
 

-o
tl

a
A

D
D

 
8

2
2

/
 9

10
2

 +e
cgii

a*GM
FTSH

9

 NBSI 4-2688-06-259-879  )detnirp( 

 NBSI 1-3688-06-259-879  )fdp( 

 NSSI 4394-9971  )detnirp( 

 NSSI 2494-9971  )fdp( 

 

ytisrevinU otlaA  

gnireenignE lacimehC fo loohcS  

smetsysoiB dna stcudorpoiB fo tnemtrapeD  

 fi.otlaa.www

 + SSENISUB
 YMONOCE

 
 + TRA

 + NGISED
 ERUTCETIHCRA

 
 + ECNEICS

 YGOLONHCET
 

 REVOSSORC
 

 LAROTCOD
 SNOITATRESSID

 i
ri

h
P 

ta
h

ps
oJ

 e
n

eh
pa

r
G 

d
et

ail
of

x
E 

yll
ac

i
na

hc
e

M 
f

o 
s

ei
tr

e
p

or
P 

la
n

oi
tc

n
uF

 y
ti

sr
ev

i
n

U 
otl

a
A

 9102

 smetsysoiB dna stcudorpoiB fo tnemtrapeD

fo seitreporP lanoitcnuF  
detailofxE yllacinahceM  

 enehparG

 irihP tahpsoJ

 LAROTCOD
 SNOITATRESSID

 

-o
tl

a
A

D
D

 
8

2
2

/
 9

10
2

 +e
cgii

a*GM
FTSH

9

 NBSI 4-2688-06-259-879  )detnirp( 

 NBSI 1-3688-06-259-879  )fdp( 

 NSSI 4394-9971  )detnirp( 

 NSSI 2494-9971  )fdp( 

 

ytisrevinU otlaA  

gnireenignE lacimehC fo loohcS  

smetsysoiB dna stcudorpoiB fo tnemtrapeD  

 fi.otlaa.www

 + SSENISUB
 YMONOCE

 
 + TRA

 + NGISED
 ERUTCETIHCRA

 
 + ECNEICS

 YGOLONHCET
 

 REVOSSORC
 

 LAROTCOD
 SNOITATRESSID

 i
ri

h
P 

ta
h

ps
oJ

 e
n

eh
pa

r
G 

d
et

ail
of

x
E 

yll
ac

i
na

hc
e

M 
f

o 
s

ei
tr

e
p

or
P 

la
n

oi
tc

n
uF

 y
ti

sr
ev

i
n

U 
otl

a
A

 9102

 smetsysoiB dna stcudorpoiB fo tnemtrapeD

fo seitreporP lanoitcnuF  
detailofxE yllacinahceM  

 enehparG

 irihP tahpsoJ

 LAROTCOD
 SNOITATRESSID

 

-o
tl

a
A

D
D

 
8

2
2

/
 9

10
2

 +e
cgii

a*GM
FTSH

9

 NBSI 4-2688-06-259-879  )detnirp( 

 NBSI 1-3688-06-259-879  )fdp( 

 NSSI 4394-9971  )detnirp( 

 NSSI 2494-9971  )fdp( 

 

ytisrevinU otlaA  

gnireenignE lacimehC fo loohcS  

smetsysoiB dna stcudorpoiB fo tnemtrapeD  

 fi.otlaa.www

 + SSENISUB
 YMONOCE

 
 + TRA

 + NGISED
 ERUTCETIHCRA

 
 + ECNEICS

 YGOLONHCET
 

 REVOSSORC
 

 LAROTCOD
 SNOITATRESSID

 i
ri

h
P 

ta
h

ps
oJ

 e
n

eh
pa

r
G 

d
et

ail
of

x
E 

yll
ac

i
na

hc
e

M 
f

o 
s

ei
tr

e
p

or
P 

la
n

oi
tc

n
uF

 y
ti

sr
ev

i
n

U 
otl

a
A

 9102

 smetsysoiB dna stcudorpoiB fo tnemtrapeD

fo seitreporP lanoitcnuF  
detailofxE yllacinahceM  

 enehparG

 irihP tahpsoJ

 LAROTCOD
 SNOITATRESSID



 seires noitacilbup ytisrevinU otlaA
SNOITATRESSID LAROTCOD  822 /  9102

yllacinahceM fo seitreporP lanoitcnuF  
 enehparG detailofxE

 irihP tahpsoJ

fo rotcoD fo eerged eht rof detelpmoc noitatressid larotcod A  
eht fo noissimrep eht htiw ,dednefed eb ot )ygolonhceT( ecneicS  

cilbup a ta ,gnireenignE lacimehC fo loohcS ytisrevinU otlaA  
fo tnemtrapeD eht fo 1L llah erutcel eht ta dleh noitanimaxe  

 .00:21 ta 9102 ,21 rebmeceD no smetsysoiB dna stcudorpoiB

 ytisrevinU otlaA
 gnireenignE lacimehC fo loohcS

 smetsysoiB dna stcudorpoiB fo tnemtrapeD
 ygolonhceT slairetaM desaboiB



Printed matter
4041-0619

N
O

R
DIC

 SWAN ECOLAB
E

L

Printed matter
1234 5678

 rosseforp gnisivrepuS
 dnalniF ,gnireenignE lacimehC fo loohcS ,ytisrevinU otlaA ,yenolaM sueddahT rosseforP

 
 rosivda sisehT

 dnalniF ,gnireenignE lacimehC fo loohcS ,ytisrevinU otlaA ,yenolaM sueddahT rosseforP
 

 srenimaxe yranimilerP
 dnalniF ,ytisrevinU erepmaT ,nenakkuuT opmaS rosseforP

 
 ailartsuA ,ytisrevinU hsanoM ,reinraG liG rosseforP

 
 tnenoppO

 dnalniF nretsaE fo ytisrevinU ,neniraaS .J okkraJ rosseforP

 seires noitacilbup ytisrevinU otlaA
SNOITATRESSID LAROTCOD  822 /  9102

 
 © 9102   irihP tahpsoJ

 
 NBSI 4-2688-06-259-879  )detnirp( 
 NBSI 1-3688-06-259-879  )fdp( 
 NSSI 4394-9971  )detnirp( 
 NSSI 2494-9971  )fdp( 

:NBSI:NRU/if.nru//:ptth  1-3688-06-259-879
 

 yO aifarginU
 iknisleH  9102

 
 dnalniF

 



 tcartsbA
  otlaA 67000-IF ,00011 xoB .O.P ,ytisrevinU otlaA  if.otlaa.www

 rohtuA
 irihP tahpsoJ

 noitatressid larotcod eht fo emaN
 enehparG detailofxE yllacinahceM fo seitreporP lanoitcnuF

 rehsilbuP  gnireenignE lacimehC fo loohcS

 tinU  smetsysoiB dna stcudorpoiB fo tnemtrapeD

 seireS seires noitacilbup ytisrevinU otlaA  SNOITATRESSID LAROTCOD  822 /  9102

 hcraeser fo dleiF  ygolonhceT tcudorpoiB

 dettimbus tpircsunaM  9102 ,71 rebmetpeS  ecnefed eht fo etaD  9102 ,21 rebmeceD

 )etad( detnarg ecnefed cilbup rof noissimreP  9102 ,02 rebmevoN  egaugnaL  hsilgnE

 hpargonoM  noitatressid elcitrA  noitatressid yassE

 tcartsbA
sa hcus ,seitreporp roirepus fo egnar ediw a htiw lairetam lanoisnemid-2 gniticxe na si enehparG  
lacinahcem dna aera ecafrus ,ycnerapsnart hgih ,ytivitcudnoc lacirtcele dna lamreht tnellecxe  

noitcudorp elacs-egral elbaiv gnidnfi no sdneped llits noitacilppa elacs rediw a ,revewoH .htgnerts  
fo noitacirbaf rof dohtem elbisaef a setartsnomed siseht sihT .enehparg ytilauq hgih fo sdohtem  

detailofxe yllacinahcem fo ytilauq dna noitartnecnoc hgiH .laitnetop ytilibalacs htiw enehparg  
raehs gnisu emit gnissecorp trohs ta deveihca saw ,)enehparg enitsirp ,trohs ni( enehparg  
lanoitcnuf etacirbaf ot desu rehtruf saw enehparg detailofxe yllacinahcem sihT .noitailofxe  
roticapacrepus rof slairetam edortcele sa dna ,seitreporp fo egnar ediw a htiw srepaponan  

 .noitacilppa
yleman ,enehparg fo sepyt rehto ot derapmoc osla erew enehparg enitsirp fo seitreporp ehT  
rof dengised smlfi etisopmoconan ni ,)OGR( edixo enehparg decuder dna )OG( edixo enehparg  
.srepaponan )CFM( esolullec detallirbfiorcim depod-enehparg sa demrof snoitacilppa lanoitcnuf  
setisopmoc fo noitacirbaf eht ot del enehparg fo sedarg eseht fo yrtsimehc ecafrus tnereffid ehT  
roF .xirtam remylop CFM eht htiw noitcaretni euqinu rieht ot eud seitreporp fo egnar ediw a htiw  
dna OG elihw ,ytilibats lamreht dna ytivitcudnoc lacirtcele hgih a ot del enehparg enitsirp ,elpmaxe  
rof deroliat eb nac setisopmoc ehT .srepaponan eht fo seitreporp lacinahcem decnahne ot del OGR  

 .cte sedortcele ,srosnes ,scinortcele elbixefl sa hcus ,snoitacilppa laitnetop fo egnar ediw a
ni gnitset rof depoleved rehtruf erew srepaponan eht ,segatnavda neeserof eseht gniwolloF  
nobrac otni gnitrevnoc yb dezilaer saw sihT .sroticapacrepus ni slairetam edortcele sa noitacilppa  
lacimehcortcele doog rof elbatius seitreporp ecudortni ot HOK htiw noitavitca yb sdirbyh  
eht ni rednib a sa dna enehparg eht etailofxe dna ezilibats ot desu saw CFM .ecnamrofrep  
rof laitnetop htiw ecnamrofrep lacimehcortcele tnellecxe dewohs sedortcele ehT .sedortcele  
derapmoc saw sdirbyh nobrac eht fo ecnamrofrep eht ,eromrehtruF .secived suoirav ni noitacilppa  
nobrac detavitca devired-wolliw ehT .sroticapacrepus ni nobrac detavitca devired-wolliw htiw  
dewohs sdirbyh nobrac eht ,revewoH .sdirbyh nobrac eht naht ecnaticapac rehgih neve dewohs  
wolliw rof %49 susrev selcyc 000 5 retfa noitneter ecnaticapac %99 ,ytilibats gnilcyc retteb hcum  

 .snobrac detavitca devired
enehparg fo tnempoleved eht ot setubirtnoc ,noisulcnoc ni ,siseht siht ni dezirammus krow ehT  
hgih fo noitacirbaf rof setuor laitnetop gniyfitnedi ,noitacilppa laicremmoc elacs regral rof  
slairetam elbaniatsus dna elbawener evitanretla no desab slairetam nobrac lanoitcnuf ecnamrofrep  

