	 excellent	 capacity	 retention	 of	 ∼98	 %	 at	 C/20	

charge/discharge	rate,	after	30	cycles,	which	is	attributed	to	its	stable	3‐D	structure.			

	 The	 electrochemical	 properties	 of	 Li2Fe1/3Mn1/3Co1/3P2O7	 as	 cathode	 were	 not	

anticipated	 to	 be	 better	 without	 carbon‐coating;	 it	 has	 high	 polarization	 and	 a	 lower	

discharge	capacity	of	~12	mAh/g	at	C/20;	in	addition,	no	clear	voltage	plateau	is	exhibited	

during	the	first	charge	and	discharge.	The	possible	reasons	are	the	inactive	Mn	species	in	

Li2Fe1/3Mn1/3Co1/3P2O7,	and	poor	conductivity	of	~10‐10	Scm‐1	at	RT	in	N2	as	a	result	of	the	

large	grain	boundary	resistance.				

	 Li2CoP2O7	 is	 electrochemically	 active	 with	 a	 Co2+/Co3+	 redox	 centre	 close	 to	 5	 V	

consistent	with	the	value,	~4.9	V,	from	Kim	et	al.’s	results	[10].	The	first	discharge	capacity	

obtained	here	is	~18	mAh/g	at	C/20,	which	is	much	smaller	than	that	~85	mAh/g	reported	

in	 reference	 [10].	 Unlike	 the	 powders	mixed	with	 Super	 P	 (15%)	 in	 [10],	 no	 conductive	

additives	were	added	to	our	active	materials	before	electrode	fabrication;	as	a	result,	a	low	

conductivity	of	~5×10‐12	Scm‐1	at	298	K	in	N2	was	extracted	by	fitting	the	Arrhenius	plot	of	

total	conductivity	in	Fig.	A3‐8.	The	second	reason	is	a	particle	size	>	10	μm	(inserted	in	Fig.	

3‐42)	which	may	 increase	 the	Li+	diffusion	path	 in	Li2CoP2O7.	 In	addition,	 the	electrolyte	

may	 partially	 decompose	while	 charging	 to	 5.2	 V.	 Further	 development	 of	 a	 stable,	 high	

voltage	electrolyte,	carbon	coating,	and	reducing	particle	size	should	be	helpful	to	improve	

the	performance	of	Li2CoP2O7.						
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3.5	Conclusions	

Li2Fe1‐xMnxP2O7	(0	≤	 x	≤	1),	 Li2Fe1‐yCoyP2O7	(0	≤	 y	≤	1)	 and	Li2Fe1/3Mn1/3Co1/3P2O7	

have	 been	 successfully	 synthesized	 by	 conventional	 solid‐state	 reaction	 following	 a	 two‐

step	process.	The	reaction	temperature	cannot	be	over	a	wide	range	to	obtain	phase‐pure	

Li2FeP2O7	 and	 its	 isostructural	 analogues;	 specifically,	 reaction	 at	 700°C	 in	N2	is	 feasible.	

The	Mn‐	and	Co‐	substituted	Li2FeP2O7	synthesized	at	700°C	for	12	h	in	N2	form	a	complete	

solid	 solution	 with	 monoclinic	 symmetry	 and	 space	 group	 P21/c.	 Lattice	 parameters	

increase	and	decrease	with	Mn	and	Co	content,	respectively.	Li2Fe1/3Mn1/3Co1/3P2O7	formed	

a	homogenous	phase	in	agreement	with	the	accurate	stoichiometric	ratio	confirmed	by	EDS.	

	 A	detailed	investigation	by	ac	impedance	measurements	of	Li2MP2O7	(M=Fe,	Mn,	Co)	

as	a	function	of	temperature	was	carried	out	to	determine	their	conductivity	and	activation	

energy,	and	most	importantly,	to	determine	whether	the	conduction	species	are	electronic,	

ionic,	or	mixed.	Of	the	three	phases,	first,	as	the	Pt	and/or	Au	electrodes	are	reversible	for	

electronic	 exchange	 but	 blocking	 for	 Li	 ions,	which	 indicates	 the	 species	 responsible	 for	

conduction	 in	Li2FeP2O7	 is	predominantly	electrons.	No	electrode	and	Warburg	spike	are	

observed	at	low	frequencies	over	a	wide	range	of	temperatures	from	150°C	to	400°C.	The	

second	resistance	 (R2)	may	result	 from	the	poorly‐sintered	Li2FeP2O7	pellet	with	discrete	

contacts	between	sample	and	electrode	interface.	The	bulk	activation	energy	of	Li2FeP2O7	

for	electronic	conduction	is	0.63	eV	similar	to	the	value	of	0.6	eV	for	LiFePO4.		

	 Second,	 for	 Li2MnP2O7,	 the	 total	 conductivity	 is	 limited	 by	 large	 grain	 boundary	

resistances,	 and	 the	activation	energy	of	 grain	boundary	 (Rgb),	 0.75(3)	eV,	 is	higher	 than	

that	 of	 bulk	 (Rb),	 0.64(1)	 eV.	 A	 decreased	 electrode	 resistance	 and	 slightly	 increased	

electrode	capacitance	at	low	frequencies	are	observed	applying	dc‐bias	from	0	to	3	V,	and	

in	 addition,	 the	 movement	 of	 lithium	 ions	 is	 fully	 reversible	 at	 the	 sample‐electrode	

interface	 after	 removing	 the	dc‐bias.	 The	 effect	 of	 atmosphere	without	 a	 dc‐bias	 had	 no	

effect	on	bulk,	grain	boundary	and	electrode	response,	which	indicates	that	the	conduction	

in	Li2MnP2O7	is	primarily	ionic.	

	 Third,	 for	 Li2CoP2O7,	 the	 total	 conductivity	 is	 limited	 by	 large	 grain	 boundary	

resistances,	 and	 the	activation	energy	of	 grain	boundary	 (Rgb),	 0.79(2)	eV,	 is	higher	 than	
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that	of	bulk	(Rb),	0.62(1)	eV.	The	transport	of	lithium	ions,	using	Pt	as	electrode,	is	not	fully	

reversible	 at	 the	 sample‐electrode	 interface	 after	 removing	 a	 dc‐bias	 due	 to	 a	 partial	

decomposition	 on	 electrode	 at	 high	 temperature	 of	 400°C.	 A	 blocking	 double	 layer	

associated	with	a	low	frequency	capacitance	of	~10‐5	Fcm‐1	above	300oC	is	observed	and	RT	

of	 cell	 +	 electrodes	 cannot	 be	measured,	 indicating	 that	 ionic	 conduction	 in	 Li2CoP2O7	 is	

more	probable	instead	of	electronic	conduction.		

Multi‐component	 Li2Fe1/3Mn1/3Co1/3P2O7	 shows	 similar	 electrical	 behavior	 to	

Li2CoP2O7;	 the	 room‐temperature	 lithium	 transport	 is	 limited	 by	 large	 grain	 boundary	

resistances	 with	 a	 slightly	 higher	 activation	 of	 0.84	 eV	 than	 those	 in	 Mn‐	 and	 Co‐base.		

Electrochemical	properties	of	Li2MP2O7	(M=Fe,	Co,	Fe1	/3Mn1/3Co1/3),	e.g.	working	voltage,	

rate	performance,	and	cycle	 life,	were	evaluated	through	a	coin‐cell	configuration.	The	Fe	

phase	demonstrates	better	discharge	capacity	rather	than	Mn	[9],	Co	and	multi‐component	

counterparts,	 probably	because	 it	 is	 the	only	material	 in	 this	 group	which	has	 electronic	

conductivity.	 The	 irreversible	 capacity	 of	 M=Fe1/3Mn1/3Co1/3	 or	 Co	 electrode	 may	 be	

reduced	 through	 improved	 fast	 ion	diffusion	and	high	electron	 conductivity	 in	materials.	

Li2CoP2O7	 could	 be	 used	 as	 a	 new	 high‐voltage	 cathode	 of	 ~5.0	 V,	 however,	 increased	

conductivity	and	stable	high‐voltage	electrolytes	need	to	be	developed	before	its	practical	

application.	
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CHAPTER	IV	

Aliovalent	Doping	in	Lithium	Iron	Pyrophosphate	(Li2FeP2O7)	
	

4.1	Introduction	

The	enhancement	of	efficient	electron	and	ion	transport	is	a	critical	issue	to	further	

improve	 lithium	transition	metal	phosphate	olivines	as	cathodes	 for	 lithium‐ion	batteries	

[1].	To	date,	 lithium	 iron	phosphate	 (LiFePO4)	 is	a	 leading	 contender	due	 to	 its	 low	cost,	

good	 cycle	 life,	 safety,	 and	 low	 toxicity.	 However,	 in	 comparison	 with	 other	 cathode	

materials,	e.g.	LiCoO2	and	LiMn2O4,	the	main	inherent	shortcomings	of	LiFePO4	are	its	low	

electronic	conductivity	(σ	~10‐9	Scm‐1)	and	low	Li	ion	diffusivity	(DLi	~10‐14	cm2s‐1),	which	

result	in	low	working	voltage	and	poor	capacity	at	high	rate	discharge	[2].		

It	 is	 important	 for	 electrical	 and	 ionic	 conductivities	 to	 be	 optimized	 in	 cathode	

materials	as	they	can	dictate	the	overall	cell	properties,	such	as	capacity	and	cycle	life	[3‐4].	

Assuming	 that	 diffusion	 influences	 charge‐discharge	 rates,	 however,	 greater	 emphasis	

usually	 falls	 on	 ionic	 conductivity	 rather	 than	 electronic	 conductivity,	 because	high	 ionic	

conductivity	 will	 allow	 the	 rapid	 diffusion	 of	 Li‐ions	 into	 the	 cathode	material.	 To	 date,	

many	different	approaches	have	been	used	to	improve	electronic	and	ionic	conductivity	of	

LiFePO4,	 e.g.	 cation	 doping	 [5‐6],	 carbon	 coating	 [7]	 and	 reducing	 particle	 size	 [8].	

Nevertheless,	efforts	to	improve	the	electrical	conductivity	of	LiFePO4	via	aliovalent	doping	

have	not	yet	been	unambiguously	successful	[9].	

In	2002,	Y.M.	Chiang	et	al.	showed	that	the	electronic	conductivity	of	LiFePO4	can	be	

drastically	 increased	 to	 ~10‐2	 Scm‐1	 at	 room	 temperature,	 by	 a	 factor	 of	more	 than	 108	

relative	 to	 the	 pure	 endmember,	 through	 selective	 doping	 with	 supervalent	 cations	 [5].	

Subsequently,	M.	Armand	et	al.	stated	that	the	results	seen	by	Chiang	et	al.	are	attributable	

to	the	presence	of	carbon	for	low‐temperature	samples,	and	to	low‐valence	iron	derivatives	

exhibiting	 semimetallic	 conductivity	 in	 samples	 fired	above	750°C,	 instead	of	 the	desired	

intrinsic	doping	effect	[10].			

In	 2004,	 L.F.	 Nazar	 et	 al.	 reported	 that	 Li1–xZryMPO4	 (M=Fe,	 Ni)	 compositions	

prepared	under	appropriate	 conditions	have	an	enhanced	 conductivity	of	~10‐3	 and	10‐5	
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Scm‐1	at	25°C	for	M=Fe	and	Ni	due	to	a	percolating	nano‐network	of	metal‐rich	phosphides	

within	 grain	 boundary	 regions	 [1].	 In	 2006,	 Delacourt	 et	 al.	 reported	 an	 unsuccessful	

attempt	 at	 doping	 LiFePO4	 with	 Nb	 to	 produced	 Li1‐xNbxFePO4;	 instead,	 crystalline	 β–

NbOPO4	 and/or	 an	 amorphous	 (Nb,	 Fe,	 C,	 O,	 P)	 coating	 around	 LiFePO4	 particles	 was	

formed	 [11].	 In	 addition,	 the	 pure	 LiFePO4	 and	 LiFePO4/β–NbOPO4	 composites	 have	 a	

similar	total	conductivity	of	~10‐9	Scm‐1	at	25°C	with	an	activation	energy	of	~0.65	eV	[11].	

However,	M.	Wagemaker	et	al.	studied	the	incorporation	of	supervalent‐cation	dopants	(Zr,	

Nb,	Cr)	in	LiFePO4	by	neutron	and	X‐ray	diffraction	in	2008	and	showed	that	low	levels	of	

dopants	are	feasible	in	olivine	structure	up	to	the	extent	of	3	mol	%	for	bulk	materials	[12].		

In	2011,	M.S.	Whittingham	et	al.	demonstrated	that	V3+	can	be	substituted	into	the	

iron	site	of	LiFePO4	at	550°C	to	form	a	LiFe1‐3y/2VyPO4	solid	solution	up	to	at	least	10	mol%,	

which	 was	 confirmed	 by	 the	 linear	 change	 in	 lattice	 parameters	 with	 vanadium	

substitution.	The	excess	positive	charge	of	V3+	is	compensated	by	vacancies	on	the	Fe	site.	

In	addition,	the	doping	of	vanadium	enhances	the	electrochemical	properties	of	materials	

especially	the	high‐rate	discharge	capacity	[13].	

The	objective	of	this	chapter	is	to	attempt	modification	of	the	electrical	properties	of	

Li2FeP2O7	by	aliovalent	doping,	in	particular	with	a	view	to	increasing	the	level	of	lithium	

ion	 conductivity.	 Herein,	 we	 use	 Kröger–Vink	 notation	 [14]	 to	 indicate	 the	 charge	

compensation	of	supervalent	doping	by	cation	vacancies.	Compositions	shown	in	Table	4.1	

were	prepared	to	study	the	ionic	defect	compensation	Mechanism	I‐V;	each	case	represents	

the	dopant	substituted	on	either	 the	M1	or	M2	sites	and	 is	charge‐balanced	by	vacancies	

formed	on	the	M1	or	M2	sites.		Note	that	the	low‐valent	cation	(Li)	locates	on	the	M1	site,	

and	higher	 charged	 cation	 (Fe)	 on	 the	M2	 site.	 Al3+,	 Zr4+,	 and	Nb5+,	 are	 used	 as	 dopants,	

each	of	which	has	slightly	smaller	ionic	radius	than	that	of	Li+	(0.76	Å)	and	Fe2+	(0.78	Å).	

The	 phase	 content,	 lattice	 parameters,	 doping	 levels,	 and	 electrical	 properties	 are	

characterized	in	this	research.				
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Table	4.1	Defect	compensation	mechanisms	with	Mn+	substituted	on	M1	and/or	M2	
sites	in	Li2FeP2O7.	Mn+	represents	Al3+,	Zr4+,	or	Nb5+	ions.	

 

4.2 Synthesis 

 Samples	were	synthesized	from	stoichiometric	amounts	of	Li2CO3,	FeC2O4·2H2O,	and	

(NH4)H2PO4	 by	 conventional	 solid‐state	 reaction;	 the	 dopants	Al,	 Zr,	 and	Nb	were	 added	

using	 Al(OC2H5)3	 (Aldrich,	 97%),	 ZrO2	 (Aldrich,	 99%),	 and	 Nb2O5	 (Aldrich,	 99.9%),	

respectively.	 The	 mixtures	 were	 ground	 for	 ~40	 min	 in	 an	 agate	 mortar	 with	 acetone,	

pressed	into	pellets	and	decomposed	at	350°C	for	6	h	and	then	heated	700°C	for	12	h	with	

a	heating	rate	of	5	°C/min	under	nitrogen	atmosphere.	The	phase	content	of	the	produced	

materials	was	determined	using	X‐ray	diffraction	operated	at	40	kV	and	30	mA	with	Co	Kα1	

(1.78896	Å)	radiation.		

Impedance	spectroscopy	was	utilized	to	measure	the	electrical	properties;	samples	

(0.2	g)	were	sintered	in	N2	at	600°C	for	12	hours	with	a	heating	rate	of	5.0	°C/min.	Gold	or	

platinum	 electrodes	 were	 applied	 using	 an	 Emscope	 SC500	 gold	 sputter‐coater	 on	 each	

side	of	 the	pellet	 for	4	minutes	with	a	current	of	30	mA.	High‐temperature	testing	of	 the	

＃	 Composition	Formula		 Defect	Compensation	Mechanism	
[M=Nb]		

Kröger‐Vink	Notation						
[M=Nb]		

I	 Li2Fe1‐ny/2Myn+P2O7		
5	Fe2+		→ 	2	Nb5+	

Fe‐substitution	&	Fe‐vacancy		

FeFe5 	 	


FeNb2 + ''

FeV3 	

II	 Li2‐(n‐2)yMyn+Fe1‐yP2O7		
Fe2+	+	3	Li+		→ 	Nb5+	

Fe‐substitution	&	Li‐vacancy		

FeFe 	+	 

LiLi3  	


FeNb + '
LiV3 	

III	 Li2‐nyMyn+FeP2O7	
5	Li+		→ 	Nb5+	

Li‐substitution	&	Li‐vacancy		

LiLi5 	 	


LiNb + '

LiV4 	

IV	 Li2‐yMyn+Fe1‐(n‐1)y/2P2O7	
2	Fe2+	+	Li+		→ 	Nb5+	

Li‐substitution	&	Fe‐vacancy		

FeFe2 	+	 

LiLi  	


LiNb +	 ''
FeV2 	

V	 Li2+(n‐2)yFe1‐(n‐1)yMyn+P2O7	
4	Fe2+		→ 	Nb5+		+	3	Li+	

Stoichiometric	

FeFe4 	 	


FeNb + '

FeLi3 	
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Au‐sputtered	 pellets	 in	 air	 was	 conducted	 using	 a	 Hewlett	 Packard	 4192A	 impedance	

analyzer.	 Low	 frequency	 impedance	 response	 in	 N2	 was	 measured	 using	 a	 Solartron	 SI	

1260	 impedance	 analyzer	with	 voltage	 amplitude	 and	 frequency	 range	 set	 at	 0.1	 V	 and	

10−2–106	Hz,	respectively.	

4.3	Results	

4.3.1				XRD	Patterns	and	Crystallinity 

 Table	4.2	 summarizes	 results	 of	 solid‐state	 reaction	 following	Mechanism	 I	 to	 V	

using	different	 ionic	radii	of	Mn+	ions	as	dopants	 (Al3+=0.54	Å;	Zr4+=0.72	Å;	Nb5+=0.64	Å),	

with	a	nominal	atomic	doping	level	of	5.0	%.	Solid	solution	(S.S.)	product	was	obtained	in	

Nb‐doped	samples	synthesized	at	700°C	 for	12	hours	 in	N2	 following	 II	and	 IV;	however,	

phase	 mixtures	 were	 present	 in	 all	 other	 samples.	 The	 intensity	 distribution	 of	 XRD	

patterns	of	Nb‐doped	Li2FeP2O7	is	similar	to	that	of	undoped	Li2FeP2O7,	and	assumed	to	be	

a	monoclinic	solid	solution	with	space	group	P21/c,	as	shown	in	Fig.	4‐1(a).	However,	 in	

particular,	there	is	no	clear	shift	toward	higher	or	lower	2θ	values	in	the	positions	of	(‐111)	

and	(200)	reflections,	Fig.	4‐1(b),	indicating	probably	no	change	in	lattice	parameters	and	

unit	cell	volume.  

Fig.	 4‐2	 compares	 the	 relative	 intensity	 ratio,	 I(‐111)/I(200),	 in	 two	 Nb‐doped	

Li2FeP2O7	samples;	the	value	for	Li1.85Nb0.05Fe0.95P2O7	is	similar	to	that	of	undoped	one,	but	

it	slightly	decreased	for	Li1.95Nb0.05Fe0.9P2O7.	The	lattice	parameter	and	unit	cell	volume	of	

Li1.85Nb0.05Fe0.95P2O7	 and	 Li1.95Nb0.05Fe0.9P2O7	are	 summarized	 in	Table	4‐3;	 in	 particular,	

the	values	of	a,	b,	c,	 and	V	 are	similar	within	one	esd	 in	comparison	 to	 those	 in	undoped	

Li2FeP2O7.	

	
	
	
	
	
	
	
	



K.C.	Hsiao,	PhD	Thesis,	Chapter	IV	Mn+‐doped	Li2FeP2O7	(3	≤	n	≤	5)		

‐	126	‐	

	
Table	4.2	Phase	results	of	the	samples	synthesized	from	Mechanism	I	to	V		

with	different	Mn+	ions.	
	

	 Al3+	 Zr4+	 Nb5+	

I	 Li2FeP2O7,	LiFeP2O7,	and	

Li9Al3P8O29	

Li2FeP2O7,	LiFeP2O7,	ZrP2O7,	

and	Li9Fe3P8O29,	
Li2FeP2O7	and	NbPO5	

II	
	

Li2FeP2O7	and	Li9Al3P8O29	

	

Li2FeP2O7	and	ZrP2O7	

	

Li1.85Nb0.05Fe0.95P2O7	(II‐N5)	

III	 Li2FeP2O7,	Fe2P2O7	and	

Li9Al3P8O29	
Li2FeP2O7,	ZrP2O7,	and	Fe2P2O7	

	

Li2FeP2O7,	Fe2P2O7	and	Nb2O5	

IV	 Li2FeP2O7	and	Li9Al3P8O29	
Li2FeP2O7,	LiFeP2O7,	ZrP2O7,	

and	Li9Fe3P8O29	
Li1.95Nb0.05Fe0.9P2O7	(IV‐N5)	

V	 Li9Fe3P8O29,	Li2FeP2O7,	

LiFeP2O7,	Li3Fe(PO4)3,	Al2O3	
Li9Fe3P8O29,	Li2FeP2O7,	ZrP2O7	

Li9Fe3P8O29,	Li2FeP2O7,	NbPO5,	

and	LiFePO4 

Ionic	radius:	Li+=0.76	Å,	Fe2+=0.78	Å,	Al3+=0.54	Å,	Zr4+=0.72	Å,	Nb5+=0.64	Å	

 

 

 

 

 

 

 

 

 

Mn+ 

＃ 
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Figure	4‐1	(a)	XRD	patterns	of	undoped	and	Nb‐doped	Li2FeP2O7	according	to	
Mechanisms	II	and	IV;	(b)	magnified	positions	of	(‐111)	and	(200)	peaks.	
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Figure	4‐2	Relative	intensity	ratio,	I(‐111)/I(200),	of	XRD	spectrum	of		
pure	and	Nb‐doped	Li2FeP2O7.	

	
	

	
Table	4‐3	Lattice	parameters	for	undoped	and	Nb‐doped	Li2FeP2O7	compounds		

with	monoclinic	symmetry.	

	

Chemical	formula	 a	(Å)		 b	(Å)		 c	(Å)		 β	(deg)	 V	(Å
3
)		

Li2FeP2O7	 11.019(3) 9.746(6)	 9.791(8)	 101.49(5)	 1030.4(7)

Li1.85Nb0.05Fe0.95P2O7	 11.020(7) 9.751(7)	 9.793(11) 102.51(7)	 1031.3(11)

Li1.95Nb0.05Fe0.9P2O7	 11.012(4) 9.749(5)	 9.804(3)	 101.56(3)	 1031.2(4)
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4.3.2				Morphology	and	Chemical	Composition	

	 SEM/EDS	 were	 used	 to	 evaluate	 the	 morphology	 and	 densification	 as	 well	 as	

composition	 of	 the	 Nb‐doped	 Li2FeP2O7	 pellets	 sintered	 at	 600°C	 for	 12	h	 in	 N2,	 i.e.	

Li1.85Nb0.05Fe0.95P2O7	(II‐N5)	and	Li1.95Nb0.05Fe0.9P2O7	(IV‐N5).	The	EDS	spectra	of	the	molar	

ratio	of	Fe	and	P	in	samples	are	given	in	Table	4‐4.	The	average	observed	values	of	Fe/P	

ratio	 are	 of	 0.472	 for	 II‐N5,	 and	 of	 0.446	 for	 IV‐N5,	 which	 are	 close	 to	 their	 individual	

theoretical	value	of	0.475	and	0.45,	respectively.			

	

Table	4‐4	Molar	ratio	of	expected	and	EDS	results	of	Nb‐doped	Li2FeP2O7.	

Stoiciometry	 Theoretical	value	of			
Fe/P	molar	ratio		

Average	value	of	EDS	
results	of	Fe/P	molar	

ratio		

Li1.85Nb0.05Fe0.95P2O7	 0.475	 				0.472	

Li1.95Nb0.05Fe0.9P2O7	 0.450	 0.446	

	

	 The	 presence	 of	 Nb	 was	 visualized	 by	 electron	 back	 scatter	 diffraction	 (EBSD)	

mapping	analysis.	Fig.	4‐3	(a)	shows	the	SEM	picture	of	the	II‐N5	pellet	sintered	at	600°C	

for	12	h	in	N2;	aggregated	particles	with	size	of	~10	μm	are	observed,	however,	other	area	

of	smaller	than	5	μm	are	specified	by	inserted	circle.	The	EDS	spectra	(c)	indicate	that	the	

lighter	regions	of	EBSD	image	in	(b)	are	the	evidence	of	Nb	in	II‐N5,	 in	which	the	darker	

ones	 correspond	 to	 Nb‐free	 particles,	 (d).	 Elemental	 mapping	 shows	 a	 homogenous	

distribution	of	 both	phosphorus	and	 iron,	Fig.	4‐4	(b)	 and	 (c).	Nb	map,	 specifically,	was	

observed	at	the	brighter	green	dot	in	(d).	
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Figure	4‐3	(a)	SEM	and	(b)	EBSD	micrographs	of	Li1.85Nb0.05Fe0.95P2O7;	
(c)	and	(d)	EDS	analyses	for	the	particles.	

 

     

 

 

 

 

	

Figure	4‐4	(a)	EBSD	image	of	Li1.85Nb0.05Fe0.95P2O7	and	its	elemental	mapping	referred	

to	(b)	P,	(c)	Fe,	and	(d)	Nb	distribution	in	sample.	
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	 Fig.	4‐5	(a)	shows	the	surface	image	of	the	IV‐N5	pellet	sintered	at	600°C	for	12	h	in	

N2	atmosphere.	Most	of	the	particles	have	shapes	of	aggregated	spheres	and	two	average	

particle	size	of	smaller	10	μm	in	solid‐circled	area,	and	of	larger	than	10	μm	in	dash‐circled	

area.	The	EDS	spectra	(c)	confirm	that	the	bright	regions	of	EBSD	image	in	(b)	indicate	the	

presence	of	Nb	in	IV‐N5	whereas	the	darker	ones	corresponding	to	Nb‐free	particles,	(d).	

Elemental	maps	of	P	and	Fe	distribution	are	well‐spread,	Fig.	4‐6	(b)	and	(c),	and	the	Nb	

dopants	are	clearly	mapped	in	the	brighter	area,	(d).		

SEM	shows	both	samples	have	a	poorly	sintered	microstructure,	and	the	measured	

density	of	II‐N5	and	IV‐N5	is	2.3925	g/cm3	and	2.3833	g/cm3,	respectively,	consistent	with	

a	final	density	~	76%	and	76.4%	of	each	theoretical	X‐ray	value.	In	short,	the	results	of	EDS	

mapping	 probably	 shown	 that	 the	 Nb	 dopants	 are	 not	 present	 unifomily	 in	

Li1.85Nb0.05Fe0.95P2O7	 and	 Li1.95Nb0.05Fe0.9P2O7,	 respectively,	 and	 therefore,	 do	 not	 form	 a	

complete	solid	solution,	which	is	different	from	the	observation	by	XRD	patterns.		
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Figure	4‐5	(a)	SEM	and	(b)	EBSD	micrographs	of	Li1.95Nb0.05Fe0.9P2O7;	
(c)	and	(d)	EDS	analyses	for	the	particles. 

 

     

 

 

 

 

	

Figure	4‐6	(a)	EBSD	image	of	Li1.95Nb0.05Fe0.9P2O7	and	its	elemental	mapping	referred	

to	(b)	P,	(c)	Fe,	and	(d)	Nb	distribution	in	sample.	
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4.3.3				Electrical	Properties 

 Z*	plots	at	200°C	of	Li2FeP2O7	and	two	Nb‐doped	samples	in	air	using	sputtered‐Au	

electrodes	are	presented	in	Fig.	4‐7(a).	They	show	a	high‐frequency	non‐ideal	semicircle	of	

resistance	R1	(dash‐arrowed)	and	a	low	frequency	flat	tail	and	inclined	spike	for	II‐N5	and	

IV‐N5,	respectively	(solid‐arrowed).	Specifically,	the	resistivity	of	IV‐N5,	R	~0.23	MΩcm,	is	

lower	than	that	of	others.	Capacitance,	C’,	data	as	a	function	of	frequency	are	observed	in	

(b),	which	show	one	well‐resolved	plateau.	A	capacitance	plateau	at	higher	frequency	has	

value	close	to	1.0	pFcm‐1	for	Li2FeP2O7	and	IV‐N5,	which	are	slightly	lower	than	that	of	II‐

N5	without	a	frequency‐independent	plateau.		

	 Conductivity,	 Y’,	 data	 as	 a	 function	 of	 frequency	 are	 shown	 in	 (c);	 a	 dispersion	 is	

observed	at	high	frequencies	and	without	a	frequency‐independent	dc	conductivity	plateau	

for	Nb‐doped	samples.	A	small	decrease	in	conductivity	at	lower	frequencies	was	found	in	

IV‐N5	 perhaps	 due	 to	 an	 electrode	 or	 grain	 boundary	 effect	 (arrowed),	 nevertheless,	 a	

continuously	decreasing	conductivity	without	frequency‐independence	is	observed	in	II‐N5.	

	 Combined	Z’’	 and	M’’	 spectroscopic	plots	 show	maxima	of	M’’	 and	Z’’	peaks	which	

are	not	 exactly	 coincident,	 but	 a	 long	 tail	 at	 low	 frequencies	 in	 the	Z’’	 peak	of	Nb‐doped	

Li2FeP2O7	may	be	associated	with	an	interfacial	effect,	as	shown	in	(d).	In	addition,	the	M’’	

peaks	show	a	high	frequency	tail	as	a	consequence	of	the	non‐ideal	behaviour.	More	results	

of	 IS	 spectra	 of	 II‐N5	 and	 IV‐N5	 for	 a	 wide	 range	 of	 temperatures	 are	 given	 in	 the	

appendices,	Figs.	A4‐1~A4‐2.	

