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Abstract 
Lithium‐ion	batteries	(LIB)	have	become	very	important	recently	as	power	
sources	for	portable	electronics	and	electric	vehicles.	Today	non‐renewable	
petroleum‐based	 polymers	 are	 used	 as	 binders	 in	 state‐of‐the‐art	 LIB.	
Therefore,	 it	 is	 essential	 to	 investigate	 alternative	 binders,	 which	 are	
environmentally	friendly	and	inexpensive.	Using	wood‐based	materials,	such	
as	 cellulose	 and	 lignin,	 could	 make	 the	 batteries	 more	 environmentally	
benign,	cheaper	and	easier	to	produce.		

Lignin,	a	byproduct	from	the	pulping	industry	and	the	second	most	abundant	
bio‐polymer	 in	 wood,	 has	 been	 investigated	 for	 the	 first	 time	 as	 binder	
material	 for	 eco‐friendly	 LIB.	 Both	 LiFePO4	 (LFP)	 positive	 and	 graphite	
negative	 electrodes	 using	 pretreated	 lignin	 as	 binder	 exhibited	 good	
electrochemical	 performance.	 The	 drawback	 of	 lignin	 as	 binder	 is	 that	 its	
poor	 mechanical	 properties	 limit	 the	 preparation	 of	 a	 thick	 electrode,	
constraining	the	energy	density	for	LIB.		

In	 order	 to	meet	 the	demands	of	 flexible	 and	bendable	 electronic	devices,	
cellulose	 nanofibrils	 (CNF)	 as	 binder	 materials	 have	 been	 successfully	
fabricated	 for	 flexible	batteries	by	a	water‐based	paper	making	process.	 It	
showed	 excellent	 binding	 properties	 for	 different	 kinds	 of	 electrode	
materials,	which	were	homogenously	dispersed	 in	 its	visible	network.	The	
flexible	electrodes	obtained	good	mechanical	and	electrochemical	properties.	
A	 study	of	different	CNF	shows	 that	 the	manufacturing	process	affects	 the	
performance	of	the	electrodes.		

Another	innovative	LIB	concept	in	this	thesis	was	to	build	both	lightweight	
and	 bendable	 LIB.	 Chopped	 carbon	 fibers	 (CF),	 bound	 by	 CNF,	 were	
demonstrated	 as	 both	 current	 collector	 and	 as	 a	 current	 collector‐free	
negative	electrode,	produced	by	an	easy	filtration	process.	The	gravimetric	
energy	 density	 was	 increased	 compared	 to	 cells	 with	 metallic	 current	
collectors.	The	CF‐based	lightweight	and	flexible	electrode	achieved	a	good	
cycling	stability,	rate	capability,	even	after	4000	times	of	bending.		
	
Keywords: binder,	 lignin,	 TEMPO‐oxidized	 cellulose	 nanofibrils,	 flexible	
paper	electrodes,	lightweight,	eco‐friendly,	Li‐ion	batteries	
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Sammanfattning 
Litiumjon‐batterier	 (LIB)	 har	 på	 senare	 tid	 blivit	 mycket	 viktiga	 som	
strömkällor	 för	 bärbar	 elektronik	 och	 för	 elfordon.	 Idag	 används	 icke	
förnybara	petroleumbaserade	polymerer	som	bindemedel	i	LIB.	Det	är	därför	
viktigt	att	undersöka	alternativa	bindemedel,	som	är	miljövänliga	och	billiga.	
Användning	av	träbaserade	material,	som	cellulosa	och	lignin,	skulle	kunna	
göra	batterier	mer	miljöanpassade,	mindre	dyra	och	enklare	att	producera.		
	
Lignin,	en	biprodukt	från	massaindustrin	och	den	näst	mest	förekommande	
biopolymeren	 i	 trä,	 har	 för	 första	 gången	 undersökts	 som	 bindemedel	 i	
miljövänliga	 LIB.	 Såväl	 positiva	 elektroder	 av	 LiFePO4	 (LFP)	 och	 negativa	
grafitelektroder	 med	 förbehandlat	 lignin	 som	 bindemedel	 visade	 goda	
elektrokemiska	 prestanda.	 Nackdelen	med	 lignin	 som	 bindemedel	 är	 dess	
dåliga	mekaniska	 egenskaper,	 vilket	begränsar	möjligheten	att	 göra	 tjocka	
elektroder	och	i	sin	tur	leder	till	LIB	med	låg	energitäthet.		
	
För	att	möta	behoven	som	flexibla	och	böjbara	elektroniska	tillämpningar	ger	
upphov	 till,	 har	 cellulosa‐nanofibriller	 (CNF)	 använts	 som	 bindemedel	 för	
tillverkning	 av	 flexibla	 batterier	 med	 en	 vattenbaserad	 filtreringsprocess.	
Fibrillerna	visade	utmärkta	egenskaper	som	bindemedel	 för	olika	 typer	av	
elektrodmaterial,	 som	 fördelades	 homogent	 i	 deras	 synliga	 nätverk.	 De	
flexibla	elektroderna	visade	goda	mekaniska	och	elektrokemiska	egenskaper.	
En	 studie	 av	 olika	 CNF	 visar	 att	 tillverkningsprocessen	 av	 CNF	 påverkar	
elektrodernas	prestanda.	
	
Ett	annat	innovativt	LIB‐koncept	i	denna	avhandling	har	varit	att	tillverka	LIB	
som	är	både	böjbara	och	har	en	lätt	vikt.	Klippta	kolfibrer	(CF),	sammanhållna	
av	CNF,	 fungerade	som	strömtilledare	och	som	kombinerad	strömtilledare	
och	 negativ	 elektrod	 tillverkade	 i	 en	 enkel	 filtreringsprocess.	 Den	
gravimetriska	 energitätheten	 var	 högre	 än	 för	 celler	 med	 metalliska	
strömtilledare.	 Den	 CF‐baserade	 lättviktiga	 och	 flexibla	 elektroden	 visade	
god	stabilitet	vid	cykling	även	vid	höga	upp‐	och	urladdningshastigheter	och	
efter	4000	upprepade	böjningar.	
	
Nyckelord: bindemedel,	 lignin,	 TEMPO‐oxiderade	 cellulosa‐nanofibriller,	
flexibla	papperselektroder,	lättvikt,	miljövänliga	Li‐jonbatterier		 	
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1 Background 
	

1.1 Introduction 
Lithium‐ion	batteries	(LIB)	have	gained	considerable	attention	due	to	their	
high	energy	density,	high	efficiency	and	long	life.	They	have	been	widely	used	
as	main	power	sources	for	portable	electronics,	electric	vehicles	(EVs)	with	
zero	 emission,	 full	 hybrid	 electric	 vehicles	 (HEVs)	 and	 plug‐in	 electric	
vehicles	(PHEVs)	[1,	2].	Typically,	LIB	consist	of	two	electrodes	(positive	and	
negative),	a	separator,	electrolyte	and	current	collectors	(Al	for	the	positive	
electrodes,	Cu	for	the	negative	electrodes),	as	shown	in	Figure	1.1.	The	state‐
of‐the‐art	LIB	contain	toxic	and/or	environmentally	unfriendly	components,	
as	well	as	require	complex	production	processes.	Recently,	a	lot	of	effort	has	
been	made	to	develop	low‐cost	and	sustainable	materials	for	eco‐friendly	LIB	
[3,	4].	Meanwhile,	the	next‐generation	flexible	electronic	devices	are	rapidly	
driving	 development	 of	 flexible	 and	 lightweight	 LIB	 in	 order	 to	 meet	 the	
strong	 consumer	market	demand	 for	 various	 applications,	 such	as	 flexible	
light‐emitting	diode	(LED)	displays	[5,	6],	 	wearable	health	monitoring	[7],	
flexible	 sensors	 [8],	 and	 flexible	 radio	 frequency	 identification	 (RFID)	 tags	
[9].		
	
In	this	thesis,	different	environmentally	friendly	wood‐based	materials	and	
light‐weight	 materials	 have	 been	 investigated	 for	 high	 performance,	 eco‐
friendly,	bendable	and	lightweight	LIB.	
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Figure 1.1 Schematic key components and electrochemical process in a Li-ion cell.

 

1.2 Electrodes for Lithium-Ion Batteries (LIB) 
Typically,	 three	 components,	 consisting	 of	 active	 materials,	 conductive	
materials	and	a	binder,	are	employed	to	assemble	electrodes	for	LIB.		

1.2.1 Active materials for LIB 
The	active	materials	for	the	positive	electrodes	acting	as	a	source	of	lithium	
(Li),	are	generally	 insertion‐deinsertion	materials,	such	as	 transition‐metal	
oxide	 or	 compounds	 (LiCoO2,	 LiMn2O4	 or	 LiFePO4).	 LiFePO4	 (LFP)	 is	 an	
interesting	electrode	material	for	green	LIB	since	it	has	an	advantage	in	terms	
of	 low	 cost,	 high	 cycling	 stability,	 high	 environmental	 benignity	 and	 high	
temperature	tolerance	[3,	10].	The	reaction	for	the	LFP	electrodes	is:		
	

	 	 	 	 ⇌ 						 ~	3.4	V	vs	Li/Li+								(1)	
	
Graphite	 is	 a	 common	 active	 material	 for	 the	 negative	 electrodes	 with	 a	
theoretical	capacity	of	372	mAh	g‐1	where	the	 lithium	ions	can	be	 inserted	
and	 extracted	 from	 the	 layered	 structure.	 The	 operation	 voltage	 for	 the	
graphite	negative	electrode	is	relatively	low	(about	0.2V	compared	to	Li/Li+),	
which	 is	 associated	 with	 side	 reactions	 as	 well	 as	 safety	 problems.	 The	
reaction	of	the	graphite	negative	electrodes	is:		
	

	⇌ 																			 ~	0.2	V	vs	Li/Li+								(2)	
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The	side	reactions	are	believed	to	 lead	to	 loss	of	either	capacity	or	power,	
causing	aging	problems.	In	addition,	poor	rate	capability	limits	the	usage	of	
the	graphite	electrodes	for	high	power	devices.	At	high	current	rates,	lithium	
plates	on	the	graphite	electrodes	during	cycling	cause	the	capacity	to	quickly	
fade	 [11].	 Spinel	 lithium	 titanate,	 Li4Ti5O12	 (LTO),	 could	 be	 an	 alternative	
negative	material	instead	of	graphite	for	advanced	LIB	[12‐14];	a	great	safety	
improvement	is	provided	due	to	its	high	and	flat	potential	of	1.55	V	versus	Li	
metal,	which	hinders	Li	plating.	The	reaction	of	the	LTO	electrodes	is:		
	

3 3 	⇌ 																		~	1.55	V	vs	Li/Li+								(3)														
	
Another	benefit	 is	a	 reduced	reactivity	with	 the	electrolyte.	LTO	 is	a	 zero‐
strain	insertion	material	without	noticeable	structure	change	during	Li‐ion	
insertion	and	deinsertion,	which	eliminates	the	problem	of	fatigue	or	particle	
cracking	observed	 for	 graphite	 [15].	 In	 addition,	 the	LTO	electrodes	 allow	
high	C‐rate	during	charge	and	discharge	[14].	Zaghib	et	al.	showed	that	LIB	
using	LTO	as	a	negative	electrode	have	a	safe	and	fast‐charging	capability.	For	
a	cell	with	carbon	coated	LiFePO4	versus	LTO	they	observed	as	little	as	5	%	
capacity	loss	after	30	000	cycles	at	a	15C	charge	rate	and	a	5C	discharge	rate	
[12].	 Another	 advantage	 of	 LTO	 compared	 to	 graphite	 is	 that	 no	 solid‐
electrolyte	interface	(SEI)	layer	is	formed	at	the	particle	surface.	This	results	
in	a	higher	coulombic	efficiency	with	no	loss	of	lithium	during	the	first	cycle	
[14].	Replacing	graphite	by	LTO	for	the	negative	electrode	could	satisfy	the	
demands	in	applications	of	high	power	LIB	[16],	resulting	in	a	high	cycling	
stability,	low	irreversible	capacity	fade	and	high	rate	capability.	