 .sevitidda lacimehc suodrazah dna ,cixot yllaitnetop yltnerruc eht ecalper ot

 sdrowyeK ,esolulleconan ,edixo enehparg ,etihparg ,sedortcele ,roticapacrepus ,enehparG  
 .secived egarots ygrene ,esolullec detallirbfiorcim

 )detnirp( NBSI  4-2688-06-259-879  )fdp( NBSI  1-3688-06-259-879

 )detnirp( NSSI  4394-9971  )fdp( NSSI  2494-9971

 rehsilbup fo noitacoL  iknisleH  gnitnirp fo noitacoL  iknisleH  raeY  9102

 segaP  281  nru :NBSI:NRU/fi.nru//:ptth  1-3688-06-259-879





i 

 
 
 
 

This dissertation is dedicated 
 to my Mom and Dad. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

“I know that I know nothing” 
(Derived from Plato’s account of Socrates) 

 
 
 

“Life is what happens to you while you're busy making other plans” 
John Lennon 

 
 
 
 
 



ii 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                        
 
 
 
 
 
 
 
 
 
 
 
 
 
 



iii 

Preface

This doctoral dissertation was carried out in the Department of Bioproducts and 
Biosystems - school of Chemical Engineering (formerly known as the Depart-
ment of Forest Products Technology- School of Chemical Technology), Aalto 
University from 2015 to 2019 under the supervision of Prof. Thad Maloney. This 
study started within the ACel (Advanced Cellulose to Novel Products) project of 
the CLIC innovation. It then continued with Omya International AG for three 
years. I would also like to acknowledge the Forest Product Engineers Associa-
tion (PI), Aalto CHEM School funding, KAUTE Foundation, Jenny and Antti 
Wihuri Foundation for additional financial support during this thesis.  

First, I would like to express my deepest gratitude to my supervisor Prof. Thad 
Maloney for offering me the opportunity to pursue my doctoral studies in his 
research group. I always wondered why he hired me in his group considering 
my completely different background! Anyway, I am grateful! Thank you for your 
direction and support and always being critical of the work to always keep us on 
the toes. Your open-door policy to have short meetings whenever you are in the 
office is always appreciated and I always remember those 10 min meetings that 
turned to hours of brainstorming! Thank you for the conversations and discus-
sions about anything and everything in life. I would also like to thank Prof. Pat-
rick Gane for the constant support, fruitful discussions and always coming out 
with new ideas. The fast rate at which you correct the manuscripts and your 
keen eye for detail is something I always admire! Thank you for your time to 
check this thesis, which was really an enormous task! Thanks for supporting our 
project with Omya International AG during the three years. Without your con-
stant support and input, we could not have been here! 

I wish to thank the pre-examiners, Associate Prof. Sampo Tuukkanen and Prof. 
Gil Garnier for their constructive feedback on the thesis. Many thanks also to 
Michel Schenker for his support in Oftringen during my weeklong visit to Omya. 
Even though nothing concrete came out of the experiments, we sure did learn 
some things! I am also very thankful to all the co-authors I have worked with 
not only for the articles included in this thesis but others, which did not make 
the cut, in particular, Jinze Dou, Tapani Vuorinen, Katarina Dimic-Misic, 
Leena-Sisko Johansson, Kaarlo Nieminen, Gerardo Gómez Millán etc.  

Obviously, this work could not have been possible without the help of our out-
standing technicians especially Leena Nolvi and Tuyen Nguyen. Thank you, 
Leena, for ‘keeping up with my black samples’, which have always been a big 
pain in the labs. Tuyen thanks for always been there and very resourceful and 
helpful with everything! Much appreciation also goes to Rita Hatakka, Ritva Ki-
velä, Timo Ylönen, Christian Orassaari, Harri Koskinen, Terho Konttinen, 



iv 

Marja Kärkkäinen and everyone not mentioned here! I would also like to ex-
press my gratitude to Juan Valle Delgado for AFM training! 

Thank you Risto for being such good officemate from the first day I came to 
Aalto.  You always find time to help regardless and the office has always the 
excellent working atmosphere! Gerardo thank you for your friendship and com-
pany during this time. We have shared the pains of this journey together!  I 
would also like to express my deepest gratitude to my awesome research group 
mates past and present who have made the group spirit nothing but positive. 
Sara Ceccherini, thank you for always been there and share some of the pain 
burdens! Jonna Kuusisto for always ever-encouraging discussions and advice! 
Hamid, Elaheh and Deepika for your pleasant company and just talk about life 
and stuff! To the former research group mates, Juuso, Ville, Kaniz, Katarina, 
Roozbeh, Prodyut etc. I would also like to thank all the incredible colleagues 
from the Puu department who made this a great working environment. 

Last but not the least; I would like to take this opportunity to thank my family 
for their endless support during my travels! I know that from 2004, I have been 
away most of the time but your support and love as always, has kept me going. 
My parents, Alfred and Eneless, Dad, you have always pushed me to the limits. 
Thank you for always believing in me and encouraging me to reach higher and 
higher heights! Yes, Dad, we did it, finally!  My mom for always encouraging and 
being positive no matter what! To my brothers and sister, Festus, Caroline, Ben-
jamin, William, Aaron, Samuel, Andrew and Happy. Probably you do not know 
this, but just knowing that you are there has always kept me moving forward not 
matter the weather! My grandma, keep going strong gal! It is sad grandpa never 
lived to see this day. I guess we’ll still meet on the other side someday! 

My wife, Albina, we been through hell but we always pull thru. Thank you for 
your support and love. This could not have been possible without your support! 
Especially with the new additional to our family, our lovely son, Phoenix, your 
support has never been more important and needed than ever before. Thank 
you for taking care of our son especially this year when I have been hardly avail-
able and during those late working hours! I would really like to say that things 
will be easy from now on but hey, we all know that it will be a lie. Thank you, 
Phoenix, for being born and just being an awesome kid. You have definitely 
brought a new perspective in our lives! Always know that “isä rakastaa sinua 
paljon”. Спасибо за все, и я очень благодарен что Вы есть у меня! Я Вас 
очень люблю! Также выражаю благодарность членам моей большой се-
мьи, в частности, Алии, теще и тестю, Камилле, Диане, Felipe и всем 
остальным! Pоссия, вперед!  

It’s been one hell of a ride! 

 

Espoo, November 2019 
Josphat  
 

 
 



v 

List of Abbreviations and Symbols 

AC 

AFM 

BNC 

CHAPS 

CVD 

DBDM 

DI 

DOC 

DTA 

EDL 

EIS 

ESR 

FTIR 

GCD 

GIC 

GO 

H2SO4–GIC 

HTAB 

IUPAC 

LPE 

MC 

MFC 

MNFC 

NFC 

P-123 

PBA 

PGO 

PSD 

PSS 

PVP 

Activated carbon 

Atomic force microscopy 

Bacterial nanocellulose 

3-[(3-Cholamidopropyl)dimethyl ammonio]-1-propanesulfonate 

Chemical vapor deposition 

n-Dodecyl β-D-maltoside 

Deionized  

Sodium deoxycholate 

Differential thermal analysis 

Electric double-layer 

Electrochemical impedance spectroscopy  

Equivalent series resistance  

Fourier transform infrared spectroscopy  

Galvanostatic charge discharge 

Graphite intercalation compound  

Graphene oxide 

Sulfuric acid–graphite intercalation compound 

Hexadecyltrimethylammonium bromide 

International Union of Pure and Applied Chemistry 

Liquid phase exfoliation    

Micromechanical cleavage 

Microfibrillated cellulose 

Micro nanofibrillated cellulose 

Nanofibrillated cellulose 

Pluronic® P-123 

1-Pyrenebutyric acid 

Pristine graphite oxide 

Pore size distribution 

Poly(sodium 4-styrenesulfonate) 

Poly (vinyl pyrrolidone) 



vi 

RGO 

SC 

SDS 

SEM 

SDBS 

TDOC 

TGA 

WW 

XPS 

XRD 

  

 
 
 
 

 

 

 

 
 

Reduced graphene oxide 

Sodium cholate 

Sodium dodecyl sulphate  

Scanning electron microscopy 

Sodium taurodeoxycholate hydrate 

Sodium dodecylbenzene-sulfonate 

Thermogravimetric analysis 

Willow wood 

X-ray photoelectron spectroscopy 

X- ray diffraction 

 
 

 
 
 
 
 
  

 

 

 

 

 



vii 

List of Publications 

This doctoral dissertation is a summary of the following publications, referred 
to in the text by their numerals: 
 
Paper I 

 
Phiri, J., Gane, P., & Maloney, T. C. (2017). High-concentration shear-exfoliated 
colloidal dispersion of surfactant–polymer-stabilized few-layer graphene 
sheets. Journal of Materials Science, 52(13), 8321-8337. DOI: 10.1007/s10853-
017-1049-y 

 
Paper II  
 
Phiri, J., Johansson, L. S., Gane, P., & Maloney, T. C. (2018). Co-exfoliation and 
fabrication of graphene based microfibrillated cellulose composites–mechani-
cal and thermal stability and functional conductive properties.  Na-
noscale, 10(20), 9569-9582. DOI: 10.1039/C8NR02052C 

 
Paper III 
 
Phiri, J., Johansson, L. S., Gane, P., & Maloney, T. (2018). A comparative study 
of mechanical, thermal and electrical properties of graphene-, graphene oxide-
and reduced graphene oxide-doped microfibrillated cellulose nanocompo-
sites. Composites Part B: Engineering, 147, 104-113. DOI:10.1016/j.compo-
sitesb.2018.04.018. 

 
Paper IV 

 
Phiri, J., Gane, P., & Maloney, T. C.  (2019). Multidimensional Co‐Exfoliated 
Activated Graphene‐Based Carbon Composite for Supercapacitor Elec-
trode. Energy Technology. 7: 1900578. DOI: 10.1002/ente.201900578  

 
Paper V 
 
Phiri, J., Dou, J., Vuorinen, T., Gane, P. A., & Maloney, T. C. (2019). Highly Po-
rous Willow Wood-Derived Activated Carbon for High-Performance Superca-
pacitor Electrodes.  ACS Omega, 4, 19, 18108-18117. DOI: 
10.1021/acsomega.9b01977 



viii 

Author’s Contribution 

Publication 1: The author was responsible for the experimental design, per-
formed all the experimental work, analyzed the results and wrote the manu-
script under the supervision of Prof. Thad Maloney and Prof. Patrick Gane.   

 

Publication 2: The author was responsible for the experimental design, per-
formed the experimental work, analyzed the results and wrote the manuscripts 
under the supervision of Prof. Thad Maloney and Prof. Patrick Gane.  XPS ex-
periments were performed by Dr. Leena-Sisko Johansson. 