	 The	conductivity	data	of	Nb‐doped	Li2FeP2O7	pellets	with	Au	electrodes	are	shown	

in	Fig.	4‐8;	a	set	of	parallel	lines	is	observed	with	similar	activation	energies.	Specifically,	

IV‐N5	has	Ea	~0.52	eV,	which	is	slightly	lower	than	that	of	Li2FeP2O7	(0.57	eV)	and	II‐N5	

(0.58	 eV).	 To	 verify	 the	 inclined	 spike	 in	 Z*	 plots,	 for	 II‐N5	 and	 IV‐N5,	 low	 frequency	

impedance	 tests	 in	 the	 frequency	 range	 of	 10‐2	 to	 107	Hz	were	 carried	 out	 to	 verify	 the	

temperature	 effect	 to	 get	 an	 insight	 into	 Nb‐doped	 Li2FeP2O7,	 as	 described	 in	 the	 next	

section.	
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Figure	4‐7	Li2FeP2O7,	Li1.85Nb0.05Fe0.95P2O7	and	Li1.95Nb0.05Fe0.9P2O7:	(a)	Impedance	
complex	plane	plots,	Z*,	(b)	spectroscopic	plots	of	capacitance,	C’,	(c)	spectroscopic	

plots	of	admittance,	Y’,	and	(d)	Z’’/M’’	spectroscopic	plots	at	200°C	in	air.	
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Figure	4‐8	Bulk	conductivity	(Rb‐1)	Arrhenius	plots	for	Li2FeP2O7,	
Li1.85Nb0.05Fe0.95P2O7,	and	Li1.95Nb0.05Fe0.9P2O7.	
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4.3.4				Low	Frequency	Measurement	

(i)	Li1.85Nb0.05Fe0.95P2O7	

	 Z*	 plots	 of	 Li1.85Nb0.05Fe0.95P2O7	 with	 Au‐sputtered	 electrodes	 at	 various	

temperatures	are	given	in	Fig.	4‐9.	At	low	temperatures	of	150°C	and	200°C,	they	consist	of	

a	 high‐frequency	 non‐ideal	 semicircle	 of	 resistance	 (R1)	 and	 a	 low‐frequency	 arc	 of	

resistance	(R2),	(a)	and	(b).	At	temperatures	above	~	250oC,	the	high	frequency	semicircle	

is	increasingly	displaced	to	frequencies	outside	the	measurement	range,	and	both	R1	and	R2	

are	still	identified,	(c)	and	(d).	The	R1	and	R2	values	decrease	as	the	temperature	increases.	

C’	plots	as	a	function	of	frequency	over	a	wide	temperature	range	can	be	observed	

from	Fig.	4‐10(a),	in	which	one	well‐resolved	plateau	at	high	frequencies,	attributed	to	the	

bulk	 response	 with	 a	 capacitance	 value	 of	 ≈5	 pFcm‐1,	 is	 seen.	 The	 capacitance	 at	 low	

frequencies	 increases	 up	 to	 ≈10‐6	 Fcm‐1,	 a	 typical	 double	 layer	 interface	 value,	 as	 the	

temperature	increases	above	250°C.		

Conductivity,	Y’,	data	as	a	function	of	frequency	are	presented	in	Fig.	4‐10(b).	At	a	

lower	 temperature	 of	 150°C,	 the	Y’	 plot	 shows	 an	 approximately	 frequency	 independent	

plateau	 below	 ~104	 Hz,	 and	 a	 high	 frequency	 dispersion,	 above	 ~105	 Hz.	 As	 the	

temperature	 increases,	 the	 data	 at	 lower	 frequencies	 present	 an	 apparently frequency‐

independent	dc	 conductivity	 plateau	 at	 higher	 temperatures	 above	 250°C,	 and	 the	 high‐

frequency	dispersion	shifts	out	of	the	frequency	window.	

	 Fig.	4‐11	shows	a	linear	Arrhenius	response	with	activation	energy	of	R2,	0.542(8)	

eV,	which	is	slightly	 lower	than	that	of	bulk	R1,	0.554(5)	eV,	 for	Li1.85Nb0.05Fe0.95P2O7	with	

Au	 electrode.	 The	 total	 conductivity,	 R1‐1	 +	 R2‐1,	 is	 thought	 to	 be	 limited	 by	 larger	 R1	

resistances.	
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Figure	4‐9	Li1.85Nb0.05Fe0.95P2O7:	Impedance	complex	plane	plots,	Z*,		
at	(a)	150°C	to	(d)	300°C	in	N2.	
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Figure	4‐10	Li1.85Nb0.05Fe0.95P2O7	(Au	electrodes):	(a)	spectroscopic	plots	of	
capacitance,	C’,	(b)	spectroscopic	plots	of	admittance,	Y’,	at	different	temperatures	of	

150°C	to	300°C	in	N2.	
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Figure	4‐11	Arrhenius	plots	of	R1‐1,	R2‐1,	and	total	conductivity	RT‐1	for	
Li1.85Nb0.05Fe0.95P2O7	pellet	sintered	at	600°C	with	Au	electrodes.	
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(ii)	Li1.95Nb0.05Fe0.9P2O7	  

Impedance	 complex	 plane,	 Z*	 plots,	 Fig.	 4‐12,	 show	 the	 total	 resistivity	 of	

Li1.95Nb0.05Fe0.9P2O7	pellet	with	Pt	electrodes	at	different	measuring	temperatures	in	N2.	At	

lower	 temperatures	of	150°C	and	200°C,	a	nearly	 ideal	 first	 semicircle	of	resistance	R1	 is	

found	with	 associated	 capacitance	 of	~4	 pFcm‐1	calculated	 from	ωRC=1	 at	 the	 semicircle	

maximum,	and,	therefore,	attributed	to	bulk	contributions,	see	(a)	and	(b).	A	well‐resolved	

second	arc	of	resistance	R2	at	low	frequencies	over	the	temperature	range	150~300	°C	was	

observed	but	no	evidence	 for	a	Warburg	 impedance	or	 inclined	spike	which	could	result	

from	the	partial	blockage	of	ionic	species	at	the	sample‐electrode	interface	(a‐d).		

The	 C’	 spectroscopic	 plots	 as	 a	 function	 of	 frequency	 over	 the	 temperature	 range	

150°C	to	300°C	can	be	observed	from	Fig.	4‐13(a),	where	a	high	frequency	plateau	with	a	

value	of	close	to	~5.0	pFcm‐1	represents	the	bulk	response	in	sample.	As	the	temperature	

increases,	 the	capacitance	at	 lower	 frequencies	 increase	up	to	approximately	~10‐6	Fcm‐1	

and	is	associated	with	the	sample‐electrode	interfacial	response.		

Conductivity,	Y’,	data	as	a	 function	of	 frequency	are	shown	 in	Fig.	4‐13(b)	 for	 the	

same	 temperature	 range	 as	 in	 Fig.	 4‐13(a).	 The	 Y’	 data	 show	 a	 dispersion	 at	 high	

frequencies	and	present	a	nearly	frequency‐independent	dc	conductivity	plateau	at	 lower	

frequencies.	 At	 T	 >	 250°C,	 Y’	 spectra	 present	 a	 frequency‐independent	 dc	 conductivity	

plateau.	

Fig.	4‐14	shows	a	linear	Arrhenius	response	with	activation	energy	of	R2,	0.574(7)	

eV,	which	is	nearly	identical	to	the	bulk	R1	of	0.575(3)	eV,	and	to	total	RT	of	0.575(4)	eV,	for	

Li1.95Nb0.05Fe0.9P2O7	with	 Pt‐sputtered	 electrode.	 The	 total	 conductivity	 of	 R1‐1	 +	 R2‐1	 is	

dominated	by	large	R1	resistances.	
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Figure	4‐12	Li1.95Nb0.05Fe0.9P2O7:	Impedance	complex	plane	plots,	Z*,		
at	(a)	150°C	to	(d)	300°C	in	N2.	
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Figure	4‐13	Li1.95Nb0.05Fe0.9P2O7	(Pt	electrodes):	(a)	spectroscopic	plots	of	
capacitance,	C’,	(b)	spectroscopic	plots	of	admittance,	Y’,	at	different	temperatures	of	

150°C	to	300°C	in	N2.	
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Figure	4‐14	Arrhenius	plots	of	R1‐1,	R2‐1,	and	total	conductivity	RT‐1	for	
Li1.95Nb0.05Fe0.9P2O7	pellet	sintered	at	600°C	with	Pt	electrodes.	
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4.4	Discussion	

4.4.1	XRD	Patterns	and	Crystallinity	

 XRD	results	appear	to	show	that	supervalent	dopant,	Nb5+,	can	be	substituted	into	

M1	or	M2	 sites	of	Li2FeP2O7	synthesized	at	700°C	 in	N2	 to	 form	Li1.85Nb0.05Fe0.95P2O7	 and	

Li1.95Nb0.05Fe0.9P2O7	solid	solutions	following	mechanism	II	and	IV,	respectively.	The	doping	

concentration	of	Nb,	however,	is	limited	by	a	small	amount	of	5%	to	form	a	solid	solution.	

Mainly	 secondary	phases	 containing	Li4P2O7,	 Fe2P2O7	 and	NbO(PO4)	 are	 characterized	 as	

the	Nb	concentration	increased	up	to	10%	in	both	samples.	Lattice	parameters	and	unit	cell	

volume	of	Nb	dopant	at	5%	in	Li2FeP2O7	stay	unchanged	within	errors	as	compared	to	the	

undoped	one.	Similar	results	have	been	found	in	Nb‐doped	LiFePO4	using	the	same	charge	

compensation	 mechanism	 as	 II	 and	 IV	 from	 Chiang’s	 group	 [15].	 Nevertheless,	 Zhang’s	

results	 show	 a	 slightly	 decreased	 cell	 volume	 in	 Li1.99Nb0.01FePO4	compound	because	 the	

ionic	radius	of	Nb5+	(0.64	Å)	is	less	than	that	of	Li+	(0.76	Å)	[16].	

	 The	 value	 of	 I(‐111)/I(200)	 ratio	 of	 undoped	 Li2FeP2O7	 (1.158)	 is	 slightly	 higher	

than	that	of	Nb‐doped	one,	which	reduced	from	1.131	to	1.073	as	Nb	occupancy	changed	

from	Fe	 to	 Li	 site.	 Kim’s	 simulated	 results	 showed	 that	 the	 relative	 intensity	 ratio	 of	 I(‐

111)/I(200)	 in	Li2‐xFeP2O7	strongly	depended	on	 the	partial	occupancy	of	Fe	and	Li	 sites	

[17].	 Herein,	 it	 is	 thought	whether	 the	Nb	 doping	 could	 inhibit	 formation	 of	 the	 antisite	

defect	of	between	LiO5	and	FeO5	in	Li2FeP2O7,	i.e.	Fe	partial	occupancy	in	Li	sites	and	vise	

versa.	To	confirm	Nb‐doping,	further	studies	are	required,	e.g.	site	occupancies	need	to	be	

determined.	The	defect	can	be	described	by	Kröger‐Vink	notation,	Equation	4.1:	

																																																																						 
LiLi 	+	 

FeFe 	 	 '
FeLi 	+	 

LiFe 																																												(4.1)	

	 Modeling	work	from	Islam’s	group	claimed	that	supervalent	doping	by,	e.g.	V5+	and	

Nb5+,	appears	unfavorable	on	both	Li+	and	Fe2+	sites	by	calculating	dopant	solution	energies	

as	 elucidated	 in	 Fig.	 4‐15;	 in	 general,	 the	 higher	 energy	 of	 more	 than	 2	 eV,	 the	 less	

favorable	is	doping	[18].	Isovalent	doping,	e.g.	Mn2+,	Co2+,	and	Cu2+	(red‐circled)	on	the	Fe2+	

sites	 appears	 favorable	 due	 to	 their	 lower	 energies	 and	 without	 the	 need	 for	 charge	
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compensation.	 This	 is	 consistent	 with	 results	 of	 the	 Li2Fe1‐xMnxP2O7	and	 Li2Fe1‐yCoyP2O7	

solid	solutions	presented	in	chapter	III.	

	

 

Figure	4‐15	Calculated	dopant	solution	energies	as	a	function	of		
ionic	radius	for	Li2FeP2O7	[18].	

	

In	 Fig.	 4‐15,	 it	 is	 suggested	 these	 ions	 are	 likely	 to	 be	 doped	 below	 very	 low	

concentration	of	less	3	%.	However,	our	experimental	results	from	XRD	indicated	that	5	%	

Nb	doping	in	Li2FeP2O7	is	probably	feasible	with	compensation	mechanisms	of	Li+	and	Fe2+	

vacancies	 on	 substitution	 of	 Fe	 and	 Li	 sites,	 respectively.	 Examples	 can	 be	 represented	

using	Kröger‐Vink	notation,	Equations	4.2–4.2:	

Fe	site	–	Li+	vacancy:					
2
1
Nb2O5	+	 

LiLi 	+	 
FeFe2 	 	 

FeNb 	+	 '
LiV3 	+	

2
1
Li2O	+	2FeO												(4.2)	

Li	site	–	Fe2+	vacancy:			
2
1
Nb2O5	+	 

LiLi2 	+	 
FeFe

2
3

	 	 
LiNb 	+	 ''

FeV2 	+	Li2O	+	
2
3
FeO									(4.3)	
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A	 ternary	 pyrophosphate	 composition	 triangle	 of	 the	 Li4P2O7–Fe2P2O7–Nb4/5P2O7	

system	 is	 given	 in	Fig.	4‐16.	 All	 5	mechanisms	 in	Table	4‐1	 can	 be	 represented	 on	 this	

triangle,	 as	 follows.	 Herein,	 it	 is	 considered	 to	 check	 whether	 there	 is	 a	 solid	 solution	

between	II	and	IV,	i.e.	4Li	+	3Fe	→	2Nb	(see	yellow	region).	

	

(I) 72x12 OPNbFeLi
2
x5 :									 7225

2 OPNbLix
5
2 	

(II) 72x1xx32 OPFeNbLi  :						 723
2 OPNbFex

3
2

3
1 	

(III) 72xx52 OPFeNbLi  :											 725
2 OPFeNbx

5
2 	

(IV) 72xx21x2 OPNbFeLi  :						 722
1 OPNbLix

2
1

2
3 	

(V) 72xx41x32 OPNbFeLi  :					 724
1 OPNbLix

4
1

4
11 	

	

	

Figure	4‐16	The	ternary	pyrophosphate	composition	triangle:		
Li4P2O7–Fe2P2O7–Nb4/5P2O7.	
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4.4.2	Element	Analysis	and	Morphology	

	 The	EDS	results	of	Li1.85Nb0.05Fe0.95P2O7	and	Li1.95Nb0.05Fe0.9P2O7	samples	confirm	Nb	

doped	in	Li2FeP2O7	is	feasible	and	with	each	good	satisfactory	molar	ratios	of	Fe/P,	0.472	

and	 0.446,	 consistent	 with	 the	 expected	 theoretical	 values.	 However,	 the	 elemental	

mapping	exhibit	that	 the	Nb	dopants	are	not	distributed	homogeneously	 in	both	samples	

with	 5%	 Nb.	 Therefore,	 it	 is	 suggested	 that	 the	 Nb	 doping	 concentration	 in	 Li2FeP2O7	

should	be	less	than	5%,	and	the	extra	impurity	phases	could	not	be	detected	due	to	the	XRD	

sensitivity	of	ca.	3%	limitation.		

	 The	SEM	images	show	porous	and	inhomogeneous	grain	size	microstructure	in	both	

Nb‐doped	Li2FeP2O7	pellets	with	 lower	 relative	density	 close	 to	~76	%.	Higher	 sintering	

temperature	 of	 700°C	 for	 densification,	 however,	 is	 not	 suggested	 due	 to	 the	 thermal	

expansion	in	Nb‐doped	samples,	resulting	in	a	spherical‐shaped	and	hollow	pellet.					

4.4.3	Electrical	Properties 

	 Conductivity	data	measured	in	air	show	that	the	doping	of	niobium	merely	enhances	

the	 conductivity	 of	 Li2FeP2O7	by	 a	 factor	 of	 ~2,	 according	 to	 the	 charge‐compensation	

mechanism	 in	 II	 and	 IV	without	 altering	 the	 Fe2+	 valence	 state	 and	 hence	 is	 unlikely	 to	

enhance	 electronic	 conductivity	 [18].	 However,	 the	 reasons	 for	 slightly	 increased	

conductivity	 in	 both	 of	 Li1.85Nb0.05Fe0.95P2O7	 and	 Li1.95Nb0.05Fe0.9P2O7,	 Fig.	 4‐8,	 are	 still	

difficult	 to	confirm.	Modeling	calculations	 from	Islam’s	group	reported	the	 lowest	energy	

pathways	for	Li	diffusion	are	parallel	to	the	b‐	and	c‐	axes	with	energy	barriers	of	0.4	eV,	

but	a	higher	value	of	0.73	eV	along	a‐axis	[18],	as	shown	in	Fig.	4‐17.	

	 Low	frequency	impedance	data	measured	in	N2,	Z*	plots	of	Li1.85Nb0.05Fe0.95P2O7	and	

Li1.95Nb0.05Fe0.9P2O7,	show	a	high	frequency	arc	of	R1	with	an	associated	capacitance	value	

~5	 pFcm‐1,	which	 is	 confirmed	 to	 be	 bulk	 contributions	 for	 both	 samples.	 In	 addition,	 a	

second	 disordered	 semicircle	 of	 R2	 at	 low	 frequency	with	 a	 capacitance	 of	~1	 μFcm‐1	 is	

obtained,	 probably	 due	 to	 an	 electrode	 effect.	 At	 high	 temperatures,	 no	 blocking	 or	

Warburg	 spike	attributed	 to	 ionic	 conduction	behavior	 at	 low	 frequencies	was	observed,	
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indicating	 that	 the	 conduction	 mechanism	 is	 primarily	 electronic	 instead	 of	 ionic.	 The	

capacitance	of	the	grain	boundary	response,	10‐8~10‐11	pFcm‐1,	in	these	two	samples,	Fig.	

4‐10(a)	and	4‐13(a)	is	not	well‐resolved	at	intermediate	frequencies	over	the	temperature	

range	150~300	°C.	 	The	resistance	of	 the	secondary	 low	frequency	arc	slightly	decreases	

with	applying	a	higher	dc	bias	of	3	V	(not	shown),	which	means	 the	height	of	a	Schottky	

barrier	could	be	decreased	for	electron	transfer	across	the	interface.	

		

	

Figure	4‐17	Calculated	paths	for	long‐range	Li+	migration	along	the	b‐	and	c‐axis	
directions;	simulations	indicate	quasi‐2D	transport	and	nonlinear	pathways	[18].	
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4.5	Conclusions	

	 The	 effect	 of	 aliovalent	 dopants	 (Al3+,	 Zr4+,	 Nb5+)	 on	 phase	 composition	 and/or	

electrical	 properties	 were	 studied	 and	 compared	 with	 that	 of	 undoped	 Li2FeP2O7	via	 a	

conventional	solid‐state	method.	Our	results	showed	Al	and	Zr	are	not	feasible	to	substitute	

into	Li2FeP2O7	structure,	 following	different	doping	mechanism	of	 I	 to	V.	Only	≤	5%	Nb5+	

can	 be	 substituted	 into	 Li2FeP2O7	synthesized	 at	 700°C	 in	 N2	 to	 form	 homogenous	 sold	

solutions,	Li1.85Nb0.05Fe0.95P2O7	and	Li1.95Nb0.05Fe0.9P2O7,	following	II	and	IV,	respectively.	In	

general,	lattice	parameters	and	unit	volume	are	not	changed	in	Nb‐doped	compounds	and	

the	 distribution	 of	 Nb	 dopants	 in	 samples	 is	 confirmed	 by	 EDS	 spectra	 and	 elemental	

mapping.	

	 Impedance	spectroscopy	(IS)	results	show	the	doping	of	niobium	enhances	the	bulk	

conductivity	 of	 material	 by	 a	 factor	 of	 2~3,	 instead	 of	 indicating	 enhanced	 electronic	

conductivity	 due	 to	 the	 mixed	 Fe2+/3+	 valence	 created	 by	 Nb	 dopant.	 Low	 frequency	 IS	

results,	however,	do	not	provide	evidence	for	Li+	diffusion	and	mobility,	which	means	that	

electronic	conduction	is	more	probable	instead	of	ionic	conduction	in	Nb‐doped	samples.					
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CHAPTER	V	

Investigation	of	N‐doped	Li2FeP2O7	Cathode	Material	
	

5.1	Introduction	

	 Lithium	 iron	 pyrophosphate,	 Li2FeP2O7,	 has	 received	 considerable	 attention	 as	 a	

cathode	material	 for	 lithium‐ion	batteries	due	 to	 its	high	 theoretical	capacity	220	mAh/g	

and	working	 voltage	~3.6	V	which	 compare	 favourably	with	 170	mAh/g	 and	~3.4	V	 for	

LiFePO4.	To	date,	Li2FeP2O7	can	reversibly	extract	and	insert	only	one	lithium	ion	per	iron	

atom	(one	electron	theoretical	capacity:	110	mAh/g),	at	about	3.5	V	vs.	Li+/Li	[1].	Besides,	

in	comparison	with	other	cathode	materials,	Li2FeP2O7	also	suffers	from	the	problem	of	low	

working	 voltage	 and	 poor	 capacity	 at	 high	 rate	 mainly	 because	 of	 its	 low	 electronic	

conductivity	(~10‐9	Scm‐1,	in	air)	and	Li	ion	diffusivity	[2].	These	shortcomings	need	to	be	

overcome	before	its	realization	for	practical	uses.		

	 In	1992,	J.B.	Bates	et	al.	discovered	a	new	thin‐film	amorphous	lithium	phosphorous	

oxynitride	 (LiPON),	 Li3.3PO3.9N0.17,	 prepared	 by	 sputtering	 Li3PO4	 in	 pure	 N2;	 it	 has	

conductivity	 at	 25°C	 of	 2.4×10‐6	 Scm‐1,	 which	 is	 higher	 than	 that	 of	 6.6×10‐8	 Scm‐1	 for	

Li2.7PO3.9	 [3].	 One	 possible	 reason	 for	 the	 enhanced	 conductivity	 and	 stability	 of	 the	

oxynitride	 films	 is	 attributed	 to	 the	 formation	 of	 a	 cross‐linked	 structure	 causing	 an	

increase	 in	 Li+	 mobility	 [4].	 In	 1995,	 B.	 Wang	 et	 al.	 reported	 a	 polycrystalline	 lithium	

phosphorous	 oxynitride	 of	 Li2.88PO3.73N0.14	 synthesized	 by	 solid	 state	method	 using	 Li3N	

and	LiPO3	as	reagents	under	a	 flowing	N2	atmosphere	[5].	The	Li2.88PO3.73N0.14	has	higher	

ionic	conductivity	of	1.4×10‐13	Scm‐1	at	25°C	than	that	of	γ‐Li3PO4	(4.2×10‐18	Scm‐1)	due	to	

its	relatively	low	activation	energy	as	a	result	of	the	Li	and	anion	site	vacancies	as	well	as	

expanded	cell	dimensions.	

In	2008,	Liu	et	al.	first	investigated	the	effect	of	N	doping	in	LiFePO4	and	studied	its	

crystal	structure,	charge	distribution	and	transport	by	using	first‐principle	calculations	[6].	

They	predicted	the	valence	of	the	Fe	nearest	to	N	to	be	Fe3+	to	maintain	charge	balance,	and	

claimed	that	 the	coexistence	of	Fe2+	and	Fe3+	 ions	will	benefit	 the	electronic	conductivity.	

Moreover,	N	doping	will	probably	extend	the	LixFePO4	solid	solution	range.	The	activation	
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energy	for	Li	diffusion	in	N‐doped	LiFePO4,	of	Ea	~0.48	eV,	is	predicted	to	be	slightly	lower	

than	that	of	undoped	LiFePO4,	of	Ea	~0.5	eV.	The	chemical	diffusion	coefficient	of	Li	ions,	

DLi	 ~10‐11	 cm2s‐1,	 is	 expected	 to	 be	 enhanced	 as	 a	 result	 of	 the	 increased	 mobility	 of	

electrons.	 In	2011,	M.	Armand	et	al.	 investigated	 the	effect	 of	N	 substituted	 for	O	on	 the	

electrochemical	properties	of	Li2FeSiO4	using	 first	principles	 calculations	 [7].	 The	 results	

show	 the	 average	working	 voltage	 associated	with	 the	Fe3+/Fe4+	 redox	 couple	decreased	

with	N	substitution	in	Li2FeSiO4‐yNy.	In	addition,	the	theoretical	capacity	of	Li2FeSiO4	(330	

mAh/g)	could	be	maintained	in	Li2FeSiO4‐yNy	as	a	result	of	the	oxidation	of	N3‐	anions.			

	 In	spite	of	numerous	studies	on	the	LiPON	thin	films	and	powders	prepared	by	RF	

magnetron	 sputtering	 and	 solid‐state	 method,	 respectively,	 the	 effect	 of	 N‐doping	 of	

Li2FeP2O7	on	the	electrochemical	properties	has	not	been	delineated	and	discussed.	In	this	

chapter,	we	 have	 fabricated	 lithium	 iron	 pyrophosphate	 oxynitrides	 (Li2+xFeP2O7‐xNx	 and	

Li2FeP2O7‐yNy)	 with	 different	 N‐doping	 (x,	 y)	 in	 an	 attempt	 to	 investigate	 the	 phase	

composition,	doping	levels	and	electrical	properties	with	or	without	N‐doping.	Herein,	we	

use	Kröger–Vink	notation	 [8]	 to	 indicate	 the	 charge	 compensation	of	N	doping	by	 cation	

interstitial	 sites	 and/or	 electronic	 charge.	 Compositions	 shown	 in	 Table	 5‐1	 were	

prepared	to	study	the	defect	compensation	Mechanism	I	and	 II;	each	case	represents	 the	

dopant	 substituted	 on	 O	 site	 and	 is	 charge‐balanced	 by	 either	 lithium	 interstitials	 or	

electronic	charge	on	the	M2	sites.	 	Note	that	 the	 low‐valent	cation	(Li)	 locates	on	the	M1	

site,	and	higher	charged	cation	(Fe)	on	the	M2	site.	

		
Table	5‐1	Defect	compensation	mechanisms	by	N3‐	substituted	on	O	sites	in	Li2FeP2O7.		

＃	 Composition	Formula		 Defect	Compensation	
Mechanism			

	

Kröger‐Vink	Notation	

I	
Li2+xFeP2O7‐xNx3‐		

  LiNO 32 	

O‐substitution	&	Li‐interstitial	

  LiOO LiNO 	

II	
Li2Fe(II)1‐yFe(III)yP2O7‐yNy3‐		

  Fe
32 FeNO 	

O‐substitution	&	Fe‐charge	+1	

  FeOO FeNO 	
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5.2	Synthesis	and	Characterisation		

Li2+xFeP2O7‐xNx	and	Li2FeP2O7‐yNy	(x,	y	=	0–0.1)	compositions	were	synthesized	from	

stoichiometric	amounts	of	Li2CO3,	FeC2O4·2H2O,	(NH4)H2PO4,	and	Li3N	(Aldrich,	99.9%)	by	

conventional	solid‐state	reaction.	In	order	to	reduce	any	possibility	of	Li3N	decomposition,	

the	 initial	 weighing	 of	 Li3N	 was	 done	 in	 an	 Ar‐filled	 glove	 box	 and	 then	 it	 was	 quickly	

immersed	 in	 acetone	with	 other	 reagents.	 All	mixtures	were	 immediately	 ground	 for	 30	

min	 using	 an	 agate	mortar	 in	 air,	 and	 then	 calcined	 at	 350°C	with	 a	 heating	 rate	 of	 2.5	

oC/min	in	an	alumina‐tube	furnace	under	flowing	N2	atmosphere	for	6	hours.	The	calcined	

precursors	were	subsequently	heated	at	700°C	for	12	hours	in	N2	to	obtain	final	products.	A	

detailed	 schematic	 experimental	 flow	 chart	 for	 the	 synthesis	 and	 characterisation	 is	

summarised	in	Fig.	5‐1(a).	

A	 new	 improved	 method	 to	 synthesize	 Li2FeP2O7‐yNy	 was	 developed	 for	 y=0.05,	

noted	as	“I‐LFPN005”.	Small	amounts	of	reagents,	Li2CO3,	FeC2O4·2H2O,	(NH4)H2PO4,	were	

ground	with	 acetone	 in	 air	 (~1.5	 g)	 and	 transferred	 to	 an	Ar‐filled	 glove	box.	 Inside	 the	

glove	box,	Li3N	was	weighed,	mixed	dry	with	precursors	in	an	agate	mortar	and	pestle	and	

the	mixtures	transferred	to	Mo	foil	boats	and	placed	inside	a	silica	glass	tube.	Samples	were	

decomposed	and	then	heated	using	the	same	condition	as	mentioned	in	(a),	see	Fig.	5‐1(b).		

The	 phase	 composition	 of	 these	materials	was	 determined	 using	 X‐ray	 diffraction	

(XRD).	Room	temperature	57Fe	Mössbauer	spectra	were	collected	for	the	undoped	and	N‐

doped	Li2FeP2O7.	Nitrogen	analysis	was	done	by	LSM	Analytical	Services	(Leco	instrument:	

TC‐436)	using	the	inert	gas	combustion	method,	typically	based	on	a	furnace	with	water‐

cooled	 copper	electrodes.	The	principle	was	 to	 fuse	 the	 sample	 in	 a	high	purity	 graphite	

crucible	 in	 the	 furnace	 by	 taking	 it	 to	 very	 high	 temperature	 of	 3000°C	 in	 Helium.	 The	

nitrogen	was	evolved	into	a	helium	carrier	gas	and	detected	by	a	thermal	conductivity	cell. 

Impedance	 spectroscopy	 (IS)	 was	 used	 to	 measure	 the	 electrical	 properties.	

Electrochemical	testing	was	evaluated	in	a	coin‐cell	configuration.	
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Figure	5‐1	The	experimental	flow	chart	for	N‐doped	Li2FeP2O7	using	different	synthesis	methods.	