1.2.2 Binder materials for LIB 
The	binder	holds	the	active	materials	and	conductive	materials	together,	and	
plays	 an	 important	 role	 in	 the	 fabrication	 of	 the	 electrodes.	 It	 is	 a	 critical	
component	 in	 LIB	 to	 obtain	 a	 good	 electrochemical	 performance	 of	 the	
batteries	 as	 well.	 The	 conventional	 binders	 for	 the	 electrodes	 in	 LIB	 are	
poly(vinylidene	 fluoride)	(PVDF)	and	carboxymethylcellulose	(CMC).	PVDF	
based	electrodes	show	good	electrochemical	stability	and	strong	adhesion	to	
the	 electrode	 materials	 and	 current	 collectors	 [17,	 18].	 However,	 it	 is	
relatively	 expensive	 and	 requires	 to	 be	 dissolved	 in	 a	 toxic	 and	 volatile	
organic	solvent,	typically	N‐methyl‐2‐pyrrolidone	(NMP),	to	produce	a	slurry	
for	 casting	 on	 a	 substrate	 (current	 collector).	 In	 addition,	 fluorinated	
polymers,	at	elevated	temperatures,	can	easily	react	with	lithium	metal	and	
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lithiated	graphite	(LixC6)	to	form	more	stable	LiF	and	double	bonds	(‐C=CF‐)	
in	the	presence	of	electrolyte	as	shown	below	[18‐20].	This	can	deteriorate	
the	cycling	performance	of	the	batteries.		
	

	 	→ 	 	 	 	1/2	 								(4)																			
	
Furthermore,	PVDF	reacting	with	lithiated	carbon	can	generate	exothermic	
heat,	which	leads	to	safety	problems	[19].	Therefore,	it	is	essential	to	develop	
alternative	 binders	 that	 are	 non‐fluorinated,	 less	 costly	 and	 more	
environmentally	 friendly.	 Recently,	 much	 effort	 has	 been	 undertaken	 to	
search	for	water‐based	binders	instead	of	non‐aqueous	soluble	binders	for	
LIB	electrodes,	which	could	meet	the	demands	above.	Water‐based	binders,	
such	as	styrene‐butadiene‐rubber	(SBR),	sodium‐carboxyl‐methyl‐cellulose	
(CMC),	 poly	 (acrylamide‐co‐diallyldimethylammonium)	 (AMAC),	 elastomer	
and	guar	gum,	have	been	widely	evaluated	as	binder	materials	for	electrodes	
in	LIB	and	they	show	similar	bonding	ability	and	high	flexibility	[3,	4,	21‐26].	
Magasinski	et	al.	explored	an	efficient	binder	of	poly	(acrylic	acid)	(PAA)	for	
the	first	time	that	can	improve	the	stability	of	the	silicon	(Si)‐based	anodes.	
PAA	 can	 be	 dissolved	 not	 only	 in	 water	 but	 also	 in	 an	 ecologically	 and	
environmentally	friendly	organic	solvent,	ethanol	[27].	Conductive	materials	
including	 polyaniline	 (PANI),	 polypyrrole	 (PPy)	 and	 conducting	 polymer	
hydrogels	(CPHs)	have	been	studied	as	binder	materials	for	the	electrodes	to	
eliminate	the	volume	change	effect	of	the	active	materials	during	cycling	of	
LIB	 [28‐30].	However,	much	effort	 should	be	directed	 towards	developing	
binder	materials	for	eco‐friendly	LIB.		
	
In	 order	 to	 meet	 the	 flexible	 and	 thin	 requirements	 of	 flexible	 electronic	
devices,	 the	binder	should	provide	good	mechanical	properties	and	a	high	
flexibility,	 as	 well	 as	 good	 binding	 properties	 and	 a	 good	 electrochemical	
stability.	The	conventional	binders	and	the	binders	mentioned	above,	such	as	
PVDF	 and	 CMC,	 show	 good	 adhesions	 and	 electrochemical	 stabilities.	
However,	the	suspensions	made	by	all	of	these	binders	bound	with	the	active	
materials	and	conductive	materials	need	to	be	spread	on	substrates,	typically	
current	collectors	(Al	or	Cu	foil).	In	addition,	the	electrodes	made	by	PVDF	
are	 quite	 stiff	 and	 show	 poor	mechanical	 properties	 [31].	 CMC	 is	 also	 an	
extremely	stiff	and	brittle	polymer	and	can	form	a	continuous	matrix	around	
the	active	particles,	limiting	flexibility	and	conductivity	as	well	[32,	33].	This	



	

	 Background - 5

limits	the	ability	of	these	binders	to	make	self‐standing	flexible	electrodes.	In	
addition,	as	the	presence	of	binders	in	the	electrodes	decreases	the	electrical	
conductivity,	a	low	binder	content	is	desired.	Therefore,	more	research	needs	
to	focus	on	finding	proper	binders	for	assembly	of	flexible	electrodes.		

1.3 Current collectors for LIB 
The	 current	 collectors	 are	 used	 to	 electrically	 connect	 the	 electrodes	 to	
external	 circuits.	Metal	 foils	of	 aluminum	and	copper	are	 the	 conventional	
current	collectors	for	LIB	due	to	their	high	electrical	conductivities.	However,	
poor	adhesion	to	the	electrode	nanoparticles	and	the	stiffness	of	metallic	foils	
limit	their	use	for	flexible	LIB	[34].	Another	disadvantage	is	the	high	weight	
of	 the	 metal	 foils,	 making	 the	 battery	 package	 heavier	 and	 reducing	 the	
specific	 energy.	 In	 order	 to	 solve	 these	 problems,	 honeycomb‐patterned	
aluminum	(Al)	and	copper	(Cu)	foils	have	been	studied	as	current	collectors	
for	flexible	LIB	[35].	Thin	copper	layers	on	dense,	transparent	plastic	films	
have	 been	 investigated	 as	 flexible	 current	 collectors	 [36].	 Carbon‐based	
materials,	 such	 as	 carbon	 nanotubes	 (CNT)	 and	 graphene,	 have	 been	
investigated	as	alternative	current	collectors	for	flexible	LIB	as	well.	Hu	et	al.	
reported	a	CNT	 thin	 film	coating	on	 stainless	 steel	 substrates	as	a	 current	
collector	 for	 paper	 batteries	 [37].	 Nyholm	 et	 al.	 obtained	 a	 layer	 of	
CNT/Cladophora	 nanocellulose	 fibres	 as	 current	 collector	 for	 flexible	
freestanding	 LIB	 [38].	 Wang	 et	 al.	 reported	 super‐aligned	 CNT	 films	 as	
flexible	current	collectors	with	excellent	flexibility	and	low	density	(0.04	mg	
cm‐2)	[39].	Li	et	al.	studied	a	lightweight	graphene	foam	as	a	current	collector	
for	 both	 LTO	 and	 LiFePO4	 electrodes	 [40].	 Rana	 et	 al.	 investigated	 a	 free‐
standing	 graphene	 film	 as	 an	 alternative	 to	 Cu	 foil	 for	 flexible	 LIB	 [41].	
Previous	 attempts	 have	 been	 made	 in	 our	 group	 to	 manufacture	 flexible	
electrodes	with	a	layer	of	carbon	black	to	increase	the	electronic	conductivity	
[42].	However,	the	electronic	conductivity	was	insufficient	for	the	electrode	
to	be	used	without	an	additional	metal	foil	current	collector.	Recently,	carbon	
fibers	(CF)	have	attracted	attention	for	energy	storage	applications	as	current	
collectors	 due	 to	 the	 combination	 of	 high	 electronic	 and	 thermal	
conductivities,	high	chemical	stability,	high	corrosion	resistance,	light	weight,	
suitable	mechanical	properties,	and	low	cost	compared	to	CNT	or	graphene	
[43‐45].		
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1.4 Wood-based materials for LIB 
Wood	plays	 a	 key	 role	 throughout	human	history.	 The	uses	 of	wood	have	
expanded	dramatically	as	it	is	a	sustainable	resource.	Wood	consists	of	three‐
dimensional	 biopolymers:	 cellulose,	 hemicelluloses,	 and	 lignin	with	minor	
amounts	 of	 extractives	 and	 inorganics	 [46].	 The	 contents	 of	 these	 three	
components	in	the	softwoods	(mostly	coniferous	species)	are	40‐45	%,	15‐
25	%	and	26‐34	%,	respectively	[46].		

1.4.1 Lignin-based electrodes for green LIB 
Lignin	is	the	second	most	abundant	bio‐polymer	after	cellulose	on	earth.	It	is	
composed	 of	 phenylpropane	 units,	 built	 from	 the	 monomers	 p‐coumaryl	
alcohol,	coniferyl	alcohol,	and	sinapyl	alcohol,	as	shown	in	Figure	1.2.	It	is	also	
a	 by‐product	 from	 the	 pulping	 industry	 that	 can	 be	 precipitated	 and	
separated	 from	 kraft	 black	 liquors	 [47].	 Recently,	 lignin	 has	 gained	
considerable	 attention	 for	 various	 applications	 because	 of	 its	 low	 cost,	
abundance	 and	 renewable	 nature.	 Bearing	 the	 energy	 crisis	 and	
environmental	pollution	 in	mind,	 lignin	has	been	evaluated	 in	applications	
such	as	fuel,	fusing	binder	in	briquetted	anthracite	fines,	asphalt	antioxidants	
and	biofuels	[48‐50].	Milczarek	et	al.	studied	how	lignin	can	be	used	to	modify	
electrodes	 due	 to	 the	 formation	 of	 electroactive	 quinone	 functionalities,	
which	can	be	oxidized	and	reduced	during	cycling	[51,	52].	He	et	al.	suggested	
that	 a	 good	 electrochemical	 performance	 can	 be	 achieved	 by	 using	 lignin‐
based	composites	to	prepare	carbon‐based	materials	for	Li‐ion	batteries	[53].	
Tenhaeff	et	al.	found	that	lignin‐based	carbon	fibers	as	free‐standing	anode	
material	exhibit	 tunable	electrochemical	performance	 that	 can	be	used	 for	
both	high‐power	and	high‐energy	applications	[54].	However,	to	the	best	of	
our	knowledge,	lignin	is	a	material	that	has	not	directly	been	used	as	binder	
material	for	Li‐ion	batteries.	
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Figure 1.2 The primary precursors and building units of lignin: p-courmaryl alcohol (I), 
coniferyl alcohol (II), and sinapyl alcohol (III). 