 

Publication 3: The author was responsible for the experimental design, per-
formed most of the experimental work, analyzed the results and wrote the man-
uscripts under the supervision of Prof. Thad Maloney and Prof. Patrick Gane.  
XPS experiments were performed by Dr. Leena-Sisko Johansson. 

 

Publication 4: The author was responsible for the experimental design, per-
formed all the experimental work, analyzed the results and wrote the manu-
script under the supervision of Prof. Thad Maloney and Prof. Patrick Gane. XPS 
experiments were performed by Dr. Jouko Lahtinen. 

 

Publication 5: The author was responsible for the experimental design, per-
formed all the experimental work, analyzed the results and wrote the manu-
script, under the supervision of Prof. Thad Maloney and Prof. Patrick Gane. 
Prof. Tapani and Dr. Jinze Dou critically reviewed the manuscript.  XPS exper-
iments were performed by Dr. Jouko Lahtinen and Dr. Jinze Dou performed 
some selected SEM imaging.  

 

 

 

 

 



ix 

Contents

Preface…………………....................................................................…..……..iii 

List of Abbreviations and Symbols……………………………………………….…..v 

List of Publications…………………………………………………………………...….vii 

Author’s Contribution……………………………………………………………..……viii 

1. Introduction ................................................................................... 1 

2. Background ................................................................................... 4 

2.1 Graphene ................................................................................... 5 

2.2 Fabrication of graphene ............................................................ 6 

2.2.1 Micromechanical cleavage .................................................... 7 

2.2.2 Graphene via graphite oxide ................................................. 7 

2.2.3 Liquid-phase exfoliation (LPE) ............................................ 12 

2.2.4 Graphene quality .................................................................. 15 

2.3 Cellulose ................................................................................... 15 

2.3.1 Cellulose based nanopapers ................................................. 17 

2.4 Electrochemical supercapacitors .............................................18 

2.4.1 Historical background ..........................................................18 

2.4.2 Components and types of supercapacitors .......................... 19 

2.4.3 Principle of conventional capacitors .................................... 21 

2.4.4 Principle of supercapacitors ................................................ 22 

2.4.5 The electrical double-layer mechanism .............................. 23 

2.4.6 Performance evaluation of supercapacitors ........................ 24 

3. Experimental .............................................................................. 26 

3.1 Materials ................................................................................. 26 

3.2 Sample preparation methods .................................................. 26 

3.2.1 High shear graphene exfoliation ......................................... 26 

3.2.2 Co-exfoliation of graphene in microfibrillated cellulose ..... 27 

3.2.3 Fabrication of graphene-carbon hybrids (Paper IV) ........... 27 

3.2.4 Fabrication of nanopapers .................................................. 28 

3.2.5 Synthesis of willow derived activated carbon ..................... 28 

3.3 Materials characterization ...................................................... 29 



x 

3.3.1 UV-Vis spectroscopy ............................................................ 29 

3.3.2 Atomic force microscopy (AFM) .......................................... 29 

3.3.3 Raman spectroscopy ............................................................ 29 

3.3.4 Scanning electron microscopy ............................................. 29 

3.3.5 Particle size of graphene sheets ........................................... 29 

3.3.6 Fourier transform infrared spectroscopy (FTIR) ................ 29 

3.3.7 Grammage formation measurements ................................. 30 

3.3.8 MFC characterization ......................................................... 30 

3.3.9 X-ray photoelectron spectroscopy (XPS)............................ 30 

3.3.10 X- ray diffraction (XRD) ..................................................... 30 

3.3.11 Thermogravimetric (TGA) and differential analysis (DTA) 30 

3.3.12 Optical properties ................................................................ 31 

3.3.13 Mechanical properties ......................................................... 31 

3.3.14 Nitrogen adsorption measurements .................................... 31 

3.3.15 Electrical conductivity ......................................................... 31 

3.3.16 Electrochemical analysis ...................................................... 31 

4. Results and discussion ................................................................ 32 

4.1 High shear exfoliation ............................................................. 32 

4.1.1 Shear exfoliation in surfactant and polymer media ................ 32 

4.1.2 Mechanism of graphene stabilization .................................. 33 

4.1.3 Graphene concentration ...................................................... 33 

4.1.4 Quality and evidence of graphene exfoliation ..................... 36 

4.1.5 Shear exfoliation in microfibrillated cellulose (MFC) ........ 40 

4.2 Functional properties of nanopapers ......................................44 

4.3 Energy storage application ......................................................49 

4.3.1 Mechanism of KOH activation .............................................49 

4.3.2 Multidimensional graphene-carbon hybrids ...................... 50 

4.3.3 Willow wood derived carbon ............................................... 51 

4.3.4 Electrochemical properties .................................................. 53 

5. Concluding remarks ................................................................... 60 

5.1 General overview .................................................................... 60 

5.2 Future outlook ......................................................................... 61 

References .............................................................................................. 63 

 



1 

1. Introduction    

The need for renewable and sustainable-based functional materials has gained 
a lot of interest in recent years due to the vast population growth, global climate 
change and depletion of fossil resources. The last decade or so has seen an in-
crease in smart technologies, portable electronic devices and hybrid electric ve-
hicles. This increase has led to an urgent need for environmental friendly and 
high efficient energy storage sources to cope with the ever-growing demand.  

One of the promising types of energy storage devices for use in such devices 
are supercapacitors. Supercapacitors have emerged as a potential eco-friendly 
technology representing a versatile energy storage solution for sustainable en-
ergy supplies that bridges the gap between conventional capacitors and re-
chargeable batteries, and can significantly help to address some of the current 
shortcomings of the existing technologies. In order for the future generation of 
supercapacitors to meet the current demand, some challenges must be over-
come, which include improving the energy density, lowering production costs 
and use of sustainable and renewable materials whilst maintaining the required 
high power density. Functional carbon based materials such as graphene and 
activated carbon are promising building blocks for these supercapacitors with 
the target of using them to fabricate high performance electrode materials. 

Carbon-based materials hold a key to solving many global challenges espe-
cially those related to energy crisis. Carbon has great versatility to combine with 
other elements and form composite/hybrid materials with excellent properties. 
However, in order to benefit fully from their excellent properties in supercapac-
itor applications, it is important to find newer sources and, perhaps more im-
portantly, production methods, which are renewable and sustainable and with 
low environmental impact. Such novel and scalable fabrication methods are 
needed urgently to meet the current global demand. For example, graphene is a 
2D form of carbon that has generated great research interest from both aca-
demia and industry. Graphene can be expected to play a major role in various 
functional applications due to its many superlative properties. Graphene is syn-
onymous with excellent mechanical, thermal and electrical properties (Bolotin 
et al. 2008, 351-355; Lee et al. 2008, 385-388; Peigney et al. 2001, 507-514; 
Balandin et al. 2008, 902-907). Despite the promising results shown in various 
applications, the high production cost of graphene and low yields have hindered 
the wider scale application (Ma et al. 2017, 1605361). Moreover, the quality of 
graphene that is currently available commercially has inferior properties 
(Kauling et al. 2018, 1803784). It is therefore, essential to develop low cost pro-
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duction methods of high quality graphene for large-scale application. Further-
more, graphene can be combined with other natural and renewable materials, 
such as cellulose, to fabricate high performance functional materials. Cellulose 
based materials, such as nano- and microfibrillated (NFC and MFC) cellulose, 
are a target of much international research interest due to their diverse range of 
properties including large surface area, biodegradability and mechanical ro-
bustness (Klemm et al. 2011, 5438-5466; Siro and Plackett 2010, 459-494). The 
functional properties of both graphene and nanocellulose provide a strong plat-
form to develop high performance and sustainable materials, largely based on 
renewable and natural resources for a wide range of applications.  

 In many commercial energy storage devices, activated carbon (AC) is widely 
used (Kim et al. 2015, 1-25) due to its relatively low cost, high surface area and 
excellent thermal and electrical stability (Inagaki et al. 2010, 7880-7903). The 
electrochemical performance of ACs is greatly dependent on the carbonaceous 
feedstock and synthesis method. The desired electrode properties, including 
surface area, surface wettability, pore size and pore distribution, can be strongly 
dependent on the carbon source and synthesis conditions. Finding renewable 
and sustainable carbon sources, such as biomass, can go a long way in reducing 
the environmental impact arising from the continued use of fossil-based fuel 
sources. Compared to conventional fossil sources, biomass has gained popular-
ity because it is sustainable, abundant, has a naturally porous structure and low 
cost.  

In this thesis, three main objectives are considered: 
(1) Mechanical exfoliation of few-layer graphene sheets in high concentration 

using shear exfoliation (Paper I and II) 
(2) Fabrication of functional nanopapers with various properties (Paper II 

and III)  
(3) Fabrication of carbon based electrodes for supercapacitor applications 

based on renewable and natural sources (Paper IV and V). 
 

 
Figure 1. The relationship between the thesis objectives and publications 

Achieving the objectives of this thesis is addressed by answering the follow-
ing research questions:  

1. Can the mechanical form of graphene be produced in high concentration 
using high shear exfoliation in a colloid mill?   
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2. How do the properties of the mechanical form of graphene in the matrix 
of cellulose nanopapers compare to graphene oxide and reduced gra-
phene oxide? 

3. Can this mechanical form of graphene be optimized and applied as an 
electrode material in supercapacitors? How does it perform in compari-
son to activated carbon? 

  
In Paper I, mechanical exfoliation of pristine graphene in surfactant and 

polymer solutions is studied. Graphene is an interesting technological material 
with many superior properties when examined at the particle level. However, 
the lack of viable production methods has hindered its wide scale application. 
This study explores a high shear exfoliation method as a viable option for pro-
duction of high quality graphene with potential for large-scale application. The 
study showed that high quality few-layer graphene at high concentration can be 
produced at short processing time.  

In Paper II, co-exfoliation of graphene in MFC suspension for direct fabri-
cation of graphene/MFC nanocomposites is investigated. Direct graphene exfo-
liation in MFC offers many advantages including composites that are based 
largely on renewable and natural materials with many functional properties and 
easily tailorable for specific applications. Moreover, in some applications, the 
use of surfactant or polymers is undesirable. The simple approach shown in this 
study offers potential for a wide range of applications.  

In Paper III, a comparative study of pristine graphene, graphene oxide and 
reduced graphene oxide as functional fillers in doped MFC nanocomposites is 
undertaken. The different surface chemistry of these functional fillers promotes 
differing interaction with the MFC matrix that leads to nanocomposites with a 
range of properties.  

 In Paper IV, co-exfoliation of graphene in MFC together with KOH activa-
tion was used to produce hybrid carbon materials for fabrication of supercapac-
itor electrodes. The electrochemical performance of the produced hybrid car-
bons showed that these hybrid materials have potential for a wide range of elec-
trochemical applications. 