(a) 

(b) 
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5.3	Results	

5.3.1				XRD	Patterns	and	Crystallinity	

(i)	Li2+xFeP2O7‐xNx	

	 Fig.	 5‐2(a)	 shows	 the	 XRD	 patterns	 of	 N‐doping	 for	 oxygen,	 Li2+xFeP2O7‐xNx,	

synthesized	at	700°C	for	12	hours	in	N2	following	two	different	stoichiometries,	in	which	x	

are	 0.05	 and	 0.1,	 respectively.	 In	 general,	 the	 intensity	 distribution	 of	 XRD	 patterns	 is	

identical	to	that	of	pure	Li2FeP2O7,	and	characterized	as	a	solid	solution	which	assumed	a	

monoclinic	symmetry	and	space	group	P21/c.	Lattice	parameters	and	unit	cell	volumes	of	

the	Li2+xFeP2O7‐xNx	obtained	by	Rietveld	refinement	of	X‐ray	data	(Mo	PSD)	are	illustrated	

in	Table	5‐2.	With	increasing	dopant	concentration	of	N	from	x=0	to	x=0.05	in	Li2+xFeP2O7‐

xNx,	there	is	a	decrease	in	a,	b,	c	and	V	by	‐0.15%,	‐0.29%,	‐0.17%,	and	‐0.55%,	respectively	

but	for	x=0.1,	all	values	are	identical	to	the	undoped	sample	within	errors.	

(ii)	Li2FeP2O7‐yNy	

	 The	 XRD	 patterns	 of	 Li2FeP2O7‐yNy	powders	 with	 N	 doping	 contents	 from	 y=0	 to	

y=0.1	are	shown	in	Fig.	5‐3(a).	The	intensity	distribution	of	XRD	patterns	for	y=0.025,	0.05,	

and	0.075	 is	similar	 to	 that	of	pure	Li2FeP2O7.	A	minor‐phase	Li3Fe2(PO4)3,	however,	was	

observed	when	y	varies	from	0.075	to	0.1,	see	arrowed.	As	a	result,	the	amount	of	oxygen	

content	 replaced	by	nitrogen	 appears	 to	be	 limited.	No	obvious	peak	 shift	was	observed	

with	 increasing	 y	 from	 y=0	 to	 y=0.075,	 see	Fig.	5‐3(b).	 Lattice	 parameters	 and	 unit	 cell	

volumes	are	illustrated	in	Table	5‐3.	It	is	found	that	the	unit	cell	constant	a	shows	a	small,	

systematic	decrease	with	y;	within	errors	b,	c	and	β	do	not	change.	Therefore,	V	also	shows	

a	 small	 decrease	 with	 y.	 Again,	 however,	 results	 for	 y=0.1,	 which	 is	 beyond	 the	 solid	

solution	limit,	appear	to	be	anomalous.	 
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Figure	5‐1	(continued)	
	

Figure	5‐2	(a)	XRD	patterns	of	the	different	level	of	N	doping	for	Li2+xFeP2O7‐xNx		
(0	≤	x	≤	0.1);	(b)	magnified	shift	of	(‐111)	and	(200)	peaks.	
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Figure	5‐3	(a)	XRD	patterns	of	the	different	level	of	N	doping	for	Li2FeP2O7‐yNy		
(0	≤	y	≤	0.1);	(b)	magnified	position	of	(220)	and	(‐221)	peaks	by	Mo	PSD.	
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Table	5‐2	Lattice	parameters	for	Li2+xFeP2O7‐xNx	compounds		

with	monoclinic	symmetry.	
	

Chemical	formula	 a	(Å)	 b	(Å)	 c	(Å)	 β	(deg)	 V	(Å
3
)	

Li2FeP2O7	(x=0)	 11.019(3)	 9.746(6)	 9.791(8)	 101.49(5)	 1030.4(7)	

Li2.05FeP2O6.95N0.05	(x=0.05)	 11.003(5)	 9.718(5)	 9.774(5)	 101.33(4)	 1024.7(6)	

Li2.1FeP2O6.9N0.1	(x=0.1)	 11.011(3)	 9.747(4)	 9.806(4)	 101.61(3)	 1030.8(4)	

	

	
Table	5‐3	Lattice	parameters	for	Li2FeP2O7‐yNy	compounds		

with	monoclinic	symmetry.	
	

Chemical	formula	 a	(Å)	 b	(Å)	 c	(Å)	 β	(deg)	 V	(Å
3
)	

Li2FeP2O7	(y=0)	 11.019(3)	 9.746(6)	 9.791(8)	 101.49(5)	 1030.4(7)	

Li2FeP2O6.975N0.025	(y=0.025)	 11.004(4)	 9.749(4)	 9.797(4)	 101.55(3)	 1029.8(4)	

Li2FeP2O6.95N0.05	(y=0.05)	 10.996(7)	 9.735(7)	 9.796(7)	 101.51(6)	 1027.5(9)	

Li2FeP2O6.925N0.075	(y=0.075)	 10.987(8)	 9.742(7)	 9.790(7)	 101.55(5)	 1026.6(8)	

Li2FeP2O6.9N0.1	(y=0.1)	 11.030(9)	 9.753(8)	 9.796(10)	 101.55(8)	 1032.5(9)	
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5.3.2				Mössbauer	Spectroscopy	

	 The	 Fe	 sites	 occupied	 in	 Li2FeP2O7‐yNy	 heated	 at	 700°C	 for	 12	 hours	 in	 N2	were	

investigated	 using	 57Fe	 Mössbauer	 spectroscopy,	 as	 shown	 in	 Fig.	 5‐4;	 the	 blue	 line	

indicates	the	calculated	spectrum	and	pink	ones	represent	the	fitting	data.	All	spectra	were	

fitted	satisfactorily	with	two	and	three	Lorentzian	doublets	for	y=0	and	0.05,	respectively.	

Refined	 parameters	 of	 center	 shift	 (δ),	 quadrupole	 splitting	 (Δ),	 and	 line	 width	 (Γ)	 are	

summarized	in	Table	5‐4.	The	first	outer	fitted	doublet	in	Li2FeP2O7	(a)	has	a	center	shift	

of	~1.2	mm	s−1,	a	quadrupole	splitting	of	~2.5	mm	s−1,	and	a	 fitted	area	of	~	49%	and	 is	

consistent	with	Fe2+	(site	1)	 corresponding	 to	 the	FeO6	octahedral	 site.	The	 second	 inner	

doublet	has	a	center	shift	of	~1.2	mm	s−1,	a	lower	quadrupole	splitting	of	~2.1	mm	s−1,	and	

a	 fitted	 area	 of	 ~	 51%	 and	 is	 consistent	 with	 Fe2+	 (site	 2)	 assigned	 to	 FeO5	 and/or	

FeO5/LiO5	sites	[9].	Attempts	to	add	a	third	Fe3+	doublet	with	Li2FeP2O7	were	not	successful.	

However,	 for	 Li2FeP2O6.95N0.05	 (b),	 the	 Mössbauer	spectra	 show	 the	 presence	 of	 a	 third	

doublet,	indicating	the	presence	of	Fe3+	in	the	N‐doped	sample	with	a	low	center	shift	of	ca.	

0.2	mm	s−1,	a	low	quadrupole	splitting	of	ca.	0.8	mm	s−1,	and	a	fitted	area	of	~	1%.	The	color	

of	sample	y=0	is	grey,	but	it	becomes	lighter	brown	for	y=0.05.	

		

Table	5‐4	Fitted	Mössbauer	spectrum	parameters	of	Li2FeP2O7‐yNy	materials.	

y in  
Li2FeP2O7-yNy 

site center shift, 
δ/±0.02 mm s-1 

quadrupole splitting, 
Δ/±0.02 mm s-1 

line width,  
Γ/±0.02 mm s-1 

fraction, % 
/±1.0 

0 Fe2+ (1) 

Fe2+ (2) 

1.23 

1.21 

2.53 

2.12 

0.16 

0.18 

49.1 

50.9 

0.05 Fe2+ (1) 

Fe2+ (2) 
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Figure	5‐4	Mössbauer	spectra	of	(a)	Li2FeP2O7	and	(b)	Li2FeP2O6.95N0.05			
measured	at	room	temperature.		

	

(b) 

(a) 



K.C.	Hsiao,	PhD	Thesis,	Chapter	V	Li2+xFeP2O7‐xNx	and	Li2FeP2O7‐yNy		

‐	161	‐	
 

5.3.3					Nitrogen	Analysis	

A	 thermal	 conductivity	 cell	 measured	 the	 nitrogen	 content	 in	 weight	 %	 in	 the	

Li2FeP2O6.95N0.05	sample	as	0.097	%,	i.e.	N(Exp.)	=	0.00097	g.		

	

In	Li2FeP2O7‐yNy	(e.g.	y=0.05),	

y	= 016876.0
114

573.24300097.0

samplewt14

573.243measuredNwt

sampleFwt

samplewt
14

measuredNwt

samplemoles

Nmoles









 	

Therefore,	the	nitrogen	loss	(%)	in	Li2FeP2O6.95N0.05	can	be	calculated	using	Equation	5.1:	

							 %25.66100
05.0

016876.005.0

N

NN

N

N

)ltheoretica(

)real()ltheoretica(

)ltheoretica(

)loss( 



 




 																																	(5.1)	

(Note:	assume	Fwt	sample	is	independent	of	y)	

This	result	indicates	that	some	reaction	of	Li3N	with	air/decomposition	took	place	during	

mixing	in	air	and/or	heating	in	N2.	Results	of	nitrogen	analysis	are	summarised	in	Table	5‐

5.	

	

Table	5‐5	Summarised	results	of	nitrogen	analysis	for	Li2FeP2O7‐yNy.	

	

	

	

	
Sample	

	

N(g)	in	1(g)	
sample	(Calc.)	

N(g)	in	1(g)	
sample	(Exp.)	

mol		N		
(Calc.)	

mol		N			
(Exp.)	

Li2FeP2O6.95N0.05	 0.00288	 0.00097	 0.05	 0.01688	

Li2FeP2O6.8N0.2	 0.01152	 0.00083	 0.20	 0.01444	



K.C.	Hsiao,	PhD	Thesis,	Chapter	V	Li2+xFeP2O7‐xNx	and	Li2FeP2O7‐yNy		

‐	162	‐	
 

5.3.4				Electrical	Characterisation	

(i)	Li2+xFeP2O7‐xNx	

Z*	 plots	 of	 the	 pure‐phase	 Li2FeP2O7	 and	 Li2+xFeP2O7‐xNx	 (x=0.05	 and	 0.1)	 pellets	

with	Au	electrodes	measured	at	200°C	in	air	show	a	nearly	ideal	semicircle	with	associated	

capacitance	 of	 ~1.1,	 ~2.1	 and	 ~0.9	 pFcm‐1	 	 calculated	 from	 ωRC=1	 at	 the	 semicircle	

maximum,	and,	therefore,	attributed	to	bulk	regions	of	the	samples.	The	total	resistivity	of	

Li2.05FeP2O6.95N0.05,	R	~0.45	MΩcm,	is	slightly	lower	than	that	of	Li2FeP2O7,	R	~0.7	MΩcm,	

Fig.	5‐5(a).	The	resistance	of	Li2.1FeP2O6.9N0.1,	R	~1.0	MΩcm,	however,	increases	with	the	N	

doping	level	of	x	from	0.05	to	0.1.	

	 Capacitance,	 C’,	 of	 the	 bulk	 response	 as	 a	 function	 of	 frequency	 at	 200°C	 with	

different	 N	 doping	 level	 can	 be	 observed	 from	 (b).	 A	 capacitance	 plateau	 at	 higher	

frequency	has	value	close	to	1	pFcm‐1.	Conductivity,	Y’,	data	as	a	 function	of	 frequency	at	

200°C	are	shown	in	(c).	The	Y’	data	show	a	power	law	response	at	higher	frequencies	and	a	

frequency‐independent	dc	conductivity	plateau	at	lower	frequencies.	Li2.05FeP2O6.95N0.05	has	

a	 total	 conductivity	of	~2.1×10‐6	 Scm‐1,	which	 is	 slightly	higher	 than	~1.4×10‐6	Scm‐1	and	

~1.0×10‐6	Scm‐1	for	Li2FeP2O7	and	Li2.1FeP2O6.9N0.1,	respectively.		

	 Combined	Z’’	and	M’’	spectroscopic	plots	show	all	maxima	of	M’’	and	Z’’	peaks	are	

not	exactly	coincident	as	in	ideal	“Debye”	theory	prediction;	a	low	frequency	tail	in	the	Z’’	

peak	of	Li2FeP2O7	(d)	may	be	associated	with	an	interfacial	effect.	

Impedance	measurements	 at	 higher	 temperature	were	 carried	 out.	 No	 spike	 was	

observed	in	the	impedance	Z*	plots	of	x=	0.1	on	increasing	the	temperature	to	275°C,	Fig.	

5‐6,	indicating	that	electronic	conduction	is	more	probable	than	ionic	conduction.	

Conductivity	data	of	Li2+xFeP2O7‐xNx	are	presented	in	Fig.	5‐7;	a	set	of	parallel	lines	

is	observed	with	activation	energies:	0.57	eV	for	x=0,	0.58	eV	for	x=0.05,	0.62	eV	for	x=0.1.	

The	activation	energy	in	N‐doped	Li2FeP2O7	is	slightly	higher	than	that	of	pure	Li2FeP2O7,	

and	increases	with	increasing	N‐doping	concentration.	
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Figure	5‐5	Li2+xFeP2O7‐xNx	(x=0,	0.05	and	0.1):	(a)	Impedance	complex	plane	plots,	Z*,	
(b)	spectroscopic	plots	of	capacitance,	C’,	(c)	spectroscopic	plots	of	admittance,	Y’,	

and	(d)	Z’’/M’’	spectroscopic	plots	at	200°C	in	air.	
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(a) (b) 
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Figure	5‐6	Li2.1FeP2O6.9N0.1:	(a)	Complex	plane	plot,	Z*,	(b)	capacitance	plot,	C’		
at	275°C	in	air.	
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Figure	5‐7	Arrhenius	plots	of	the	bulk	conductivity	(Rb‐1)	for	Li2+xFeP2O7‐xNx		
(x=0,	0.05	and	0.1)	pellets	with	Au	electrodes	in	air.	
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(ii)	Li2FeP2O7‐yNy	

Low	 frequency	 impedance	 measurements	 in	 N2	 atmosphere	 were	 conducted	 at	

different	temperatures.	The	samples	of	Li2FeP2O6.95N0.05	(y=0.05)	and	Li2FeP2O6.8N0.2	(y=0.2)	

were	prepared	following	a	one‐step	process,	(II)	in	Fig.	5‐1(a);	the	decomposed	mixtures	

were	 pelleted	 directly	 and	 heated	 at	 700°C	 for	 12	 h	 in	 N2.	 The	 phase	 compositions	 of,	

y=0.05	and	y=0.2,	were	checked	by	XRD	and	were	identical	to	undoped	Li2FeP2O7.			

Impedance	 complex	 plane,	 Z*	 plots,	 Fig.	 5‐8,	 show	 the	 total	 resistivity	 of	

Li2FeP2O6.95N0.05	pellet	with	sputtered	Au	electrodes	at	various	measuring	temperatures	in	

N2.	 At	 100°C	 and	 150°C,	 a	 nearly	 ideal	 first	 semicircle	 of	 resistance	 R1	 with	 associated	

capacitance	 of	 ~4	 pFcm‐1	is	 attributed	 to	 sample	 bulk,	 see	 (a)	 and	 (b).	 A	 well‐resolved	

second	arc	of	resistance	R2	at	low	frequencies	over	the	temperature	range	150~300	°C	was	

observed	without	any	evidence	for	a	Warburg	or	inclined	spike.	

The	 C’	 spectroscopic	 plots	 as	 a	 function	 of	 frequency	 over	 the	 temperature	 range	

100°C	 to	 350°C	 are	 shown	 in	 Fig.	 5‐9(a),	 in	 which	 a	 high	 frequency	 plateau	 with	 a	

capacitance	value	close	to	~5.0	pFcm‐1	represents	the	bulk	response	in	sample	and	a	low	

frequency	 dispersion	 was	 observed	 at	 temperatures	 below	 150°C.	 As	 the	 temperature	

increases,	 the	 data	 show	 a	 very	 broad	 dispersion,	 probably	 following	 a	 power	 law	 at	

intermediate	 frequencies	 from	 about	 103	 to	 1	 Hz,	 and	 the	 capacitance	 value	 at	 lower	

frequencies	increases	up	to	~10‐6	Fcm‐1.		

Conductivity	plots,	Y’,	as	a	function	of	frequency,	Fig.	5‐9(b),	show	a	dispersion	at	

high	 frequencies	 and	 a	 nearly	 frequency‐independent	 dc	 conductivity	 plateau	 at	 lower	

frequencies.	 At	 T	 >	 300°C,	 Y’	 spectra	 present	 a	 frequency‐independent	 dc	 conductivity	

plateau.	Combined	Z’’/M’’	spectra	at	150°C	in	N2	show	Z’’	and	M’’	peaks	at	similar	frequency,	

Fig.	 5‐10.	 The	 peak	 maxima	 coincide,	 which	 indicates	 the	 sample	 is	 electrically	

homogeneous.	The	FWHM	of	the	Z’’	peak	is	~1.2	decades,	which	is	close	to	the	ideal	value	

of	1.14	decades.	A	broad	low‐frequency	arc	in	the	Z’’	peak,	which	is	also	seen	in	the	Z*	plots,	

may	be	associated	with	an	electrode	effect.	
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Fig.	5‐11	shows	a	linear	Arrhenius	response	with	activation	energy	of	R2,	~0.29	eV,	

which	 is	 slightly	 lower	 than	 that	 of	 bulk	 R1,	 ~0.34	 eV,	 and	 of	 total	 RT,	 ~0.36	 eV,	 for	

Li2FeP2O6.95N0.05	with	Au‐sputtered	 electrode.	The	 total	 conductivity 1
TR  ,	 i.e.	 (R1	+	R2)‐1,	 is	

dominated	by	large	R1	resistances.	
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Figure	5‐8	Li2FeP2O6.95N0.05:	Impedance	complex	plane	plots,	Z*,		

at	(a)	100°C	to	(f)	350°C	in	N2.	
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Figure	5‐8	(continued)	
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Figure	5‐9	Li2FeP2O6.95N0.05	(Au	electrode):	(a)	spectroscopic	plots	of	capacitance,	C’,	
(b)	spectroscopic	plots	of	admittance,	Y’,	at	various	temperatures,	100~350	°C	in	N2.	
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Figure	5‐10	Z"/M"	spectroscopic	plots	at	150°C	in	N2	for	Li2FeP2O6.95N0.05.	
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Figure	5‐11	Arrhenius	plots	of	R1‐1,	R2‐1,	and	total	conductivity	 1
TR for	

Li2FeP2O6.95N0.05	pellet	heated	at	700°C	with	sputtered	Au	electrodes.	
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The	 conductivities	 of	 Li2FeP2O7	 and	 Li2FeP2O7‐yNy	 ceramics	 are	 represented	 as	

Arrhenius	plots	in	Fig.	5‐12.	For	y=0.05	and	0.2,	both	had	a	conductivity	of	~5×10‐8	Scm‐1	

at	room	temperature	in	N2,	which	is	approximately	3	orders	of	magnitude	greater	than	that	

of	 y=0	 (~5×10‐11	 Scm‐1).	 The	bulk	 activation	 energies	 at	 low	 temperature,	~0.33	 eV	 and	

~0.31	eV,	are	much	lower	than	that	of	pure	Li2FeP2O7	of	~0.61	eV	and	the	high	temperature	

data	 rather	 similar	 to	 that	 of	 sample	 y=0.	 A	 second	 pellet	 of	 y=0.05	was	measured	with	

similar	results	and	the	conductivity	values	are	reversible	from	heating	to	cooling	in	N2,	see	

Fig.	5‐13.		

Fig.	5‐14	shows	the	Arrhenius	plots	of	bulk	conductivity	(Rb‐1)	Li2FeP2O7	heated	in	

N2	and	slow	cooled	in	air.	The	initial	data	point	on	cooling	was	collected	after	the	sample	

was	 heated	 to	 350°C	 in	 N2,	 subsequently	 changed	 to	 air	 and	maintained	 at	 350°C	 for	 6	

hours.	The	conductivity	in	air	is	~10‐9	Scm‐1	at	room	temperature,	which	is	~1.5	orders	of	

magnitude	greater	than	that	heated	in	N2	and	with	a	lower	activation	energy	of	~0.55	eV.	
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Figure	5‐12	Arrhenius	plots	of	the	bulk	conductivity	of	Li2FeP2O7, Li2FeP2O6.95N0.05	
and	Li2FeP2O6.8N0.2	pellets	with	sputtered	Au	electrodes	in	N2. 
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Figure	5‐13	Arrhenius	plots	of	the	bulk	conductivity	of	Li2FeP2O6.95N0.05		

heated	and	cooled	in	N2.	
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Figure	5‐14	Arrhenius	plots	of	the	bulk	conductivity	of	Li2FeP2O7		
heated	in	N2	and	slow	cooled	in	air.	
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5.3.5				Morphology	

	 Fig.	 5‐15(a)	 and	 (b)	 show	 SEM	 pictures	 of	 the	 two	 kinds	 of	 Li2FeP2O6.95N0.05	

powders	 sintered	 at	 700oC	 in	 N2;	 one	 was	 prepared	 by	 solid‐state	 (SS)	 method	 using	

mortar	 and	 pestle	 grinding	 for	 30	 minutes	 in	 acetone;	 the	 other	 used	 a	 planetary	 ball‐

milling	(BM)	with	acetone	for	2	hours	(400	rpm)	in	air.	The	BM‐Li2FeP2O6.95N0.05	particles	

(b)	have	irregular	spheres	with	an	average	particle	size	<	10	μm,	which	is	smaller	than	that	

of	SS‐sample	(a).	

   	

Figure	5‐15	SEM	pictures	of	surface	section	of	sintered		
(a)	SS‐Li2FeP2O6.95N0.05	and	(b)	BM‐Li2FeP2O6.95N0.05	pellets.	

	

5.3.6				Electrochemical	Properties:	Li2FeP2O6.95N0.05	

	 Fig.	5‐16	shows	the	1st	charge	and	discharge	curves	of	SS	and	BM	Li2FeP2O6.95N0.05	

electrodes	 at	 constant	 charge/discharge	 rate	 of	 C/20	 at	 25°C,	 with	 constant	 voltage	

relaxation	down	to	C/400	applied	at	4.5	V	for	2	hours.	The	discharge	plateau	of	BM	appears	

at	~3.75	V,	and	the	first	discharge	capacity	is	~50	mAh/g.	SS	has	a	lower	discharge	capacity	

of	 ~10	 mAh/g,	 a	 high	 polarization,	 and	 no	 voltage	 plateau	 on	 the	 first	 cycle.	 Fig.	5‐17	

shows	the	high‐rate	discharge	capacity	for	SS	and	BM	electrodes	without	carbon	additives.	

BM	had	 a	 discharge	 capacity	 of	 ca.	 50	 mAh/g,	 30	 mAh/g,	 17	 mAh/g,	 and	 9	 mAh/g	 at	

discharging	 rates	 C/20,	 C/5,	 C/2,	 and	 1C,	 using	 constant	 charge	 rate	 of	 C/20.	 SS	 had	

discharge	capacity	of	~10	mAh/g	at	C/20	rate,	and	~5	mAh/g	at	C/5	rate	for	the	first	cycle.	

Thus,	the	high‐rate	capacity	of	BM	is	much	higher	than	that	of	SS.		

10	μm	

(a) (b)

10	μm	
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Figure	5‐16	Charge–discharge	curves	of	the	SS‐	and	BM‐Li2FeP2O6.95N0.05	cells	 
tested	at	a	constant	charge	rate	of	C/20	at	25°C	for	the	1st	cycle.	
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Figure	5‐17	Discharge	capacity	of	SS‐	and	BM‐Li2FeP2O6.95N0.05	as	a	function	of	
discharge	rate	at	a	constant	charge	rate	of	C/20	(cut‐off	voltages:	2.0–4.5	V).	
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Fig.	5‐18	shows	the	initial	charge	and	discharge	curves	of	BM‐Li2FeP2O6.95N0.05	and,	

for	comparison,	BM‐Li2FeP2O7	at	C/20	at	room	temperature;	the	discharge	capacity	of	the	

N‐doped	sample,	however,	 is	~50	mAh/g,	which	is	 lower	than	that	of	undoped	Li2FeP2O7	

~70	mAh/g.	A	distinct	voltage	increase	of	~0.1	V	in	BM‐Li2FeP2O6.95N0.05	is	observed	during	

the	first	charge	stage,	highlighted	in	insert.		
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Figure	5‐18	Charge–discharge	curves	of	BM‐Li2FeP2O6.95N0.05	and	BM‐Li2FeP2O7	at	
constant	charge	rate	of	C/20	at	25°C	for	the	1st	cycle.	The	insert	shows	the	voltage	

increase	on	expanded	scale	in	the	first	charge	stage.	
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5.3.7				Improved‐Li2FeP2O6.95N0.05	(I‐LFPN005)	

Li2FeP2O6.95N0.05	was	 synthesised	 via	 a	 new	 approach	 as	 described	 in	Fig.	5‐1(b).	

The	phase	composition	and	pellet	density	of	I‐LFPN005	were	similar	to	those	of	Li2FeP2O7.	

Conductivity	data	of	I‐LFPN005	with	sputtered‐Au	electrodes	as	a	function	of	temperature	

in	 N2	 are	 presented	 in	 Fig.	 5‐19.	 A	 single,	 high	 frequency	 semicircle	 R1	 is	 seen	 with	

associated	 capacitance	 of	 ~7	 pFcm‐1	 using	 ωRC=1	 at	 the	 semicircle	 maximum	 and	

therefore	attributed	 to	bulk	response,	see	(a).	No	 inclined	spike	characteristic	of	either	a	

double	 layer	 capacitance	 or	 a	 Warburg	 impedance	 are	 observed	 at	 low	 frequencies,	

indicating	 I‐LFPN005	 is	 predominantly	 an	 electronic	 conductor.	 Y’	 plots,	 as	 a	 function	of	

frequency	 over	 the	 range	 25–100	 °C,	 show	 a	 dispersion	 at	 high	 frequencies	 and	 a	

frequency‐independent	dc	conductivity	plateau	at	low	frequencies,	see	(b).		
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Figure	5‐19	(a)	Z*	and	(b)	Y’	plots,	for	I‐LFPN005,	at	25–100	°C	in	N2		

with	sputtered‐Au	electrodes.	
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Bulk	conductivities	were	extracted	and	are	shown	in	Arrhenius	plots	in	Fig	5‐20;	I‐

LFPN005	 has	 the	 highest	 conductivity	 ~10‐5	 Scm‐1	 at	 room	 temperature	 in	 N2.	 Its	

conductivity	shows	a	linear	response	over	the	range	25–200	°C	with	the	lowest	activation	

energy	~0.16	eV	and	a	high	temperature	value	with	a	change	of	slope	at	~200	oC	which	is	

similar	to	that	of	other	samples.	
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Figure	5‐20	Arrhenius	plots	of	the	bulk	conductivity	of	Li2FeP2O7‐yNy	(y=0.05	and	0.2)	
with	different	synthesis	methods	in	Fig.	5‐1.		
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5.4	Discussion	

5.4.1	XRD	Patterns	and	Crystallinity	

 N‐doped	Li2FeP2O7	has	been	 synthesized	by	 solid‐state	method.	A	quick	 synthesis	

route,	section	5.2	is	preferred	for	the	final	products.	XRD	patterns	of	the	reacted	samples,	

in	which	x	and	y	varied	from	0	and	0.05,	synthesized	at	700°C	for	12	hours	in	N2	are	similar	

to	 that	 of	 undoped	 Li2FeP2O7.	 However,	 a	 very	 small	 amount	 of	 secondary	 phase,	

Li3Fe2(PO4)3,	 is	 characterized	 for	 y	 	 0.075.	 The	 differences	 in	 XRD	 peak	 positions	 for	

compositions	0	≲	y	≲	0.075	are	very	small.	Thus,	differences	in	lattice	parameters	are	small.	

XRD	is	not	sensitive	to	detect	small	amounts	of	secondary	phases	and	therefore,	 the	XRD	

results	were	inconclusive	as	to	the	possibility	of	N‐doping	and	solid	solution	formation.		

5.4.2	Electrical	Properties	

(i)	Li2+xFeP2O7‐xNx	

	 Impedance	 data	 show	 that	 the	 conductivity	 of	 x=0.05	 and	 x=0.1	 has	 no	 real	

difference	within	errors,	 using	porous	pellets,	 in	 comparison	 to	 that	of	Li2FeP2O7.	This	 is	

consistent	with	the	charge‐compensation	mechanism	(O2‐	↔	Li+	+	N3‐)	which	does	not	alter	

the	Fe2+	valence	state	and	hence	is	unlikely	to	enhance	electronic	conductivity.	In	general,	a	

good	 interconnect	and	a	high	 sintered	density	 in	 samples	are	 favourable	 for	 the	electron	

transfer	and	therefore,	resulting	higher	electrical	conductivity	[10].	The	sample,	x=0.1,	has	

a	 slightly	 decreased	 conductivity	 probably	 due	 to	 its	 lower	 pellet	 density	 of	 ~75	 %	 in	

comparison	to	that	of	~84%	for	both	x=0	and	0.05.	

(ii)	Li2FeP2O7‐yNy		

	 Low	frequency	impedance	measurements	over	the	temperature	range	100~350	°C	

were	 conducted	 in	 N2	 atmosphere	 to	 reduce	 any	 oxidation	 effect	 in	 samples,	 and	 to	 get	

further	 insight	 into	 the	 Li2FeP2O7‐yNy	 (y=0.05	 and	 0.2)	 compound.	 The	 specimen	 was	

pelleted	 following	 a	 one‐step	 heating	 reaction	 without	 secondary	 sintering	 to	 decrease	

nitrogen	evolution	from	sample,	see	(II)	in	Fig.	5‐1(a).	For	example,	the	conductivity	data	

of	y=0.05	pellets	through	a	two‐step	sintering	(I)	are	not	reproducible.		
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Z*	data	of	Li2FeP2O6.95N0.05		measured	in	N2	show	a	high	frequency	arc	of	R1	with	an	

associated	capacitance	value	~5	pFcm‐1,	which	is	contributed	to	bulk	responses.	In	addition,	

a	second	disordered	semicircle	of	R2	at	low	frequency	with	a	capacitance	of	10‐5~10‐6	Fcm‐1	

is	 obtained	 above	 250°C,	 probably	 due	 to	 an	 electrode	 effect.	 Similar	 phenomenon	 was	

observed	on	Li2FeP2O7	and	discussed	 in	chapter	 III.	At	high	temperatures,	no	blocking	or	

Warburg	 spike	attributed	 to	 ionic	 conduction	behavior	 at	 low	 frequencies	was	observed,	

indicating	that	the	conduction	mechanism	is	thought	to	be	primarily	electronic.		