1.4.2 Cellulose-based electrodes for flexible LIB 
Cellulose	 is	 the	 most	 abundant	 bio‐polymer	 in	 wood.	 It	 is	 one	 of	 the	
crystalline	 structural	 polysaccharides,	 consisting	 of	 polymer	 chains	 and	
having	two	anhydroglucose	rings	in	each	repeating	unit	as	shown	in	Figure	
1.3,	 which	 reinforce	 the	 plant	 living	 bodies.	 As	 sustainable,	 cheap	 and	
reinforcement	 materials,	 new	 types	 of	 cellulose‐based	 materials,	 such	 as	
cellulose	 nanofibrils,	 have	 received	 considerable	 attention	 for	 preparing	
paper‐based	electrodes	for	flexible	LIB	[38,	42,	55‐63].		
	

	
	

Figure 1.3 From tree to cellulose nanofibrils. 

	
CNF	consisting	of	about	3‐4	nm	wide	and	micrometer	long	cellulose	fibrils	is	
a	promising	binder	material	 for	 flexible	electrodes	made	by	a	water‐based	
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paper	 making	 process.	 However,	 the	 water	 trapped	 in	 the	 hygroscopic	
cellulose	 structure	 may	 negatively	 affect	 the	 performance	 of	 flexible	 LIB	
using	CNF	as	binder	[42,	59,	62].	In	addition,	the	fibrils	are	easily	aggregated	
by	hydrogen	bonds	from	the	hydroxyl	groups	on	the	surface	of	the	fibrils.	The	
2,2,6,6‐tetramethylpiperidine‐1‐oxyl	 radical	 	 (TEMPO)‐mediated	 oxidation	
process	is	proposed	to	separate	cellulose	into	individual	fibrils	by	converting	
primary	hydroxyl	 groups	on	 the	 fibril	 surface	 to	 carboxylate	groups	using	
TEMPO/NaBr/NaClO	 at	 pH	10‐11	 or	 TEMPO/NaClO/NaClO2	 under	weakly	
acidic	or	neutral	conditions	[64‐66].	The	carboxyl	content	(charge	density)	
on	the	fibril	surface	can	be	controlled	by	the	TEMPO‐oxidation	process,	which	
affects	 the	properties	of	CNF.	 In	order	 to	disintegrate	 the	TEMPO‐oxidized	
cellulose	into	nanofibrils,	a	homogenizer	is	used.	The	degree	of	the	fibrillation	
can	 be	 influenced	 by	 the	 number	 of	 homogenization	 passages	 [67].	 The	
charge	density	and	degree	of	the	fibrillation	may	affect	the	properties	of	CNF	
as	binder	for	flexible	electrodes.		
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2 Scope of the thesis 
	
The	main	aim	of	this	thesis	 is	 the	exploration	and	understanding	of	wood‐
based	materials	for	LIB.	The	main	goal	is	to	obtain	electrodes	for	LIB,	which	
may	achieve	low	production	cost,	 low	environmental	impact	and	improved	
properties	of	flexible	LIB.		
	
The	 feasibility	 of	 using	 lignin,	 the	 second	 most	 abundant	 bio‐polymer	 in	
wood,	has	been	investigated	for	the	first	time	as	a	binder	material	for	LIB.	The	
goal	is	to	obtain	a	low	cost	and	environmentally	friendly	battery,	where	the	
conventional	toxic	and	expensive	PVDF	binder	has	been	replaced	by	lignin.			
	
Cellulose	is	the	most	abundant	bio‐polymer	in	wood.	TEMPO‐oxidized	CNF	
has	 been	 utilized	 to	 prepare	 flexible	 electrodes	 by	 a	 water‐based	 paper	
making	process.	This	could	pave	the	road	for	not	only	inexpensive	batteries	
with	 an	 easy	production	process	and	good	mechanical	properties	but	 also	
batteries	 for	 flexible	 electronic	 devices.	 The	 effects	 of	 moisture	 and	 low	
amount	 of	 CNF	 in	 the	 electrodes	 were	 studied	 in	 order	 to	 achieve	 better	
mechanical	properties	and	electrochemical	performance.		
	
CF	flexible	films	bound	by	CNF	were	investigated	as	both	current	collectors	
and	negative	electrodes	for	lightweight	and	flexible	batteries.		
	
LTO	flexible	electrodes	using	CNF	as	binder	as	well	as	integrated	with	CF	films	
as	 current	 collectors	 were	 investigated	 to	 achieve	 high	 performance	
bendable	 LIB.	 These	 batteries	 can	 be	 bent	 thousands	 of	 times	 without	
dramatically	changing	any	properties	and	also	have	a	high	energy	density.			
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3 Experimental  
	

3.1 Materials 
The	active	materials	used	in	this	thesis	are	LFP	for	positive	electrodes	and	
graphite,	CF	and	LTO	for	negative	electrodes.	Carbon‐coated	LFP	of	the	type	
Life	Power®	P2	and	LTO	were	provided	by	Phostech	Lithium	and	Süd‐Chemie	
AG,	 respectively.	Graphite	of	 the	 type	Timrex	SLP	30	AH‐354	and	Super‐P	
carbon	 (SPC)	 as	 conductive	 materials	 were	 kindly	 provided	 by	 Imerys	
Graphite	 &	 Carbon.	 The	 binder	 materials	 were	 lignin	 and	 CNF.	 Lignin	
prepared	by	means	of	the	LignoBoost®	process	was	supplied	by	Innventia	
AB.	The	densities	of	 these	materials	were:	LFP	–	3.6	g/cm3,	 graphite	–	2.1	
g/cm3,	SPC	–	2.0	g/cm3,	lignin	–	about	1.5	g/cm3	and	CNF	–	1.5	g/cm3.	The	CF	
used	for	the	electrodes	was	commercial	polyacrylonitrile‐based	IMS65.	It	was	
chopped	 by	 a	 Thomas	Wiley	Mini‐Mill	 Cutting	Mill	 with	 two	Monel	metal	
sieves:	 40	 and	 60	 mesh.	 Diethyl	 carbonate	 (DEC)	 >99.9%	 for	 the	
pretreatment	of	 lignin	was	purchased	from	Alfa	Aesar.	Polyethylene	glycol	
(PEG)	400,	dried	acetone	>99.9%	and	the	electrolyte	consisting	of	1	M	LiPF6	
salt	in	ethylene	carbonate	(EC):	DEC	1:1	by	weight	were	obtained	from	Merck	
KGaA.	Vinylene	 carbonate	 (VC)	as	a	2	wt%	additive	 to	 the	electrolyte	was	
purchased	 from	 Sigma‐Aldrich.	 Whatman	 filter	 paper	 as	 separator	 was	
purchased	from	VWR.	The	current	collectors	(Al	foil	with	the	thickness	of	25	
µm	for	positive	electrodes	and	Cu	foil	with	the	thickness	of	20	µm	for	negative	
electrodes)	were	obtained	from	Advent	Research	Materials.	All	of	the	water	
used	was	deionized	water	(Milli‐Q).	Ethanol	96%	and	99.5%	were	supplied	
by	 Solveco.	 Dried	 acetone	 >99.9%	 and	 pentane	 99.9%	 were	 provided	 by	
Merck	KGaA	and	Prolabo,	respectively.	All	of	these	solvents	were	used	during	
solvent	exchange	as	described	below.	PVDF	and	NMP	were	purchased	from	
Sigma‐Aldrich	Sweden	AB.		

3.1.1 Pre-treatment of lignin 
In	order	to	remove	the	small	dissoluble	fractions	of	the	lignin	and	improve	
the	stability	of	the	lignin	in	the	electrolyte,	leaching	was	performed.	The	lignin	
was	mixed	in	DEC	by	a	magnetic	stirrer	at	500	rpm	at	least	overnight.	Then	
the	 suspension	was	 vacuum	 filtered	 through	 a	Durapore	membrane	 filter,	
type	2.22	µm	GV,	 supplied	by	Millipore.	The	process	was	 repeated	several	
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times	until	there	was	no	coloring	of	the	DEC.	The	resulting	powder	was	dried	
at	60	⁰C	for	12	hours.	

3.1.2 Cellulose nanofibrils 

3.1.2.1 TEMPO-oxidation of cellulose 
The	 cellulose	 source	 was	 never‐dried	 dissolving	 pulp	 (60	 %	 Norweigian	
spruce	 and	 40	 %	 Scots	 pine),	 provided	 by	 Domsjö	 Fabriker	 AB	 in	
Örnsköldsvik,	Sweden.	TEMPO‐oxidized	cellulose	was	synthesized	following	
the	procedure	reported	elsewhere	under	either	alkaline	conditions	or	weakly	
acidic	or	neutral	conditions	[64,	65,	68].	Figure	3.1	and	Figure	3.2	illustrate	
the	oxidation	processes	of	cellulose	under	different	 conditions.	The	never‐
dried	dissolving	pulp	was	firstly	washed	in	a	solution	of	HCl	at	pH	2.	Under	
weakly	acidic	conditions,	the	washed	pulp	was	oxidized	by	TEMPO	mediated	
treatment	with	NaClO	and	NaClO2.	Under	alkaline	conditions,	a	suspension	of	
40	g	dry	content	of	washed	pulp	in	2L	water	dispersed	with	4	mmol	TEMPO	
catalyst	and	4	mmol	sodium	bromide	(NaBr)	was	prepared.	The	pH	of	 the	
suspension	was	 adjusted	 to	 10	 and	 kept	 constant	 during	 the	 oxidation	 by	
addition	of	0.5	M	sodium	hydroxide	solution.	The	different	contents	of	surface	
charge	 were	 achieved	 by	 varying	 the	 amount	 of	 sodium	 hypochlorite.	
Specifically	240	mmol,	80	mmol	and	37.5	mmol	were	 slowly	added	 to	 the	
suspension	to	obtain	respectively	high,	medium	and	low	charge	CNF.		
	