 In Paper V, the potential of using willow as a carbonaceous biomass feed-
stock for fabrication of electrode materials for energy storage devices is investi-
gated. Specifically, willow derived activated carbons are synthesized for elec-
trode materials for supercapacitor devices.  The properties of the produced wil-
low derived activated carbon can be tailored during the synthesis stage and ex-
hibit the necessary properties required for producing high performance electro-
chemical devices.  

 
 
 
 
 
 
 



4 

2. Background 

Carbon is one of the most abundant elements in the universe, and yet quite ex-
traordinary in its own right.  Due to its valence electrons, it possesses a high 
versatility to form chemical bonds with other carbon atoms and with a wide 
range of other elements, a property that has made it essential for all life on earth. 
Carbon is able to contribute to the formation of a diverse range of materials be-
cause of its s- and p-electron orbitals, which enables it to hybridize into sp-, sp2- 
and sp3-bonds. Figure 2 shows some of the common allotropes of carbon. De-
spite these compounds comprising entirely the same element, they have com-
pletely different structures and properties.  For example, diamond is a 3D solid 
made up of sp3-bonded carbons in a tetrahedral shape making it a poor electrical 
conductor, whilst graphite is made up of 2D sp2 bonded carbon sheets and is a 
good conductor of electricity. Carbon has become a renewed subject of intense 
interest during recent decades for researchers working in a variety of novel 
fields ever since fullerenes were discovered in 1985 by Kroto et al. (Kroto et al. 
1985, 162-163). The recent discoveries of carbon nanotubes and graphene have 
advanced further the study of carbon materials into the modern era.  

 

 
Figure 2. Some carbon allotropes: adapted with permission from ref. (Ren et al. 2012, 1-5). Cop-
yright © 2012, Springer-Verlag Berlin Heidelberg. 
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2.1 Graphene 

 
Graphene, a latest member of the carbon allotropes, is a two-dimensional single 
layer of sp2-bonded carbon atoms arranged in a hexagonal honeycomb lattice. 
Since its successful exfoliation in 2004 (Novoselov et al. 2004, 666-669), gra-
phene has generated a lot of interest from both academia and industries due to 
its extraordinary properties. Graphene can be considered as the basic building 
block of some of the other carbon allotropes. It can be wrapped into 0-dimen-
sional fullerene, rolled into 1-dimensional carbon nanotubes and stacked into 
3-dimensional graphite, as shown summarized in Figure 3.  

 
Figure 3. Graphene, as a building block for some carbon allotropes; 3-D graphite, 1-D carbon 
nanotube and 0-D fullerene. Reproduced with permission from ref.  (Wan et al. 2012, 598-607). 
Copyright © 2012, American Chemical Society. 

The tremendous interest in graphene is not surprising given the superlative 
properties associated with it. Freestanding single graphene layers display an ex-
tremely high electron mobility, more than 200 000 cm2 V-1 s-1 at room temper-
ature (Bolotin et al. 2008, 351-355; Morozov et al. 2008), which is much greater 
than even in semiconductors or metals (Dürkop et al. 2004, 35-39). Graphene 
is also one of the strongest materials known, with a Young’s modulus of 1.1 TPa 
(about 200 times stronger than steel), very high light transmittance ~98% (Nair 
et al. 2008, 1308-1308) and fracture strength of about 125 GPa (Lee et al. 2008, 
385-388). Graphene has also a theoretical specific surface area of 2 630 m2 g-1 
(Peigney et al. 2001, 507-514), thermal conductivity of 5 000 W m-1 K-1 (Bal-
andin et al. 2008, 902-907), and superior gas barrier properties (Bunch et al. 
2008, 2458-2462). Despite being only one atomic thin, it has excellent gas bar-
rier (impermeable) properties, good chemical stability, anomalous quantum 
Hall effect etc. (Novoselov et al. 2004, 666-669; Novoselov et al. 2008, 1-6; Al-
len et al. 2010, 132-145; Novoselov et al. 2005, 10451-10453; Novoselov et al. 
2005, 197-200; Bunch et al. 2008, 2458-2462). Graphene can also be modified 
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to generate a solid-state energy band gap that can lead to application in semi-
conductors, for example, for synthesis of devices such as transistors (Novoselov 
et al. 2012, 192-200; Li et al. 2008, 1229-1232; Wu et al. 2008, 263302; Ritter 
and Lyding 2009, 235-242). Not surprisingly, these properties have led to a rev-
olution of various applications of graphene-based materials, including energy 
storage devices, transparent films, printable electronics, catalysts, sensors, solar 
cells, nanocomposites etc. (Yoo et al. 2008, 2277-2282; Tung et al. 2009, 25-29; 
Li et al. 2008, 1229-1232; Schedin et al. 2007, 652-655; Hu et al. 2014, 1934-
1972).  

It is important to note that these excellent properties are only manifest on 
the micro scale, i.e. from high quality single layer graphene, normally produced 
by a micromechanical cleavage method. Realizing the same excellent properties 
with other methods, which have potential for large-scale production, is still one 
of the biggest graphene challenges.  

2.2 Fabrication of graphene 

 
Graphene synthesis can be categorized into two main groups: bottom-up and 
top-down, respectively (Figure 4).  

The bottom-up approach involves the synthesis of graphene from alternative 
carbon sources, such as hydrocarbons (Tour 2013, 163-171). This class of pro-
duction methods includes epitaxial growth of graphene on silicon carbide 
(Charrier et al. 2002, 2479), titanium carbide (Terai et al. 1998, 876-882), tan-
talum carbide (Nagashima et al. 1994, 4756-4763), and other metal substrates, 
including Ni, Cu, Pt, Ru, Ir, Co etc. (Coraux et al. 2008, 565-570; Tanaka et al. 
2003, 697-703; Sutter et al. 2008, 406-411; Fujita et al. 2005, 120-123). Fur-
thermore, chemical vapor deposition (CVD) methods (Kim et al. 2009, 706-710; 
Li et al. 2009, 1312-1314; Bae et al. 2010, 574-578) etc., belong also to this class 
of bottom-up syntheses.  

The top-down methods involve the separation of stacked graphite layers into 
single layers of graphene sheets (Tour 2013, 163-171). Some of these methods 
include mechanical exfoliation of graphite (Novoselov et al. 2004, 666-669; 
Tung et al. 2009, 25-29), graphene formed from un-zipping of carbon nano-
tubes (Jiao et al. 2009, 877-880; Kosynkin et al. 2009, 872-876; Shinde et al. 
2011, 4168-4171), solvothermal synthesis (Choucair et al. 2009, 30-33) and syn-
thesis of graphene from graphite oxide (Stankovich et al. 2006, 282-286; Park 
and Ruoff 2009, 217-224; Li et al. 2008, 101-105; Gilje et al. 2007, 3394-3398; 
Stankovich et al. 2007, 1558-1565). 
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Figure 4. Schematic for graphene synthesis through top-down and bottom-up methodologies: re-
produced with permission from ref. (Yang et al. 2016, 1-72). Copyright © 2016 Elsevier B.V.  

This work focuses on the top-down approach technique, specifically liquid 
phase exfoliation (LPE). The LPE method has a high potential for large-scale 
application and the precursor, graphite is a low cost natural material that is 
readily available. Some of the advantages and disadvantages of graphite based 
graphene fabrication methods are listed in Table 1. Some of the top-down ap-
proaches for graphene synthesis from graphite sources are discussed briefly be-
low.   

2.2.1 Micromechanical cleavage 

The micromechanical cleavage method led to the so-called graphene revolution. 
It is well known that graphite is made up of stacked layers of graphene sheets 
bonded together by van der Waals forces. In order to produce graphene from 
graphite, these forces have to be overcome. The main advantage of the micro-
mechanical cleavage method is that it does not require any special equipment. 
Exfoliation is achieved by placing graphite flakes between adhesive tape layers 
and peeling. If this process is repeated long enough it can eventually lead to gra-
phene monolayers (Van Noorden 2012, S32-S33; Dresselhaus and Dresselhaus 
2002, 1-186). 

The main drawback of the initially attractive, albeit naïve, peeling method is 
that it is impractical for large-scale applications. However, for fundamental 
studies, the micromechanical cleavage method remains perfect, yielding high 
quality single layers of graphene of extended lateral dimensions. Therefore, it is 
still a perfect technique for exploration of graphene properties and potential fu-
ture applications (Phiri et al. 2017a, 9-28).  

2.2.2 Graphene via graphite oxide 

Graphite oxide (GO) is one of the most common alternative chemically modified 
carbon sources used as a precursor in the production of graphene, designed to 
avoid arduous repetitive exfoliation, and considered to be a low cost potential 



8 

for large-scale production. GO is usually prepared by reacting graphite with con-
centrated acids and alkaline compounds, which leads to intercalation and oxi-
dation of graphite. Historically, graphite oxide was actually discovered as a way 
to measure the molecular weight of graphite by Brodie in 1859 (Brodie 1859, 
249-259). Graphite powder was heated in a mixture of fuming nitric acid and 
potassium chlorate, and the process was repeated four times producing a light 
yellow solid sample of graphite oxide. In 1898, Staudenmaier made some im-
provements on Brodie’s method (Staudenmaier 1898, 1481-1487) by using ex-
cess oxidizing agent and the addition of concentrated sulfuric acid as an extra 
additive, which completely removed the repetitive stage.   

 
Table 1 Comparison of graphite based graphene production methods: reproduced with permis-
sion from ref. (Phiri et al. 2017a, 9-28) 

Method Advantages Drawbacks 
Micromechanical 
cleavage 

High quality flakes 
Simple preparation 
method 
Low-cost and easy 
No special equip-
ment needed 

Low yield 
Labor intensive (not scalable) 
Uneven films 
Dimensions dependent on initial 
crystal size 

 
Graphene via 
graphite oxide 

High dispersibility 
Scalable method 
High processability 
High yield 
Relatively inexpen-
sive 

Poor electrical/electronic proper-
ties 
Fragile stability of the colloidal dis-
persion 
Potentially explosive process 
Time consuming 
Use of toxic chemicals 
Small area flakes 
Reduction of the graphite oxide to 
graphene is only partial 

 
Liquid-phase 
exfoliation 

High Quality 
Good Scalability 
Low Temperature 
Relatively inexpen-
sive 

Small size graphene flakes (<5 μm) 
Low yield of single graphene layers 
Limited dispersibility 
Limited processability 

Mechanical mill-
ing of graphite 

Simple technique 
Control over the 
various process pa-
rameters 
Relatively inexpen-
sive 

Long processing time 
Induces structural defects 
Low graphene concentration 
Low graphene yield 

Electrochemical 
exfoliation 

High yield 
Cost effectiveness 
High processability 
Environmentally be-
nign 
Scalable 
Fast production 
Good electronic 
properties 

Slight oxidation 
Inhomogeneous flake thickness 

 

Sixty years later, in 1958, Hummers (Hummers and Offeman 1958, 1339) in-
troduced a newer protocol, in which potassium permanganate was used as an 
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oxidizing agent in a mixture of concentrated sulfuric acid and sodium nitrate. 
In comparison to previous protocols, Hummers’ was much safer as it avoided 
handling highly corrosive fuming nitric acid, with it being produced instead in 
situ. Currently, this is still one of the most widely used protocols either in its 
original form or with slightly modifications (Phiri et al. 2018, 104-113; Zhu et al. 
2010, 3906-3924; Dimiev and Tour 2014, 3060-3068; Stankovich et al. 2007, 
1558-1565). The above-discussed methods are summarized in Figure 5. A lot of 
effort is still being invested by researchers to find better and safer ways of oxi-
dizing graphite. For example, Tour et al. (Marcano et al. 2010, 4806- 4814) pro-
posed a slightly modified protocol, which uses phosphoric acid instead of the 
highly corrosive fuming nitric acid. This protocol also avoids the formation of 
toxic gases such as NO2 and N2O4. 