The	resistivity	and	activation	energy	(~0.3	eV)	in	Li2FeP2O6.95N0.05	are	much	lower	

than	 that	 of	 undoped	 Li2FeP2O7	 (~0.6	 eV)	 due	 to	 the	 coexistence	 of	 Fe2+	 and	 Fe3+	 ions	

benefitting	 the	electron	conductivity	and	 increased	mobility	of	electrons,	which	has	been	

confirmed	 by	 Mössbauer	 spectrum	 with	 a	 mixed	 oxidation	 state	 of	 Fe2+/3+,	 Fig.	 5‐4(b).	

Modeling	work	from	Huang	et	al.	reported	the	coexistence	of	Fe2+	and	Fe3+	ions	may	benefit	

the	 electron	 conductivity	of	LiFePO4	by	N	doping	 [6].	Doped	 compositions	of	y=0.05	and	

y=0.2	 gave	 similar	 conductivity	 over	 the	 temperature	 range	 25–350	 °C	 attributed	 to	 the	

approximate	nitrogen	content	measured	in	samples,	Table	5‐5.						

	 The	 slowly	 air‐cooled	 Li2FeP2O7	 has	 a	 higher	 conductivity	 and	 a	 slightly	 lower	

activation	 energy	 of	 ~0.5	 eV	 than	 that	 heated	 in	 N2,	 probably	 attributed	 to	 a	 gradual	

oxidation	 of	 ferrous	 ions	 to	 ferric	 ions	 with	 time	 through	 the	 pellet	 surface	 to	 form	 an	

oxidized	 shell	with	Fe3+,	 as	 shown	 schematically	 in	Fig.	5‐21(a).	 The	 iron	valence	 in	 the	

core	 area	 is	 envisaged	 to	 be	 Fe2+	without	 enough	 oxygen	 concentration	 and/or	 limited	

diffusion	time	to	reach	the	sample	interior.	In	contrast,	data	for	Li2FeP2O6.95N0.05	heated	or	

slow	 cooled	 in	 N2	 have	 a	 much	 higher	 conductivity	 and	 the	 lowest	 activation	 energy	

resulting	 from	 the	 well‐distributed	 coexistence	 of	 Fe2+/Fe3+	 in	 samples	 attributed	 to	 N	

doping,		(b).	

5.4.3	Electrochemical	Testing		

	 The	much	higher	capacity	of	the	Li2FeP2O6.95N0.05	prepared	by	ball‐milling	at	low	or	

high	 charge/discharge	 rates	 was	 attributed	 to	 the	 shorter	 transport	 path	 of	 Li	 ions	 in	

samples	as	a	result	of	its	smaller	particle	size	and	higher	surface	area	compared	with	those	

of	Li2FeP2O6.95N0.05	synthesized	by	solid‐state	method.	The	first	discharge	capacity	at	C/20	
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of	BM‐Li2FeP2O6.95N0.05	is	lower	than	that	of	pristine	BM‐Li2FeP2O7.	One	reason	is	probably	

that	 the	 increased	 conductivity	 of	 3	 orders,	 ~5×10‐8	 Scm‐1	 at	 room	 temperature,	 by	 N	

doping	method	is	still	not	high	enough	to	improve	the	electronic	conductivity	for	cathodes	

in	comparison	to	other	strategies,	such	as	nanosizing	and	carbon	coating.	Another	reason	is	

the	Fe2+/3+	redox	activity	in	Li2FeP2O6.95N0.05	may	be	slightly	inhibited	owing	to	ferric	ions	of	

Fe3+	in	samples	observed	from	Mössbauer	results,	which	influence	the	capacity.			

	 Although	 the	 Li2FeP2O6.95N0.05	 has	 a	 decreased	 discharge	 capacity,	 its	 working	

voltage	is	increased	up	to	~3.75	V	about	0.1–0.15	V	higher	than	that	of	undoped	Li2FeP2O7,	

and	therefore,	may	compensate	for	the	loss	of	energy	density.	Similar	phenomenon,	voltage	

increase	~0.13	V	(Fe2+/Fe3+),	was	obtained	from	3.12	V	of	the	pristine	Li2FeSiO4	to	3.25	V	

of	 the	 Li2FeSiO3.5N0.5,	 which	 was	 predicted	 by	 Dompablo	 et	 al.’s	 calculations	 with	 first	

principles	method	[11].	Also,	it	was	indicated	that	the	2nd	redox	reaction	(Fe3+/Fe4+)	could	

be	 decreased	 at	 a	 voltage	 of	 ~4.75	 V	 in	 Li2FeSiO3.5N0.5	 lower	 than	 that	 of	 ~4.85	 V	 for	

undoped	Li2FeSiO4.	In	short,	substitution	of	N	for	O	may	affect	the	electrode	characteristics	

of	Li2FeP2O7	and	Li2FeSiO4	based	on	experimental	and	modelling	study,	respectively.			

	

															 	

Figure	5‐21	Schematic	plot	of	a	core‐shell	structure	for	
(a) y=0,	cooling	in	air;	(b)	y=0.05,	heating	in	N2.	

	
	

	

(a) 

(b) 
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5.5	Conclusions	

		 N‐doped	 Li2FeP2O7	 compositions,	 i.e.	 Li2+xFeP2O7‐xNx	 and	 Li2FeP2O7‐yNy,	 have	 been	

synthesized	 via	 solid‐state	 reaction	 but	 the	N2	 evolution	 during	 sample	 preparation	 is	 a	

general	 concern.	 The	 effect	 of	 N	 doping	 on	 phase	 composition,	 electrical,	 and	

electrochemical	properties	were	studied	in	comparison	with	that	of	pure‐phase	Li2FeP2O7.	

Lattice	 parameters	 of	 the	 Li2FeP2O7‐yNy	 samples	 alter	 and	 its	 unit	 cell	 volume	 slightly	

decreases	with	increasing	N	doping	concentration	below	the	saturation	of	y=0.1.	Nitrogen	

composition	in	Li2FeP2O6.95N0.05	was	confirmed	using	inert	gas	fusion	method;	an	estimated	

nitrogen	loss	of	~67	%	may	occur	during	sample	preparation	and	synthesis.		

	 Impedance	 spectroscopy	 (IS)	 results	 show	 there	 is	 no	 real	 difference	 in	 the	 total	

conductivity	and	bulk	activation	energy	of	x=0.05	and	0.1	compared	with	those	of	x=0.	As	a	

result,	for	Li2+xFeP2O7‐xNx,	N	doping	has	little	effect	within	errors.	

	 The	resistivity	and	activation	energy	in	Li2FeP2O7‐yNy	(y=0.05)	are	lower	than	that	of	

undoped	Li2FeP2O7	due	to	 the	coexistence	of	Fe2+	and	Fe3+	 ions	benefitting	the	electronic	

conductivity	 and	 increased	 mobility	 of	 electrons.	 Mössbauer	 results	 confirmed	 different	

oxidation	state	of	Fe	which	leads	to	increased	electronic	conductivity	in	N‐doped	Li2FeP2O7.	

So	far,	attempts	to	prepare	a	solid	solution	up	to	y=0.1	have	failed		probably	because	of	a	

limited	N‐substitution	 as	 shown	by	 the	presence	of	 a	minor‐phase	 from	 the	oxidation	of	

Fe2+	 to	 Fe3+,	 and	 therefore,	 results	 in	 lower	 conductivity.	 Specifically,	 I‐LFPN005	 sample	

has	 the	highest	 conductivity	~10‐5	Scm‐1	at	 room	temperature	with	 the	 lowest	activation	

energy,	~0.16	eV,	than	other	N‐doped	compositions.	

	 Electrochemical	 properties	 of	 Li2FeP2O6.95N0.05,	 e.g.	 effect	 of	 particle	 size,	working	

voltage,	and	rate	performance,	were	evaluated	through	a	coin‐cell.	Although	the	N‐doped	

Li2FeP2O7	did	not	demonstrate	better	battery	performance	rather	than	undoped	one.	
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CHAPTER	VI	

Synthesis,	Characterisation	and	Ionic	Conductivity	of	Lithium	Zinc	
Pyrophosphate	Phases	

6.1	Introduction	

The	reported	 lithium	zinc	phosphate	phases	 in	 the	 ternary	ZnO‐Li2O‐P2O5	diagram	

are	 shown	 in	 Fig.	 6‐1.	 In	 early	 1986,	 the	 binary	 Zn3(PO4)2–Li3PO4	 system,	 was	 first	

investigated	by	Torres‐Trevino	and	West,	through	solid‐state	reaction	and	thermal	analysis	

[1].	Three	new	phases,	α‐,	β‐Li4Zn(PO4)2,	and	α‐LiZnPO4	were	reported	and	the	monoclinic	

unit	cell	of	α‐LiZnPO4	determined.	For	the	Zn2P2O7–Li4P2O7	system,	in	1995,	Mikirticheva	et	

al.	 studied	 the	 composition	 Li2ZnP2O7	 as	 a	 mixture	 of	 two	 new	 phases,	 solid	 solution	

Li4xZn2‐2xP2O7	(0.15	≤	x	≤	0.28)	and	Li2.4Zn0.8P2O7,	illustrated	in	Fig.	6‐2	[2‐3].	In	2009,	Ma	

et	al.	proposed	a	new	phase,	LiZn1.5P2O7,	which	was	indexed	as	orthorhombic	(S.G.	Pbcm)	

[4].	Subsequently,	Liang	et	al.	reported	the	phase	relations	of	the	ternary	system	ZnO–Li2O–

P2O5,	 and	 specifically,	 a	 new	 ternary	 compound,	 Li3Zn0.5P2O7,	 was	 reported	 [5].	 Its	 low‐

temperature	phase	 (<	365°C)	was	 indexed	 as	monoclinic	with	probable	S.G.	C2/m,	 C2	or	

Cm,	and	the	high‐temperature	phase	(365–766	°C)	with	probable	S.G.	Cc	or	C2/c.					

In	 2010,	 Lapshin	 et	 al.	 investigated	 the	 crystal	 structure	 of	 low‐temperature	

Li2.4Zn0.8P2O7	with	monoclinic	crystal	symmetry;	it	has	a	3‐D	framework	structure	wherein	

the	zinc	and	lithium	atoms	partially	occupy	the	same	sites	[6].	In	addition,	a	change	in	the	

intensities	 of	 diffraction	 patterns	 and	 an	 abrupt	 change	 in	 the	 thermal	 expansion	

coefficient	were	observed	as	the	sample	was	heated	above	300°C,	which	indicates	that	the	

Li+	ions	are	probably	mobile	in	Li2.4Zn0.8P2O7	at	higher	temperature	[7].		

In	 this	 chapter,	 the	 pseudobinary	 phase	 diagram	Zn2P2O7–Li4P2O7	was	 chosen	 for	

study	and	 the	aim	 is	 to	a)	attempt	 synthesis	and	confirm	 the	 complex	 series	of	 reported	

phases	and/or	solid	solutions	based	on	the	Li4xZn2‐2xP2O7	(0	<	x	<	1)	formula,	b)	study	the	

crystal	 structure	 of	 Li2.4Zn0.8P2O7	 (x=0.6)	 by	 neutron	 diffraction,	 and	 c)	 measure	 the	

electrical	properties	using	impedance	spectroscopy.	Based	on	these	results,	a	fundamental	

understanding	of	structure‐composition‐property	relations	may	be	developed.		
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Figure	6‐1	Composition	triangle	of	the	ZnO‐Li2O‐P2O5	system.	Solid	solution		
Li4xZn2‐2xP2O7	(0.15	≤	x	≤	0.28)	reported	in	Ref.	2	is	represented	with	the	yellow	bar.	
	



K.C.	Hsiao,	PhD	Thesis,	Chapter	VI	Li4xZn2‐2xP2O7	(0	<	x	<	1)	

‐	183	‐	

	

Figure	6‐2	Partial	phase	diagram	of	the	binary	system	Zn2P2O7–Li4P2O7	modified	
from	Ref.	3.	Compositions	synthesised	here	were	expressed	with	the	general	formula,	

Li4xZn2‐2xP2O7	(0	<	x	<1),	for	which	mole	%	Li4P2O7	=	100	x.		
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6.2	Synthesis	

	 Samples	were	synthesised	from	stoichiometric	amounts	of	Li2CO3,	(NH4)H2PO4,	ZnO	

(Sigma‐Aldrich,	99.9%)	by	conventional	solid‐state	reaction.	The	mixtures	were	ground	for	

~40	min	in	an	agate	mortar	with	acetone,	pressed	into	pellets,	decomposed	at	350°C	for	6	h	

and	then	heated	at	600°C	for	24	h	with	a	heating	rate	of	5°C/min	under	air	atmosphere,	Fig.	

6‐3.	The	phase	content	of	the	produced	materials	was	determined	using	X‐ray	diffraction	

operated	at	40	kV	and	30	mA	with	Co	Kα1	(1.78896	Å)	radiation.	Lattice	parameters	were	

calculated	using	a	Cu	PSD	operated	at	40	kV	and	35	mA	with	Cu	Kα1	(1.5406	Å)	radiation	for	

samples	reheated	at	625°C	for	24	h.	The	scanning	step	size	and	counting	time	were	set	at	

0.2°	and	100	seconds	in	the	2θ	range	5–80°.	Rietveld	refinement	of	the	powder	ND	patterns	

of	 Li2.4Zn0.8P2O7	 collected	 from	 D2B	 diffractometer	 (λ=1.59432	 Å)	 was	 performed	 using	

FullProf	software.		

Impedance	spectroscopy	was	utilized	to	measure	the	electrical	properties;	samples	

(0.2	g)	were	sintered	 in	air	at	600°C	for	12	hours	with	a	heating	rate	of	5.0	°C/min.	Gold	

electrodes	were	applied	using	an	Emscope	SC500	gold	sputter‐coater	on	each	side	of	 the	

pellet	for	4	minutes	with	2	cycles	using	a	current	of	30	mA.	High‐temperature	testing	of	the	

Au‐sputtered	 pellets	 in	 air	 was	 conducted	 using	 a	 Hewlett	 Packard	 4192A	 impedance	

analyzer.		

	

Figure	6‐3	Two‐step	process	for	heat	treatment	in	air.	
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6.3	Results	

6.3.1				Binary	Phase	Diagram	of	the	Zn2P2O7–Li4P2O7	System	  

	 Lithium	zinc	pyrophosphates	Li4xZn2‐2xP2O7	(0	<	x	<	1)	were	synthesized	according	

to	the	following	reaction	6.1:	

(2x)	Li2CO3	+	(2‐2x)	ZnO	+	2(NH4)H2PO4		→		Li4xZn2‐2xP2O7	+	2NH3	+	(2x)	CO2	+	3H2O					(6.1)	

Table	6‐1	 summarises	 the	 XRD	 results	 for	 19	 compositions	where	 x	 varied	 from	

0.20	to	0.75.	Compositions	of	x	 in	 the	ranges	of	0	 to	0.20	and	0.75	to	1	were	not	studied	

because	 the	 structure	 and	 electrical	 properties	 of	 x=0	 (Zn2P2O7)	 and	 x=1	 (Li4P2O7)	 are	

reported	[8‐9].	Phase‐pure	materials	were	produced	in	samples	at	x=0.20,	0.25,	0.33,	0.40,	

0.575,	0.6	and	0.625.	The	simulated	and	measured	X‐ray	powder	diffraction	patterns	 (Co	

radiation)	of		x=0.25,	LiZn1.5P2O7,	heated	at	600°C	for	24	h	in	air	are	presented	in	Fig.	6‐4.	

The	 theoretical	 XRD	 pattern	 is	 calculated	 using	 published	 lattice	 parameters	 and	 atomic	

coordinates	[4].	In	general,	the	intensity	distribution	of	synthesized	LiZn1.5P2O7	is	identical	

to	 that	 of	 the	 theoretical	 pattern	 without	 any	 impurities,	 and	 the	 phase	 is	 therefore	

assumed	 to	 have	 orthorhombic	 symmetry	with	 space	 group	 Pbcm.	 The	 indexed	 powder	

pattern	is	listed	in	Table	A6‐1	and	the	refined	lattice	parameters	and	unit	cell	volume	are	

similar	 to	 those	 reported	 in	 PDF	 card	 04‐017‐1973.	 Fig.	 A6‐1	 shows	 a	 solid	 solution	

formation	of	Li4xZn2‐2xP2O7	heated	at	625°C	in	the	x	range	between	x=0.2~0.25	which	is	in	

agreement	with	previous	studies	in	Ref.	2.	
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Table	6‐1	XRD	results	of	heating	compositions	in	the	Zn2P2O7–Li4P2O7	system	
with	formula	Li4xZn2‐2xP2O7	(0.2	≤	x	≤	0.75).	

	

Composition	(x)	
Molar	ratio	of	
Li2O	:	ZnO	:	P2O5	

Formula	 Temp.	(oC)	 Time	(h)	 Phase	present	

												0.20	 0.14	:	0.53	:	0.33	 Li0.8Zn1.6P2O7	
600~625	 24~48	

S.S.	LiZn1.5P2O7	

												0.25	 0.17	:	0.50	:	0.33	 LiZn1.5P2O7	 LiZn1.5P2O7	

												0.28	 0.19	:	0.48	:	0.33	 Li1.12Zn1.44P2O7
600~625	 24~48	 LiZn1.5P2O7,	Li1.33Zn1.33P2O7

												0.30	 0.20	:	0.47	:	0.33	 Li1.2Zn1.4P2O7	

												0.33	 0.22	:	0.44	:	0.33	 Li1.33Zn1.33P2O7
600~625	 24~48	

Li1.33Zn1.33P2O7	

												0.40	 0.26	:	0.40	:	0.33	 Li1.6Zn1.2P2O7	 S.S.	Li1.33Zn1.33P2O7	

												0.425	 0.28	:	0.38	:	0.33	 Li1.7Zn1.15P2O7	 	

	

600~625	

	

	

	

24~48	

	

	

Li1.33Zn1.33P2O7,	
Li2.4Zn0.8P2O7	

	

												0.45	 0.30	:	0.37	:	0.33	 Li1.8Zn1.1P2O7	

												0.475	 0.32	:	0.35	:	0.33	 Li1.9Zn1.05P2O7	

												0.50	 0.33	:	0.33	:	0.33	 Li2ZnP2O7	

												0.55	 0.37	:	0.30	:	0.33	 Li2.2Zn0.9P2O7	 600~625	 24~48	
Li1.33Zn1.33P2O7,	
Li2.4Zn0.8P2O7	

												0.575	 0.38	:	0.28	:	0.33	 Li2.3Zn0.85P2O7	 600~625	 24~48	 S.S.	Li2.4Zn0.8P2O7	

												0.60	 0.40	:	0.27	:	0.33	 Li2.4Zn0.8P2O7	 600~625	 24~48	 Li2.4Zn0.8P2O7	

												0.625	 0.42	:	0.25	:	0.33	 Li2.5Zn0.75P2O7	 600~625	 24~48	 S.S.	Li2.4Zn0.8P2O7	

												0.65	 0.43	:	0.23	:	0.33	 Li2.6Zn0.7P2O7	 600~625	 24~48	
Li2.4Zn0.8P2O7,	Li3Zn0.5P2O7,	

Li4P2O7	

											0.675	 0.45	:	0.22	:	0.33	 Li2.7Zn0.65P2O7	 600~625	 24~48	
Li2.4Zn0.8P2O7,	Li3Zn0.5P2O7,	

Li4P2O7	

											0.70	 0.47	:	0.20	:	0.33	 Li2.8Zn0.6P2O7	 600~625	 24~48	
Li3Zn0.5P2O7,	Li4Zn(PO4)2,	

Li4P2O7	

											0.725	 0.48	:	0.19	:	0.33	 Li2.9Zn0.55P2O7	 600~625	 24~48	
Li3Zn0.5P2O7,	Li4Zn(PO4)2,	
Li4P2O7,	Li3PO4/LiPO3												0.75	 0.50	:	0.17	:	0.33	 Li3Zn0.5P2O7	 600~850	 24~48	
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STOE Powder Diffraction System 10-Oct-13 
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Figure	6‐4	Simulated	(blak)	and	synthesised	(blue)	XRD	patterns	(Co	radiation)	of		

LiZn1.5P2O7	(x=0.25)	synthesised	at	600°C	following	a	two‐step	process.  

 

In	order	to	increase	the	reactivity	and/or	crystallinity	in	materials,	all	samples	were	

ground	 again	 and	 reheated	 at	 625°C	 for	 24	 h	 in	 air.	 The	 XRD	 patterns	 of	 Li4xZn2‐2xP2O7	

powders	 with	 increasing	 Li	 content	 from	 stoichiometry	 1	 (x=0.25)	 to	 1.33	 (x=0.33)	 are	

shown	in	Fig.	6‐5;	several	peaks	were	observed	to	be	similar	in	the	same	2θ	positions	(see	

arrowed).	 The	 intensities	 of	 some	 diffraction	 peaks	 decreased	 significantly	 and	

disappeared	when	x	increased	to	0.33,	see	positions	marked	by	red	line	(|).	As	a	result,	the	

composition	 x=0.33	 is	 suggested	 to	be	 a	new	phase,	 Li1.33Zn1.33P2O7;	 it	was	 indexed	on	 a	

monoclinic	system	by	WinXPOW	3.05	program	with	F(30)=9.0.	The	probable	space	group	is	

P21/a	 with	 lattice	 parameters	 a	 =	 15.502(7)	 Å;	 b	 =	 5.297(2)	 Å;	 c	 =	 18.767(9)	 Å;	 β	 =	

92.36(4)°	and	unit	cell	volume	V	=	1540.0(8)	Å3.	The	indexing	results	are	listed	in	Table	6‐

2,	 which	 could	 be	 used	 as	 a	 standard	 for	 phase	 identification.	 A	 phase	mixture	may	 be	

present	between	x=0.25	and	x=0.33.		

As	x	 varied	 from	0.33	→	0.4	→	0.5,	Fig.	6‐6,	 there	are	 some	overlapping	 lines	but	

some	new	lines	start	to	appear	and	their	 intensities	 increase	greatly	with	x,	see	arrowed.	

There	may	be	a	solid	solution	of	Li1.33Zn1.33P2O7	from	x=0.33	up	to	~0.4	as	indicated	by	big	

line	shifts	at	high	2θ	angle	(see	dashed	region);	the	calculated	lattice	parameters	and	unit	

cell	volume	for	x=0.4	are	a	=	15.536(14)	Å,	b	=	5.307(6)	Å,	c	=	18.695(22)	Å,	β	=	91.97(9)°,	

 Measured LiZn1.5P2O7 
 Simulated LiZn1.5P2O7 
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V	=	 1540.4(22)	 Å3.	 Attempts	 to	 synthesise	 a	 single‐phase	 Li2ZnP2O7	were	 not	 successful,	

but	a	phase	mixture	of	x=0.33	+	x=0.6	obtained,	Fig.	6‐7.	At	x	ranged	from	0.425	to	0.475,	

these	phases	are	similar	to	that	of	x=0.5.	

Fig.	 6‐8	 shows	 the	 XRD	 patterns	 with	 three	 different	 compositions,	 in	 which	 x	

varied	 from	 0.5	 to	 0.6.	 Although	 the	 pattern	 for	 x=0.6,	 i.e.	 Li2.4Zn0.8P2O7,	 at	 room	

temperature	 is	 slightly	 poor	 quality,	 it	 appears	 to	 be	 a	 pure	 phase	 and	 was	 indexed	 as	

monoclinic,	 space	 group	 P21/n,	 Fig.	 6‐9.	 The	 refined	 lattice	 parameters	 and	 unit	 cell	

volume	 are	 similar	 to	 those	 reported	 in	 PDF	 card	 00‐055‐0703,	Table	A6‐2.	 A	 possible	

solid	 solution	covering	 the	 range	x=0.575	 to	0.6	was	observed	 in	Fig.	6‐8	 and	compared	

with	 the	XRD	patterns	 for	 those	samples	quenched	 from	625°C	 in	air,	 see	Fig.	6‐10.	The	

extra	shoulder	peaks	appear	in	x=0.575	(see	arrowed).	The	XRD	patterns	of	x	between	0.6	

and	0.675	are	shown	in	Fig.	6‐11;	x	ranging	from	0.6	to	0.625	appears	to	be	a	solid	solution	

of	 low‐temperature	 Li2.4Zn0.8P2O7.	 However,	 the	 XRD	 pattern	 of	 x=0.625	 quenched	 from	

625°C	consists	of	a	multi‐phase	mixture,	giving	rise	to	the	difficulty	to	determine	its	high‐

temperature	form,	Fig.	6‐10.	

Li2.4Zn0.8P2O7	was	 reported	 to	have	a	phase	 transition	 in	 the	 temperature	 range	of	

300~350	°C	[7].	Fig.	6‐12	shows	the	XRD	diffraction	patterns	of	Li2.4Zn0.8P2O7	followed	by	

cooling	 at	 slower	 rate	 to	 25°C	 and	 then	 rapid	 quenched	 from	 200,	 300,	 400	 and	 625°C	

under	 air	 atmosphere.	 In	 both	 quenched	 samples	 at	 400°C	 and	 625°C,	 the	 intensities	 of	

some	peaks	are	redistributed	and	there	is	a	clearer	splitting	of	certain	peaks.	However,	the	

sample	quenched	 from	300°C	has	a	complex	peak	distribution	and	probably,	 it	 shows	an	

intermediate	phase	between	200°C	and	400°C.	The	thermal‐phase	stability	of	Li2.4Zn0.8P2O7	

was	 further	analysed	using	DSC,	Fig.	6‐13;	 apparently	 three	endothermic	 reactions	were	

observed	at	~320	°C,	~575	°C	and	~645	°C	on	heating,	which	indicate	there	may	be	three	

phase	transformations	in	this	compound.	Lapshin	et	al.	reported	the	XRD	pattern	at	650°C	

could	 not	 be	 indexed	 due	 to	 the	 multiphase	 composition	 in	 sample	 [7].	 Further	 study	

should	be	carried	out	to	investigate	the	phase	variation	in	x=0.6	at	different	temperatures.	

The	high‐temperature	form	at	625°C	was	indexed	as	orthorhombic	with	a	=	5.140(2)	Å,	b	=	

8.217(4)	Å,	c	=	13.421(5)	Å	and	V	=	566.9(3)	Å3	consistent	with	previous	studies	in	Ref.	7.	
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STOE Powder Diffraction System 28-Mar-14 
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Figure	6‐5	XRD	patterns	(Cu	PSD)	of	Li4xZn2‐2xP2O7	(0.25	≤	x	≤	0.33).	

x=0.25 

x=0.28 

x=0.3 

x=0.33 

Li4xZn2-2xP2O7: 
 

▬   x=0.33      Li1.33Zn1.33P2O7 

▬   x=0.30      Li1.2Zn1.4P2O7 
▬   x=0.28      Li1.12Zn1.44P2O7 
▬   x=0.25      LiZn1.5P2O7
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Table	6‐2	The	indexed	results	of	Li1.33Zn1.33P2O7	reheated	at	625°C	by	XRD	(Cu	PSD)	
with	Si	as	external	standard	for	d‐space	measurement.		

	

2θ	[obs]	(°)	 H		K		L	 2θ	[calc]	(°)	 △2θ	(°)	 Int.	 d	[obs]	(Å)	 d	[calc]	(Å)	

14.112	 0		0		3	 14.158	 ‐0.0459 22.8 6.2707	 6.2505	
14.542	 ‐2		0		2 14.521 0.0210 20.0 6.0864	 6.0952
16.794	 ‐‐‐		not	indexed	‐‐‐	 3.1 5.2748	 	
17.395	 0		1		1	 17.381	 0.0144 14.2 5.0940	 5.0982	
17.865	 ‐2		0		3 17.852 0.0130 11.7 4.9611	 4.9647
19.223	 0		1		2	 19.228	 ‐0.0046 3.5 4.6134	 4.6123	
20.264	 2		1		0 20.293 ‐0.0287 38.2 4.3787	 4.3725
21.761	 ‐2		0		4	 21.736	 0.0250 100.0 4.0808	 4.0854	
22.639	 2		1		2	 22.618	 0.0201 17.5 3.9246	 3.9280	
23.242	 ‐4		0		1 23.245 ‐0.0029 3.7 3.8240	 3.8235
24.409	 ‐3		1		1	 24.380	 0.0289 50.3 3.6438	 3.6481	
25.072	 2		1		3 25.104 ‐0.0324 5.7 3.5490	 3.5445
26.788	 2		0		5	 26.814	 ‐0.0259 30.5 3.3254	 3.3222	
27.660	 ‐3		1		3	 27.644	 0.0157 50.2 3.2224	 3.2242	
28.556	 0		0		6	 28.538	 0.0176 11.2 3.1233	 3.1252	
29.881	 1		1		5	 29.921	 ‐0.0399 30.1 2.9878	 2.9839	
30.494	 4		0		4 30.517 ‐0.0232 2.9 2.9291	 2.9270
31.748	 2		1		5	 31.767	 ‐0.0189 24.7 2.8162	 2.8146	
32.202	 ‐‐‐		not	indexed	‐‐‐	 9.1 2.7776	 	
33.528	 ‐3		1		5	 33.503	 0.0251 16.5 2.6707	 2.6726	
34.027	 5		1		1	 34.004	 0.0225 9.5 2.6327	 2.6344	
34.683	 1		2		1 34.694 ‐0.0103 	 30.7 2.5843	 2.5836
35.164	 0		2		2	 35.178	 ‐0.0143 12.5 2.5501	 2.5491	
35.562	 ‐1		2		2 35.601 ‐0.0394 6.6 2.5225	 2.5198
36.383	 6		0		2	 36.448	 ‐0.0654 19.9 2.4674	 2.4631	
36.808	 0		2		3	 36.823	 ‐0.0147 9.5 2.4398	 2.4389	
37.426	 1		2		3 37.389 0.0375 7.2 2.4010	 2.4033
37.569	 0		1		7	 37.595	 ‐0.0268 10.5 2.3922	 2.3905	
38.170	 3		2		0 38.155 0.0156 4.0 2.3559	 2.3568
38.305	 1		1		7	 38.276	 0.0299 3.7 2.3479	 2.3496	
39.268	 6		1		1	 39.263	 0.0050 16.6 2.2925	 2.2928	
40.327	 6		1		2 40.349 	‐0.0221 11.7 2.2347	 2.2335
40.655	 2		0		8	 40.638	 		0.0163 8.1 2.2174	 2.2183	
41.296	 4		2		0 41.260 0.0360 3.8 2.1845	 2.1863
42.596	 ‐3		2		4	 42.576	 ‐0.0192 18.2 2.1208	 2.1217	

Final	2θ	window:	0.08,	Symmetry:	monoclinic	(P21/a),	a	=	15.502(7)	Å;	b	=	5.297(2)	Å;	

c	=	18.767(9)	Å;	V	=	1540.0(8)	Å3.	
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STOE Powder Diffraction System 29-Mar-14 

2Theta10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0
0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

R
e

la
tiv

e
 In

te
n

si
ty

 (
%

)

Li1332Zn1334P2O7
Li16Zn12P2O7

Li17Zn115P2O7
Li18Zn11P2O7

Li19Zn105P2O7
Li2ZnP2O7

	

Figure	6‐6	XRD	patterns	(Cu	PSD)	of	Li4xZn2‐2xP2O7	(0.33	≤	x	≤	0.5).	

x=0.33 

Li4xZn2-2xP2O7: 
 

▬   x=0.50        Li2.0Zn1.0P2O7 

▬   x=0.475      Li1.9Zn1.05P2O7 
▬   x=0.45        Li1.8Zn1.1P2O7 
▬   x=0.425      Li1.7Zn1.15P2O7 

▬   x=0.40        Li1.6Zn1.2P2O7 

▬   x=0.33        Li1.33Zn1.33P2O7 

x=0.4 

x=0.425 

x=0.475 

x=0.45 

x=0.5 
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STOE Powder Diffraction System 26-Apr-14 
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Figure	6‐7	XRD	patterns	(Cu	PSD)	of	Li4xZn2‐2xP2O7	(x=0.33,	0.5	and	0.6).

x=0.33 

x=0.5 

x=0.6 

Li4xZn2-2xP2O7: 
 
▬   x=0.60       Li2.4Zn0.8P2O7 
▬   x=0.50       Li2ZnP2O7 
▬   x=0.33       Li1.33Zn1.33P2O7 
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STOE Powder Diffraction System 29-Mar-14 
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Figure	6‐8	XRD	patterns	(Cu	PSD)	of	Li4xZn2‐2xP2O7	(0.5	≤	x	≤	0.6).	