	
	

Figure 3.1 TEMPO-oxidation process of cellulose under weakly acidic or neutral conditions 
[68]. Reprinted with permission from ref. [68] Copyright ACS American Chemistry Society 
2009. 
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Figure 3.2 TEMPO-oxidation process of cellulose under alkaline conditions [65]. Reprinted 
with permission from ref. [65] Copyright RSC Royal Society of Chemistry 2011. 

3.1.2.2 Homogenization 
The	 TEMPO‐oxidized	 celluloses	 were	 mechanically	 disintegrated	 in	 a	
Microfluidizer	(M‐110EH,	Microfluidics	Corp,	US)	using	two	large	chambers	
connected	 in	series	(400	and	200	µm)	at	925	bar	and	two	small	chambers	
(200	and	100	µm)	at	1600	bar.	Homogenization	was	continued	for	3	passages	
of	large	chambers	at	a	fibre	concentration	of	about	1	wt	%	and	then	for	3,	6	
and	9	passages	of	small	chambers.	In	the	following	discussion,	an	abbreviated	
notation	is	used	to	present	the	homogenizer	passes,	for	example	3‐6	means	3	
passages	of	large	chambers	and	6	passages	of	small	chambers.		
	
CNF	with	a	charge	density	of	about	630	mmol/g	and	3‐3	homogenization	was	
used	in	all	studies	except	where	we	varied	the	charge	density	and	degrees	of	
homogenization.		

3.2 Preparation of electrodes 

3.2.1 Lignin-based electrodes 
Since	lignin	is	a	macromolecule,	PEG	can	be	used	as	a	plasticizer	to	make	the	
lignin	less	brittle	as	a	film.	Therefore,	lignin	was	mixed	with	PEG	to	make	the	
electrodes	more	elastic.	Lignin,	containing	5%	PEG,	was	dissolved	in	acetone	
and	then	LFP	or	graphite,	SPC	and	water	(to	a	concentration	of	approximately	
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10%)	were	 added.	 In	 order	 to	 optimize	 the	 capacity,	 different	 component	
ratios	 of	 materials	 for	 the	 electrodes	 were	 investigated.	 The	 lower	 the	
amount	 of	 inactive	 materials,	 such	 as	 carbon	 and	 binder,	 the	 higher	 the	
energy	density.	Meanwhile,	the	electrode	should	have	good	conductivity	and	
mechanical	 integrity.	 The	 slurries	 were	 thoroughly	 mixed	 by	 a	 magnetic	
stirrer	at	500	rpm	at	least	overnight.	The	electrodes	were	assembled	using	
the	following	process:	a	current	collector	(25	µm	Al	foil	for	positive	electrodes	
and	20	µm	Cu	foil	for	negative	electrodes)	was	put	on	the	top	of	an	Elcometer	
4340	 Automatic	 film	 Applicator.	 The	 slurry	 was	 spread	 on	 the	 current	
collectors	by	a	doctor‐blade	with	a	50	µm	gap	to	produce	the	thin	electrode	
layers.	 Figure	 3.3	 shows	 a	 schematic	 illustration	 of	 preparation	 of	 lignin‐
based	electrodes.	Then	 the	 coated	 foils	were	dried	at	110	 C	 for	24	hours	
under	vacuum	to	remove	water	properly.	In	order	to	know	the	flexibility	of	
the	electrode	”pen	tests”	were	carried	out,	where	the	electrodes	were	folded	
around	a	pen.	No	electrode	cracks	were	found	when	examining	them	by	the	
naked	 eye.	 Then,	 the	 electrodes	 were	 stored	 in	 a	 glove‐box	 under	 argon	
atmosphere.	 In	 general	 duplicate	 samples	 were	 prepared,	 showing	 good	
reproducibility	in	galvanostatic	cycling	tests.		
	

	
	

Figure 3.3 Schematic illustration of preparation process of lignin-based electrodes. 

	
An	abbreviated	notation	is	used	to	present	the	formulation	of	each	composite	
electrode.	To	exemplify,	80‐11‐9	indicates	that	the	electrode	consists	of	80	
wt	%	LFP,	11	wt	%	SPC	and	9	wt	%	lignin	and	a	negative	electrode	of	90‐2‐8	
contained	90	wt	%	graphite,	2	wt%	SPC	and	8	wt	%	lignin.	
	
For	comparison,	a	NMP	slurry	composed	of	80	wt	%	LFP,	11	wt	%	SPC	and	9	
wt	%	PVDF	for	a	positive	electrode	and	an	NMP	slurring	consisted	of	90	wt	%	
graphite,	2	wt	%	SPC	and	8	wt	%	PVDF	for	a	negative	electrode	were	prepared	
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coating	 onto	 an	 Al	 and	 Cu	 foil,	 respectively.	 Subsequently,	 NMP	 was	
evaporated	in	a	vacuum	oven	at	110	C	overnight.		

3.2.2 CNF-based flexible electrodes 
The	 electrodes	 were	 prepared	 using	 a	 water‐based	 paper‐making	 type	
process,	 as	 shown	 in	 the	 schematic	 illustration	 in	 Figure	 3.4.	 Suspensions	
with	different	weight	ratios	of	LFP,	Graphite,	LTO	or	CF,	SPC	and	CNF	were	
mixed	with	an	Ultra	Turrax	D125	Basic	disperser	at	8000	rpm	for	20	minutes.	
Then	the	suspensions	were	vacuum	filtered	through	a	Durapore	membrane	
filter,	type	0.22	µm	GV,	supplied	by	Millipore.	When	no	liquid	was	visible	on	
the	film	anymore,	solvent	exchange	was	done	by	adding	50	ml	each	of	ethanol	
96%,	ethanol	99.5%,	dried	acetone	and	pentane	in	sequence	until	no	solvent	
was	visible	on	the	filter	films.	The	films	were	dried	at	110	°C	in	vacuum.	When	
CF	layers	as	current	collectors,	the	suspensions	with	LFP	or	LTO	were	filtered	
first,	followed	by	the	CF	suspensions.	

	
	
Figure 3.4 Schematic illustration of the water-based paper-making process for flexible 
electrodes. 

	
Pouch	cells	were	built	in	a	glove‐box	under	argon	atmosphere	(<	1	ppm	O2	
and	H2O).	The	half	cells	were	assembled	with	the	electrodes	versus	Li	metal.		

3.3 Characterization methods 
The	 morphology	 of	 the	 finely	 dispersed	 TEMPO‐oxidized	 nanofibrils	 was	
scanned	 using	 atomic	 force	 microscope	 (AFM).	 The	 AFM	 was	 performed	
using	a	Multimode	8	Scanning	Probe	Microscope	(Bruker	AXS,	Santa	Barbara,	
USA)	in	PeakForce	Quantitative	Nanomechanical	Mapping	(QNM)	mode	using	
a	 scanasyst	 air	 cantilever	with	 a	 nominal	 spring	 constant	 of	 0.4	N/m	at	 a	
resonant	frequency	of	70	kHz.	The	image	processing	and	determination	of	the	
widths	of	the	TOCNF	were	carried	out	using	the	NanoScope	Analysis	software	
(Version	 1.5).	 The	morphology	 of	 the	 electrodes	was	 investigated	 using	 a	
Hitachi	S‐4800	field	emission	scanning	electron	microscope	(SEM).	Thermal	
gravimetric	analysis	(TGA)	was	used	to	measure	the	thermal	behavior	of	the	
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electrode	and	performed	using	a	Mettler	Toledo	TGA/DSC	1	STARe	apparatus.	
The	electrodes	were	dried	at	110	°C	for	20	min	before	being	heated	at	a	rate	
of	10	°C/min	up	to	800	°C	in	N2	at	a	flow	rate	of	30	mL/min.	

3.4 Mechanical testings 
Tensile	 tests	 of	 the	 electrodes	 were	 performed	 with	 an	 Instron	 5944	
mechanical	testing	system	at	25	°C.	Five	strip	samples	with	widths	of	7‐10	
mm	and	a	length	of	20	mm	were	used	for	tensile	testing	at	a	rate	of	10	%	per	
minute	under	500	N	load.	Values	of	stress	and	strain	at	break	were	obtained.	
For	the	repeated	bending	(R‐bending)	test	(Paper	III),	both	LTO	and	LTO‐CF	
electrodes	were	subjected	to	3‐point	bending	for	4000	times	with	the	speed	
of	18	mm	s‐1,	see	the	schematic	setup	in	Figure	3.5.	The	width	of	the	two	outer	
points	is	20	mm	and	depth	reached	9	mm.	This	4000	times	repeated	bending	
is	abbreviated	as	R‐bending	in	the	following	discussion.	
	

	
	

Figure 3.5 Set up for the bending test. 

3.5 Electrochemical measurements 
The	 electrochemical	 properties	 of	 the	 electrodes	 were	 measured	 using	 a	
Gamry	PCI4	G750	potentiostat,	Solartron	SI	1286	potentiostat	and	BioLogic	
VMP‐300	multipotentiostat.	In	order	to	evaluate	the	stability	of	the	negative	
electrodes,	measurements	of	the	specific	capacity	and	coulombic	efficiency	
(CE)	were	carried	out	using	a	setup	with	high	precision	voltage	and	current	
measurements,	which	is	similar	to	the	so	called	high‐precision	charger	(HPC)	
described	 in	several	articles	 from	the	Dalhousie	University,	Canada,	see	an	
example	in	reference	[69].	A	schematic	of	the	setup	is	shown	in	Figure	3.6.	
The	 charge	 and	discharge	 characteristics	of	 the	LFP,	LTO	and	graphite/CF	
electrodes	were	evaluated	in	the	voltage	range	2.8‐4.0	V,	1.0‐2.5	V	and	0.002‐
1	V,	vs.	Li+/Li(s)	respectively.	Electrochemical	impedance	spectroscopy	(EIS)	
was	performed	between	100	kHz	and	0.1	Hz.	Before	the	EIS	test,	the	cell	was	
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charged	at	0.1C	up	to	10	%	state	of	charge	(SOC).	A	four‐probe	Van	der	Pauw	
setup	was	used	to	measure	the	conductivity	of	the	electrodes.	