 

 
Figure 5. The history of methods used for the production of graphite oxide from graphite  

 The mechanism of oxide formation in graphene was recently defined by 
Dimiev and Tour, in which they proposed that it has three main stages, as shown 
schematically in Figure 6 (Dimiev and Tour 2014, 3060-3068). The first stage 
involves converting graphite into graphite-intercalated compound by sulfuric 
acid. This step begins immediately when graphite is introduced to the acidic ox-
idizing media. The acidic oxidizing media diffuse into graphite and increases the 
distance between the graphene layers, making the interlayer spaces accessible 
to the oxidizing agent. The second stage involves the diffusion of the oxidizing 
agent into the intercalated layers of graphene. In Hummers method for exam-
ple, the nature of this oxidizing agent is still unknown but some researchers have 
suggested that it can be dimanganese heptoxide (Mn2O7) (Dreyer et al. 2010, 
228-240) or planar permanganyl (MnO3+) cation in the forms of MnO3HSO4, or 
(MnO3)2SO4 (Royer 1961, 159-167; Dzhabiev et al. 2005, 1755-1760). The final 
and third step involves dispersion of GO into single layers by sonication.  

 The aggressive chemical treatment of graphite destroys the sp2 structure of 
graphene and introduces functional groups such as hydroxyl (-OH) or epoxide 
(C-O-C) in the basal plane and carbonyl (C=O) and carboxylic (-COOH) on the 
edges (Gao et al. 2009, 403-408; Cai et al. 2008, 1815-1817; He et al. 1998, 53-
56; Lerf et al. 1998, 4477-4482; Szabó et al. 2006, 2740-2749). The oxygen at-
oms are covalently bonded to the carbon structure converting the sp2-hybrid-
ized atoms into the sp3 state (Dimiev 2016, 36-84). This makes GO very different 
from pristine graphene as the amount of sp3 atoms are more than the sp2 hy-
bridized atoms, which renders GO an insulator. On the other hand, these oxygen 



10 

functionalities provide GO with other unique properties, such as hydrophilicity. 
GO can easily be dispersed in water homogenously to form a stable colloid sus-
pension. 

One major bottleneck for the GO method, which almost never receives men-
tion by researchers, is the necessary purification process of graphite oxide. This 
is a notoriously difficult step, requiring many hours, even days, to complete. The 
process normally involves washing by vacuum filtration and centrifugation. 
Vacuum filtration suffers from clogged filters, and, after several washes the sus-
pension fails to separate the solids content even after lengthy centrifugation be-
cause GO forms a very stable suspension. Alternatively, dialysis can be used, but 
it takes a long time and only a small amount can dialyzed at a time. Therefore, 
there is a pressing need to develop better and more effective ways of purification 
of GO after oxidation. 

After graphite has been converted to graphene oxide, a chemical reduction 
process is employed to reduce GO to reduced graphene oxide (RGO) in order to 
restore some of the original properties of graphene, importantly its electrical 
conductivity. Various reducing agents exist ranging from toxic to environmen-
tally benign. The degree of reduction depends on the applied method and the 
conditions used. The three main methods that are commonly used are chemical, 
thermal and exposure to microwaves. The chemical approach involves direct 
treatment of GO with reducing agents, such as ascorbic acid, sodium borohy-
dride, hydrazine hydrate etc., during which the oxygen functional groups are 
decomposed to CO2 and H2O (Shin et al. 2009, 1987-1992; Moon et al. 2010, 73; 
Fernández-Merino et al. 2010, 6426-6432; Stankovich et al. 2006, 282-286; 
Stankovich et al. 2007, 1558-1565; Wang et al. 2008, 8192-8195; Fan et al. 2010, 
1686-1689; Dreyer et al. 2011, 3443-3447; Zhou et al. 2011, 045704; Fan et al. 
2011, 191-198; Pham et al. 2013, 6665-6667). Microwave irradiation has proved 
effective in reducing GO to few-layer graphene sheets (Shulga et al. 2014, 587-
592; Saranya et al. 2014, 36226; Liu et al. 2013, 11601; Han et al. 2015, 92940-
92946).  

Although, the chemical methods are the most convenient, some of the chem-
icals are highly toxic and dangerous, and so pose a health hazard especially 
when considering industrial scalability (Parvez et al. 2015, 123-132; Chua and 
Pumera 2014, 291-312). Thermal and microwave reduction require extremely 
high temperatures of up to 1 000 oC, which can restrict the choice of substrates 
for sample use, for example (Pei and Cheng 2012, 3210-3228).  A summary of 
some of the reduction methods is provided in Table 2, together with correspond-
ing C/O ratio and electrical conductivity.  
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Figure 6. Schematics of conversion of graphite into graphene oxide with corresponding sample 
appearance at each stage. The three steps signify formation of the two intermediate products 
(stage-1 GIC and PGO) and the final GO product. The solid black and dotted black lines represent 
graphene layers and single layers of GO, respectively; while the wide blue lines represent 
H2SO4/HSO4- intercalant; wide purple lines represent a layer of the mixture of H2SO4/HSO4- in-
tercalant with the reduced form of oxidizing agent. Reproduced from ref. (Dimiev and Tour 2014, 
3060-3068). Copyright © 2014, American Chemical Society. 

 

Table 2. Examples of reduction processes of GO to RGO with corresponding C/O ratio and con-
ductivity: reproduced with permission from ref. (Phiri et al. 2017a, 9-28) 

Reduction methods/ 

conditions 

C/O  

ratio 

Conductivity, σ 

(S.m-1) 

Cited reference 

Hydrazine hydrate, 100 

°C, 24 h 

10.3 2 420 (Stankovich et al. 2007, 1558-

1565) 

Thermal, H2 gas, 700 oC, 

30 min 

28.6 8 100 (Vallés et al. 2012, 835-844) 

L-Ascorbic acid/NH3, 95 

°C, 15 min 

12.5 7 700 (Fernández-Merino et al. 2010, 

6426-6432) 

plasma assisted, CH4 gas, 

700 oC, 20 s 

9.2 34 500 (Wu et al. 2013, 2487) 

150 mM NaBH4 solution, 

RT, 2 h 

8.6 45 (Shin et al. 2009, 1987-1992) 

NaBH4, 80 °C, 1 h 4.8 82 (Gao et al. 2009, 403-408) 

NH3BH3, 80 °C, 12 h 14.2 19 300 (Pham et al. 2013, 6665-6667) 

Thermal, 1 000 °C, C2H2, 

30 min 

50.2 142 500 (Liang et al. 2009, 434007 

DMF + 0.6 M H2SO4, 1 h 8.4 1 223 (Tien et al. 2012, 97-103) 

Zn/HCl, RT, 1 min 33.5 15 000 (Mei and Ouyang 2011, 5389-

5397) 

HI/AcOH, 40 °C, 40 h 11.5 30 400 (Moon,  et al. 2010, 73) 
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2.2.3 Liquid-phase exfoliation (LPE) 

LPE is one of the most promising routes for large-scale production of few-layer 
graphene dispersions. The main principle of the LPE method (exfoliation of 
pristine graphene) is that the material to be exfoliated is dispersed into a suita-
ble liquid and exfoliated with the aid of shear forces or cavitation bubbles as 
shown in Figure 7  (Amiri et al. 2018, 40-71). During the LPE process, the high-
pressure fluctuations causes the growth and collapse of the micro-sized bubbles, 
which act on the material and induce exfoliation into single and/or few-layer 
graphene sheets. LPE has gained a lot of interest in recent years as a means to 
produce high quality few-layer graphene due to low cost, versatility and poten-
tial for large-scale application (Paton et al. 2014, 624-630). It is important to 
note that LPE methods involve exfoliation of pristine graphene (without oxida-
tion step); as such, graphene without oxides and structural defects can be pro-
duced. 

 

Figure 7. Schematic representation of the liquid-phase exfoliation process of graphite in the ab-
sence (top-right) and presence (bottom-right) of surfactant molecules. Reproduced with permis-
sion from reference (Ciesielski and Samori 2014, 381-398). Copyright © 2014, The Royal Society 
of Chemistry. 

 
In comparison to other methods, LPE is a more universal method, and most 

of the devices needed are already present in laboratories or industries and, 
therefore, it is expected that LPE will become a significant technique for gra-
phene exfoliation in the not-so-distant future (Paton et al. 2014, 624-630; Mori 
et al. 2018, 12807-12815). Graphite is held together by weak short-range van der 
Waals forces, and when it is subjected to ultrasonic waves or high shear forces, 
these van der Waals forces can be overcome and graphite exfoliates into sepa-
rate sheets. The surface energy of graphene is estimated to be around 46.7 
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mN.m-1 (Wang et al. 2009, 11078-11081), and therefore, for exfoliation and sta-
bilization to be successful, the liquid medium is expected to have a surface en-
ergy similar to that of graphene to minimize the interfacial tension between the 
solvent and graphene layers, around 40 mN.m-1, (Hernandez et al. 2008, 563-
568). Examples of solvents, with similar surface energy to that of graphene, 
commonly used to exfoliate and stabilize graphene, are N-methylpyrrolidone 
(NMP), N,N-dimethylformamide (DMF) etc. (Zhu et al. 2013, 984-990; Texter 
2014, 163-174; Hernandez et al. 2008, 563-568; Khan et al. 2010, 864-871; Par-
vez et al. 2015, 123-132; Zhang et al. 2010, 7539-7541; Xu et al. 2014, 37-42). 

The problem, which arises when seeking surface energy matching liquids, is 
that most of above-mentioned solvents are expensive, have high boiling point 
and are toxic, which make them unsuitable for large-scale application. There 
have been some attempts to exfoliate graphite in low boiling point solvents such 
as acetone, ethanol, methanol, acetonitrile etc. (O’Neill et al. 2011, 5422-5428; 
Xu et al. 2013, 10730-10742; Fedi et al. 2014, 143-147). However, only very low 
concentration of graphene is usually achieved in such solvents. For example, 
Zhang et al. (Zhang et al. 2010, 7539-7541) reported exfoliation of graphite in 
ethanol by solvent exchange from NMP with a low concentration of 
0.04 mg cm-3.  