Li4xZn2-2xP2O7: 
 
▬   x=0.60       Li2.4Zn0.8P2O7 
▬   x=0.575     Li2.3Zn0.85P2O7 
▬   x=0.55       Li2.2Zn0.9P2O7 
▬   x=0.50       Li2.0Zn1.0P2O7 

x=0.5 

x=0.6 

x=0.55 

x=0.575 
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Figure	6‐9	PDF	cards	(00‐055‐0703)	of	the	low‐temperature	(≤	300oC)	Li2.4Zn0.8P2O7	
phase	with	monoclinic	form	(black);	XRD	profiles	of	Li2.4Zn0.8P2O7	(red)	synthesised	

at	625°C.	
	

Fig.	6‐14	 shows	 the	 XRD	 pattern	 of	 Li3Zn0.5P2O7	 (x=0.75)	 powder	 synthesised	 at	

600°C	for	24	hours	in	air	together	with	indexed	patterns	(|)	from	Ref.	5.	Li3Zn0.5P2O7	was	

found	 to	 be	 a	mixture,	 containing	 Li4P2O7,	 Li3PO4	 and/or	 LiPO3	 and	Li4Zn(PO4)2.	 The	 2θ	

positions	of	Li3PO4	and	LiPO3	peaks	are,	however,	very	close,	giving	rise	to	the	difficulty	to	

determine	the	exact	secondary	phase.	In	addition,	the	intensities	of	secondary	phases,	e.g.	

Li4Zn(PO4)2	 and	 Li4P2O7,	 at	 x=0.725,	 are	 decreased	 in	 comparison	 to	 those	 at	 x=0.75.	

Composition	Li3Zn0.5P2O7	was	reheated	at	625,	700,	750	and	850°C	in	air	for	24	h,	but	with	

similar	 results,	 see	 Fig.	 6‐15.	 At	 x	 from	 0.65	 to	 0.675,	 a	 mixture	 of	 three	 phases,	

Li2.4Zn0.8P2O7,	Li3Zn0.5P2O7	and	Li4P2O7	was	obtained,	Fig.	6‐16.									

	

	

	

	

▬    measured Li2.4Zn0.8P2O7 
▬    PDF cards (00-055-0703) 
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STOE Powder Diffraction System 09-Jun-14 
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Figure	6‐10	XRD	patterns	(Cu	PSD)	of	the	samples	for	x=0.575,	0.60	and	0.625	rapidly	quenched	from	625°C	in	air.	

 

▬   x=0.625     Li2.5Zn0.75P2O7 
▬   x=0.60       Li2.4Zn0.8P2O7 

▬   x=0.575     Li2.3Zn0.85P2O7 

x=0.60 

x=0.575 

x=0.625 

▼  Li3Zn0.5P2O7 (x=0.75) 

 ●  Li4P2O7		

 ■  Li3PO4 / LiPO3	
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STOE Powder Diffraction System 30-Mar-14 
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Figure	6‐11	XRD	patterns	(Cu	PSD)	of	Li4xZn2‐2xP2O7	(x=0.6	to	0.675).	

Li4xZn2-2xP2O7: 
 
▬   x=0.675    Li2.7Zn0.65P2O7 
▬   x=0.65      Li2.6Zn0.7P2O7 
▬   x=0.625    Li2.5Zn0.75P2O7 

▬   x=0.60      Li2.4Zn0.8P2O7 

▼   Li3Zn0.5P2O7		

●   Li4P2O7		

x=0.6 

x=0.625 

x=0.65 

x=0.675 
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Figure	6‐12	XRD	patterns	(Cu	PSD)	of	the	Li2.4Zn0.8P2O7	(x=0.6)	at	temperatures	of	25,	200,	300,	400	and	625°C	in	air.	

625 

25 

200 

300 

400 

 ▬   625 oC 
 ▬   400 oC 
 ▬   300 oC 
 ▬   200 oC 
 ▬     25 oC 
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Figure	6‐13	DSC	analysis	of	Li2.4Zn0.8P2O7	over	the	temperature	range	20–680	°C		
in	air,	using	a	heating/cooling	rate	of	10	°C/min.	
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Figure	6‐14	XRD	patterns	(Cu	radiation)	of	the	Li3Zn0.5P2O7	powder.	

▬   Li3Zn0.5P2O7 
│   Ref. 5 

♦  Li4Zn(PO4)2		

●  Li4P2O7 	

■  Li3PO4/LiPO3 
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Figure	6‐15	XRD	patterns	(Cu	PSD)	of	the	Li3Zn0.5P2O7	powders	reheated		
at	600,	625,	700,	750	and	850°C	for	24	h	in	air.	

 ▬   600 oC 
 ▬   625 oC 
 ▬   700 oC 
 ▬   750 oC 
 ▬   850 oC

♦  Li4Zn(PO4)2		

●  Li4P2O7		

■  Li3PO4 / LiPO3	 

600 

625 

700 

750 

850 
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Figure	6‐16	XRD	patterns	(Cu	PSD)	of	Li4xZn2‐2xP2O7	(x=0.675	to	0.75).	

Li4xZn2-2xP2O7: 
 
▬   x=0.75       Li3.0Zn0.5P2O7 
▬   x=0.725     Li2.9Zn0.55P2O7 
▬   x=0.70       Li2.8Zn0.6P2O7 

▬   x=0.675     Li2.7Zn0.65P2O7 

x=0.675 

x=0.7 

x=0.725 

x=0.75 

♦  Li4Zn(PO4)2		

●  Li4P2O7		

■  Li3PO4/LiPO3	 
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6.3.2				Structural	Characterisation	of	Li2.4Zn0.8P2O7	

Literature	work	

The	 structure	 reported	 in	Ref.	6	using	XRD	data	has	disorder	of	Li1	 and	M1	sites,	

together	with	 a	 large	Uiso	 for	 Li1.	 From	Lapshin’s	model,	 the	 condition	of	 charge	balance	

was	not	imposed	in	the	refinement.	The	initial	results	showed	that	the	occupancy	ratio	on	

M1	position	was	0.7(3)	Li	and	0.24(1)	Zn	and	M2	position	0.3(2)	Li	and	0.56(1)	Zn.	It	was	

assumed	that	both	M1	and	M2	positions	were	fully	occupied	and	therefore;	the	occupancies	

were	specified	to	be	0.76	Li	and	0.24	Zn	for	M1	site,	with	fixed	0.44	Li	and	0.56	Zn	for	M2	

site.		In	this	case,	the	value	of	the	divergence	factor,	RBragg,	just	slightly	increased	from	0.035	

to	0.036,	which	suggested	the	Li	occupancies	varied	on	M1	and	M2	sites	were	reasonable	

within	errors	[6].	As	a	result,	it	was	claimed	that	the	obtained	chemical	composition	of	the	

unit	 cell	 4[Li2.2Zn0.8P2O7]	 within	 the	 error	 limits	 corresponds	 to	 Li2.4Zn0.8P2O7.	 The	

coordinates	and	isotropic	thermal	parameters	of	Lapshin’s	model	are	listed	in	Table	A6‐3.			

This	work	

Lapshin’s	model	was	used	as	a	starting	model	to	analyse	room‐temperature	ND	data.	

Rietveld	refinements	were	conducted	following	five	typical	steps	in	the	order:	background,	

scale	 factors,	 FWHM	 and	 cell	 parameters,	 and	 atomic	 coordinates.	 Finally,	 thermal	

parameters	were	refined	with	constraints	applied	to	those	atoms	on	shared	sites.	However,	

a	satisfactory	refinement	was	not	obtained;	the	Uiso	value	for	M1	[occupied	by	the	Li	and	Zn	

atoms]	was	large	and	negative,	and	that	for	O7	was	zero	within	one	esd,	see	Table	6‐3.	It	

was	considered	that	there	may	be	different	Li	and	Zn	occupancies	on	the	M1	site	because	

Lapshin’s	model,	based	on	XRD	data,	was	not	feasible	to	determine	occupancies	accurately.		

In	 order	 to	 obtain	 different	 occupancies	 for	M1	 and	M2	 sites,	 atomic	 coordinates	

were	refined	and	fixed	followed	an	initially	fixed	default	Uiso	value	of	0.01;	the	occupancy	

ratio	on	the	M1	site	with	applying	constraints	was	changed	to	0.82	Li	and	0.18	Zn	and	the	

M2	site	was	fixed	with	0.38	Li	and	0.62	Zn.	The	refinement	of	this	revised	model	converged	

and	gave	reasonable	fits	to	the	data,	Table	6‐4;	selected	bond	lengths	are	listed	in	Table	6‐

5.	Although	the	values	of	Uiso	 for	Li1	and	M2	for	the	revised	model	are	slightly	increased,	

the	Uiso	value	for	M1	is	significantly	improved.	The	values	of	average	P‐O	and	Li‐O	distances	
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are	reasonable	in	the	PO4	and	LiO4	tetrahedra.	However,	many	of	the	bond	lengths,	e.g.	P2‐

O6	and	M1‐O2	are	too	short	~1.4	Å,	which	are	much	less	than	a	typical	P‐O	(1.57	Å),	Li‐O	

(1.99	Å)	and/or	Zn‐O	(2.00	Å)	bond	length	[10];	the	structure	is	therefore	not	correct	in	all	

its	details.	The	 refinement	profile	of	Li2.4Zn0.8P2O7	using	ND	data	at	 room	 temperature	 is	

presented	 in	 Fig.	 6‐17;	 the	 unit	 cell	 volume	 of	 ~564.6	 Å3	 is	 slightly	 smaller	 than	 that,	

~566.3	Å3,	reported	using	XRD	data,	Table	6‐6.		

	
	

Table	6‐3	Refinement	results	of	atomic	coordinates	and	occupancies	and	isotropic	
displacement	parameters	of	Li2.4Zn0.8P2O7	by	ND	data,	using	the	structural	model	

reported	by	XRD	from	Lapshin	et	al.	[6].	
 

Atom	 Site	 x	 y	 z	 Uiso	(Å2)	 Occ.	

P1	 4a	 0.1877(2) 0.6895(1) 0.2233(2) 0.0093(2)	 1	

P2	 4a	 0.1254(2) 0.4749(1) 0.2349(2) 0.0033(2)	 1	

Li1	 4a	 0.2239(8) 0.7992(3) 0.5055(4) 0.0235(10)	 1	

M1	(Li2,	Zn2)	 4a	 0.081(2) 0.032(6) 0.555(10) ‐0.1166(18)	 (0.76,	0.24)	

M2	(Li3,	Zn3)	 4a	 0.1206(5) 0.0983(3) 0.9174(4) 0.0144(6)	 (0.44,	0.56)	

O1	 4a	 0.4714(2) 0.7385(1) 0.6991(1) 0.0069(3)	 1	

O2	 4a	 ‐0.3377(3) 0.3166(1) 0.9260(2) 0.0203(3)	 1	

O3	 4a	 0.3313(3) 0.6906(1) 0.3827(2) 0.0024(3)	 1	

O4	 4a	 0.0221(2) 0.5836(1) 0.2407(2) 0.0076(2)	 1	

O5	 4a	 0.1194(2) 0.5860(1) 0.7418(2) 0.0101(2)	 1	

O6	 4a	 0.2311(3) 0.9521(1) 0.3876(2) 0.0261(4)	 1	

O7	 4a	 0.1945(3) 0.9691(1) 0.0856(2) ‐0.0002(3)	 1	

χ2	=2.15;	Rwp=6.65%;	Rp=5.20%;	Rexp=4.54%		

a(Å)	=	5.12323(19);	b(Å)	=	13.4608(4);	c(Å)	=	8.1890(3);	β(deg)	=	90.195(3);		

Volume(Å3)	=	564.728(33)	
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Table	6‐4	Refinement	results	of	atomic	coordinates,	occupancies	and	isotropic	
displacement	parameters	for	Li2.4Zn0.8P2O7	using	ND	data	with	revised	occupancy	of	

Zn	and	Li.	
 

Atom	 Site	 x	 y	 z	 Uiso	(Å2)	 Occ.	

P1	 4a	 0.1853(3) 0.6889(1) 0.2225(2) 0.0093(3)	 1	

P2	 4a	 0.1258(2) 0.4746(1) 0.2334(2) 0.0047(2)	 1	

Li1	 4a	 0.1832(7) 0.8275(3) 0.5282(5) 0.0285(10)	 1	

M1	(Li2,	Zn2)	 4a	 0.1190(30) 0.1362(11) 0.5782(16) 0.0235(36)	 (0.82,	0.18)	

M2	(Li3,	Zn3)	 4a	 0.1170(5) 0.1022(2) 0.9037(3) 0.0251(6)	 (0.38,	0.62)	

O1	 4a	 0.4668(2) 0.7404(1) 0.6969(2) 0.0043(2)	 1	

O2	 4a	 ‐0.3424(3) 0.3215(1) 0.9241(2) 0.0173(3)	 1	

O3	 4a	 0.3285(3) 0.6969(1) 0.3815(2) 0.0079(3)	 1	

O4	 4a	 0.0250(2) 0.5832(1) 0.2382(2) 0.0044(2)	 1	

O5	 4a	 0.1178(2) 0.5870(1) 0.7328(2) 0.0108(2)	 1	

O6	 4a	 0.2167(3) 0.9548(1) 0.3950(2) 0.0130(4)	 1	

O7	 4a	 0.2115(3) 0.9676(1) 0.0829(2) 0.0055(3)	 1	

χ2	=2.36;	Rwp=6.97%;	Rp=5.51%;	Rexp=4.53%		

a(Å)	=	5.1215(2);	b(Å)	=	13.4617(5);	c(Å)	=	8.1894(4);	β(deg)	=	90.172(4);		

Volume(Å3)	=	564.606(42)	
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Table	6‐5	Selected	bond	lengths	(Å)	for	Li2.4Zn0.8P2O7.	

	
Bonds	 Distance,	Å		 Bonds	 Distance,	Å	

P1‐O1	 1.483(4)	 M1‐O1	 2.357(8)	

P1‐O2	 1.453(9)	 M1‐O2 1.39(9)

P1‐O3	 1.496(6)	 M1‐O5 2.153(8)	

P1‐O4	 1.648(5)	 M1‐O6 2.12(3)

P1–O	 1.520(6)	 M1–O 2.008(4)	

P2‐O4	 1.550(7)	 M2‐O1	 2.078(9)	

P2‐O5	 1.523(7)	 M2‐O3 2.189(9)	

P2‐O6	 1.353(5)	 M2‐O5 1.773(9)	

P2‐O7	 1.720(6)	 M2‐O7	 1.930(3)	

P2–O	 1.537(1)	 M2‐O7* 2.380(7)	

Li1‐O1	 2.319(5)	 M2–O 2.070(7)	

Li1‐O2	 1.791(5)	 Note:	1)	The	asterisk	(*)	marks	
the	atoms	with	coordinates	
transformed	by	symmetry	
matrices.	2)	Average	distances	
are	in	bold	type.	

Li1‐O3	 2.256(7)	

Li1‐O6	 2.038(8)	

Li1–O	 2.101(6)	

	

Table	6‐6	Refined	lattice	parameters	of	Li2.4Zn0.8P2O7	by	XRD	and	ND	data.	

	

Formula	 Data	 a	(Å)	 b	(Å)	 c	(Å)	 β	(°)	 V	(Å3)	

Li2.4Zn0.8P2O7	 X‐ray	 5.131(2)	 13.451(4)	 8.209(3)	 90.45(4)	 566.6(3)	

	 ND	 5.1215(2) 13.4617(5) 8.1894(4) 90.172(4)	 564.606(42)

	 Ref.	6	 5.130(1)	 13.454(1)	 8.205(1)	 90.36(1)	 566.305(48)
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Figure	6‐17	Observed,	calculated,	and	difference	profiles	from	ND	data	of	monoclinic	
Li2.4Zn0.8P2O7	at	room	temperature.	The	vertical	green	tick	marks	indicate	the	peak	

position	of	all	possible	Bragg	reflections.	

	

Fig.	6‐18(a)	shows	the	polyhedral	structure	of	Li2.4Zn0.8P2O7	projected	along	the	a‐

axis;	purple	trigonal	pyramid	is	shown	for	[M2O5]	and	grey,	yellow,	and	blue	tetrahedra	for	

[M1O4],	[PO4],	[Li1O4],	respectively.	The	diphosphate	groups	(P2O7)	form	a	layer	parallel	to	

b‐axis,	and	each	P2O7	layer	was	separated	by	the	distance	of	½	c	 in	a	unit	cell.	The	cation	

polyhedra,	 [M2O5],	 [M1O4],	 and	 [Li1O4],	 are	 located	 between	 the	 P2O7	 layers.	 The	

tetrahedral	size	of	PO4	in	the	P2O7	is	smaller	than	that	of	the	Li1	tetrahedra.	M2O5	trigonal	

pyramid	 shares	 an	 edge	 with	 M1O4	 tetrahedra,	 (b);	 both	 of	 them	 are	 interconnected	

through	P2O7	groups,	(c),	and	therefore,	a	3D	framework	is	built	up.		
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Figure	6‐18	(a)	3D	crystal	structure	of	Li2.4Zn0.8P2O7	along	the	a‐axis,	(b)	local	atomic	
coordination	shared	by	M1O4	and	M2O5,	and	(c)	connection	between	M1	and	M2	

cations	interconnected	with	P2O7	groups	in	the	bc	plane.	
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6.3.3				Morphology	and	Chemical	Composition	

	 SEM	and	EDS	were	used	 to	evaluate	 the	morphology	and	pellet	density	as	well	 as	

composition	of	the	Li4xZn2‐2xP2O7	pellets	sintered	at	600°C	for	12	h	in	air,	where	x	is	0.25,	

0.5,	and	0.6.	The	EDS	spectra	of	the	molar	ratio	of	Zn/P	are	given	in	Table	6‐7.	The	average	

value	of	Zn/P	ratio	analyzed	from	10	distinct	points	is	0.75(1)	for	x=0.25,	and	0.39(2)	for	

x=0.6.	These	are	close	to	the	expected	values	0.75	and	0.40.	For	Li2ZnP2O7	phase	mixture,	

two	different	Zn/P	values	of	0.64(2)	and	0.40(1)	were	detected	from	4	distinct	points	and	

within	 errors,	 in	 agreement	 with	 the	 theoretical	 molar	 ratio	 of	 Zn/P	 of	 0.665	 and	 0.40	

respectively	 for	 Li1.33Zn1.33P2O7	 (x=0.33)	 and	 Li2.4Zn0.8P2O7	 (x=0.6),	 which	 next	would	 be	

confirmed	by	EBSD	image.					

	

Table	6‐7	Molar	ratio	of	expected	and	EDS	results	of	Li4xZn2‐2xP2O7	pellets.	
	

Stoichiometry	 Theoretical	value	of			
Zn/P	molar	ratio		

Average	value	of	EDS	
results	of	Zn/P	molar	

ratio		

							LiZn1.5P2O7	(x=0.25)	 0.75	 				0.75(1)	

							Li2ZnP2O7	(x=0.5)	 0.50	 …….	

							Li1.33Zn1.33P2O7	(x=0.33)	 0.665	 0.64(2)	

							Li2.4Zn0.8P2O7	(x=0.6)	 0.40	 0.40(1)	

							Li2.4Zn0.8P2O7	(x=0.6)	 0.40	 0.39(2)	

	

	 Fig.	6‐19	(a)	shows	the	surface	image	of	the	LiZn1.5P2O7	pellet	sintered	at	600°C	for	

12	h	 in	 air	 atmosphere.	Most	 of	 the	 particles	 have	 aggregate	 pentagon	 shapes,	with	 two	

average	particle	 sizes	of	5	μm	marked	by	solid‐circle,	 and	of	~10	μm	by	dash‐circle,	(b).	

The	EDS	 spectra	 (d)	 confirm	 that	 the	 selected	 regions	of	EBSD	 image	 in	 (c)	 indicate	 the	

presence	of	Zn	and	P	elements.		
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Figure	6‐19	(a)	SEM	image	for	the	surface	of	pellet	LiZn1.5P2O7	and	(b)	close‐up	image;	

(c)	EBSD	micrograph,	and	(d)	corresponding	EDS	analyses	for	the	particles.	
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	 Fig.	6‐20	 (a)	 shows	 the	 SEM	picture	 of	 the	 Li2ZnP2O7	pellet	 sintered	 at	 600°C	 for	

12	h	in	air;	aggregated	particles	with	size	~10	μm	are	observed,	(b).	The	EDS	spectra	(d)	

show	that	 the	darker	regions	of	EBSD	image,	yellow‐marked	in	(c),	 indicate	the	expected	

Zn	and	P	compositions	in	Li2.4Zn0.8P2O7,	whereas	the	lighter	blue	ones	closely	correspond	to	

Li1.33Zn1.33P2O7.	

	

   	

  	

	
Figure	6‐20	(a)	SEM	image	for	the	surface	of	pellet	Li2ZnP2O7	and	(b)	close‐up	image;	

(c)	EBSD	micrograph,	and	(d)	corresponding	EDS	analyses	for	the	particles.	
	

	

	

	

	

	

(a) (b) 

(c) (d) 

10 μm 10 μm 

Li2.4Zn0.8P2O7 

Li1.33Zn1.33P2O7	
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	 The	presence	of	Zn	and	P	were	visualized	by	electron	back	scatter	diffraction	(EBSD)	

mapping	analysis.	Fig.	6‐21	(a)	shows	the	SEM	picture	of	the	Li2.4Zn0.8P2O7	pellet	sintered	

at	 600°C	 for	 12	h	 in	 N2;	 uniform	 particle	 size	 of	 ca.	 10	 μm	 is	 observed	 with	 similar‐

polygonal	 shape,	 (b).	 The	EDS	 spectra	 (d)	 confirm	 that	 all	 regions	 of	 EBSD	 image	 in	 (c)	

have	the	elements	of	Zn	and	P	 in	Li2.4Zn0.8P2O7.	Elemental	mapping	shows	a	homogenous	

distribution	of	both	zinc	and	phosphorus,	Fig.	6‐22	(b)	and	(c).	

	 SEM	 shows	 all	 samples	 have	 a	 poorly	 sintered	microstructure,	 and	 the	measured	

density	of	x=0.25	and	0.6	is	~	2.364	and	2.082	g/cm3,	respectively,	consistent	with	a	final	

density	~	70%	and	73%	of	each	theoretical	X‐ray	value,	Table	6‐8.	The	relative	densities	of	

x=0.5	and	0.75	were	not	determined	due	to	the	phase	mixture	in	Li2ZnP2O7	and	impurity	in	

Li3Zn0.5P2O7,	making	it	difficulty	to	calculate	their	theoretical	density.						

	

   	

   	

	
Figure	6‐21	(a)	SEM	image	for	the	surface	of	pellet	Li2.4Zn0.8P2O7	and	(b)	close‐up	
image;	(c)	EBSD	micrograph,	and	(d)	corresponding	EDS	analyses	for	the	particles.	

(a) (b) 

(c) (d) 

10 μm 1 μm 
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Figure	6‐22	(a)	EBSD	image	of	Li2.4Zn0.8P2O7	and	its	elemental	mapping	for		
(b)	Zn,	(c)	P	and	(d)	O.	

	

Table	6‐8	Theoretical,	measured,	and	relative	density	of	Li4xZn2‐2xP2O7	
pellets	with	various	composition	x.		

	

Materials	 X‐ray	Density	
(g/cm3)	

Measured	Density	
(g/cm3)	

Relative	Density	
(%)	

LiZn1.5P2O7	 3.373	 2.364	 70.10	

Li2ZnP2O7	 .....	 1.951	 …..	

Li2.4Zn0.8P2O7	 2.854	 2.082	 72.94	

Li3Zn0.5P2O7	 …….	 1.820	 …..	

	

	

	

	

(a) (b) Zn 

(c) P (d) O 
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6.3.4				Electrical	Properties	

(i)	LiZn1.5P2O7	(x=0.25)	

Impedance	complex	plane,	Z*	plots,	Fig.	6‐23,	show	the	total	resistivity	of	pristine	

LiZn1.5P2O7	pellet	with	Au	electrodes	at	different	measuring	 temperatures	 in	air.	A	poorly	

resolved	arc	or	two	arcs	overlapped	is	observed	at	250°C,	(a).	As	temperature	increased	to	

300°C,	two	overlapped	semicircles,	R1	and	R2,	are	seen	with	the	associated	capacitances	of	

~0.6×10−12	 and	 ~3×10−11	 Fcm‐1,	 calculated	 from	 ωRC=1	 at	 their	 individual	 semicircle	

maximum,	and,	therefore,	attributed	to	bulk	and	grain	boundary	regions	of	the	sample,	(b).	

At	400~425	°C,	the	high	frequency	semicircle,	R1,	 is	 increasingly	displaced	to	frequencies	

outside	the	measurement	range,	but	R2	is	still	identified.	In	addition,	a	short	low‐frequency	

electrode	 spike	 with	 a	 slope	 of	 ~70°	 is	 observed,	 probably	 resulting	 from	 the	 (partial)	

blockage	of	ionic	species	at	the	sample‐electrode	interface,	Fig.	6‐24.		
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Figure	6‐23	Z*	plots	of	LiZn1.5P2O7	(sputtered	Au)	measured	at	

(a)	250°C	and	(b)	300~350	°C	in	air.	
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Figure	6‐24	Z*	plots	of	LiZn1.5P2O7	measured	at	400°C	and	425°C	in	air.	
	

The	 capacitance,	 C’,	 data	 as	 a	 function	 of	 frequency	 at	 different	 temperatures	 are	

shown	 in	Fig.	6‐25(a);	 a	 plateau	 at	 high	 frequency	 is	 attributed	 to	 the	 bulk	 capacitance,	

~0.7	pFcm‐1	(arrowed),	and	a	dispersion	at	 lower	 frequency	 is	observed	below	350°C.	As	

the	temperature	increases,	a	second	capacitance	plateau	associated	with	the	R2	response	at	

intermediate	frequency	is	nicely	resolved	at	temperatures	above	300°C	with	a	value	~3.5	

pFcm‐1.	An	 increased	 capacitance	at	 low	 frequencies	 of	~	10‐8–10‐7	 Fcm‐1	 is	 found	at	 the	

highest	 temperature	up	 to	 425°C,	which	 could	be	 attributed	 to	 the	 effect	on	 the	 sample‐

electrode	interface.	

Conductivity,	Y’,	data	as	a	 function	of	 frequency	are	shown	 in	Fig.	6‐25(b)	 for	 the	

same	temperature	range	as	 in	(a).	The	Y’	data	show	a	dispersion	at	high	frequencies	and	

present	a	nearly	frequency‐independent	dc	conductivity	plateau	at	frequencies	below	~104	

Hz.	 As	 the	 temperature	 increases,	 the	 data	 at	 lower	 frequencies	 do	 not	 show	 a	 clear	

curvature	to	lower	conductivity	values	and	the	high‐frequency	dispersion	shifts	out	of	the	

frequency	 window.	 Above	 400°C,	 Y’	 spectra	 present	 a	 frequency‐independent	 dc	

conductivity	plateau.	
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Figure	6‐25	LiZn1.5P2O7:	(a)	spectroscopic	plots	of	capacitance,	C’,	(b)	spectroscopic	

plots	of	admittance,	Y’,	at	different	temperatures	of	250°C	to	425°C.	
 

 

Combined	Z’’	and	M’’	spectroscopic	plots	at	300°C	for	LiZn1.5P2O7	are	shown	in	Fig.	