	

	
	

Figure 3.6 A schematic diagram of the setup for high-precision cell cycling [63]. Reprinted 
with permission from ref. [63] Copyright ACS American Chemistry Society 2016. 
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4 Results and discussion  

4.1 Lignin as binder material for green LIB 

4.1.1 Effect of pretreatment of lignin 
Small	 fractions	 of	 lignin	 can	 dissolve	 in	 the	 electrolyte,	 and	 influence	 the	
electrochemical	 properties	 of	 the	 electrode.	 (Paper	 I)	 The	 electrochemical	
performance	 of	 the	 LFP	 positive	 electrodes,	 with	 and	 without	 pretreated	
lignin	as	binder,	cycled	at	room	temperature	are	shown	in	Figure	4.1.	It	can	
be	seen	that	a	specific	capacity	of	about	140	mAh	g‐1	was	obtained	for	the	
pretreated	 electrode,	 which	 can	 be	 compared	 to	 the	 theoretical	 value	 of	
170	mAh	g‐1.	 The	 electrode	 functioned	 stably	 during	 repeated	 charge‐
discharge	 cycles	 without	 obvious	 reduction	 in	 performance.	 For	 the	
electrodes	 containing	 lignin	 that	 had	 not	 been	 pretreated	 by	 leaching,	 the	
specific	capacity	dramatically	decreased	after	6	cycles	as	shown	in	Figure	4.1.	
Therefore,	pretreatment	is	essential	 for	making	an	electrode	with	lignin	as	
binder,	as	this	enhances	the	stability	of	the	electrode.	

	
	
Figure 4.1 Specific capacity versus cycle number for 82-9-9 LFP electrodes with and without 
pretreatment cycled at 0.1C [70].  

4.1.2 Morphology of the lignin-based electrodes 
The	SEM	images	of	the	electrodes	using	lignin	as	binder	are	shown	in	Figure	
4.2.	It	can	clearly	be	seen	that	the	electrode	is	relatively	uniform	where	the	
LFP	particles	(big	particles)	and	SPC	(smaller	particles)	are	homogeneously	
dispersed	by	lignin	in	Figure	4.2a.	Here,	lignin	acts	as	a	bridge	to	connect	and	
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bind	the	different	particles	together	as	seen	in	Figure	4.2b.	The	loading	and	
thickness	of	the	electrode	were	about	1.5	mg/cm2	and	14	µm,	respectively.	
The	porosity	of	the	electrode	was	approximately	60	%.		
	

	
	
Figure 4.2 SEM images of the 82-9-9 electrode at different magnifications [70]. 

4.1.3 Optimization of the lignin-based LFP electrodes 
Lignin	 acting	 as	 binder	material	 is	 electrochemically	 inactive.	 Its	 presence	
decreases	 the	 electrical	 conductivity,	 prevents	 the	 access	 of	 ions	 to	 the	
surface	of	the	active	materials	and	increases	the	polarization	of	the	electrode.	
A	 low	 amount	 of	 lignin	 should	 be	 used	 while	 still	 keeping	 good	 binding	
properties.	In	addition,	in	order	to	load	more	active	material	and	obtain	a	high	
energy	 density	 electrode,	 the	 electrodes	 should	 contain	 less	 conductive	
materials	(SPC)	as	well.	Therefore,	 it	 is	essential	to	 investigate	variation	of	
component	 ratios	 for	 the	 electrode	 to	 obtain	 an	 optimized	 electrode	 and	
achieve	a	good	electrochemical	performance	[71].	(Paper	I)	Figure	4.3	shows	
the	 voltage	 profiles	 for	 84‐7‐9,	 82‐9‐9,	 80‐11‐9,	 82‐11‐7	 and	 84‐11‐5	 LFP	
positive	electrodes	with	different	percentage	of	Super‐P	carbon	and	lignin.	
The	84‐7‐9	electrode	with	the	lowest	amount	of	Super‐P	carbon	shows	higher	
polarization	 than	 the	 other	 electrodes,	 which	 could	 be	 ascribed	 to	 poor	
electrical	conductivity.	Increasing	the	amount	of	SPC	from	7	wt	%	to	11	wt	%	
while	keeping	the	ratio	of	binder	constant	(84‐7‐9,	82‐9‐9	and	80‐11‐9)	had	
a	positive	effect	on	the	polarization	and	on	the	specific	capacity.	Increasing	
the	binder	concentration	from	5	wt	%	to	7	wt	%,	while	keeping	the	ratio	of	
conductive	particles	constant	(84‐11‐5	and	82‐11‐7),	clearly	had	a	positive	
effect	on	the	performance,	while	a	further	increase	to	9	wt	%	(80‐11‐9)	had	
no	major	effect.	It	was	concluded	from	these	results	that	the	electrode	should	
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contain	at	least	11	wt	%	of	Super‐P	carbon	and	at	least	7	wt	%	lignin.	Further	
experiments	were	made	on	the	80‐11‐9	electrode.	

	
	

Figure 4.3 The 4th cycle of voltage profiles of the LFP positive electrodes with lignin binder 
cycled at 0.1C [70].  

4.1.4 Electrochemical performance of the lignin-based electrodes  
Figure	4.4	shows	the	rate	capabilities	of	both	positive	and	negative	electrodes	
using	lignin	as	binder,	cycled	with	2	wt	%	VC	in	the	electrolyte.	As	shown	in	
Figure	 4.4a,	 the	 specific	 capacity	 of	 the	 positive	 electrode	 was	 slightly	
decreased	from	148	mAh	g‐1	to	142	mAh	g‐1	when	increasing	the	current	from	
0.1C	 to	 0.25C.	 After	 15	 cycles	 at	 0.5C,	 the	 electrode	 still	 showed	 good	
electrochemical	performance	with	134	mAh	g‐1	which	delivers	over	90	%	of	
the	capacity	at	0.1C.	At	the	high	rate	1C,	the	electrode	maintained	a	capacity	
of	117	mAh	g‐1,	which	represents	approximately	80	%	of	the	specific	capacity	
at	0.1C.	After	25	cycles,	the	current	rate	was	returned	to	0.1C	and	the	specific	
capacity	was	quite	similar	to	the	capacity	at	0.1C	for	the	first	ten	cycles.	Figure	
4.4b	 shows	 the	 rate	 capabilities	 of	 the	negative	 electrode.	 For	 the	 first	 10	
cycles	at	0.1C,	the	reversible	specific	capacity	was	around	305	mAh	g‐1.	When	
increasing	the	current	rate	from	0.1C	to	0.25C,	a	stable	specific	capacity	of	
approximately	 280	mAh	g‐1	was	 obtained.	 A	 further	 10	 cycles	 at	 0.5C	 rate	
yielded	a	specific	 capacity	of	220	mAh	g‐1.	Even	at	 the	high	rate	of	1C,	 the	
electrode	kept	a	 specific	 capacity	of	above	160	mAh	g‐1.	After	40	 cycles	at	
different	current	rates,	the	electrode	was	tested	at	the	rate	of	0.1C	again	and	
achieved	a	stable	specific	capacity,	which	is	similar	to	the	first	10	cycles	at	
0.1C.	The	specific	capacities	at	different	C	rates	of	the	electrodes	with	lignin	
as	binder	were	lower	than	for	the	electrodes	using	PVDF	as	binder.	However,	
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these	results	show	that	both	 the	positive	and	the	negative	electrodes	with	
lignin	as	binder	have	fairly	good	rate	capabilities.		

	

Figure 4.4 Rate capabilities of the electrodes with lignin as binder: (a) 80-11-9 LFP electrode, 
(b) 90-2-8 graphite electrode [70].  
 

To	 evaluate	 the	 cycling	 stability,	 the	 specific	 capacity	 and	 coulombic	
efficiency	 versus	 cycle	 number	 are	 shown	 in	 Figure	 4.5.	 When	 the	 LFP	
electrodes	cycled	at	0.33	C,	they	maintained	a	specific	capacity	of	112	mAh	g‐
1	 after	 50	 cycles,	 which	 remains	 about	 80	 %	 of	 the	 initial	 capacity	 of	
approximately	140	mAh	g‐1,	seen	in	Figure	4.5a.	After	10	cycles,	the	electrode	
kept	a	relative	low	coulombic	efficiency	of	about	99	%.	The	capacity	loss	and	
low	coulombic	efficiency	are	probably	caused	by	the	small	thickness	of	the	
positive	electrode,	resulting	in	poor	mechanical	properties.	Very	good	cycling	
stability	was	obtained	for	the	negative	electrode	as	shown	in	Figure	4.5b.	The	
coulombic	efficiency	was	higher	than	99%	after	3	cycles	and	increased	during	
the	 experiment	 to	 reach	 99.9%	 after	 36	 cycles.	 The	 specific	 capacity	 kept	
relatively	stable	over	all	the	cycles	with	about	98%	retention	after	50	cycles.		

Figure 4.5 Cycling performance: (a) the 80-11-9 LFP electrode cycled at 0.33 C, (b) the 90-
2-8 graphite electrode cycled at 0.25C.	
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Future	 work	 is	 needed	 to	 increase	 the	 loading	 and	 improving	 the	
electrochemical	properties	of	the	lignin	based	electrodes.		

4.2 Cellulose nanofibrils as binder for flexible LIB 

4.2.1 Properties of CNF 
Figure	4.6	shows	a	photograph	of	the	CNF	gel,	which	is	almost	transparent.	
This	means	the	fibrils	are	uniformly	dispersed	and	no	aggregation	is	found	in	
the	CNF	gel.	From	the	AFM	height	images	of	CNF	shown	in	Figure	4.6b	and	
Figure	 4.6c,	 it	 can	 be	 clearly	 seen	 that	 close	 to	 every	 single	 fibril	 was	
defibrillated	and	overall	CNF	were	homogeneously	dispersed.	Analysis	by	the	
NanoScope	 Analysis	 software	 (Version	 1.5)	 showed	 average	 widths	 and	
lengths	 of	 the	 CNF	 are	 approximately	 2.7	 nm	 and	 0.1‐1	 µm,	 respectively.	
Almost	all	of	 the	nanofibrils	have	kinks,	 sharp	bends	between	 the	 straight	
segments,	a	similar	morphology	as	in	Usov’s	work	[72].		
	

	
Figure 4.6 (a) Photograph of CNF, (b) (c) AFM height image of CNF at different 
magnifications. 

4.2.2 Morphology of flexible electrodes 
Figure	4.7a	shows	a	photograph	of	an	LFP	electrode,	illustrating	the	flexibility	
of	the	electrode.	Figure	4.7b	presents	a	bendable	LTO	electrode.	A	bendable	
pouch	cell	assembled	by	the	LFP	electrodes	versus	Li	metal,	powering	a	blue	
LED,	is	shown	in	Figure	4.7c.	Figure	4.7d‐f	shows	the	surface	SEM	images	of	
the	 85‐11‐4	 LFP,	 85‐11‐4	 LTO	 and	 90‐2‐8	 graphite	 flexible	 electrodes,	
respectively.	 It	 can	 clearly	be	 seen	 that	 the	 active	particles	 (LFP,	 LTO	 and	
graphite)	are	relatively	uniformly	dispersed	with	conductive	materials	(SPC)	
bound	by	well‐dispersed	CNF.	(Paper	II‐III)	The	CNF	acts	as	a	binder	material	
with	 a	 visible	 network.	 Cross‐section	 SEM	 images	 of	 the	 LFP	 and	 LTO	
electrodes	were	also	investigated,	seen	in	Figure	4.7g	and	Figure	4.7h.	The	
LFP	 or	 LTO,	 SPC	 and	 CNF	 are	 homogeneously	 dispersed	 also	 within	 the	
electrode	 bulk.	 It	 demonstrates	 that	 the	 electrodes	 materials	 are	 overall	
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uniformly	 distributed.	 Additionally,	 it	 illustrates	 that	 CNF	 is	 a	 promising	
binder	material,	having	good	binding	properties,	not	only	for	LFP,	LTO	and	
graphite	based	flexible	electrodes,	but	also	for	other	battery	chemistries	used	
in	the	water‐based	paper	making	process.	
	