Aqueous based solution processing methods have significant economic and 
ecological advantages over the use of ionic liquids or organic solvents. One of 
the most attractive solvents that can be used for exfoliation and stabilization of 
graphene is water because it is ubiquitous, convenient in application and non-
toxic. However, given the highly hydrophobic nature of graphene/graphite, pure 
water is ineffective in exfoliation and unable to maintain colloidal stabilization 
of graphitic materials. Pure water can be made compatible for graphene exfoli-
ation by the use of dispersing aids such as surfactants or polymers (Texter 2014, 
163-174; Li et al. 2008, 101-105). These dispersants generally play two roles. 
Firstly, they lower the liquid-vapor interfacial energy of the solvent by separat-
ing the sheets beyond the range of the van der Waals forces, and, secondly, they 
adsorb on the surface of the exfoliated sheets and create either electrostatic par-
ticle-particle repulsion or steric stabilization (Du et al. 2013, 10592). Recently, 
it was reported that degassed pure water could also be used to stabilize graphene 
(Bepete et al. 2017, 347-352; Ding et al. 2018, 5567). This is due to the removal 
of the particle aggregating attraction via air adsorbed at the interface layer of 
hydrophobic materials in water. Nevertheless, the concentration of the pro-
duced graphene was still very low at 0.16 g dm-3 (Bepete et al. 2017, 347-352) 
and 0.22 g dm-3 (Ding et al. 2018, 5567), impractical for large-scale application.  

A detailed study of graphite exfoliation using ionic and nonionic surfactants 
showed that nonionic surfactants performed much better than ionic to stabilize 
graphene (Guardia et al. 2011, 1653-1662), as shown in Figure 8.  Nonionic sur-
factants have a hydrophobic tail and a long hydrophilic part that creates a steric 
repulsion between two particles in water, and this plays a significant role in sta-
bilizing graphene (Parvez et al. 2015, 123-132).  
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Figure 8. Concentration of graphene in aqueous dispersions achieved by the use of different sur-
factants, as estimated from UV–Vis absorption measurements. Two surfactant concentrations are 
shown: 0.5 % and 1.0 % wt/vol: reproduced with permission from reference (Guardia et al. 2011, 
1653-1662). Copyright © 2010, Elsevier Ltd. 

Liquid phase exfoliation methods do not use strong oxidation agents, and are 
generally conducted at room temperature. Therefore, the graphene produced is 
expected to maintain almost the same quality and pristine nature as the original 
starting material. The quality of graphene from liquid phase exfoliation meth-
ods shows no indication of oxides and is normally free from structural defects 
(Paton et al. 2014, 624-630). As such, graphene samples derived from LPE are 
labeled as pristine graphene, indicating that the inherent properties are pre-
served and comparable to high quality graphene such as that produced from 
CVD or micromechanical cleavage based methods (Du et al. 2013, 10592). 
Moreover, since the structural integrity and basal plane are maintained, the 
original electronic structure, i.e. 2-D crystallinity is preserved and exhibit high 
electrical conductivity. 

However, the LPE method never produces 100% monolayer graphene due to 
the randomness of the cleaving positions. Moreover, lateral breaking of the gra-
phene flakes occurs and, as such, the LPE method produces graphene flakes 
with a wide range of sizes without having much control over those final sizes.  
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2.2.4 Graphene quality 

The quality of graphene depends on the fabrication method (Figure 9). Gra-
phene quality can be described in terms of graphene thickness (single layer, bi-
layer, few-layer graphene (less than ten layers), and graphene nanoplatelets), 
lateral graphene size, structural defects and disorders, impurities, grain bound-
aries etc. 

The structural defects of graphene can be investigated by examining the in-
tegrity of the graphene sp2 honeycomb structure using Raman, TEM, and elec-
tron diffraction. For example, in Raman analysis the intensity ratio of the D and 
G bands, ID/IG is a good indicator of graphene quality. The D band arises from 
the defects and the G band due to in-plane vibrations in the Brillouin zone of 
graphene. For high quality graphene, the ID/IG should be 0.2 (Wang et al. 2018, 
0100). XPS can be used for purity analysis and to measure the carbon/oxygen 
content. A C/O ratio of more than 20 indicates high quality graphene. AFM and 
TEM can be used to study the thickness and morphology of the graphene sam-
ples. Electrical measurements, such as electrical conductivity and charge carrier 
mobility, can also provide more information about the quality of graphene. 

From Figure 9b, it is clear that the LPE method is more desirable in terms of 
price, but for more high-end applications, the quality is still rather poor. Neto 
et al. (Kauling et al. 2018, 1803784) conducted a thorough study about available 
commercial graphene from various companies. In their findings is quoted une-
quivocally “that the quality of the graphene produced in the world today is ra-
ther poor, not optimal for most applications, and most companies are produc-
ing graphite microplatelets. This is possibly the main reason for the slow de-
velopment of graphene applications, which usually require a customized solu-
tion in terms of graphene properties." 

 
 

 

Figure 9.  (a) Segmentation of the methods of preparation of Graphene, (b) plot of the quality ver-
sus price of Graphene produced from the different synthetic routes. Adapted with permission 
from ref. (Ghany et al. 2017, 93-106). Copyright © 2017, Elsevier B.V.  

2.3 Cellulose 

Cellulose is a natural polymer, which is the main skeletal component of ligno-
cellulose (Figure 10). The cellulose molecule is a linear chain of ringed glucose 
molecules, with a repeat unit comprising two anhydroglucose rings (C6H10O5), 
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which are linked together through a C–O–C covalent bond (Figure 10). The rich 
hydroxyl groups in the cellulose repeat molecule enable the facile formation of 
intrachain and interchain hydrogen bonds. The intrachain hydrogen bonding sta-
bilizes the linkage and results in the linear configuration of the cellulose chain, 
while the interchain hydrogen bonding plays a major role in the properties of 
the cellulose based materials (Moon et al. 2011, 3941-3994).  

 

 
Figure 10. Schematic to show the hierarchical structure of wood fibers: adapted with permision 
from ref.  (Zhu et al. 2013, 3093-3100; Zhu et al. 2015, 8971-8976). Copyright 2015 National 
Academy of Sciences. Copyright © 2015, American Chemical Society. 

Cellulose can easily be processed into different forms such as micro- and nan-
ofibrillated cellulose (M/NFC), nanocrystals, dissolved polymers, whisk-
ers, macro and nanofibers. Production of cellulose is normally achieved by top-
down methods employing chemical, enzymatic and physical processes or bot-
tom-up by bacterial action from glucose. These various forms of cellulose exhibit 
different properties. For example, nanocelluloses (microfibrillated cellulose 
(MFC), nanocrystalline cellulose (NCC) and bacterial nanocellulose (BNC)) ex-
hibit their own unique properties, such as hydrophilicity, high oxygen barrier, 
high tensile strength and stiffness, lightweight, transparency, broad chemical
modification capacity, very large surface area, biocompatibility and biodegrada-
bility (Siro and Plackett 2010, 459-494; Fukuzumi et al. 2009, 162-165; Syverud 
and Stenius 2008, 75; Klemm et al. 2011, 5438-5466). Nanocellulose has a huge 
potential to be used in various applications such as functional nanopapers, hy-
drogels in biomedicine, nanocomposites, foams for structural insulating mate-
rials, barrier membranes for packaging etc. (Abdul Khalil et al. 2014, 649-665; 
Kalia et al. 2014, 5-31; Jorfi and Foster 2015). The properties of nanocellulose 
depend on the bio-source used and the production method. The use of nanocel-
lulose, especially in composite materials is greatly promoted by the abundance 
of -OH groups, which can easily interact by binding with various reinforcement 
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fillers or polymers via grafting leading to a homogeneous dispersion in the ma-
trix.  

2.3.1 Cellulose based nanopapers 

A paper is a two dimensional structure made up of a network of cellulose fibers 
held together by hydrogen bonds. The fibers are a few millimeters in length with 
a diameter in the range of 20–50 μm. The final application of paper influences 
the dimensions of the fibers used since they greatly affect paper properties such 
as strength and printability.  

One of the newest innovations or development directions in paper has been 
towards nanocomponents. This new category of papers is called nanopapers. 
Nanopaper can be defined as a highly porous thin sheet made from nanomateri-
als as the main components and contains particles that have dimensions of less 
than 100 nm (Figure 11). Nanopapers can be made from a wide range of nano-
materials such as cellulose nanofibers, carbon-based nanomaterials (graphene, 
carbon nanotubes etc.), polymers etc. The potential advantage of using these 
kinds of materials is that they provide unique functionalities and, thus, nanopa-
pers can be used for many advanced applications. 

One of the potential applications of nanopapers is in electronic devices (Zhu 
et al. 2014, 269-287).  A number of researchers have shown that nanopaper can 
be used as a substrate in printed electronics (González et al. 2014, 2599-2609).  
Substrates for printed electronics must meet specific requirements such as high 
smoothness, non-porous structure and high thermal stability. A smooth and 
non-porous substrate is required to prevent cracks and discontinuity in the 
printed circuit, while the thermal stability is needed for curing or sintering of 
the printed conductive ink, which can be as high as 250 °C. Cellulose nanopa-
pers can fulfil all these requirements in additional to being recyclable (Yagyu et 
al. 2017, 014003; Huang et al. 2013, 2106-2113).  

It has also been shown that nanopapers can have high mechanical strength, 
can be made transparent and flexible and have a low coefficient of thermal ex-
pansion (Yagyu et al. 2017, 014003; Huang et al. 2013, 2106-2113). In some in-
stances, non-porous nanocellulose films can be produced with properties ap-
proaching to that of plastic films (Table 3). This has triggered many potential 
applications such as gas barrier, optical systems (Mautner et al. 2015, 209-214; 
Huang 2018, 121-173), various energy and electronics applications such as bat-
teries, supercapacitors, biological sensors, solar cells, flexible transistors etc. 
(Zhu et al. 2014, 269-287).   

 Despite the excellent properties of nanopapers, their adoption in commer-
cial application is still limited. Some of the main roadblocks to their adoption 
include lack of a feasible method for production of nanocellulose. Moreover, 
large-scale production of nanopapers is still very challenging. The high surface 
area of the nanopaper components significantly increases dewatering time, 
which can take hours to days to accomplish, impractical for large-scale applica-
tion (Iwamoto et al. 2005, 1109-1112; Sehaqui et al. 2010, 2195-2198; Kumar et 
al. 2014, 3443-3456). 
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Figure 11. FE-SEM micrographs of (a) a cellulose nanofibril film surface showing a fibrous net-
work (scale bar is 1.5 μm), (b) the cross section of a fracture surface of a film showing a layered 
structure (scale bar is 2 μm) (Henriksson et al. 2008, 1579-1585). Copyright © 2008, American 
Chemical Society. 