6‐26.	 Rb	 and	 Cb	 values	 of	 ~0.35	MΩcm	 and	 ~0.8	 pFcm‐1	 were	 estimated	 from	 the	 high	

frequency	 M’’	 Debye	 peak	 using	 the	 relationships	 Rb=2M’’max/(ωmax)	 and	 Cb=1/(2M’’max)	

and	are	assigned	to	a	bulk	component.	The	frequency	maxima	of	M’’	peak	and	Z’’	peak	do	

not	 coincide	 exactly	 as	 an	 ideal	 “Debye”	 theory	 prediction.	 The	 conductivity	 data	 of	

LiZn1.5P2O7	pellet	are	presented	in	Fig.	6‐27;	 two	parallel	 lines	are	observed	with	similar	

activation	energies:	1.11	eV	for	bulk	conductivity,	Rb,	extracted	from	M’’	peak,	1.18	eV	for	

total	 conductivity,	 1
TR  .	 The	 bulk	 conductivity	 data	 are	 slightly	 higher	 than	 total	

conductivity	values.	Rb	data	above	325°C	are	not	obtained	because	the	M’’max	peak	at	high	

frequency	is	increasingly	displaced	to	frequencies	outside	the	measurements,	Fig.	6‐28.			
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Figure	6‐26	Z’’/M’’	spectroscopic	plots	for	LiZn1.5P2O7	at	300°C	in	air. 
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Figure	6‐27	Arrhenius	plots	of	bulk	conductivity	(Rb‐1)	extracted	from	M’’	plots	
and	total	conductivity	(RT‐1)	for	LiZn1.5P2O7.	
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Figure	6‐28	M’’	spectroscopic	plots	of	LiZn1.5P2O7	at	different	temperatures.	

	

(ii)	Li2ZnP2O7	(x=0.5)	

	 Z*	plots	of	Li2ZnP2O7	with	Au‐sputtered	electrodes	at	different	 temperatures	 in	air	

are	given	in	Fig.	6‐29.	At	200°C,	they	consist	of	a	smaller	high‐frequency	poorly‐resolved	

semicircle	of	resistance	(R1)	and	a	larger	intermediate‐frequency	arc	of	resistance	(R2),	see	

(a).	 As	 temperature	 increased	 to	 300°C,	 the	 high	 frequency	 semicircle	 R1	 is	 increasingly	

displaced	to	frequencies	outside	the	measurement	range,	but	 the	R2	 is	still	 identified,	(b)	

and	 (c).	 At	 higher	 temperature	 up	 to	 350°C,	 an	 obvious	 low‐frequency	 spike	with	 slope	

~73°	is	observed	to	represent	charge	build‐up	at	the	blocking	metal	electrodes,	see	(d).					

The	 C’	 spectroscopic	 plots	 as	 a	 function	 of	 frequency	 over	 the	 temperature	 range	

200°C	to	325°C	can	be	observed	from	Fig.	6‐30(a);	a	tiny	dispersion	at	lower	frequency	is	

observed	 below	 225°C.	 The	 high‐	 and	 intermediate‐frequency	 plateaus	 with	 values	

~0.7×10‐12	Fcm‐1	and	~0.8×10‐11	Fcm‐1,	respectively,	identify	the	bulk	and	grain	boundary	

response	 in	 sample	 (arrowed).	 As	 the	 temperature	 increases,	 the	 capacitance	 at	 lower	

frequencies	 increases	 to	 ~0.5×10‐6	 Fcm‐1	 and	 is	 associated	 with	 the	 sample‐electrode	

interfacial	response.		
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Figure	6‐29	Li2ZnP2O7:	Impedance	complex	plane	plots,	Z*,		
at	(a)	200°C	to	(d)	350°C	in	air.	
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Conductivity,	Y’,	data	as	a	 function	of	 frequency	are	shown	 in	Fig.	6‐30(b).	The	Y’	

data	show	a	dispersion	at	high	frequencies	and	present	a	nearly	frequency‐independent	dc	

conductivity	 plateau	 at	 intermediate	 frequencies.	 At	 T	 >	 300°C,	 the	 data	 at	 lower	

frequencies	show	a	tiny	curvature	to	lower	conductivity	values	(arrowed).	

Combined	 Z’’	 and	 M’’	 spectroscopic	 plots	 at	 200°C	 show	 one	 Z’’	 peak	 at	 low	

frequency	and	a	non‐ideal	M’’	peak	at	high	 frequency,	Fig.	6‐31.	The	peak	maxima	of	M’’	

peak	and	Z’’	peak	do	not	coincide	exactly	as	an	ideal	“Debye”	theory	prediction	and	a	tiny	

low‐frequency	tail	in	the	Z’’	peak	may	be	associated	with	an	interfacial	effect.	The	full	width	

at	half	maximum	(FWHM)	of	the	Z’’	peak	is	~1.65	decades,	which	is	higher	than	expected	

value	 of	 1.14	 decades.	 The	 total	 conductivity	 data	 as	 a	 function	 of	 temperature	 for	

Li2ZnP2O7	pellet	is	presented	in	Fig.	6‐32;	the	calculated	activation	energy	is	~1.14	eV.		

	

	

	

	

	

	

	

	

	

Figure	6‐30	Li2ZnP2O7	(Au	electrode):	(a)	spectroscopic	plots	of	capacitance,	C’,	(b)	
spectroscopic	plots	of	admittance,	Y’,	at	different	temperatures	of	150~300	°C	in	air.	
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Figure	6‐31	Z’’/M’’	spectroscopic	plots	for	Li2ZnP2O7	at	200°C	in	air.	
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Figure	6‐32	Arrhenius	plots	of	total	conductivity	(RT‐1)	for	Li2ZnP2O7.	
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(iii)	Li2.4Zn0.8P2O7	(x=0.6)	

Z*	plots	of	Li2.4Zn0.8P2O7	at	various	temperatures	 in	air	are	given	in	Fig.	6‐33.	One	

slightly	distorted	semicircle	at	150°C	is	observed	with	associated	capacitance	of	~1	pFcm‐1	

attributed	 to	 the	 bulk	 response	 (Rb),	 (a).	 At	 200°C,	 the	 high	 frequency	 semicircle	 Rb	 is	

increasingly	displaced	to	frequencies	outside	the	measurement	range,	and	a	tiny	tail	at	low	

frequency	 is	 seen,	 (b).	 Above	 250°C,	 a	 low‐frequency	 spike	 with	 slope	 ~74°	 is	 clearly	

identified,	and	the	length	of	the	spike	increases	with	temperature,	(c)	and	(d).		

C’	and	Y’	plots	as	a	function	of	frequency	are	shown	in	Fig.	6‐34;	both	of	them	have	

similar	results	to	those	of	Li2ZnP2O7.	One	resolved	plateau	at	high	frequencies	is	attributed	

to	the	bulk	capacitance,	(a).	Its	value	is	≈	1	pFcm‐1	at	150°C	(arrowed).	As	the	temperature	

increases,	specifically	at	300°C,	the	Y’	data	at	lower	frequencies	show	an	obvious	curvature	

to	lower	conductivity	values	and	the	high‐frequency	dispersion	shifts	out	of	the	frequency	

window,	 (b).	 Z’’/M’’	 spectra	 at	 150°C	 show	 the	 Z’’	 and	M’’	 peaks	 appear	 over	 a	 similar	

frequency	range,	and	a	non‐ideal	Debye	peak	is	observed,	Fig.	6‐35.	
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Figure	6‐33	Li2.4Zn0.8P2O7	(Au	electrode):	Impedance	complex	plane	plots,	Z*,		
at	(a)	200°C	to	(d)	300°C	in	air.	
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Figure	6‐34	Li2.4Zn0.8P2O7	(Au	electrode):	(a)	spectroscopic	plots	of	capacitance,	C’,	(b)	
spectroscopic	plots	of	admittance,	Y’,	at	150~300	°C	in	air.	
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Figure	6‐35	Z’’/M’’	spectroscopic	plots	for	Li2.4Zn0.8P2O7	at	150°C	in	air.	
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(iv)	Analysis	of	Arrhenius	Conductivity	

The	total	conductivity	data	plotted	in	the	form	log	σ	versus	T‐1	are	shown	in	Fig.	6‐

36;	 for	 six	different	 compositions	 in	which	x	 increases	 from	0.2	 to	0.75,	 a	 set	of	 parallel	

lines	 is	 observed	 with	 activation	 energies,	 Ea,	 between	 ~	 0.9–1.3	 eV.	 In	 general,	 the	

conductivity	 linearly	 increases	 with	 temperature	 for	 all	 compositions	 except	 for	 x=0.75,	

and	specifically,	at	x=0.2,	S.S.	LiZn1.5P2O7	has	a	lower	conductivity.	The	conductivity	at	three	

temperatures	as	a	 function	of	composition	x	 is	 further	shown	in	Fig.	6‐37;	 it	can	be	seen	

that	the	conductivity	of	the	Li4xZn2‐2xP2O7	increases	with	increasing	Li	content	until	x=0.65	

but	does	not	attain	the	highest	value	observed	with	the	right	end‐member,	Li4P2O7	[8].	In	

contrast,	 the	 left	 one,	 Zn2P2O7,	 has	 the	 lowest	 conductivity	 [9],	 and	our	 results	 show	 the	

conductivity	 maximum	 occurs	 in	 the	 Li2.4Zn0.8P2O7	 at	 350°C.	 The	 Ea	 for	 conduction	 in	

Li4xZn2‐2xP2O7	is	given	in	Fig.	6‐38;	a	small	variation	with	composition	is	observed	except	

x=0	 and	 1,	 in	 which	 shows	 the	 highest	 and	 lowest	 values,	 ~2	 eV	 [9]	 and	 ~0.17	 eV	 [8],	

respectively,	 for	 the	 high	 temperature	 regions.	 In	 addition,	 the	 values	 of	 Ea	 slightly	

decrease	as	x	increases	from	0.4	to	0.65.		
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Figure	6‐36	Arrhenius	plots	of	measured	total	conductivity	for	Li4xZn2‐2xP2O7		
with	x	varied	from	0.2	to	0.75.	
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Figure	6‐37	Conductivity	at	three	temperatures	as	a	function	of	composition.	Data	at	
430oC	and	447oC	are	compared	for	Zn2P2O7	(x=0)	and	Li4P2O7	(x=1),	respectively.	
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Figure	6‐38	Variation	of	activation	energy,	Ea,	with	composition.	
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6.4	Discussion	

6.4.1	ZnO‐Li2O‐P2O5	System	

 Nineteen	ternary	compositions	based	on	Li4xZn2‐2xP2O7	formula	were	studied	in	this	

work	and	with	x	in	the	range	0.2	to	0.75.	In	preparation	of	phase‐pure	compounds,	a	two‐

step	synthesis	route	is	adapted	to	reach	a	complete	reaction	and	to	get	rid	of	impurities	in	

the	final	products.		

First,	 for	x=0.25,	single‐phase	LiZn1.5P2O7	was	successfully	synthesized	at	600°C	 in	

air	 for	 24	 h	 and	 indexed	 on	 an	 orthorhombic	 unit	 cell.	 Lattice	 parameters	 are	 in	 good	

agreement	 with	 the	 single‐crystal	 LiZn1.5P2O7	data	 reported	 using	 Zn2P2O7	 and	 Li4P2O7	

mixed	in	a	molar	ratio	of	3:1	and	reacted	at	920°C	for	0.5	h	followed	by	a	specific	cooling	

and	quenching	step	[4].	A	formation	of	a	solid	solution	is	found	in	the	range	of	x=0.2	to	0.25.	

Although	 the	 phase	 and	 structure	 of	 stoichiometric	 LiZn1.5P2O7	 were	 not	 solved	 in	

Malshikov’s	work,	this	composition	was	involved	in	the	limited	solid	solution	Li4xZn2‐2xP2O7	

(0.15	 <	 x	 <	 0.28)	 on	 the	 phase	 diagram	 of	 the	 binary	 system	 Zn2P2O7–Li4P2O7	[3].	 As	 x	

increased	 up	 to	 <	 0.33,	 XRD	 patterns	 show	 that	 there	 are	 some	 overlapping	 lines	 and	

generally	 two	 phase	 mixture	 of	 x=0.25	 and	 0.33	 in	 these	 compositions	 is	 obtained.	 At	

x=0.33,	 the	 x=0.25	 pattern	 is	 absent	 from	 the	 others	 and	 a	 new	phase	 Li1.33Zn1.33P2O7	 is	

discovered.	For	x	 in	the	range	0.33	to	0.5,	a	solid	solution	of	Li1.33Zn1.33P2O7	extends	from	

x=0.33	 to	 0.4	 but	 between	 x=0.4	 and	 x=0.5,	 the	 mixture	 of	 two	 phases	 may	 consist	 of	

Li1.33Zn1.33P2O7	and	Li2.4Zn0.8P2O7,	which	were	not	found	in	Liang’s	work	on	phase	relations	

of	the	ZnO‐Li2O‐P2O5	system.	

Second,	 for	 x=0.5,	 attempts	 to	 synthesise	 a	 single	phase	 composition	of	Li2ZnP2O7	

were	not	successful,	but	a	phase	mixture	of	Li1.33Zn1.33P2O7	and	Li2.4Zn0.8P2O7	was	obtained	

at	 625°C	 for	 24	 h	 in	 air,	 Fig.	 6‐7.	 Although	 the	 result	 is	 similar	 to	 a	 previous	 study	 of	

Zn2P2O7–Li4P2O7	with	 a	 molar	 ratio	 of	 1:1	 at	 600°C	 [2‐3],	 this	 study	 has	 identified	 the	

phases	present	in	composition	Li2ZnP2O7.	Trying	higher	reaction	temperature	of	>	700°C	to	

explore	 any	 phase	 differences	 for	 Li2ZnP2O7	is	 not	 feasible	 because	 of	 the	 eutectic	 point	

close	to	690°C	for	this	composition,	Fig.	6‐2.	
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Third,	for	x=0.6,	XRD	patterns	show	that	Li2.4Zn0.8P2O7	reacted	at	600~625	°C	for	24	

h	 in	 air	 forms	 a	 pure	 phase	with	monoclinic	 symmetry	 (S.G.	 P21/n),	 and	 corresponds	 to	

Lapshin’s	results	prepared	using	Zn2P2O7	and	Li4P2O7	(2:3)	at	600°C	for	20	h	[6].	The	unit	

cell	 parameters	 are	 quite	 close	 to	 those	 of	 Li2.4Zn0.8P2O7	 in	 Ref.	 6,	 and	 of	 Li4P2O7	 [11].	

Similar	 work	 from	 Liang’s	 group,	 claimed	 that	 pure	 Li2.4Zn0.8P2O7	was	 not	 obtained,	 but	

gave	 a	 mixtures	 of	 two	 phases,	 i.e.	 10Li2.4Zn0.8P2O7	 =	 3LiZn1.5P2O7	 +	 7Li3Zn0.5P2O7,	 by	

reacting	 ZnO,	 Li2CO3	 and	 P2O5	 at	 different	 temperatures	 between	 600°C	 and	 900°C	 [5].	

Detailed	synthesis	conditions	were	not	provided,	making	it	difficult	to	clarify	this	point.	A	

two	phase	region	may	exist	for	compositions	of	x	from	0.25	to	0.33	and	0.4	to	0.575.	From	

data	x=0.5	to	0.65,	a	solid	solution	may	exist	between	x=0.575	and	x=0.625.		

Fourth,	 for	x=0.75,	 synthesis	of	pure‐phase	Li3Zn0.5P2O7	was	not	 successful	due	 to	

the	 existence	 of	 secondary	 phases.	 In	 order	 to	 increase	 reactivity,	 higher	 annealing	

temperatures	 were	 used	 but	 the	 phases	 obtained	 appeared	 to	 be	 independent	 of	

temperature	over	the	range	600°C	to	850°C.	The	intensities	of	these	secondary	phases	are	

decreased	 for	 x=0.725,	 suggesting	 the	 single	 phase	 sample	may	 be	 nearer	 to	 0.725	 than	

0.75.	The	experimental	XRD	pattern	of	Li3Zn0.5P2O7	was	not	 shown	 in	 the	previous	work	

from	Liang	et	al.,	making	 it	 difficult	 to	 confirm	 this	 reported	phase	 [7].	More	 studies	 are	

needed	to	get	insight	into	this	compound.	

6.4.2	Crystal	Structure	of	Li2.4Zn0.8P2O7	

Structural	 analysis	 of	 Li2.4Zn0.8P2O7	by	 powder	 neutron	 diffraction	 is	 preferable	 to	

locate	 the	 light	 Li	 atoms	 and	 to	 investigate	 the	 occupancy	 of	 Li	 and	 Zn	 in	 the	 crystal	

structure.	 An	 initial	 refinement	 of	 ND	 data	 at	 room	 temperature	 was	 done	 using	 the	

structural	mode	 refined	 by	 XRD	 reported	 from	 Lapshin	 et	al.	 but	 unsatisfactory	 thermal	

displacement	 parameters	 were	 obtained,	 specifically,	 on	 M1	 site	 with	 the	 occupancy	 of	

Li2:Zn2	of	0.76:0.24.	A	revised	model	with	occupancy	of	M1	site	by	0.82	Li	and	0.18	Zn,	and	

of	 M2	 site	 by	 0.38	 Li	 and	 0.62	 Zn	 was	 introduced;	 the	 results	 show	 a	 good	 fit	 and	

satisfactory	parameters	at	room	temperature,	Table	6‐4.	The	values	of	Uiso	for	Li1,	M1,	M2,	

and	 O2	 by	 ND	 data	 are	 still	 relatively	 large,	 which	 suggests	 residual	 disorder	 or	 site	
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displacements.	The	average	distance	of	the	P‐O	bond	in	P2O7	groups	is	equal	to	~1.53	Å,	in	

agreement	with	the	typical	tetrahedral	bond	lengths	of	~1.57	Å.			

The	mean	bond	lengths	for	Li1O4	and	M1O4	tetrahedra,	and	M2O5	trigonal	pyramid	

are	similar	 to	 those	reported	by	Lapshin	et	al.,	however,	 the	 individual	ones	within	 them	

are	different	probably	due	to	the	varied	lithium	and	zinc	occupancies	on	M1	and	M2	site.	

The	distances	of	Li1‐O2	and	M1‐O2	are	relatively	short	which	indicate	the	Li1O4	and	M1O4	

tetrahedra	are	distorted.	In	addition,	the	M2O5	trigonal	pyramid	is	also	distorted	owing	to	

the	 short	 bond	 length	 between	 M2	 and	 O5	 atoms,	 Fig.	 6‐18(b),	 making	 a	 structural	

difference	 to	 Li4P2O7,	 whereas	 all	 cations	 have	 the	 distorted	 tetrahedral	 coordination	

reported	by	Voronin	et	al.	[8]	and	Daidouh	et	al.	[12].			

Fig.	6‐39	 shows	 the	 Li‐diffusion	 channels	 considered	 in	 the	 Li2.4Zn0.8P2O7	 crystal	

structure	extracted	from	refined	ND	data	along	three	different	axes.	The	lithium	ions	may	

migrate	 along	 the	 b‐	and	 c‐axis,	 probably	 showing	 that	 the	 lowest	 energy	 pathways	 to	

involve	 Li	 diffusion	 are	 in	 the	 bc‐plane,	 see	 (a).	 A	 higher	 activation	 energy	 barrier	 for	

migration,	however,	could	be	expected	parallel	to	the	a‐axis,	which	involves	a	path	that	is	

significantly	obstructed	by	P2O7	polyhedra,	see	(b).	As	a	result,	Li2.4Zn0.8P2O7	may	have	two‐

dimensional	(2D)	Li	chains	in	the	bc‐plane,	and	a	good	ionic	conductivity	can	be	expected	in	

this	compound.	

6.4.3	Element	Analysis	and	Morphology	

	 The	EDS	results	of	LiZn1.5P2O7	and	Li2.4Zn0.8P2O7	samples	confirm	each	molar	ratio	of	

Zn/P	has	a	satisfactory	value	of	~0.75	and	~0.39,	consistent	with	the	expected	theoretical	

values	within	errors.	However,	the	EBSD	image	of	Li2ZnP2O7	reveals	that	its	composition	is	

not	homogenous	but	is	a	mixture	of	two	phases	with	Zn/P	molar	ratios	of	~0.64	and	~0.4	

closely	 corresponding	 to	 x=0.33	 and	 0.6,	 illustrated	 in	 lighter	 and	 darker	 areas,	 Fig.	6‐

20(c).	 This	 result	 corresponds	 to	 XRD	 patterns	 showing	 two	 phases	 determined	 in	

Li2ZnP2O7.	 Elemental	 mapping	 shows	 that	 Zn	 and	 P	 are	 uniformly	 distributed	 in	

Li2.4Zn0.8P2O7.	

	 The	SEM	images	show	porous	and	inhomogeneous	grain	size	in	both	LiZn1.5P2O7	and	

Li2ZnP2O7	pellets	 but	 Li2.4Zn0.8P2O7	has	 more	 regular	 grain	 morphology.	 LiZn1.5P2O7	 and	
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Li2.4Zn0.8P2O7	pellets	had	relative	density	~	70%.	Higher	sintering	temperature	of	>	600°C	

for	densification	is	not	suggested	due	to	the	lower	eutectic	temperature	~	690°C	for	these	

compositions.		

6.4.4	Electrical	Properties 

Conductivity	data	of	Li4xZn2‐2xP2O7	for	solid	solutions	over	the	x	ranges	of	0.2	<	x	<	

0.25	and	0.33	<	x	<	0.4	measured	in	air	show	that	the	ionic	conductivity	increases	with	x,	

according	 to	 the	aliovalent	 substitution,	Zn	⇌	2Li+,	which	may	 lead	 to	 the	creation	of	Li+	

interstitials.	 The	 defect	 compensation	 mechanism	 can	 be	 described	 using	 Kröger‐Vink	

notation:	

																																																																						  
i

'

ZnZn
LiLiZn 		

The	 conductivity	 of	 Li2.4Zn0.8P2O7	increases	 up	 to	~10‐3	 Scm‐1,	which	 is	~3	 orders	

magnitude	greater	than	that	of	LiZn1.5P2O7	and	with	a	relatively	lower	activation	energy	of	

1.05(1)	eV.	One	reason	is	due	to	the	structural	differences	between	them.	In	addition,	the	

conductivity	 data	 at	 x=0.6	 are	 non‐linear	which	would	be	 due	 to	 the	 phase	 transition	 at	

high	temperature.	There	are	two‐dimensional	channels	in	Li2.4Zn0.8P2O7,	which	can	provide	

a	mobile	channel	for	Li+	ion	diffusion,	and	therefore,	attributed	to	higher	ionic	conductivity.	

Nevertheless,	 as	 shown	 in	 Fig.	 6‐40,	 no	 feasible	 channels	 for	 Li+	 ion	 migration	 can	 be	

apparently	 observed	 along	 the	 b‐,	 c‐	 (a),	 and	 a‐axis	 (b)	 in	 the	 crystal	 structure	 of	

LiZn1.5P2O7.	 This	 could	 be	 one	 of	 the	 reasons	 to	 explain	 its	 low	 ionic	 conductivity	~10‐7	

Scm‐1	 at	 250°C	 and	 a	 short	 electrode	 spike	 at	 low	 frequency	merely	 occurred	 at	 higher	

temperatures	of	400~425	°C.	
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Figure	6‐39	Li+	migration	in	Li2.4Zn0.8P2O7	showing	the	possible	migration	channels.	

Li–Li	connections	parallel	to	the	(a)	bc‐plane	and	(b)	ab‐plane.	

	

                                                                                                                             

Figure	6‐40	Crystal	structure	of	LiZn1.5P2O7	projected	to	the	(a)	a‐axis	and	(b)	c‐axis.		
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Fig.	 6‐41	 shows	 an	 Arrhenius	 plot	 of	 ionic	 conductivity	 of	 the	 Li2.4Zn0.8P2O7	 in	

comparison	to	those	of	other	polycrystalline	LISICONs	with	their	highest	ionic	conductivity	

reported.	 It	 is	 found	 that	LISICONs	have	higher	 conductivity	over	 a	wide	of	 temperature	

range.	However,	 the	 Li2.4Zn0.8P2O7	exhibits	 an	 ionic	 conductivity	 of	~10‐2	 Scm‐1	 at	 350°C,	

close	 to	 those	of	previously	discovered	Li3.4P0.6Si0.4O4	and	Li2.4Zn0.8SiO4,	but	 shows	a	high	

activation	 energy,	 ~1.05	 eV,	 probably	 due	 to	 a	 longer	 pathway	 for	 Li+	 migration	 in	 the	

structure.	The	Li3.5Zn0.25GeO4	possesses	a	conductivity	of	>	10‐1	Scm‐1	at	350°C,	which	is	one	

of	the	highest	Li‐ion	conductivity	at	this	temperature.	
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Figure	6‐41	Arrhenius	plots	of	ionic	conductivity	of	the	Li2.4Zn0.8P2O7	and	poly‐

crystalline	LISICONs,	e.g.	Li3.4P0.6Si0.4O4,	Li3.5Zn0.25GeO4	[13]	and	Li2.4Zn0.8SiO4	[14].	
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6.5	Conclusions	

Lithium	zinc	pyrophosphates,	Li4xZn2‐2xP2O7	(0	<	x	<	1),	have	been	synthesized	via	a	

conventional	solid‐state	method.	The	phase	composition	was	studied	by	X‐ray	diffraction	

and	compared	with	that	of	previously	reported	results.	XRD	patterns	show	two	phases,	at	

x=0.25	 (LiZn1.5P2O7)	 and	 x=0.6	 (Li2.4Zn0.8P2O7),	 synthesized	 at	 600°C	 for	 24	 h	 in	 air,	 are	

single	phase	with	orthorhombic	(Pbcm)	and	monoclinic	(P21/n)	symmetry,	corresponding	

to	 a	 previous	 study.	 A	 new	 phase	 with	 composition	 around	 x=0.33,	 Li1.33Zn1.33P2O7,	 is	

discovered	 in	 this	 study	and	 its	XRD	patterns	are	 indexed	as	monoclinic	with	S.G.	P21/a.	

Three	solid	solutions	are	found	for	compositions	over	the	x	ranges	of	0.2	<	x	<	0.25,	0.33	<	x	

<	0.4	and	0.575	<	x	<	0.625.	Two‐phase	mixtures	of	Li1.33Zn1.33P2O7	and	Li2.4Zn0.8P2O7	are	

observed	in	Li2ZnP2O7	(x=0.5)	by	XRD	and	confirmed	using	EDS	spectra	showing	different	

chemical	stoichiometry.	Attempts	to	reproduce	pure‐phase	Li3Zn0.5P2O7	(x=0.75)	were	not	

successful	under	our	experimental	conditions.	Elemental	mapping	shows	 the	distribution	

of	Zn	and	P	atoms	in	Li2.4Zn0.8P2O7	is	homogeneous.	

The	crystal	structure	of	Li2.4Zn0.8P2O7	 is	closely	related	to	that	reported	previously	

by	XRD	data	but	contains	different	Li/Zn	site	occupancies	in	the	distorted	tetrahedra	and	

trigonal‐pyramid	sites	using	ND	data	at	room	temperature.	Two	dimensional	channels	for	

lithium	transport	are	also	observed	in	the	bc‐plane.				

	 Electrical	 properties	 of	 Li4xZn2‐2xP2O7,	 with	 x	 from	 0.2	 to	 0.75,	 were	 carried	 out	

systematically	by	impedance	spectroscopy	(IS).	In	general,	the	ionic	conductivity	increases	

with	increasing	the	level	of	mobile	Li	ions	to	x=0.65.	Specifically,	at	x=0.6,	the	conductivity	

reaches	a	maximum	of	10‐2	Scm‐1	at	350°C,	similar	to	those	of	reported	LISICONs,	such	as	

Li3.4P0.6Si0.4O4	 and	 Li2.4Zn0.8SiO4.	 Compared	 with	 the	 crystal	 structure	 of	 LiZn1.5P2O7,	

Li2.4Zn0.8P2O7	has	 a	 2D	 Li	 channels	 and	 this	 helps	 in	 increasing	 Li+	diffusion	 and	mobility	

contributed	to	higher	Li+	 ion	conductivity.	Based	on	above	data	characterizations,	a	basic	

understanding	 of	 structure‐composition‐property	 relations	 for	 Li4xZn2‐2xP2O7	 (0	 <	 x	<	 1)	

has	been	further	studied	in	this	chapter.	
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CHAPTER	VII	

Conclusions	and	Future	Work	

7.1	Conclusions	

 Impedance	spectroscopy	(IS)	measurement	of	Li2MP2O7	(M=Fe,	Mn,	Co,	Fe1/3Mn1/3Co1/3)	

cathodes	 as	 a	 function	 of	 temperature,	 dc‐bias	 and	 atmosphere	 were	 carried	 out	 to	

investigate	 their	 electrical	 properties	 and	 to	 further	 determine	 their	 conduction	

mechanisms,	i.e.	electronic,	ionic	or	mixed,	with	results	summarised	in	Fig.	7‐1.	

	

	
	

Figure	7‐1	Summarised	conduction	mechanisms	of	Li2MP2O7	cathodes.	
	

 The	effect	of	aliovalent	dopants	(Al3+,	Zr4+,	Nb5+)	in	Li2FeP2O7	on	phase	composition	and	

electrical	 properties	 was	 studied;	 only	 ≤	 5%	 Nb5+	 can	 be	 substituted	 into	 Li2FeP2O7	

synthesized	 at	 700°C	 in	 N2	 to	 form	 a	 solid	 solution,	 i.e.	 Li1.85Nb0.05Fe0.95P2O7	 and	

Li1.95Nb0.05Fe0.9P2O7	 and	 the	 doping	 of	 niobium	 enhances	 the	 bulk	 conductivity	 by	 a	

factor	of	2~3	in	air.	

 N‐doped	 Li2FeP2O7	 compositions	were	 synthesized	 for	 the	 first	 time	 via	 a	 solid‐state	

reaction	and	Li2FeP2O6.95N0.05	has	an	increased	electronic	conductivity	~0.5×10‐7	Scm‐1	

(Ea	=	 ~0.3	 eV)	 at	 25°C	 in	 N2	 due	 to	 the	 coexistence	 of	 Fe2+/3+.	 Sample	 I‐LFPN005	

prepared	by	a	modified	synthesis	method	has	a	much	higher	conductivity,	~10‐5	Scm‐1,	

with	low	Ea	~0.16	eV	and	is	an	electronic	conductor.	