	
	

Figure 4.7 (a) (b) Photograph of the different paper-based electrodes, (c) a bendable pouch 
cell. SEM images of the electrodes using CNF as binder: (d) (e) (f) surface, (g) (h) 
corresponding cross-section. 

4.2.3 Thermal behavior of flexible electrodes 
The	TGA	 thermograms	of	 the	different	electrodes	using	CNF	as	binder	are	
shown	 in	 Figure	 4.8.	 Both	 the	 LFP	 and	 the	 LTO	 electrodes	 exhibit	 a	 high	
thermal	stability	below	a	temperature	of	about	210	°C.	The	electrodes	start	
to	lose	weight	at	about	210	°C,	which	is	attributed	to	decomposition	of	CNF	
[73].	As	shown	in	Figure	4.8,	the	electrodes	have	about	4	wt	%	weight	loss	up	
to	 350	 °C,	 which	 confirms	 that	 the	 content	 of	 CNF	 in	 the	 electrodes	 is	
approximately	4	wt	%.		
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Figure 4.8 TGA thermograms of the LFP and LTO electrodes. 

4.2.4 Mechanical properties of flexible electrodes 
Figure	 4.9	 shows	 mechanical	 properties	 of	 the	 85‐11‐4	 LFP	 and	 LTO	
electrodes	before	and	after	4000	 times	repeated	bending.	 (Paper	 II‐III)	All	
three	electrodes	even	consisting	of	4	wt%	of	CNF	still	have	relatively	good	
mechanical	properties	compared	with	Leijonmarck’s	work	with	11	wt%	of	
CNF	[42].	The	Young’s	modulus,	ultimate	tensile	strength	and	strain	at	break	
for	the	LTO	electrodes	before	and	after	R‐bending	are	quite	similar,	and	about	
310	 MPa,	 3.0	 MPa	 and	 5	 %,	 respectively.	 This	 illustrates	 that	 repeated	
bending	has	no	major	effect	on	the	mechanical	properties,	which	is	beneficial	
for	electrodes	applied	in	flexible	LIB.	It	can	also	be	clearly	seen	that	the	LFP	
electrode	 has	 higher	 ultimate	 tensile	 strength	 (about	 5	 MPa)	 and	 tensile	
strain	(about	6	%)	than	the	LTO	electrodes.	However,	the	Young’s	modulus	of	
the	LFP	electrodes	(250	MPa)	 is	 lower	 than	that	of	LTO	electrodes.	This	 is	
probably	caused	by	the	larger	LTO	particle	size	as	shown	in	Figure 4.7,	which	
makes	the	CNF	binding	properties	slightly	weaker	and	leads	the	electrode	to	
more	easily	break	during	the	tensile	test.	
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Figure 4.9 Tensile plots of the LFP and LTO electrodes using CNF as binder. 

4.2.5 Cycling performance of CNF-based flexible electrodes 
The	cells	assembled	with	the	electrodes	using	CNF	as	binder	with	different	
active	materials	versus	Li	metals	were	cycled	at	different	rates	at	25	°C	as	
shown	in	Figure	4.10.	The	LFP	positive	electrodes	showed	a	very	good	cycling	
stability	with	a	reversible	capacity	of	about	146	mAh	g‐1	overall	over	the	70	
cycles	and	a	coulombic	efficiency	of	more	than	99.9	%	after	the	first	cycle	at	
0.25	 C.	 	 The	 graphite	 negative	 electrodes	 obtained	 a	 relatively	 stable	
discharge	capacity	of	about	270	mAh	g‐1	after	50	cycles,	which	corresponds	
to	about	90	%	retention	of	the	first	discharge	capacity	of	300	mAh	g‐1	at	0.25	
C.	The	coulombic	efficiency	of	the	electrodes	reached	more	than	99	%	after	
three	cycles	and	remained	high	in	the	subsequent	cycles.	The	LTO	electrode	
after	4000	times	repeated	bending	have	a	high	cycling	stability	when	cycled	
at	0.1	C	as	seen	in	Figure	4.10c.	The	electrode	obtained	an	initial	discharge	
capacity	 of	 approximately	 161	 mAh	 g‐1,	 which	 is	 close	 to	 the	 theoretical	
capacity	of	LTO	of	175	mAh	g‐1	[74].	The	coulombic	efficiency	of	the	electrode	
was	 about	 91.5	 %	 for	 the	 first	 cycle.	 It	 rapidly	 increased	 with	 increased	
cycling	and	reached	≥	99.9	%	from	the	12th	cycle.	These	results	illustrate	that	
the	electrodes	using	CNF	as	binder	exhibit	a	good	cycling	stability.		
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Figure 4.10 Cycling performance of the electrodes using CNF as binder: (a) the LFP 
electrode cycled at 0.25 C, (b) the graphite electrode cycled at 0.25 C, (c) the LTO electrode 
after R-bending cycled at 0.1 C. 
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4.2.6 Moisture effects of CNF-based electrodes on the 
electrochemical properties  

It	 is	well‐known	that	water	has	a	detrimental	effect	on	the	electrochemical	
performance	 of	 LIB	 [11].	 It	 can	 react	 with	 LiPF6,	 salt	 in	 the	 electrolyte,	
according	 to	 equation	 5.	 This	 reaction	 promotes	 the	 LiPF6	 decomposition,	
resulting	 in	an	 increase	of	the	 internal	resistance	of	the	cells	by	producing	
more	insulating	compounds,	such	as	LiF	and	PF5.	Additionally,	HF	can	attack	
the	 electrode	 materials	 and	 the	 solid	 electrolyte	 interfaces	 (SEI)	 of	 the	
electrodes,	 which	 causes	 the	 problems	 of	 capacity	 loss	 and	 poor	 cycling	
stability	for	LIB.		
	
2 	 	 → 	 	2 	 2 								(5)	
	
The	 hygroscopic	 cellulose	 can	 trap	moisture.	 The	 traces	 of	 moisture	may	
negatively	 influence	 the	electrochemical	performance	of	LIB,	especially	 for	
the	long	cycling,	causing	the	aging	problem.	Leijonmarck’s	work	showed	that	
the	 drying	 temperature	 can	 also	 affect	 the	 mechanical	 properties	 of	 the	
electrode,	 the	 lower	 drying	 temperature	 the	 better	mechanical	 properties	
[42].	 (Paper	 II)	 In	 this	 thesis,	 both	 positive	 and	 negative	 electrodes	were	
dried	at	the	low	temperature	of	110	°C.	The	electrochemical	properties	of	the	
electrodes	using	CNF	as	binder	as	a	function	of	drying	time	were	investigated	
as	shown	in	Figure	4.11.	It	can	clearly	be	seen	that	the	specific	capacities	of	
the	electrodes	are	 influenced	by	the	drying	time	during	preparation	of	 the	
electrodes.	The	effect	on	the	specific	capacities	is	relatively	small	for	the	85‐
11‐4	positive	electrodes,	compared	to	that	on	the	graphite	electrode,	see	in	
Figure	4.11a‐c.	All	of	the	LFP	electrodes	showed	a	stable	cycling	performance	
overall	during	the	20	cycles,	with	specific	capacities	of	higher	than	150	mAh	
g‐1.	On	the	other	hand,	graphite	negative	electrodes	obtained	a	decrease	 in	
specific	capacities	with	increasing	drying	time	as	shown	in	Figure	4.11b	and	
Figure	4.11c.	The	electrode	with	a	short	drying	time	(about	1	h)	achieved	a	
relatively	stable	cycling	performance	with	a	specific	capacity	of	345	mAh	g‐1,	
which	is	close	to	the	specific	capacity	of	350	mAh	g‐1	for	the	electrode	using	
PVDF	 as	 binder.	 	 The	 reason	 for	 this	 is	 probably	 caused	 by	 the	 higher	
resistance	 of	 the	 electrodes	 with	 longer	 drying	 time,	 as	 shown	 in	 Figure	
4.11d.	 Figure	 4.11e	 shows	 that	 the	 electrical	 conductivity	 of	 the	 graphite	
negative	electrodes	 is	decreased	when	increasing	the	drying	time,	and	this	
may	be	explained	by	a	more	brittle	of	CNF,	not	enabling	to	accommodate	the	
volume	 expansion	of	 the	 graphite	 during	 cycling	 and	 causing	 the	 graphite	
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particles	 to	 lose	 contact.	 As	 shown	 in	 Figure	 4.11f	 and	 Figure	 4.11g,	 the	
coulombic	 efficiency	 of	 both	 the	 LFP	 and	 the	 graphite	 electrodes	was	 not	
significantly	 influenced	 by	 the	 drying	 time.	 For	 the	 LFP	 electrodes,	 the	
coulombic	 efficiencies	 were	 higher	 than	 97	 %	 for	 the	 initial	 cycling	 and	
rapidly	increased	to	more	than	99	%	and	kept	stable	in	the	subsequent	cycles.	
The	graphite	electrodes	achieved	a	coulombic	efficiency	of	≥	99.5	%	from	the	
7th	cycle.	
	