 
Table 3. Comparison of nanopaper, traditional paper, and plastic: reproduced with permission 
from ref. (Huang et al. 2013, 2106-2113). Copyright © 2013, American Chemical Society. 

characteristics nanopaper traditional paper plastic 
surface roughness (nm) 5 5 000–10 000 5 
Porosity (%) 20–40 50 0 
pore size (nm) 10–50 3 000 0 
Optical transparency at 550 nm (%) 90 20 90 
max loading stress (MPa) 200–400 6 50 
Coefficient of thermal expansion (ppm K–1) 12–28.5 28–40 20–100 
Printability good excellent poor 
Young’s modulus (GPa) 7.4–14 0.5 2–2.7 
Bending radius (mm) 1 1 5 
Renewable high high low 
 

2.4 Electrochemical supercapacitors 

2.4.1 Historical background 

Supercapacitors, also called electrochemical capacitors and ultracapacitors, 
have been a subject of major studies over the past few decades (Kötz and Carlen 
2000, 2483-2498). The concept of the double-layer capacitance was first de-
scribed by Hermann von Helmholtz in 1853. However, the first patent on dou-
ble-layer capacitance using a high surface area porous carbon electrode was 
granted only in 1957 to Becker, assigned at General Electric (Becker 1957). In 
1962, the Standard Oil Company, Cleveland, Ohio, patented a device that stored 
energy in the double-layer at the interface (Rightmire 1966) and, later, licenced 
the technology to Nippon Electric Company. In 1971, Nippon Electric Company 
then manufactured commercially the first double-layer capacitor coined ‘super-
capacitor’ (Endo et al. 2001, 117-128). Immediately after that, industrialization 
of supercapacitor business began and many companies caught up to the new 
technology and were involved in the optimization, development and production 
of various supercapacitor devices, such as Dynacap by Elna, Gold capacitor by 
Panasonic, and PRI Ultracapacitors by the Pinnacle Research Institute (PRI) 
using metal oxides (Sharma and Bhatti 2010, 2901-2912).  
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In recent years, supercapacitor business has become a multibillion industry.  
It is estimated that the global supercapacitor market share is expected to reach 
$4 890 million by 2024 from $1 670 million in 2019 (Industry Research 2019, 
138).  The main players in the supercapacitor market are Panasonic, Maxwell 
and Ioxus in USA, Meiden and JSR Micro in Japan, Eaton, Seiko Instruments 
Inc., Nanoramic Laboratories, Skeleton Technologies, ELIT and ESMA in Rus-
sia, Yunasko in Ukraine, Wima in Germany, amongst others.  

2.4.2 Components and types of supercapacitors 

Based on the electrode materials employed, SCs can be divided into three main 
classes: electrochemical double-layer capacitors (EDLCs), pseudocapacitors 
and hybrid capacitors. The classification of the supercapacitors based on elec-
trode materials is illustrated in Figure 12.  

 

 
Figure 12. Types of supercapacitors 

The components of a supercapacitor consist of; (a) electrode, (b) electrolyte, 
(c) current collector, (d) separators and (e) binder as shown in Figure 13. Alt-
hough all the components contribute to the storage performance, the electrode 
and electrolyte are regarded as the active components, and play a significant 
role in the performance of a supercapacitor.  

The electrode materials make a major contribution towards the storage per-
formance of a supercapacitor. EDLCs store energy due to the physical accumu-
lation of the charges/ions on the electrode surface. EDLCs store energy by using 
an electrochemical double-layer of charge. The electrode materials used in 
EDLCs are composed of high surface area porous carbon based materials such 
as activated carbon, graphene, carbon nanotubes, carbon nanofibers, graphite, 
carbide-derived carbons etc. (Simon and Gogotsi 2008, 845-854; Miller and Si-
mon 2008, 651-652). Pseudocapacitors store charge through fast and reversible 
faradaic redox reactions. The most common redox active electrode materials are 
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ruthenium oxide (RuO2), manganese oxide (MnO2), and electrically conducting 
polymers such as polypyrrole and polyaniline and carbon materials with surface 
functional groups (Yan et al. 2014, 1300816; Zhang and Zhao 2009, 2520-2531). 
Hybrid capacitors store energy through the combination of faradaic redox reac-
tions and EDL. Examples of such capacitors are carbon and metal oxides com-
posite based electrode materials. 

 

 
Figure 13. Representation of an electrical double-layer capacitor: reproduced with permission 
from ref. (Zhong et al. 2015, 7484-7539). Copyright © 2015, The Royal Society of Chemistry. 

The electrolyte is another important component of supercapacitors. Electro-
lytes directly affect the operational potential window of a supercapacitor since 
the energy density is proportional to the square of the potential window. The 
three types of electrolytes commonly used for supercapacitors are aqueous, or-
ganic and ionic liquids (ILs). Aqueous electrolytes are primarily adopted for re-
search stages due to their low cost and abundance. Aqueous electrolytes can fur-
ther be classified into acidic (H2SO4), alkaline (KOH, NaOH, LiOH etc.) and 
neutral electrolytes (Na2SO4, K2SO4, Li2SO4, NaNO3, KCl etc.) (Zhong et al. 2015, 
7484-7539). The low potential window (1.2 V) and operating temperature have 
hindered the use of aqueous electrolytes in commercial supercapacitors (Zhong 
et al. 2015, 7484-7539; Kim et al. 2015, 1-25). Commercial supercapacitors use 
organic electrolytes such as acetonitrile, propylene carbonate etc. (Burke 2007, 
1083-1091), due to their wide operating potential window (0 - 2.7 V), which in-
creases the energy density. Their shortcomings include flammability, toxicity 
and they can cause degradation of carbon-based electrodes (Kim et al. 2015, 1-
25). ILs provide the widest potential window as high as 5 V without any notice-
able thermal or chemical instability, and can operate at high temperature with-
out vaporization (Galiński et al. 2006, 5567-5580; Burke 2007, 1083-1091). 
However, their high cost, high viscosity and low ionic conductivity at room tem-
perature prevent their wider scale application.   

Non-precious metals such as aluminum foil or stainless steel are usually uti-
lized as current collectors in commercial supercapacitors. The Al foil, usually 
with a thickness in the range of 20 – 80 μm, is etched to remove impurities, to 
manifest controlled surface irregularities for improved adhesion and to increase 
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the surface area. Generally, the electrode layer is not in direct contact with the 
foil due to high contact resistance. A highly conductive and adhesive intermedi-
ate layer formed from carbon powder and binder is coated directly on the alu-
minum foil to improve the molecular contact between the active material and 
current collector, which enhances the performance by minimizing the interfa-
cial resistance between active layers and current collectors (Obreja et al. 2006, 
307-312).  

The separator is an insulating porous material, placed between the two elec-
trodes to prevent any short circuit between the positive and negative electrodes. 
The performance of the supercapacitor can be influenced by the properties of 
the separator, such as porosity, mechanical strength, thickness, chemical and 
electrochemical stability, surface morphology, ion transfer capability etc.  
(Tõnurist et al. 2012, 77-80; Zhong et al. 2015, 7484-7539). Commonly used 
separator materials are cellulose, polymer membranes and glass fibers. Other 
materials from which separators can be fabricated include graphene oxide films, 
eggshell membranes, PTFE, Celgard™, Nafion®115  etc. (Liu et al. 2008, 494-
500; Cao et al. 2014, 841-847; Shulga et al. 2014, 33-36; Yu et al. 2012, 463-
468). The choice of separator material depends on the type of electrolyte, work-
ing temperature and cell voltage.  

Binders in supercapacitors are used to hold the active powdered material to 
form and maintain a compact structural integrity of the electrode and help the 
electrode material to adhere onto the current collector. Generally, fluorinated 
polymeric materials, like poly (vinylidene fluoride), polytetrafluoroethylene, 
Nafion, natural cellulose, polyvinyl pyrrolidone etc., have been used as binders 
in supercapacitors (Bresser et al. 2018, 3096-3127; Song et al. 2018, 213-221). 

2.4.3 Principle of conventional capacitors 

Conventional capacitors, also known as electrostatic capacitor or condensers, 
store energy electrostatically. The conventional capacitor has two electrically 
conducting plates (electrodes) separated by a dielectric layer called a separator. 
When a potential difference is induced between the two electrodes, opposite 
charge accumulates on the surface of the electrodes, as shown in Figure 14. The 
charges are kept separate by the dielectric. Capacitance (C) is the measure by 
which capacitors store energy and is expressed in farads (F). Capacitance is the 
ratio of stored charge Q (C) to the applied voltage V (V):  

,                                                                   (1) 

For a conventional capacitor, the capacitance can be calculated by  
 

                                                                  (2) 

where εr and ε0 are the relative dielectric and free space dielectric constants 
of the electrolyte and vacuum, respectively, A is the surface area of the electrode 
accessible to the electrolyte, (m2), and d the distance between the plates.  
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Figure 14. A conventional capacitor in a charged state: reproduced with permission from ref. (Kim 
et al. 2015, 1-25). Copyright © 2015, John Wiley & Sons, Ltd.  

2.4.4 Principle of supercapacitors 

Generally, the basic principle for both conventional capacitors and supercapac-
itors is very similar.  Supercapacitors consist of two conducting highly porous 
and high surface area electrodes separated by an insulating dielectric material. 
Supercapacitors store energy by either the electrical double-layer (EDL) mech-
anism or the pseudo-capacitance. In EDLC, capacitance arises from the electro-
static attraction between charged layers formed by the adsorption of both posi-
tive and negative ions in a double layer at the electrode/electrolyte interfaces. 
EDL capacitors store energy by a physical process and examples of these are 
carbon-based supercapacitors (Zhang et al. 2009, 4889-4899). Pseudocapaci-
tance on the other hand arises from the fast reversible faradaic reaction mecha-
nism, which consists of oxidation-reduction reactions. Pseudocapacitors store 
energy by chemical processes. Examples include transition metal oxides and 
conductive polymer based supercapacitors (Lang et al. 2011, 232).  

When a voltage is applied, charges of opposite polarity accumulate at the in-
terface between the electrode and the electrolyte. The electrolyte ions of oppo-
site charge then diffuse across the separator into the porous electrode to form 
an EDL on the surface of the electrodes (Figure 15). Such EDL develops charge 
separation and introduces capacitance between the electrodes.  

 

A 

d 



23 

 
Figure 15. Mechanism of the electrical double layer capacitor during the charge and discharge 
processes: reproduced with permission from ref.  (Du et al. 2015, 5641-5673). Copyright © 2015, 
Springer Science Business Media New York. 

2.4.5 The electrical double-layer mechanism  

The storage capacity of conventional capacitors is very limited due to the small 
charge storage area and geometric constraints between the two charged plates. 
In supercapacitors, the EDL mechanism can store much more energy due to the 
large interfacial surface area and extremely low charge separation distance, the 
thickness of just a few atoms. The EDL concept was first introduced by von 
Helmholtz in the 19th century, when he investigated the distribution of opposite 
charges at the interface of colloidal particles (Figure 16a). The Helmholtz double 
layer model states that charge separation of opposite polarity form at the elec-
trode/electrolyte interface and are separated by an atomic distance, d, leading 
to a capacitance C (equation 2). Therefore, the capacitance calculated from 
Equations (2) increases dramatically in comparison to conventional capacitors 
due to the much higher surface area A and smaller distance d between the two 
electrodes. 