 The	 structure‐composition‐property	 relations	of	Li4xZn2‐2xP2O7	based	on	 the	Zn2P2O7–

Li4P2O7	 system	were	 studied;	 a	 new	 phase	 Li1.33Zn1.33P2O7	was	 found	 and	 indexed	 as	

monoclinic	with	probable	space	group	P21/a.	 Solid	 solutions	 in	 the	x	 ranges	of	0.2	 to	

0.25,	0.33	to	0.4	and	0.575	to	0.625	were	found	and	two	phases	present	confirmed	for	
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x=0.5.	At	x=0.6,	the	value	of	ionic	conductivity	reaches	a	maximum	~10‐2	Scm‐1	at	350°C	

in	air.	Details	are	as	follows:						

7.1.1	Li2MP2O7	(M=Fe,	Mn,	Co)	

Lithium	mixed‐metal	pyrophosphates,	Li2Fe1‐xMnxP2O7	(0	≤	x	≤	1),	Li2Fe1‐yCoyP2O7	(0	

≤	y	≤	1),	and	Li2Fe1/3Mn1/3Co1/3P2O7	have	been	successfully	synthesised	by	a	conventional	

solid‐state	 method.	 Pure	 phase	 Li2FeP2O7	 was	 obtained,	 at	 700°C,	 following	 a	 two‐step	

process.	XRD	patterns	show	the	Mn‐	and	Co‐	substituted	Li2FeP2O7	synthesised	at	700°C	for	

12	h	in	N2	form	a	complete	solid	solution	with	monoclinic	symmetry	and	space	group	P21/c.	

Lattice	parameters	increase	and	decrease	with	Mn	and	Co	content,	respectively.	Electrical	

properties	are	as	follows:	

 For	Li2FeP2O7,	no	electrode	or	Warburg	 spike	 is	 observed	 at	 low	 frequencies	over	 a	

wide	range	of	temperatures	but	a	second	semicircle	with	an	associated	capacitance	of	

~10‐6	Fcm‐1	was	obtained	due	to	an	electrode	effect,	attributed	to	point	contacts	with	

the	 sample	 using	 Pt‐	 and/or	 Au‐sputtered	 electrodes.	 The	 conductivity	 increased	

when	 the	 atmosphere	 changed	 from	 N2	 to	 air	 which	 suggests	 a	 p‐type	 conduction	

mechanism	 consistent	 also	 with	 dc‐bias	 results.	 These	 results	 indicate	 that	 the	

Li2FeP2O7	 is	 predominantly	 an	 electronic	 conductor	 with	 perhaps	 some	 lithium	 ion	

conduction	as	well. 

 The	effect	of	 temperature,	dc‐bias	and	atmosphere	elucidated	 that	 the	conduction	of	

Li2MnP2O7	or	Li2CoP2O7	is	primarily	ionic,	as	evidenced	by: 

1) a	low	frequency	Warburg	spike	at	~45°	in	the	impedance	complex	plane	plot	above	

300°C	and	a	blocking	double	layer	capacitance	of	~10‐5	Fcm‐1.		

2) fully	 reversible	 charge	 transfer	 towards	 the	 electrode‐sample	 interface	 by	

applying/removing		dc‐bias,	e.g.	Mn	case.		

3) the	stable	valence	of	Mn	and	Co	at	high	temperature	of	400°C	in	air,	i.e.	it	is	hard	to	

oxidize	from	Mn2+	→	Mn3+	or	Co2+	→	Co3+.	
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 Li2Fe1/3Mn1/3Co1/3P2O7	 shows	 similar	 electrical	 behavior	 to	 Li2CoP2O7;	 the	 total	

conductivity	is	limited	by	large	grain	boundary	resistances	(Rgb)	with	a	slightly	higher	

activation	energy	of	0.84	eV	than	those	in	Mn‐	and	Co‐based	materials.	A	low	frequency	

electrode	 spike	 above	 250°C	 is	 observed.	 Li	 ion	 transfer	 across	 the	 electrode‐sample	

interface	is	not	fully	reversible	after	applying	3V	dc‐bias,	probably	due	to	the	deposition	

of	lithium	on	Pt	electrodes	as	shown	by	the	formation	of	a	black	coating.	A	tiny	increase	

in	 conductivity	at	 lower	 frequencies	 is	 found	 in	air,	 probably	due	 to	partial	oxidation	

(Fe2+/3+)	of	the	sample,	suggesting	the	conduction	mechanism	of	Li2Fe1/3Mn1/3Co1/3P2O7	

is	mixed.		

Electrochemical	results	indicate	that	the	Fe	phase	is	a	much	better	cathode	than	the	

others	owing	to	its	stable	voltage	plateau,	higher	discharge	capacity,	high	rate	performance	

and	good	cycle	stability.	This	 is	probably	because	Li2FeP2O7	has	smaller	grain	size	and	 is	

the	only	material	 in	 this	group	which	possesses	a	high	electronic	 conductivity.	Li2CoP2O7	

can	be	a	potential	~5	V	cathode.	

7.1.2	Aliovalent	doping	of	Li2FeP2O7		

The	 effect	 of	 aliovalent	 doping	 by	 Al3+,	 Zr4+	 and	 Nb5+,	 of	 Li2FeP2O7	 on	 phase	

composition	and	electrical	properties	was	studied	and	compared	with	undoped	Li2FeP2O7.	

Al	 and	 Zr	 dopants	 do	 not	 substitute	 into	 the	 Li2FeP2O7	structure.	 Only	 ≤	 5%	 Nb	 can	 be	

substituted	 at	 700°C	 in	 N2	 to	 form	 solid	 solutions,	 i.e.	 Li1.85Nb0.05Fe0.95P2O7	 and	

Li1.95Nb0.05Fe0.9P2O7,	using	a	solid‐state	reaction.	Vacancies	are	introduced	in	both	cases.	In	

general,	lattice	parameters	and	unit	volume	are	not	changed	in	Nb‐doped	compounds.	EDS	

mapping	 indicated	that	 the	Nb	dopants	are	not	present	uniformly	 in	Li1.85Nb0.05Fe0.95P2O7	

and	Li1.95Nb0.05Fe0.9P2O7;	therefore,	they	do	not	form	homogeneous	solid	solutions.		

IS	results	show	the	doping	of	Nb	enhances	the	bulk	conductivity	by	a	factor	of	2~3,	

perhaps	 due	 to	 a	 slightly	 increased	 lithium	 ion	 conductivity.	 The	 charge‐compensation	

mechanism	found	for	Nb	doping	does	not	alter	the	Fe2+	valence	state	and	hence	is	unlikely	

to	enhance	electronic	conductivity.	Although	the	results	of	aliovalent	doping	 in	Li2FeP2O7	

do	not	improve	its	electronic	and/or	ionic	conductivity	dramatically,	consideration	of	these	

five	 possible	 doping	 mechanisms	 proposed	 in	 this	 study	 may	 be	 useful	 for	 the	 other	
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isostructural	pyrophosphate	compounds	which	show	ionic	conduction,	e.g.	Li2MnP2O7	and	

Li2CoP2O7,	to	improve	their	electrical	and	electrochemical	properties.	

7.1.3	N‐doped	Li2FeP2O7	

N‐doped	 Li2FeP2O7	 materials,	 e.g.	 Li2+xFeP2O7‐xNx	 and	 Li2FeP2O7‐yNy,	 have	 been	

synthesised	 by	 the	 solid‐state	 method.	 However,	 nitrogen	 loss	 during	 preparation	 and	

reaction	of	samples	was	perhaps	inevitable	and	confirmed	by	gas	combustion	analysis.	The	

effect	of	N	doping	on	their	phase	compositions	and	electrical	properties	was	studied.	XRD	

patterns	of	the	reacted	samples	were	very	similar	to	that	of	Li2FeP2O7	for	compositions	0	≲	

x	≲	0.1	and	0	≲	y	≲	0.075.	No	obvious	 change	 in	XRD	peak	positions	was	observed	and	

therefore,	unit	 cell	parameters	have	no	big	differences.	For	y	≳	0.075,	a	 small	amount	of	

Li3Fe2(PO4)3	was	detected.	

IS	results	show	the	bulk	conductivity	and	activation	energy	of	x=0.05	and	0.1	have	

no	real	difference	within	errors	compared	with	those	for	x=0,	and	therefore	do	not	alter	the	

Fe2+	 oxidation	 state.	 For	 Li2FeP2O7‐yNy,	 the	 increased	 conductivity	 with	 lower	 activation	

energy	of	both	y=0.05	and	0.2	is	attributed	to	the	coexistence	of	Fe2+	and	Fe3+	ions	which	

benefits	 the	 electron	 conductivity	 and	 increased	 mobility	 of	 electrons	 in	 comparison	 to	

those	 of	 y=0.	 For	 y=0.05,	 the	 mixture	 of	 2+	 and	 3+	 oxidation	 states	 of	 Fe	 was	 further	

confirmed	by	Mössbauer	spectroscopy	which	indicated	the	presence	of	~	1%	Fe3+	 ions	in	

agreement	with	 the	 nitrogen	 content	 of	 y=0.0167	 obtained	 for	 the	 targeted	 composition	

y=0.05.		

Attempts	to	increase	the	ionic	conductivity	of	Li2FeP2O7	by	aliovalent	and	nitrogen	

doping,	 with	 a	 view	 to	 increasing	 lithium	 ion	 conductivity	 have	 been	 unsuccessful.	

However,	 the	 electronic	 conductivity	 of	 Li2FeP2O6.95N0.05	 and	 Li2FeP2O6.8N0.2	measured	 at	

room	temperature	in	N2	is	increased	by	~3	orders	and	specifically,	of	I‐LFPN005,	which	is	

~6	orders	higher	than	that	of	undoped	Li2FeP2O7.	This	new	strategy	of	anionic	doing	may	

provide	a	suggestive	data	base	for	the	other	novel	polyoxoanionic	compounds	to	improve	

their	electrical	and	electrochemical	properties.	

7.1.4	Li4xZn2‐2xP2O7	(0.2	≤	x	≤	0.75)	
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Lithium	zinc	pyrophosphates,	Li4xZn2‐2xP2O7,	based	on	the	phase	diagram	Zn2P2O7–

Li4P2O7	 with	 variation	 of	 x	 have	 been	 systematically	 studied;	 the	 phases	 formed	 were	

studied	 by	 XRD	 to	 compare	 with	 reported	 results.	 Three	 single	 phase	 materials	 were	

synthesized	at	600°C	for	24	h	in	air.	The	first	phase	is	at	x=0.25	(LiZn1.5P2O7)	and	second	

one,	 at	 x=0.6	 (Li2.4Zn0.8P2O7);	 both	 correspond	 to	 previous	 results	 with	 orthorhombic	

(Pbcm)	 and	 monoclinic	 (P21/n)	 symmetry,	 respectively.	 The	 third	 one,	 at	 x=0.33	

(Li1.33Zn1.33P2O7),	 is	a	new	phase	and	its	diffraction	pattern	is	 indexed	as	monoclinic	with	

space	 group	P21/a.	 Three	 solid	 solutions	 are	 found	over	 the	 x	 range	 from	0	 to	 1;	 one	 is	

verified	between	x=0.2	and	0.25	in	agreement	with	the	previous	work	from	Petrova	et	al.	

and	the	others,	x=0.33	to	0.4	and	0.575	to	0.625,	are	reported	in	this	work.			

For	x=0.5	(Li2ZnP2O7),	two	phases	are	present:	Li1.33Zn1.33P2O7	and	Li2.4Zn0.8P2O7,	as	

observed	by	XRD	and	confirmed	using	EBSD	image	and	EDS	spectra.	This	result	is	different	

from	that	reported	in	the	 literature	where	 it	 is	claimed	that	 the	phase	mixture	of	Li4xZn2‐

2xP2O7	and	α‐Li2.4Zn0.8P2O7	forms	for	x=0.5.	XRD	patterns	of	Li2.4Zn0.8P2O7	quenched	rapidly	

from	 different	 temperatures	 show	 that	 this	 composition	 has	 a	 complicated	 high‐

temperature	 polymorphism,	 probably	 consisting	 of	 three	 polymorphs	 by	 DSC	

measurement,	 and	 more	 work	 is	 needed.	 Attempts	 to	 prepare	 pure‐phase	 Li3Zn0.5P2O7	

(x=0.75),	however,	failed	with	impurities	present	over	the	heating	range	600~850	°C	in	air.		

The	 crystal	 structure	 of	 Li2.4Zn0.8P2O7	 is	 similar	 to	 that	 reported	 using	 XRD	 data;	

however,	 in	 this	 study,	different	Li/Zn	site	occupancies	of	 the	distorted	M1O4	 tetrahedra	

and	M2O5	trigonal‐pyramids	are	determined	with	occupancy	of	the	M1	site	by	0.82	Li	and	

0.18	Zn,	and	of	the	M2	site	by	0.38	Li	and	0.62	Zn,	using	room‐temperature	ND	data.	There	

are	 two	 dimensional	 pathways	 along	 the	 b‐	 and	 c‐axes	 for	 the	 Li	 ion	 migration	 in	

Li2.4Zn0.8P2O7.SEM	shows	that	 the	Li2.4Zn0.8P2O7	pellet	sintered	at	600°C	for	12	h	 in	air	has	

uniform	 particle	 size	 of	 ~10	 μm	with	 similar‐polygonal	 shape.	 EDS	mapping	 shows	 the	

distribution	of	Zn	and	P	atoms	in	Li2.4Zn0.8P2O7	is	homogenous.	

	 The	electrical	properties	of	Li4xZn2‐2xP2O7,	with	x	from	0.20	to	0.75,	were	measured;	

generally,	 the	 ionic	 conductivity	 increases	 with	 increasing	 the	 Li	 content	 x	 to	 0.65.	

Specifically,	Li2.4Zn0.8P2O7	has	an	ionic	conductivity	of	~10‐4	Scm‐1	at	250°C,	which	is	three	

orders	of	magnitude	higher	than	that	of	LiZn1.5P2O7	(~10‐7	Scm‐1),	and	is	attributed	to	the	
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2D	 Li	 channels	 helping	 to	 increase	 Li+	 diffusion	 and	 mobility.	 The	 conductivity	 of	

Li2.4Zn0.8P2O7	reaches	a	maximum	of	~10‐2	Scm‐1	at	350°C,	comparable	to	that	of	traditional	

LISICONs,	 e.g.	 Li3.4P0.6Si0.4O4	 and	Li2.4Zn0.8SiO4.	 This	present	 study	may	 lead	 to	 a	different	

family	of	polyanionic	systems	with	a	three‐dimensional	(P2O7)–4‐framework	for	solid‐state	

electrolytes.		

7.2	Future	work	

The	following	areas	would	be	interesting	to	the	author	for	future	study.		

 Electrical	 properties	 of	 Li2Fe0.5Mn0.5P2O7	and	 Li2Fe0.5Co0.5P2O7	to	 get	 insight	 into	 the	

electronic	and/or	ionic	conductivity		

 Equivalent	 circuit	 fitting	 to	 understand	 the	methodology	 and	 interpretation	 of	 the	 IS	

data	obtained	by	Li2MP2O7	(M=Fe,	Mn)	cathodes	

 Investigation	of	alternative	doping	mechanism	in	Nb‐doped	Li2FeP2O7,	e.g.	

1. 2Li+	+	Fe2+		→		0.8	Nb5+		

2. Li+	+	Fe2+		→		0.6	Nb5+	

3. 4Li+	+	3Fe2+		→		2	Nb5+	(a	possible	solid	solution	between	mechanism	II	+	IV)	

	
 Synthesis	 and	 characterisation	 of	 the	 aliovalent	 doping	 of	 Li2MnP2O7	using	 the	 five	

defect	mechanisms	which	have	been	proposed	in	this	study	followed	by	electrical	and	

electrochemical	 measurements,	 in	 particular	 with	 a	 view	 to	 increase	 the	 Li	 ion	

conductivity	

 Optimization	of	synthesis	conditions	to	reduce	nitrogen	loss	in	N‐doped	Li2FeP2O7	

 1)	 Electrochemical	 testing	 of	 the	 high	 conductivity	 I‐LFPN005	 sample	 with	 reduced	

particle	 size	 	 and	 2)	 TEM/EELS	 analysis	 to	 show	 whether	 N	 is	 substituted	 into	 the	

structure	or	coated	on	the	surface	of	particles	

 High	 temperature	 X‐ray	 and	 neutron	 diffraction	 studies	 on	 the	 phase	 transformation	

and	crystal	structure	for	Li2.4Zn0.8P2O7	and	new	phase	Li1.33Zn1.33P2O7	
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Table	A3‐1	Summary	of	the	indexed	XRD	reflections	of	Li2FeP2O7	
using	Mo	radiation	in	the	2θ	range	of	~	5–20°.	

	

No.	 2θ	[obs]	(°)	 h	k	l	 2θ	[calc]	(°) △2θ	(°) Int.	 Int.	[calc]	 d	[obs]	(Å)	 d	[calc]	(Å)

1	 5.964	 0	1	1	 5.947	 0.0166 2.8 3.131 6.8177	 6.8367	
2	 6.579	 ‐1	1	1	 6.574	 0.0055 50.9 66.046 6.1806	 6.1857	
3	 7.545	 2	0	0	 7.541	 0.0041 30.5 40.771 5.3904	 5.3933	
4	 8.363	 0	2	0	 8.348	 0.0143 5.9 6.990 4.8639	 4.8722	
5	 8.630	 2	1	0	 8.621	 0.0090 5.7 8.976 4.7139	 4.7188	
6	 8.940	 ‐2	1	1	 8.919	 0.0214 4.6 4.036 4.5504	 4.5613	
7	 9.167	 1	2	0	 9.162	 0.0046 6.8 8.023 4.4381	 4.4403	
8	 9.527	 ‐1	1	2	 9.531	 ‐0.0039 8.0 8.853 4.2708	 4.2691	
9	 10.166	 ‐2	0	2	 10.166	 ‐0.0007 14.6 15.406 4.0030	 4.0028	
10	 10.785	 1	1	2	 10.790	 ‐0.0058 8.1 9.447 3.7739	 3.7719	
11	 11.264	 2	2	0	 11.259	 0.0051 27.3 25.630 3.6138	 3.6154	
12	 11.488	 ‐2	2	1	 11.489	 ‐0.0008 44.9 47.093 3.5434	 3.5431	
13	 12.067	 3	1	0	 12.070	 ‐0.0027 50.0 51.360 3.3740	 3.3732	
14	 12.550	 2	2	1	 12.556	 ‐0.0063 2.2 3.246 3.2447	 3.2431	
15	 13.208	 ‐1	1	3	 13.219	 ‐0.0112 100.0 100.000 3.0838	 3.0929	
16	 13.507	 ‐1	3	1	 13.534	 ‐0.0268 7.4 4.543 3.0158	 3.0098	
17	 14.045	 ‐3	2	1	 14.041	 0.0033 44.1 22.50 2.9009	 2.9016	
18	 14.640	 2	3	0	 14.645	 ‐0.0096 8.7 8.749 2.7843	 2.7825	
19	 14.992	 2	2	2	 14.996	 ‐0.0032 66.5 66.920 2.7184	 2.7179	
20	 15.199	 ‐1	3	2	 15.203	 ‐0.0042 50.2 49.313 2.6818	 2.6810	
21	 15.452	 ‐4	1	1	 15.441	 0.0107 3.5 2.694 2.6381	 2.6399	
22	 15.831	 ‐3	1	3	 15.841	 ‐0.0094 8.4 5.831 2.5753	 2.5738	
23	 16.024	 1	3	2	 16.028	 ‐0.0048 24.5 24.171 2.5445	 2.5438	
24	 16.306	 1	2	3	 16.314	 ‐0.0076 11.0 10.051 2.5007	 2.4996	
25	 16.614	 2	1	3	 16.606	 0.0078 6.6 8.471 2.4547	 2.4558	
26	 17.067	 ‐4	2	1	 17.068	 ‐0.0012 19.3 14.149 2.3901	 2.3899	
27	 17.274	 4	2	0	 17.290	 ‐0.0168 23.4 17.960 2.3617	 2.3594	
28	 17.504	 ‐1	4	1	 17.506	 ‐0.0012 5.2 5.033 2.3308	 2.3306	
29	 17.886	 ‐3	3	2	 17.902	 ‐0.0153 1.3 2.255 2.2814	 2.2795	
30	 18.151	 1	0	4	 18.152	 ‐0.0002 1.6 1.394 2.2483	 2.2483	
31	 18.420	 ‐2	3	3	 18.426	 ‐0.0059 2.0 2.730 2.2158	 2.2151	
32	 18.824	 1	3	3	 18.828	 ‐0.0038 7.6 3.298 2.1687	 2.1682	
33	 19.128	 ‐5	0	2	 19.141	 ‐0.0131 6.8 4.548 2.1346	 2.1331	

Final	2θ	window:	0.04,	Symmetry:	monoclinic,	a	=	11.019(5)	Å;	b	=	9.746(6)	Å;	c	=	9.791(8)	Å;	

β	=	101.49(5)°;	V	=	1030.4(7)	Å3.	
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Table	A3‐2	Summary	of	the	indexed	XRD	reflections	of	Li2MnP2O7		
using	Mo	radiation	in	the	2θ	range	of	~	5–20°.	

	

No.	 2θ	[obs]	(°)	 h	k	l	 2θ	[calc]	(°) △2θ	(°)	 Int.	 Int.	[calc]	 d	[obs]	(Å)	 d	[calc]	(Å)

1	 5.581	 1	1	0	 5.571	 0.0104 3.2 5.786 7.2842	 7.2978	
2	 5.909	 0	1	1	 5.903	 0.0059 6.2 10.799 6.8809	 6.8878	
3	 6.479	 ‐1	1	1	 6.478	 0.0006 29.1 51.833 6.2761	 6.2766	
4	 7.458	 2	0	0	 7.459	 ‐0.0004 39.4 81.487 5.4528	 5.4525	
5	 8.532	 2	1	0	 8.533	 ‐0.0012 9.8 20.310 4.7677	 4.7671	
6	 8.769	 ‐2	1	1	 8.773	 ‐0.0035 5.7 8.890 4.6389	 4.6371	
7	 9.093	 1	2	0	 9.086	 0.0068 14.2 20.914 4.4742	 4.4775	
8	 9.395	 ‐1	1	2	 9.403	 ‐0.0074 21.9 27.357 4.3304	 4.3270	
9	 9.964	 ‐2	0	2	 9.972	 ‐0.0082 11.5 17.722 4.0837	 4.0804	
10	 10.345	 1	2	1	 10.351	 ‐0.0054 4.3 7.033 3.9336	 3.9316	
11	 10.764	 1	1	2	 10.755	 0.0089 6.3 9.703 3.7812	 3.7843	
12	 11.167	 2	2	0	 11.155	 0.0118 30.5 34.923 3.6451	 3.6489	
13	 11.340	 ‐2	2	1	 11.340	 ‐0.0003 40.6 58.831 3.5897	 3.5896	
14	 11.839	 0	2	2	 11.821	 0.0176 37.4 26.613 3.4388	 3.4439	
15	 11.937	 3	1	0	 11.943	 ‐0.0060 41.0 59.573 3.4107	 3.4090	
16	 12.419	 2	0	2	 12.411	 0.0078 2.0 3.463 3.2789	 3.2809	
17	 13.062	 ‐1	1	3	 13.062	 ‐0.0003 100.0 100.000 3.1181	 3.1180	
18	 13.308	 0	1	3	 13.309	 ‐0.0009 10.8 10.233 3.0606	 3.0604	
19	 13.401	 ‐1	3	1	 13.406	 ‐0.0056 11.9 13.344 3.0396	 3.0384	
20	 13.864	 ‐3	2	1	 13.848	 0.0153 34.5 28.985 2.9386	 2.9418	
21	 14.534	 1	1	3	 14.550	 ‐0.0161 12.0 9.407 2.8038	 2.8007	
22	 14.949	 2	2	2	 14.939	 0.0096 69.4 74.936 2.7263	 2.7280	
23	 15.542	 ‐3	1	3	 15.550	 ‐0.0076 12.3 9.715 2.6228	 2.6215	
24	 15.943	 1	3	2	 15.936	 0.0075 41.3 42.879 2.5573	 2.5585	
25	 16.235	 1	2	3	 16.238	 ‐0.0031 8.4 12.91 2.5116	 2.5111	
26	 16.593	 0	4	0		 16.610	 ‐0.0172 5.2 3.808 2.4578	 2.4553	
27	 16.836	 ‐4	2	1	 16.832	 0.0038 15.9 17.949 2.4226	 2.4231	
28	 17.008	 ‐1	1	4	 17.002	 0.0068 16.1 13.683 2.3982	 2.3992	
29	 17.123	 4	2	0	 17.114	 0.0096 24.3 19.757 2.3822	 2.3835	
30	 17.364	 ‐1	4	1	 17.351	 0.0129 5.6 4.488 2.3494	 2.3512	
31	 17.570	 ‐1	3	3	 17.587	 ‐0.0165 8.9 5.553 2.3221	 2.3199	
32	 18.194	 ‐2	3	3	 18.193	 0.0012 4.6 5.593 2.2431	 2.2433	
33	 18.688	 4	0	2	 18.717	 ‐0.0284 8.7 4.503 2.1543	 2.1810	

Final	2θ	window:	0.03,	Symmetry:	monoclinic,	a	=	11.169(5)	Å;	b	=	9.821(4)	Å;	c	=	9.897(5)	Å;	

β	=	102.49(4)°;	V	=	1059.9(6)	Å3.	
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Table	A3‐3	Summary	of	the	indexed	XRD	reflections	of	Li2CoP2O7		
using	Mo	radiation	in	the	2θ	range	of	~	5–18°.	

	

No.	 2θ	[obs]	(°)	 h	k	l	 2θ	[calc]	(°) △2θ	(°)	 Int.	 d	[obs]	(Å)	 d	[calc]	(Å)

1	 5.975	 0	1	1	 5.977	 ‐0.0023 4.0 6.8050	 6.8023	
2	 6.590	 ‐1	1	1	 6.591	 ‐0.0012 47.1 6.1704	 6.1693	
3	 7.576	 2	0	0	 7.574	 0.0027 34.6 5.3679	 5.3698	
4	 8.401	 0	2	0	 8.401	 0.0001 4.4 4.8419	 4.8420	
5	 8.668	 2	1	0	 8.662	 0.0063 8.7 4.6928	 4.6962	
6	 8.938	 ‐2	1	1	 8.938	 ‐0.0000 5.4 4.5513	 4.5513	
7	 9.214	 1	2	0	 9.217	 ‐0.0031 10.4 4.4156	 4.4141	
8	 9.532	 ‐1	1	2	 9.552	 ‐0.0198 10.4 4.2686	 4.2597	
9	 10.182	 ‐2	0	2	 10.169	 0.0135 11.3 3.9966	 4.0018	
10	 10.852	 1	1	2	 10.856	 ‐0.0034 4.8 3.7504	 3.7492	
11	 11.323	 2	2	0	 11.320	 0.0036 23.9 3.5948	 3.5960	
12	 11.535	 ‐2	2	1	 11.533	 0.0018 41.8 3.5291	 3.5297	
13	 12.130	 3	1	0	 12.126	 0.0044 46.1 3.3566	 3.3578	
14	 12.635	 2	2	1	 12.637	 ‐0.0021 2.1 3.2231	 3.2225	
15	 13.244	 ‐1	1	3	 13.251	 ‐0.0071 100.0 3.0754	 3.0737	
16	 13.499	 0	1	3	 13.460	 ‐0.0115 8.1 3.0288	 3.0262	
17	 13.605	 ‐1	3	1	 13.607	 ‐0.0019 4.5 2.9941	 2.9937	
18	 14.108	 ‐3	2	1	 14.091	 0.0173 44.3 2.8879	 2.8915	
19	 14.722	 2	3	0	 14.730	 ‐0.0083 6.8 2.7682	 2.7666	
20	 15.094	 2	2	2	 15.094	 ‐0.0007 64.6 2.7003	 2.7002	
21	 15.266	 ‐1	3	2	 15.274	 ‐0.0075 50.3 2.6699	 2.6686	
22	 15.801	 ‐4	0	2	 15.814	 ‐0.0129 6.4 2.5802	 2.5781	
23	 15.880	 ‐3	1	3	 15.851	 0.0295 6.3 2.5673	 2.5721	
24	 16.121	 1	3	2	 16.128	 ‐0.0066 28.8 2.5292	 2.5282	
25	 16.393	 1	2	3	 16.407	 ‐0.0144 11.5 2.4876	 2.4855	
26	 16.718	 2	1	3	 16.713	 0.0058 6.9 2.4395	 2.4403	
27	 17.149	 ‐4	2	1	 17.127	 0.0217 19.5 2.3787	 2.3817	
28	 17.379	 4	2	0	 17.374	 0.0047 23.2 2.3475	 2.3481	
29	 17.605	 ‐1	4	1	 17.607	 ‐0.0021 4.8 2.3176	 2.3173	

Final	2θ	window:	0.04,	Symmetry:	monoclinic,	a	=	10.974(4)	Å;	b	=	9.684(5)	Å;	c	=	9.766(6)	Å;	

β	=	101.87(4)°;	V	=	1015.7(6)	Å3.	
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Figure	A3‐1	Measured	and	theoretical	XRD	patterns	(Mo	PSD)	of	Li2FeP2O7.	
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Figure	A3‐2	Measured	and	calculated	XRD	patterns	(Mo	PSD)	of	Li2MnP2O7.	
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Table	A3‐4	Lattice	parameters	for	Li2Fe1‐xMnxP2O7,	Li2Fe1‐yCoyP2O7	and	
Li2Fe1/3Mn1/3Co1/3P2O7	compounds	with	monoclinic	symmetry.	