These	results	demonstrate	that	a	short	drying	time	of	1	h	is	enough	to	achieve	
a	stable	cycling	performance	for	both	LFP	and	graphite	electrodes	using	CNF	
as	binder.	A	short	drying	time	is	beneficial	for	industrial	production,	making	
the	 process	 of	 producing	 the	 electrode	 simpler	 and	 cost‐effective.	 A	 low	
drying	 temperature	 is	 also	 beneficial	 for	 obtaining	 good	 mechanical	
properties.	
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Figure 4.11 Electrochemical performance of electrodes using CNF and PVDF as binder 
cycled at 0.1 C as a function of drying time: (a) specific capacity for 85-11-4 LFP electrodes, 
(b) specific capacity for 94-2-4 graphite electrodes, (c) specific capacity after 20 cycles for 
both LFP and graphite electrodes, (d) galvanostatic charge/discharge voltage profiles for the 
graphite electrodes, (e) conductivities of the graphite electrodes, (f) coulombic efficiency for 
the LFP electrodes, (g) coulombic efficiency for the graphite electrodes and a zoom region in  
the inset of figure [63]. Adapted with permission from ref. [63] Copyright ACS American 
Chemistry Society 2016. 
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4.2.7 Effect of charge density and homogenization passes of CNF 
on the properties of the electrodes 

The	 number	 of	 homogenization	 passages	 for	 defibrillation	 of	 TEMPO‐
oxidized	cellulose	can	affect	the	degree	of	the	fibrillation	of	CNF,	which	could	
influence	 the	 properties	 of	 the	 electrodes	 when	 CNF	 is	 used	 as	 binder.	
Therefore,	 it	 is	 necessary	 to	 investigate	 the	 electrochemical	 properties	 of	
electrodes	prepared	by	CNF	with	different	degrees	of	homogenization.	(Paper	
V)	Figure	4.12	shows	 the	effect	of	homogenizer	passes	of	CNF	 for	 the	LFP	
flexible	 electrodes	 on	 the	 electrochemical	 properties.	 As	 shown	 in	 Figure	
4.12,	the	electrodes	using	CNF	with	more	passages	(1550‐3‐6	and	1550‐3‐9)	
have	higher	polarization	and	lower	specific	capacity	compared	to	the	1550‐
3‐3	with	less	passages	of	homogenization.	This	can	probably	be	ascribed	to	
the	 condensed	 insulated	 CNF	 films,	 which	 were	 found	 in	 Paper	 V.	 These	
results	 illustrate	 that	 the	 less	 homogenization	passages	 of	 CNF,	 the	 better	
electrochemical	 performance	 can	be	 obtained	 for	 the	 electrodes	when	 the	
CNF	is	of	high	charge	density.		

	
	
Figure 4.12 Galvanostatic 2nd charge/discharge voltage profiles of the LFP electrodes using 
different homogenizer passes of CNF at a charge density of 1550 µmol/g cycled at 0.1C.   
 

The	 properties	 of	 CNF,	 such	 as	 lengths	 and	 dispersion	 capability,	 can	 be	
affected	by	carboxyl	content	on	the	fibril	surface	(charge	density).	The	effect	
of	 charge	 density	 of	 CNF	 as	 binder	 for	 the	 LFP	 flexible	 electrodes	 on	 the	
electrochemical	properties	is	shown	in	Figure	4.13.		The	electrode	using	high	
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charge	 density	 CNF	 1550‐3‐3	 as	 binder	 exhibited	 an	 overall	 better	
electrochemical	performance	including	higher	specific	capacities	and	lower	
polarization,	especially	cycled	at	high	c	rates,	than	that	of	CNF	650‐3‐3	and	
CNF	350‐3‐3	based	electrodes,	see	Figure	4.13b,	d	and	f.		
	

	
	
Figure 4.13 Electrochemical properties of different charge density CNF as binder for the LFP 
flexible electrodes cycled at different c rates: (a) (b) voltage profiles and rate capabilities of 
the CNF 1550-3-3 based electrode, (c) (d) voltage profiles and rate capabilities of the CNF 
650-3-3 based electrode, (e) (f) voltage profiles and rate capabilities of the CNF 350-3-3 
based electrode. 
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4.3 Carbon fiber-based lightweight and flexible LIB 

4.3.1 Carbon fiber acts as both current collectors and active 
materials 

4.3.1.1 Morphology of the electrodes  
CF	bound	by	CNF	was	investigated	as	both	current	collectors	for	electrodes	
with	 different	 active	 materials	 and	 as	 current	 collector‐free	 negative	
electrodes.	 (Paper	 III‐IV)	The	morphologies	of	 the	different	 electrodes	 are	
shown	in	Figure	4.14.	Figure	4.14a	shows	SEM	images	of	an	LFP	electrode	
with	an	integrated	CF	current	collector.	The	LFP	and	SPC	nanoparticles	are	
homogenously	dispersed	by	the	CNF	net	web.	The	thickness	of	the	LFP	and	
CF	layers	are	about	40	and	10	µm,	respectively.	It	can	clearly	be	seen	that	the	
LTO	 and	 SPC	 nanoparticles	 for	 the	 LTO‐CF	 electrode	 are	 also	 uniformly	
dispersed	by	the	CNF	net	web,	as	shown	in	Figure	4.14b.	The	thickness	of	the	
LTO	and	CF	layer	are	approximately	90	and	35	µm,	respectively.	As	shown	in	
Figure	 4.14c,	 the	 CF	 rods	 are	 relatively	 homogenously	 distributed	 and	
surrounded	by	CNF	sheets	for	the	CF	electrode.	The	thickness	of	the	electrode	
is	about	55	µm,	where	the	diameter	of	the	CF	rods	is	approximately	5	µm	and	
consistent	with	the	manufacturer’s	data.		
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Figure 4.14 SEM images of the CF-based electrodes: (a) LFP-CF electrode, (b) LTO-CF 
electrode, (c) CF electrode.   

4.3.1.2 Repeated bending test 
The	 electrodes	 prepared	 using	 CNF	 as	 binder	 are	 intended	 to	 meet	 the	
application	of	flexible	electronic	devices.	Bending	capability	is	an	important	
property	 for	 flexible	 applications.	 (Paper	 III)	 In	 this	 thesis,	 a	 4000	 times	
repeated	bending	using	Instron	5499	three	points	bending	set‐up	was	used	
to	study	the	stability	of	the	electrode.	Figure	4.15	shows	the	electrochemical	
properties	 of	 the	 LTO‐CF	 electrode	 before	 and	 after	 4000	 times	 repeated	
bending	as	well	as	for	a	LTO	electrode	without	CF	after	R‐bending.	All	of	the	
electrodes	exhibited	similar	voltage	profiles	cycled	at	different	C	rates,	seen	
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in	 Figure	 4.15a.	 This	 illustrates	 that	 the	 CF	 films	 as	 an	 alternative	 to	
conventional	metallic	foil	current	collectors	have	a	high	enough	conductivity	
to	 connect	 the	 LTO	 electrode	 to	 external	 circuits	 and	 R‐bending	 has	 no	
significant	effect	on	the	polarization	of	the	electrodes.	Figure	4.15b	shows	the	
rate	capabilities	of	the	electrodes	before	and	after	R‐bending.	Both	electrodes	
with	CF	as	current	collector	achieved	a	fairly	good	rate	capability.	The	specific	
capacities	of	the	LTO‐CF	after	R‐bending	are	168	mAh	g‐1,	158	mAh	g‐1,	146	
mAh	g‐1,	128	mAh	g‐1,	100	mAh	g‐1	and	47	mAh	g‐1	at	0.1C,	0.5C,	1C,	2C,	4C	and	
10C,	respectively,	which	is	overall	slightly	lower	than	the	electrodes	before	
bending.	It	may	be	attributed	to	some	loss	of	particle	contact	for	the	electrode	
caused	by	the	R‐bending.	The	specific	capacities	of	the	electrodes	using	CF	as	
current	collectors	are	slightly	higher	than	those	of	the	LTO	electrode	using	Cu	
as	current	collectors,	see	Figure	4.15b.	This	is	likely	due	to	the	better	contact	
between	the	3D	interface	between	the	LTO	and	CF	films	compared	to	the	2D	
interface	between	the	LTO	electrode	and	the	Cu	foil.	These	results	indicate	
that	the	electrodes	using	CF	films	as	current	collectors	exhibit	relatively	high	
specific	 capacities	 and	 the	 R‐bending	 has	 no	 significant	 influence	 on	 the	
electrochemical	properties.		
	

	
	
Figure 4.15 Electrochemical performance of the LTO-CF electrodes before and after 4000 
times bending: (a) charge/discharge voltage profiles, (b) specific capacities. 

4.3.1.3 Weight reduction of the CF-based electrodes 
Using	 CF	 as	 current	 collector	 or	 negative	 flexible	 electrode	 has	 another	
significant	 advantage,	which	 is	 a	 light	weight.	 (Paper	 IV)	Here,	 the	weight	
reduction	of	the	electrodes	using	CF	as	current	collectors	or	current	collector‐
free	negative	electrodes	is	compared	to	the	commercial	Quallion	electrodes,	
as	shown	in	Figure	4.16.	The	Quallion	positive	and	negative	electrodes	are	
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LFP	 and	 graphite	meso‐carbon	microbeads	 (MCMB)	 based,	with	 a	 loading	
density	of	8	mg	cm‐2	and	3.8	mg	cm‐2,	and	loading	thickness	of	35	µm	and	30	
µm,	respectively.	The	percentage	of	LFP	or	MCMB	in	the	electrodes	is	84	wt%	
and	 90	 wt%,	 respectively.	 The	 current	 collectors	 used	 for	 the	 Quallion	
positive	 and	 negative	 electrodes	 are	 foils,	 20	 µm	 Al	 and	 10	 µm	 Cu,	
respectively.	The	active	material	weight	percentage	is	calculated	based	on	the	
total	mass	of	 the	electrodes,	 including	the	weight	of	 the	current	collectors.	
The	LFP‐CF	electrode	(thickness	50	µm)	obtained	an	active	material	weight	
percentage	of	64	%,	which	is	about	128	%	higher	than	that	of	the	Quallion	
LFP	electrode	with	Al	current	collector	(50	%).	For	the	negative	electrodes,	
the	 LTO‐CF	 flexible	 electrode	 (thickness	 125	 µm)	 and	 the	 CF	 current	
collector‐free	electrode	(thickness	55	µm)	were	compared	with	the	Quallion	
graphite	MCMB	electrode	with	Cu	current	collector.	An	increase	of	270	%	for	
the	 LTO‐CF	 electrode	was	 achieved	 from	27	%	 to	72	%.	The	CF	electrode	
obtained	a	large	increase	of	350	%	compared	to	the	Quallion	MCMB	electrode	
from	27	%	to	96	%.	This	illustrates	that	carbon	fibers,	a	lightweight	material,	
used	as	current	collector	and	active	material	reduce	the	total	weight	of	the	
electrode,	which	could	have	a	significant	positive	effect	on	the	gravimetric	
energy	density	compared	to	conventional	electrodes.		
	