	

Chemical	formula	 a	(Å)		 b	(Å)		 c	(Å)		 β	(deg)	 V	(Å
3
)		

Li2MnP2O7	 11.169(5) 9.821(4)	 9.897(5) 102.49(4)	 1059.9(6)

Li2Fe0.1Mn0.9P2O7	 11.139(6) 9.815(7)	 9.893(6) 102.42(4)	 1057.8(7)

Li2Fe0.2Mn0.8P2O7	 11.108(7) 9.801(5)	 9.873(4) 102.28(5)	 1050.3(6)

Li2Fe0.5Mn0.5P2O7	 11.094(3) 9.784(3)	 9.863(3) 102.05(3)	 1047.0(4)

Li2Fe0.8Mn0.2P2O7	 11.035(6) 9.766(6)	 9.817(6) 101.79(7)	 1035.6(8)

Li2FeP2O7	 11.019(5) 9.746(6)	 9.791(8) 101.49(5)	 1030.4(7)

Li2Fe0.8Co0.2P2O7	 11.019(3) 9.742(4)	 9.792(5) 101.56(4)	 1029.8(5)

Li2Fe0.5Co0.5P2O7	 10.999(5) 9.725(4)	 9.768(5) 101.61(5)	 1023.5(5)

Li2Fe0.2Co0.8P2O7	 10.979(5) 9.704(7)	 9.766(6) 101.65(6)	 1019.1(6)

Li2Fe0.1Co0.9P2O7	 10.984(7) 9.695(7)	 9.769(6) 101.82(6)	 1018.2(8)

Li2CoP2O7	 10.974(4) 9.684(5)	 9.766(6) 101.87(4)	 1015.7(6)

Li2Fe1/3Mn1/3Co1/3P2O7	 11.041(6) 9.757(4)	 9.818(6) 102.05(4)	 1034.3(6)
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Figure	A3‐3	Li2MnP2O7	(Au	electrodes):	Impedance	complex	plane	plots,	Z*,		
at	150°C	to	(d)	300°C	in	N2.	
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Figure	A3‐4	Li2MnP2O7	(Au	electrodes):	(a)	spectroscopic	plots	of	capacitance,	C’,		

(b)	spectroscopic	plots	of	admittance,	Y’,	at	different	temperatures	of	150°C	to	300°C.	
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Figure	A3‐5	Li2MnP2O7	(Au	electrodes):	(a,	b)	Impedance	complex	plane	plots,	Z*;		
(c)	spectroscopic	plots	of	capacitance,	C’;	(d)	spectroscopic	plots	of	admittance,	Y’,		

at	a	measuring	temperature	of	300°C	with	different	dc	bias	of	0–3V	in	N2.	
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Figure	A3‐5	(continued)	
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(III)	Li2CoP2O7	

	 Z*	plots	of	Li2CoP2O7	with	sputtered‐Pt	electrodes	at	various	temperatures	are	given	

in	Fig.	A3‐6.	Two	distorted	semicircles	at	150°C	are	observed,	(a).	At	higher	temperatures	

of	200°C	and	250°C,	they	consist	of	a	high‐frequency	non‐ideal	semicircle	of	resistance	(R1),	

a	larger	intermediate‐frequency	arc	of	resistance	(R2),	and	a	low‐frequency	arc	or	spike,	(b)	

and	(c).	At	temperatures	above	~250	°C,	only	the	resistance	R2	can	be	identified,	(d)	and	

(e).	As	the	temperature	 increases,	 the	low	frequency	effect	 is	a	combination	of	a	curve	at	

low	frequency	and	a	linear	response	at	higher	frequency,	(f).		

C’	plots	as	a	function	of	frequency	over	a	wide	temperature	range	can	be	observed	

from	Fig.	A3‐7	 (a),	 which	 shows	 three	 well‐resolved	 plateaus.	 The	 first	 plateau	 at	 high	

frequencies	 is	 attributed	 to	 the	 bulk	 capacitance,	 C1.	 Its	 value	 is	 ≈7	 pFcm‐1	 at	 150°C	

(arrowed).	 A	 second	 one	 at	 intermediate‐frequencies	 is	 nicely	 resolved	 at	 temperatures	

above	 200°C,	 which	 is	 assigned	 to	 capacitance	 C2	 with	 ≈10	 nFcm‐1.	 At	 the	 highest	

temperatures	and	 lowest	 frequencies,	 the	capacitance	 increases	 to	≈3×10‐5	Fcm‐1,	 a	 third	

capacitance	C3,	and	is	attributed	to	the	typical	double	layer	interface.			

Conductivity,	Y’,	data	as	a	 function	of	 frequency	are	presented	 in	Fig.	A3‐7	(b).	At	

150°C,	the	Y’	plot	shows	two	approximately	frequency	independent	plateaus,	one	below	~1	

Hz	and	one	between	~	103	and	104	Hz,	and	a	high	frequency	dispersion,	above	~105	Hz.		As	

the	 temperature	 increases,	 the	 data	 at	 lower	 frequencies	 show	 a	 curvature	 to	 lower	

conductivity	values	and	the	high‐frequency	dispersion	shifts	out	of	the	frequency	window.	

Fig.	A3‐8	shows	a	linear	Arrhenius	response	with	activation	energy	of	R2,	0.79(2)	eV,	

which	is	higher	than	that	of	bulk	R1,	0.62(1)	eV,	for	Li2CoP2O7	with	Pt‐sputtered	electrode.	

The	total	conductivity,	(R1	+	R2)‐1,	is	limited	by	large	R2	resistances.	
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Figure	A3‐6	Li2CoP2O7:	Impedance	complex	plane	plots,	Z*,		
at	(a)	150°C	to	(f)	400°C	in	N2.	

(continued	on	next	page)	
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Figure	A3‐6	(continued)	

 
 

 

 

 

 

 

 

 

Figure	A3‐7	Li2CoP2O7:	(a)	spectroscopic	plots	of	capacitance,	C’,	(b)	spectroscopic	
plots	of	admittance,	Y’,	at	different	temperatures	of	150°C	to	400°C.	
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Figure	A3‐8	Arrhenius	plots	of	R1‐1,	R2‐1	and	total	conductivity	for	Li2CoP2O7.	
 

 Fig.	A3‐9	(a,	b)	 shows	 the	high	 temperature	 impedance	data	 at	 400°C	 in	N2	with	

various	dc‐bias	of	0–3	V.	As	 the	bias	was	 increased	 from	0V	 to	3V,	R1	 and	R2	showed	no	

difference,	 but	 the	 sloped	 tail	 at	 low‐frequencies	 is	 getting	much	 smaller.	 In	 addition,	 an	

increased	electrode	capacitance	(c)	 at	 low	 frequencies	 is	 found	on	 increasing	 the	dc‐bias	

from	 0V	 to	 2V,	 but	with	 a	 slightly	 decrease	 between	 2V	 to	 3V	 bias.	 The	 high‐frequency	

responses	of	 capacitance	(c)	 and	admittance	 (d)	 do	not	 change	with	 the	applied	dc‐bias,	

but	an	 increased	conductivity	at	 low	frequencies	 is	obtained	because	of	higher	dc‐bias	of	

above	1V,	see	arrowed.		

	 Fig.	A3‐10	 shows	 the	 time‐dependent	 impedance	data	after	 removal	of	3V	bias	at	

400°C	in	N2.	On	removal	of	the	dc	bias,	the	angle	of	the	low‐frequency	tail	with	the	Z’	axis	

increases	with	time	and	the	resistance	of	R2	has	not	changed,	(a)	and	(b).	After	18	hours,	

the	values	of	capacitance	(c)	and	admittance	(d)	at	high	frequencies	are	still	 the	same	as	

the	original	ones.	However,	an	increased	response	for	C’	and	Y’	are	found	at	frequency	less	

than	5	Hz.	
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Figure	A3‐9	(a,	b)	Impedance	complex	plane	plots,	Z*;	(c)	spectroscopic	plots	of	
capacitance,	C’;	(d)	spectroscopic	plots	of	admittance,	Y’,	at	a	measuring	temperature	

of	400°C	with	different	dc	bias	of	0–3V	in	N2.	
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Figure	A3‐10	Impedance	data	with	time	after	removal	of	3V	bias	at	400°C	in	N2.	
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	 Micrographs	 of	 the	 surface	 of	 Pt‐sputtered	 Li2CoP2O7,	 after	 applying	 3V	 bias	 at	

400°C	in	N2,	are	shown	in	Fig.	A3‐11.	The	electrode	color	on	the	negative	side	became	dark	

probably	due	to	electrode	decomposition	as	a	result	of	voltage	effect.	Higher	temperature	

impedance	data	in	N2	and	Air,	Fig.	A3‐12,	show	the	R1,	R2	and	electrode	responses	without	

a	dc‐bias	do	not	change	a	lot	with	different	atmospheres.	Only	a	tiny	increased	conductivity	

(c)	is	observed	in	air	at	low	frequencies.	

	

 

     
 

Figure	A3‐11	Positive	(+)	and	negative	(−)	surface	micrographs	of		
Pt‐sputtered	Li2CoP2O7	pellet	after	3V	dc‐bias.	

	

	

	

	

 

 

 

 

 

 

 

 

 

(+) (−) 



K.C.	Hsiao,	PhD	Thesis,	Appendices	Part	1	

‐	254	‐	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure	A3‐12	(a)	Impedance	complex	plane	plot,	Z*;	(b)	spectroscopic	plots	of	
capacitance,	C’;	(c)	spectroscopic	plots	of	admittance,	Y’,	for	Li2CoP2O7	in	various	

atmospheres	at	400°C	without	dc‐bias.	
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(IV)	Li2Fe1/3Mn1/3Co1/3P2O7	

	 Impedance	 complex	 plane,	 Z*	 plots,	 for	 Li2Fe1/3Mn1/3Co1/3P2O7	 with	 sputtered	 Pt	

electrodes	at	different	 temperatures	 from	150°C	 to	400°C	 in	N2	are	shown	 in	Fig.	A3‐13.	

Two	distorted	semicircles	and	low	frequency	dispersions	at	low	temperature	are	observed,	

see	 (a,	b).	 At	 higher	 temperature	 of	 250°C,	 Z*	 plot	 shows	 a	 high‐frequency	 arc	 of	 bulk	

resistance	(R1),	an	intermediate‐frequency	arc	of	resistance	(R2),	and	a	large	low‐frequency	

electrode	 spike,	 see	 (c).	 At	 temperatures	 above	 ~300	 °C,	 the	 length	 and	 slope	 of	 the	

electrode	spike	at	lower	frequencies	increase,	as	shown	in	(d,	e,	f).	

	 The	capacitance,	C’,	data	as	a	function	of	frequency	at	different	temperatures,	show	

an	 associated	 plateau	 at	 high	 frequency	 of	 ~7	 pFcm‐1	 (arrowed),	 see	 Fig.	A3‐14	 (a).	 A	

dispersion	at	 lower	frequency	is	found	at	150°C.	The	capacitance	of	R2	response	at	 lower	

frequency	 can	be	 resolved	at	 temperatures	of	≥	250oC.	Electrical	double	 layer	associated	

with	a	capacitance	of	~5×10‐5	Fcm‐1	was	verified	at	higher	temperatures	up	to	300°C.	

	 Conductivity,	Y’,	data	as	a	function	of	frequency	are	shown	in	Fig.	A3‐14	(b).	At	the	

highest	 temperature,	 Y’	 spectra	 do	 not	 show	 a	 frequency‐independent	 dc	 conductivity	

plateau	but	with	increasing	temperature	above	300°C,	the	low	frequency	data	show	a	rapid	

curvature	 to	 lower	 conductivity	 values.	This	 is	 attributed	 to	 the	 ionic	 blocking	 character	

and	the	electrical	double	layer	effect.		

	 Fig.	A3‐15	shows	a	linear	Arrhenius	response	with	activation	energy	of	R2,	0.84(3)	

eV,	 which	 is	 higher	 than	 that	 of	 bulk	 R1,	 0.60(1)	 eV,	 for	 Li2Fe1/3Mn1/3Co1/3P2O7	with	 Pt‐

sputtered	electrode.	The	total	conductivity	is	limited	by	large	R2	resistances. 
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Figure	A3‐13	Li2Fe1/3Mn1/3Co1/3P2O7:	Impedance	complex	plane	plots,	Z*,		

at	(a)	150°C	to	(f)	400°C	in	N2.	
(continued	on	next	page)	
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Figure	A3‐13	(continued)	

	

	

	

	

	

	

	

	

		

Figure	A3‐14	Li2Fe1/3Mn1/3Co1/3P2O7:	(a)	spectroscopic	plots	of	capacitance,	C’,		
(b)	spectroscopic	plots	of	admittance,	Y’,	at	different	temperatures	of	150°C	to	400°C.	
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Figure	A3‐15	Arrhenius	plots	of	the	R1‐1,	R2‐1	and	total	conductivity	for	

Li2Fe1/3Mn1/3Co1/3P2O7. 
 

 Fig.	A3‐16	(a)	shows	the	impedance	data	at	400°C	in	N2	with	different	dc	bias	of	0–

3	V.	The	electrode	slope	decreased	with	applying	dc‐bias	from	0V	to	3V,	and	specifically,	an	

inclined	 arc	 is	 observed	 at	 3V	 (b).	 An	 increased	 electrode	 capacitance	 (c)	 at	 low	

frequencies	is	found	applying	dc‐bias	from	0V	to	2V,	but	slightly	decreased	from	2V	to	3V.	

The	 responses	 of	 C’	 (c)	 and	 Y’	 (d)	 of	 bulk	 and	 grain	 boundary	 do	 not	 change	 with	 the	

applied	dc‐bias,	however,	an	 increase	 in	conductivity	 is	observed	attributed	to	higher	dc‐

bias	of	above	1V.		

	 Fig.	A3‐17	(a)	shows	the	time‐dependent	impedance	data	after	removal	of	3V	bias	

at	400°C	in	N2.	On	removal	of	the	dc	bias,	after	10	hours,	the	resistance	of	R2	(b)	increased	

to	 higher	 value,	 and	 the	 responses	 of	 capacitance	 (c)	 and	 admittance	 (d)	 of	 R1	 +	 R2	

(arrowed)	at	high	frequencies	slightly	decreased.	In	addition,	increased	values	for	C’	and	Y’	

at	frequency	less	than	1	Hz	are	found.	
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Figure	A3‐16	(a,	b)	Impedance	complex	plane	plots,	Z*;	(c)	spectroscopic	plots	of	

capacitance,	C’;	(d)	spectroscopic	plots	of	admittance,	Y’,	at	a	measuring	temperature	
of	400°C	with	different	dc	bias	of	0–3V	in	N2.	
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Figure	A3‐17	Impedance	data	with	time	after	removal	of	3V	bias	at	400°C	in	N2.	
 
 
 
 
 
 
 

0 1 2 3
0

1

2

3

-Z
''
1

0-5
 / 


 c
m

Z'10-5 / cm

 0V
 R0V-2h
 R0V-4h
 R0V-6h
 R0V-10h

 

 

 

0.00 0.05 0.10
0.00

0.05

0.10

-Z
''
1

0-5
 / 


 c
m

Z'10-5 / cm

 0V
 R0V-2h
 R0V-4h
 R0V-6h
 R0V-10h

 

 

-2 -1 0 1 2 3 4 5 6 7
-12

-11

-10

-9

-8

-7

-6

-5

-4

-3

lo
g 

C
' /

 F
cm

-1

log f / Hz

 0V
 R0V-2h
 R0V-4h
 R0V-6h
 R0V-10h

 

 

 

 

 

-2 -1 0 1 2 3 4 5 6 7
-7

-6

-5

-4

-3

lo
g 

Y
' /

 S
cm

-1

log f / Hz

 0V
 R0V-2h
 R0V-4h
 R0V-6h
 R0V-10h

 

 

(a) (b) 

(c) (d) 

R2 



K.C.	Hsiao,	PhD	Thesis,	Appendices	Part	1	

‐	261	‐	

 Micrographs	 of	 surface	 of	 Pt‐sputtered	 Li2Fe1/3Mn1/3Co1/3P2O7,	 after	 applying	 3V	

bias	at	400°C	in	N2,	are	shown	in	Fig.	A3‐18.	The	electrode	on	negative	side	presents	a	dark	

color	 and	 a	 discrete	 contact	 on	 surface	 probably	 owing	 to	 electrode	 decomposition	 as	 a	

result	of	voltage	applied.	Higher	temperature	impedance	data,	at	400oC,	in	N2	and	Air,	Fig.	

A3‐19	(a),	show	the	bulk,	grain	boundary	and	electrode	response	without	a	dc‐bias	do	not	

change	a	lot	with	different	atmospheres.	However,	a	slightly	decreased	capacitance	(b)	at	

intermediate	frequencies	is	observed	and	a	tiny	decreased	and	increased	conductivity	(c)	

are	found	at	higher	and	lower	frequencies,	respectively.	

 

    
 

Figure	A3‐18	Positive	(+)	and	negative	(−)	side	micrographs	of		
Pt‐sputtered	Li2Fe1/3Mn1/3Co1/3P2O7	after	3V	dc‐bias.	
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Figure	A3‐19	(a)	Impedance	complex	plane	plot,	Z*;	(b)	spectroscopic	plots	of	
capacitance,	C’;	(c)	spectroscopic	plots	of	admittance,	Y’,	for	Li2Fe1/3Mn1/3Co1/3P2O7		

in	various	atmospheres	at	400°C	without	dc‐bias.	
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Figure	A3‐20	Li2CoP2O7	(Au	electrodes):	Impedance	complex	plane	plots,	Z*,		
at	(a)	150°C	to	(d)	300°C	in	N2.	
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Figure	A3‐21	Li2CoP2O7	(Au	electrodes):	(a)	spectroscopic	plots	of	capacitance,	C’,	

(b)	spectroscopic	plots	of	admittance,	Y’,	at	different	temperatures	of	150°C	to	300°C.	
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Figure	A3‐22	Li2CoP2O7	(Au	electrodes):	(a,	b)	Impedance	complex	plane	plots,	Z*;		
(c)	spectroscopic	plots	of	capacitance,	C’;	(d)	spectroscopic	plots	of	admittance,	Y’,		

at	a	measuring	temperature	of	300°C	with	different	dc	bias	of	0–3	V	in	N2.	
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Figure	A3‐23	Li2Fe1/3Mn1/3Co1/3P2O7	(Au	electrodes):	Impedance	complex	plane	plots	

Z*,	at	(a)	150°C	to	(d)	300°C	in	N2.	
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Figure	A3‐24	Li2Fe1/3Mn1/3Co1/3P2O7	(Au	electrodes):	(a)	spectroscopic	plots	of	
capacitance,	C’,	(b)	spectroscopic	plots	of	admittance,	Y’,	at	different	temperatures	of	

150°C	to	300°C.	
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Figure	A3‐25	Li2Fe1/3Mn1/3Co1/3P2O7:	(a,	b)	Impedance	complex	plane	plots,	Z*;		
(c)	spectroscopic	plots	of	capacitance,	C’;	(d)	spectroscopic	plots	of	admittance,	Y’,		

at	a	measuring	temperature	of	300°C	with	different	dc	bias	of	0–3	V	in	N2.	
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Figure	A3‐25	(continued)	
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Figure	A4‐1	Li1.85Nb0.05Fe0.95P2O7:	Impedance	complex	plane	plots,	Z*,	at	(a)	150	to	
325°C	in	air,	(b)	close‐up	image	of	(a);	(c)	spectroscopic	plots	of	capacitance,	C’,	and	

(d)	spectroscopic	plots	of	admittance,	Y’,	in	air.	
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Figure	A4‐2	Li1.95Nb0.05Fe0.9P2O7:	Impedance	complex	plane	plots,	Z*,	at	(a)	125	to	
300°C	in	air,	(b)	close‐up	image	of	(a);	(c)	spectroscopic	plots	of	capacitance,	C’,	and	

(d)	spectroscopic	plots	of	admittance,	Y’,	in	air.	
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Figure	A5‐1	Li2.05FeP2O6.95N0.05:	Impedance	complex	plane	plots,	Z*,	at	(a)	125	to	

225°C	in	air,	(b)	close‐up	image	of	(a);	(c)	spectroscopic	plots	of	capacitance,	C’,	and	
(d)	spectroscopic	plots	of	admittance,	Y’.	
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Figure	A5‐2	Li2.1FeP2O6.9N0.1:	Impedance	complex	plane	plots,	Z*,	at	(a)	150	to	275°C	
in	air,	(b)	close‐up	image	of	(a);	(c)	spectroscopic	plots	of	capacitance,	C’,	and	(d)	

spectroscopic	plots	of	admittance,	Y’.		
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Table	A6‐1	Summary	of	the	indexed	XRD	reflections	of	LiZn1.5P2O7		
using	Cu	radiation	(PSD)	in	the	2θ	range	of	~	10–40°.	

	

No.	 2θ	[obs]	(°)	 H		K		L 2θ	[calc]	(°) △2θ	(°)	 Int.	 d	[obs]	(Å)	 d	[calc]	(Å)	 Int.	[calc]	

1	 10.991	 0			0			2	 10.974	 0.0176 					5.0 8.0432	 8.0561	 5.944
2	 13.434	 0			2			0	 13.422	 0.0114 					3.5 6.5859	 6.5915	 4.023
3	 14.512	 0			2			1	 14.507	 0.0040 					9.4 6.0990	 6.1007	 12.287
4	 17.151	 1			0			0	 17.126	 0.0252 				8.6 5.1659	 5.1734	 7.300
5	 17.376	 0			2			2 17.369	 0.0073 	13.6 5.0994 5.1015	 14.820
6	 18.419	 1			1			0	 18.408	 0.0109 					2.0 4.8130	 4.8159	 1.813
7	 20.382	 1			0			2 20.385	 	‐0.0029 	19.1 4.3537 4.3531	 20.886
8	 21.340	 0			2			3	 21.323	 0.0173 		13.7 4.1603	 4.1636	 14.994
9	 21.826	 1			2			0	 21.821	 0.0041 100.0 4.0689	 4.0696	 100.000
10	 22.523	 1			2			1 22.516	 0.0071 15.1 3.9445 3.9457	 14.754
11	 24.495	 1			2			2	 24.486	 0.0089 2.6 3.6312	 3.6325	 2.214
12	 24.818	 1			1			3 24.812	 0.0060 65.2 3.5847 3.5855	 70.842
13	 26.591	 1			3			0	 26.594	 		‐0.0028 0.2 3.3496	 3.3492	 0.250
14	 27.174	 1			3			1	 27.173	 0.0017 12.3 3.2789	 3.2791	 11.986
15	 27.478	 1			2			3 27.476	 0.0025 20.9 3.2433 3.2436	 19.112
16	 28.054	 1			0			4	 28.052	 0.0021 3.4 3.1780	 3.1783	 2.791
17	 28.870	 1			1			4 28.873	 ‐0.0033 59.5 3.0901 3.0897	 49.977
18	 29.248	 0			4			2	 29.254	 		‐0.0059 8.2 3.0510	 3.0504	 9.436
19	 30.848	 0			2			5 30.862	 	‐0.0139 3.3 2.8963 2.8950	 3.247
20	 31.234	 1			2			4	 31.218	 0.0166 1.2 2.8614	 2.8629	 1.236
21	 31.825	 0			4			3	 31.831	 		‐0.0062 30.9 2.8096	 2.8090	 34.863
22	 32.176	 1			4			0	 32.177	 		‐0.0009 7.5 2.7797	 2.7796	 7.078
23	 32.662	 1			4			1	 32.666	 		‐0.0040 3.1 2.7395	 2.7392	 3.216
24	 33.374	 0			0			6 33.339	 0.0345 2.3 2.6827 2.6854	 1.752
25	 34.086	 1			4			2	 34.094	 		‐0.0075 22.5 2.6282	 2.6276	 25.051
26	 34.634	 2			0			0 34.650	 	‐0.0161 1.9 2.5879 2.5867	 1.732
27	 35.143	 0			4			4	 35.154	 		‐0.0112 4.7 2.5515	 2.5507	 6.055
28	 35.785	 2			1			1	 35.783	 0.0022 3.9 2.5072	 2.5074	 3.680
29	 36.083	 0			2			6 36.087	 	‐0.0044 18.0 2.4872 2.4869	 21.793
30	 36.362	 1			4			3	 36.364	 		‐0.0020 27.8 2.4687	 2.4686	 31.105
31	 37.106	 2			1			2 37.105	 0.0005 5.1 2.4210 2.4210	 6.434
32	 37.703	 1			0			6	 37.712	 		‐0.0087 6.2 2.3839	 2.3834	 8.077
33	 38.286	 1			5			0	 38.284	 0.0024 3.3 2.3490	 2.3491	 4.068
34	 38.715	 1			5			1 38.705	 0.0105 0.8 2.3239 2.3245	 0.893
35	 39.217	 2			1			3	 39.225	 		‐0.0080 24.4 2.2954	 2.2949	 24.078
36	 40.194	 1			2			6 40.201	 	‐0.0074 3.2 2.2418 2.2414	 3.851

Final	2θ	window:	0.04,	Symmetry:	orthorhombic,	a	=	5.1734(4)	Å;	b	=	13.1830(8)	Å;		

c	=	16.1122(12)	Å;	V	=	1098.87(10)	Å3;	Z	=	4.	

PDF	card	04‐017‐1973:	a	=	5.1733(3)	Å;	b	=	13.1797(7)	Å;	c	=	16.1108(9)	Å;	V	=	1098.48	Å3	
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Figure	A6‐1	XRD	patterns	(Cu	PSD)	of	Li4xZn2‐2xP2O7	(x=0.2	and	0.25).

Li4xZn2-2xP2O7: 
 

▬   x=0.25      LiZn1.5P2O7 

▬   x=0.20      Li0.8Zn1.6P2O7 

x=0.20 

x=0.25 
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Table	A6‐2	Summary	of	the	indexed	XRD	reflections	of	room‐temperature	
Li2.4Zn0.8P2O7	using	Cu	radiation	(PSD)	in	the	2θ	range	of	~	10–45°.	

	

No.	 2θ	[obs]	(°)	 H		K		L	 2θ	[calc]	(°) △2θ	(°) Int. d	[obs]	(Å) d	[calc]	(Å)	 Int.	[calc]

1	 12.617	 0			1			1	 12.623	 ‐0.0058 3.8 7.0102	 7.0070	 10.61

2	 13.148	 0			2			0	 13.153	 ‐0.0059 7.2 6.7285	 6.7255	 13.41

3	 17.040	 0			2			1	 17.030	 0.0099 2.9 5.1994	 5.2024	 4.40

4	 18.527	 1			1			0	 18.493	 0.0348 1.7 4.7851	 4.7940	 0.30

5	 20.415	 1			0			1	 20.467	 ‐0.0520 34.4 4.3467	 4.3357	 20.02

6	 21.497	 1			1			1	 21.516	 ‐0.0191 19.4 4.1303	 4.1267	 13.81

7	 21.779	 1			2			0	 21.769	 0.0098 60.4 4.0776	 4.0794	 66.07

8	 22.592	 0			1			2	 22.632	 ‐0.0369 5.6 3.9325	 3.9257	 9.11

9	 24.357	 1			2			1	 24.407	 ‐0.0498 1.0 3.6515	 3.6441	 0.40

10	 26.393	 1			3			0	 26.377	 0.0168 11.8 3.3741	 3.3762	 13.61

11	 28.692	 0			4			1	 28.664	 0.0273 100 3.1089	 3.1118	 99.49

1			1			2	 28.713	 ‐0.0212 		 3.1066	 100.00

12	 31.803	 1			4			0	 31.791	 0.0122 22.3 2.8115	 2.8125	 25.13

13	 33.690	 1			4			1	 33.703	 ‐0.0128 11.5 2.6582	 2.6572	 10.31

14	 34.498	 0			4			2	 34.451	 0.0469 5.4 2.5978	 2.6012	 10.01

15	 35.032	 0			5			1	 35.074	 ‐0.0416 2.5 2.5594	 2.5564	 3.10

16	 35.553	 2			1			0	 35.596	 ‐0.0438 5.7 2.5231	 2.5201	 5.71

17	 37.362	 2			1			1	 37.378	 ‐0.0167 4.9 2.4050	 2.4039	 4.90

18	 38.848	 1			4			2	 38.863	 ‐0.0147 2.6 2.3163	 2.3155	 2.50

19	 40.528	 2			3			0	 40.477	 0.0512 1.8 2.2241	 2.2267	 1.80

20	 41.912	 	‐2			1			2	 41.888	 0.0247 2.2 2.1537	 2.1550	 7.41

21	 42.138	 2			1			2	 42.189	 ‐0.0519 5.9 2.1428	 2.1403	 5.81

22	 42.622	 1			3			3	 42.602	 0.0198 9.7 2.1195	 2.1205	 11.61

23	 44.012	 1			5			2	 43.977	 0.0349 3.3 2.0558	 2.0573	 3.30

1			6			0	 44.045	 ‐0.0329 		 2.0543	 3.90

24	 44.378	 2			4			0	 44.377	 0.0011 1.2 2.0396	 2.0397	 0.70

25	 45.508	 	1			6			1	 45.513	 ‐0.0051 9.6 1.9916	 1.9914	 10.41

Final	2θ	window:	0.07,	Symmetry:	monoclinic,	a	=	5.131(2)	Å;	b	=	13.451(4)	Å;		

c	=	8.209(3)	Å;	β	=	90.45(4);	V	=	566.6(3)	Å3;	Z	=	4.	

PDF	card	00‐055‐0703:	a	=	5.1294(8)	Å;	b	=	13.4634(19)	Å;	c	=	8.1865(19)	Å;	

	β	=	90.060(24);	V	=	565.35	Å3	
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Table	A6‐3	Coordinates,	occupancies	and	isotropic	thermal	parameters	of	low‐
temperature	Li2.4Zn0.8P2O7	by	XRD	data	reported	from	Lapshin	et	al.	[6].	

 

Atom	 Site	 x	 y	 z	 100×Uiso	(Å2)	 Occ.	

P1	 4a	 				0.173(3)	 			0.688(7)	 0.226(2)	 1.47(2)	 1	

P2	 4a	 				0.130(3)	 			0.4710(8)	 0.248(2)	 1.47(2)	 1	

Li1	 4a	 				0.298(13)	 			0.793(5)	 0.531(1)	 3.57(3)	 1	

M1	(Li2,	Zn2)	 4a	 				0.113(4)	 			0.117(2)	 0.589(3)	 2.87(2)	 (0.76,	0.24)	

M2	(Li3,	Zn3)	 4a	 				0.118(2)	 			0.1027(6)	 0.940(1)	 1.94(2)	 (0.44,	0.56)	

O1	 4a	 				0.467(4)	 			0.729(2)	 0.704(3)	 2.27(3)	 1	

O2	 4a	 	–0.329(4)	 			0.322(2)	 0.917(3)	 2.27(3)	 1	

O3	 4a	 				0.334(4)	 			0.701(2)	 0.385(3)	 2.27(3)	 1	

O4	 4a	 				0.026(4)	 			0.583(2)	 0.239(3)	 2.27(2)	 1	

O5	 4a	 				0.107(5)	 			0.578(2)	 0.722(3)	 2.27(2)	 1	

O6	 4a	 				0.190(5)	 			0.956(2)	 0.392(4)	 2.27(4)	 1	

O7	 4a	 				0.212(5)	 			0.961(2)	 0.087(4)	 2.27(3)	 1	

RBragg	=	3.06	%;	RRietveld	=	11.99	%		

a(Å)	=	5.130(1);	b(Å)	=	13.454(1);	c(Å)	=	8.205(1);	β(deg)	=	90.36(1);		

Volume(Å3)	=	566.305(48)	

	