 
 

Figure 4.16 Active material weight percentage of electrodes and current collector. Blue bars: 
Commercial Quallion LFP and MCMB electrodes. Red bar: flexible LFP-CF. Purple bars: 
flexible LTO-CF and CF electrodes.  
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4.3.2 Full lightweight and flexible LIB 
A	flexible	battery	assembled	with	a	LFP‐CF	positive	electrode	and	a	CF‐based	
current	collector‐free	negative	electrode	was	cycled	at	0.1C	at	25	°C.	(Paper	
IV)	 Figure	 4.17	 shows	 the	 electrochemical	 properties	 of	 the	 full	 cell.	 The	
galvanostatic	charge/discharge	voltage	profiles	of	the	full	cell	are	shown	in	
Figure	4.17a.	The	specific	capacity	was	calculated	based	on	the	mass	of	LFP	
active	material	in	the	positive	electrode.	Figure	4.17a	shows	that	the	cell	had	
a	 high	 irreversible	 discharge	 capacity	 for	 the	 initial	 cycles,	which	 is	 likely	
caused	by	the	SEI	 layer	formation	and	trapped	Li	 in	the	CF‐based	negative	
electrode	 [75].	 The	 initial	 reversible	 capacity	 of	 the	 full	 cell	 was	
approximately	121	mAh	g‐1,	remaining	relatively	stable	after	10	cycles	with	a	
92	%	 capacity	 retention.	 The	 coulombic	 efficiency	was	 99	%	 after	 the	 5th	
cycle.	The	gravimetric	energy	density	is	an	important	parameter	for	a	battery.	
In	this	work,	 it	was	calculated	based	on	the	total	mass	of	LFP‐CF	electrode	
and	the	CF‐based	electrode.	The	mass	of	the	electrolyte,	separator	and	pouch	
were	not	included,	since	they	are	not	optimized	and	will	only	slightly	affect	
the	 gravimetric	 energy	 density	 of	 the	 battery.	 The	 energy	 density	 of	 the	
conventional	LIB	is	from	100	to	200	Wh	kg‐1,	where	the	electrode	is	double	
coated	and	optimized	[1].	The	calculated	gravimetric	energy	density	for	the	
full	cell	in	our	work	is	about	150	Wh	kg‐1,	which	will	be	much	higher	than	that	
of	the	conventional	LIB	if	the	flexible	electrodes	also	are	double	layer	coated	
and	optimized.	It	also	kept	relatively	stable	throughout	the	cycles	as	shown	
in	Figure	4.17d.	This	demonstrates	that	the	flexible	cell	can	be	prepared	with	
a	positive	electrode	using	a	 lightweight	CF	current	 collector	and	a	current	
collector‐free	negative	CF	electrode,	which	have	a	 significant	 advantage	 in	
increasing	 the	 energy	 density	 and	 decreasing	 the	 cost	 of	 the	 batteries.	
Another	advantage	is	that	the	electrodes	can	be	prepared	with	environmental	
friendly	materials	and	easy	manufacturing	methods,	and	meet	the	demands	
of	 the	 flexible	 electronic	devices.	 In	 the	 future,	 both	positive	 and	negative	
electrodes	should	be	optimized	in	order	to	obtain	better	electrochemical	and	
mechanical	properties.	In	addition,	carbon	fibers	produced	from	lignin,	which	
is	more	environmentally	friendly,	should	be	investigated	as	active	materials	
and	current	collectors	for	lightweight	and	flexible	electrodes.		
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Figure 4.17 Electrochemical performance of the full flexible cell based on LFP-CF positive 
versus CF electrodes: (a) voltage profiles, (b) specific capacity, (c) coulombic efficiency, (d) 
gravimetric energy density. 
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5 Conclusions and outlook  
	
This	thesis	has	investigated	wood‐based	materials	for	LIB.	With	wood‐based	
materials,	such	as	cellulose	and	 lignin,	batteries	are	more	environmentally	
benign	 and	 also	 easier	 to	 produce	 compared	 to	 current	 state‐of‐the‐art	
batteries.		
	
Lignin,	 the	 second	 most	 abundant	 bio‐polymer	 from	 the	 tree,	 can	 be	
produced	 in	 a	 sustainable	way.	 It	 was	 investigated	 as	 binder	material	 for	
preparation	of	electrodes	for	LIB	by	replacing	the	conventional	PVDF	binder	
which	is	relatively	expensive	and	also	needs	to	dissolve	in	a	toxic	and	volatile	
solvent,	like	NMP.	In	addition,	lignin	is	a	byproduct	from	the	pulping	industry	
with	little	commercial	value.	When	lignin	is	used	as	binder	for	the	electrodes,	
its	pretreatment	is	necessary	to	remove	the	small	dissoluble	fractions.	This	
was	accomplished	by	leaching	in	the	electrolyte.	Remaining	lignin	dissolved	
in	acetone	has	been	successfully	used	as	binder	 for	both	LFP	and	graphite	
electrodes.	The	electrodes	with	pretreated	lignin	show	relatively	high	specific	
capacity	and	good	stability.	The	80‐11‐9	(LFP‐SPC‐CNF)	electrode	was	found	
as	 the	 optimal	 LFP	 electrode	 yielding	 the	 best	 electrochemical	 properties.	
Both	positive	and	negative	electrodes	obtained	fairly	good	rate	capabilities	
with	specific	capacities	of	about	148	mAh	g‐1	and	305	mAh	g‐1	at	0.1C,	and	117	
mAh	g‐1	and	160	mAh	g‐1	at	1C,	respectively.	The	negative	electrode	showed	
good	cycling	stability	with	98%	retention	of	 initial	capacity	after	50	cycles	
cycled	at	0.25	C.	The	specific	capacity	for	the	positive	electrode	was	relatively	
stable	 over	 the	 long	 cycling	 at	 0.33	 C.	 Approximately	 80%	 of	 the	 initial	
capacity	 remained	 after	 50	 cycles.	 The	 loss	 can	 likely	 be	 attributed	 to	 the	
small	 thickness	 of	 the	 positive	 electrode,	 resulting	 in	 poor	 mechanical	
properties.	 In	 future	 work	 further	 modification	 of	 the	 lignin	 should	 be	
investigated	in	order	to	produce	thicker	electrodes	with	good	mechanical	and	
electrochemical	properties.		
	
Cellulose	nanofibrils	(CNF)	was	used	as	a	binder	material	in	a	water‐based	
paper	 making	 method	 to	 produce	 different	 active	 material‐based	 flexible	
electrodes,	 including	LFP,	graphite	and	LTO‐based	electrodes.	The	average	
width	and	length	of	the	CNF	are	about	2.7	nm	and	0.1‐1µm,	respectively.	Only	
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4	wt%	well‐dispersed	CNF	acting	as	a	binder	is	enough	to	homogenously	bind	
the	particles	together	with	a	visible	network	and	results	in	an	electrode	with	
good	mechanical	 properties	with	Young’s	modulus	 of	250‐320	MPa.	Thick	
flexible	electrodes	(about	200	µm)	can	also	be	prepared	with	as	low	amount	
of	 CNF	 as	 2	wt%,	which	 could	 be	 promising	 in	 the	 application	 of	 flexible	
electronic	devices	where	a	high	gravimetric	energy	density	and	a	low	current	
supply	 are	 needed.	 All	 of	 the	 CNF‐based	 flexible	 electrodes	 in	 this	 work	
exhibited	relative	good	cycling	stabilities.	4000	times	repeated	bending	has	
no	significant	effect	on	the	properties	of	the	electrode.	Even	after	4000	times	
repeated	bending,	the	electrode	still	obtained	a	good	cycling	performance.			
	
In	order	to	study	the	effects	of	moisture	trapped	in	the	hygroscopic	cellulose,	
the	 effects	 of	 varying	 drying	 time	during	 preparation	of	 the	 electrodes	 on	
their	 electrochemical	 performance	was	 investigated.	 A	 longer	 drying	 time	
slightly	enhances	the	electrochemical	properties	(specific	capacities)	of	the	
LFP	 positive	 electrode,	 but	 has	 a	 clear	 negative	 influence	 on	 the	 graphite	
electrodes.	Varying	the	drying	time	had	no	effect	on	the	coulombic	efficiency	
of	either	the	LFP	or	the	graphite	electrodes.	Drying	the	electrodes	for	1	h	was	
enough	to	obtain	a	good	electrochemical	performance	for	both	positive	and	
negative	electrodes.	This	is	an	advantage	in	an	industrial	production,	making	
the	manufacturing	process	of	the	electrode	simpler.		
	
A	 systematic	 study	 of	 how	 different	 parameters	 in	 the	 production	 of	 CNF	
affect	its	binding	function	in	an	LFP	electrode	has	been	reported	in	this	thesis.	
The	charge	density	and	degrees	of	homogenization	do	affect	the	properties	of	
the	 electrodes.	 The	 higher	 the	 charge	 density,	 the	 better	 electrochemical	
properties	 can	 be	 achieved.	 The	 high	 charge	 density	 CNF	 with	 less	
homogenizer	 passages	presented	better	 electrochemical	 performance.	 The	
electrode	 using	 CNF	 1550‐3‐3	 (charge	 density‐3	 large	 chambers‐3	 small	
chambers)	obtained	the	best	performance.		
	
A	full	lightweight	and	flexible	cell	based	on	an	LFP	electrode	with	integrated	
CF	as	current	collector	and	a	current	collector‐free	CF	negative	electrode	has	
been	 assembled	 using	 a	 water‐based	 binder	 (CNF)	 in	 an	 easy	 filtration	
process.	The	full	cell	exhibited	a	reversible	capacity	of	121	mAh	g‐1	based	on	
the	mass	of	LFP	when	cycled	at	0.1C.	The	gravimetric	energy	density	of	the	
full	cell	based	on	the	total	mass	of	the	LFP‐CF	and	CF	electrodes	is	about	150	
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Wh	kg‐1,	which	is	relatively	high	compared	with	commercial	LIB	which	are	
normally	coated	on	both	sides.	The	bending	properties	play	an	important	role	
for	 the	 electrodes	 in	 the	 application	 of	 flexible	 electronic	 devices.	 In	 this	
thesis,	 the	 LTO‐CF	 electrodes	 were	 repeatedly	 bent	 4000	 times	 with	 the	
Instron	 three	 points	 set‐up.	 The	 results	 demonstrate	 that	 this	 has	 no	
significant	effect	on	the	electrochemical	performance	of	the	electrodes.	When	
manufacturing	LIB,	the	electrode	should	have	a	high	energy	density	and	it	is	
also	good	if	inexpensive	materials	can	be	used.	Using	CF	as	current	collector	
has	a	positive	impact	on	the	energy	density	for	LIB	since	CF	is	a	lightweight	
material.	 The	 active	material	 percentage	 in	 electrodes	with	 CF	 as	 current	
collector	instead	of	conventional	Al	or	Cu	current	collectors	was	dramatically	
increased.	In	the	future,	the	more	abundant,	renewable	and	low	cost	CF	from	
lignin	should	be	investigated	as	both	current	collector	and	active	material	for	
LIB.	 Additionally,	 electrodes	 coated	 on	 both	 sides	 with	 CF‐based	 current	
collectors	should	be	fabricated	in	order	to	achieve	a	high	gravimetric	energy	
density	for	LIB.	
			
This	 study	also	 illustrates	 that	CNF	 is	 a	 good	binder	material	 for	different	
active	materials	 based	 electrodes.	The	good	binding	properties	 could	be	 a	
benefit	for	adjusting	for	the	volume	expansion	by	active	materials	like	silicon	
in	the	electrodes	during	charge/discharge.		
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