 
Figure 16. Models of the EDL at a positively charged surface: (a) the Helmholtz model, (b) the 
Gouy–Chapman model, and (c) the Stern model, showing the inner Helmholtz plane (IHP) and 
outer Helmholtz plane (OHP). d is the double layer distance described by the Helmholtz 
model. ψ0 and ψ are the potentials at the electrode surface and the electrode/electrolyte interface, 
respectively (Zhang and Zhao 2009, 2520-2531).  Copyright © 2009, The Royal Society of Chem-
istry. 
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The Helmholtz model was further developed by Gouy & Chapman who pro-
posed the inclusion of a diffuse layer, taking into consideration a continuous 
distribution of electrolyte cations and anions driven by the thermal motion, as 
shown in Figure 16b. However, Gouy & Chapman models lead to an overestima-
tion of the capacitance from the charged ions close to the electrode surface since 
the capacitance of two separate arrays of charges increases inversely with their 
separation distance. To counteract the overestimation, Stern proposed the com-
bination of both the Helmholtz and Gouy & Chapman models by introducing a 
compact layer (Stern layer), where ions are strongly adsorbed by the electrode 
and the diffuse layer, as shown in Figure 16c. Taking into account the combina-
tion of both models, the EDL capacitance (Cdl) of the electrode can be expressed 
as: 

 
                                                        (3) 

 
where CH is the Stern type of compact double layer capacitance, and Cdiff, is the 
diffusion region capacitance. 

 

2.4.6 Performance evaluation of supercapacitors 

Various instruments or test methods have been developed to evaluate the per-
formance of supercapacitors. Cyclic voltammetry (CV), galvanostatic 
charge/discharge (GCD), and electrochemical impedance spectroscopy (EIS) 
tests are most commonly used. The performance of supercapacitors is often 
evaluated by studying the parameters such as cycle lifetime, energy and power 
density, capacitance, operating voltage and equivalent series resistance (Zhang 
et al. 2015, 1401401). The instruments listed above can be used to measure the 
fundamental parameters, which are voltage, current density and charge/dis-
charge time. The other parameters can be derived from them.  

The specific capacitance (Cs) of supercapacitors can be calculated by the fol-
lowing equation: 

 
                                                               (4) 

 
where I (A) is the discharge current,  (s) discharge time, m (g) mass of the 

active material and  (V) is the potential difference. 
 
The energy density (E) can be calculated from the discharge profiles of the 

GCD curves by using the following equation: 
 

                                                           (5) 

 
where E (Wh kg-1) is the energy density, C (F g-1) the specific capacitance and 
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ΔV (V) the discharge voltage range. With a factor 3.6, the energy density is 
converted from J g-1 to Wh kg-1. The power density (P) can be calculated as fol-
lows:  

 
                                                              (6) 

 
where P (kW kg-1) is the power density, and E (Wh kg-1) and Δt (s) energy 

density and discharge time, respectively. 
 
To evaluate the capacitance of the electrode, specific capacitance is often 

used, which can be expressed in gravimetric (Cs) or volumetric (Cv) specific ca-
pacitance. Generally, gravimetric capacitance in farad per gram [F g-1] is the 
most commonly used and is expressed as: 

 
                                                                    (7) 

 
where Ci is the capacitance of the electrode, and m mass of the active mate-

rial.  
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3.Experimental 

In this chapter, the main aspects regarding the preparation and characterization 
of the materials are briefly discussed. The more detailed description of the afore-
mentioned aspects can be found in the attached articles. 

3.1 Materials 

Graphite natural flakes were purchased from Sigma Aldrich with >99% carbon 
purity and particle size: −100 mesh (<150 μm) (80% minimum).   

The willow wood (WW) used in this study was a one-year-old willow hybrid 
‘Klara’ harvested from the plantation of Carbons Finland Oy that is located in 
Kouvola, a city in southern Finland, on May 18, 2017. The willow was debarked 
immediately after harvesting.  

Microfibrillated cellulose was provided by Suzano Pulp and Paper at 5 wt% 
solids in aqueous suspension. The MFC was a relatively course grade produced 
by mechanical defibrillation of eucalyptus hardwood Kraft pulp. Some of the key 
properties are summarized in Table 4. 

3.2 Sample preparation methods 

3.2.1 High shear graphene exfoliation 

High shear exfoliation of graphene was performed using a 1-l Module MICRO-
PLANT (IKA Magic Lab) equipped with a single walled open 1 dm3 vessel) with 
a maximum flow rate of 80 dm3 h-1 shown in Figure 17. Graphite natural flakes 
at a concentration of 40 mg cm-3 were dispersed in aqueous surfactant or poly-
mer solutions (Paper I and Paper III). Aqueous solutions of polymer and 
surfactant in Paper I were made by dissolving PVP and SC in distilled water, 
respectively, at predetermined concentrations, covering the ranges: PVP con-
centration 1, 5, 15, 20 mg cm-3 and SC 0.4, 1, 2, 3 mg cm-3, whilst in Paper III, 
a 1 mg cm-3 surfactant solution was used.  The graphite dispersion was then sub-
jected to high shear exfoliation for 1 h followed by centrifugation for 60 min at 
a rotation speed of 4 700 min-1 (rpm), equivalent to 4 816 × g, in an SL40FR 
(Thermo Scientific) centrifuge to remove all unexfoliated graphite flakes. The 
supernatant was carefully collected and used for further study.  
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Figure 17. Schematic illustration of the exfoliation process using a high shear colloidal mixer. Pa-
per I.  

3.2.2 Co-exfoliation of graphene in microfibrillated cellulose  

Co-exfoliation of graphene in MFC (Paper II and IV) was conducted exactly 
as described above for exfoliation in polymer and surfactant solutions. How-
ever, the polymer and surfactant were replaced by MFC, which acted as an ex-
foliation agent and colloidal stabilizer.  Briefly, in Paper II, the MFC was first 
diluted to a consistency of 0.8 wt%. Subsequently, natural graphite and RGO 
powder were added, respectively, to the suspension in various proportions to 
yield a solid filler content of 0.5, 1, 3, 5, 7 and 9 wt% with respect to that of solid 
MFC. The resulting mixtures were subjected to high shear exfoliation for 60 
min. The prepared suspensions were then used for further analysis and fabrica-
tion of nanopapers.   

3.2.3 Fabrication of graphene-carbon hybrids (Paper IV) 

Co-exfoliation was conducted as described in section 3.2.2. Graphite flakes were 
added to the MFC suspension (o.8 wt%) in various proportions to yield a graph-
ite solid content of 5, 10 and 15 wt% with respect to that of solid MFC (Paper 
IV). The prepared suspensions were used to fabricate an electrode material for 
supercapacitor application. The prepared samples are denoted as G0-0%, G1-
5%, G2-10% and G3-15%, where 0, 5, 10 and 15%, represent the w/w% concen-
tration of graphite in the initial fabrication process. After co-exfoliation, excess 
water from the suspensions was filtered off. The suspensions were then soaked 
in KOH solution at the mass ratio of 1:1 for 2 h followed by drying in an oven at 
105 °C. The dried samples were then activated at 800 °C for 1 h, at a heating rate 
of 5 °C min-1 in nitrogen atmosphere. After carbonization, the samples were 
thoroughly washed with 1 M HCl and water until neutral pH and subsequently 
dried for at least 24 h at 105 °C. The schematic preparation process is shown in 
Figure 18.  
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Figure 18. Schematic representation of the fabrication process of graphene/AC composites Paper 
IV. 

3.2.4 Fabrication of nanopapers 

The composite nanopapers in Paper II and III were prepared using a modified 
laboratory hand-sheet former with a pressurized top chamber (Rantanen et al. 
2015, 4003-4015). A nylon membrane with 1 μm mesh openings was placed on 
top of the conventional steel wire for retention of the material. The suspension 
solids content in each case was controlled to deliver a final basis weight of ~100 
g m-2. The sheets were then placed between two steel mesh wires and two blot-
ting papers on each side of the mesh. The sandwich type structure was then 
dried in a hot press at 120 oC for 10 min applying a pressure of about 50 kPa. 

3.2.5 Synthesis of willow derived activated carbon 

The AC synthesis route is shown in Figure 19. Briefly, the grounded WW powder 
was first pre-carbonized at 600 °C for 1 h at a heating rate of 5 °C min-1 under 
nitrogen flow.  Then, KOH was dissolved in about 20 cm3 of water and thor-
oughly mixed with the dried precarbonized carbon in various KOH/C mass ra-
tios of 0, 1, 3, 6, and 9, activated at 800 °C for 1 h, followed by a thorough wash-
ing with 1 M HCl and DI water. The detailed experimental procedure can be 
found in Paper V.  

 



29 

 
Figure 19. A schematic diagram showing the simple process for the synthesis of highly porous 
willow-derived ACs. Paper V 

3.3 Materials characterization 

3.3.1 UV-Vis spectroscopy 

UV-Vis measurements were carried out using a Shimadzu UV-Vis spectropho-
tometer 2550 at wavelengths 200 – 800 nm. The dispersions were diluted to 
controlled concentrations before the measurements.  

3.3.2 Atomic force microscopy (AFM)   

AFM images were recorded with a Multimode 8 atomic force microscope 
equipped with a NanoScope V controller (Bruker Corporation, Billerica, MA), 
operating in tapping mode on Si substrates.  

3.3.3 Raman spectroscopy 

Raman spectra were measured using a WITec alpha300 R Raman microscope 
(alpha 300, WITec, Ulm, Germany) equipped with a piezoelectric scanner using 
a 532 nm linear polarized excitation laser. 

3.3.4 Scanning electron microscopy 

Imaging of all samples was recorded using a Zeiss Sigma VP scanning electron 
microscope at 1–5 kV. Non-conductive samples were sputter-coated with con-
ductive platinum or gold film.  

3.3.5 Particle size of graphene sheets 

The particle size of graphene particles was measured using a Malvern Zetasizer 
Nano-ZS90 based on the dynamic light scattering (photon correlation) tech-
nique.  

3.3.6 Fourier transform infrared spectroscopy (FTIR) 

The chemical structure of the composite sheets in Paper II and III was ob-
served using a Unicam Mattson 3000 FTIR spectrometer equipped with PIKE 
Technologies GladiATR (attenuated total reflection with diamond crystal plate).  
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3.3.7 Grammage formation measurements 

The local grammage variation of the composite sheets was measured by a SCAN-
test method based on beta ray absorption using a Beta Formation Tester (Am-
bertec, Finland).  

3.3.8 MFC characterization 

The details of the characterization methods used for MFC can be found in Pa-
per II or III. The measured parameters are summarized in Table 4. 

 
Table 4. Properties of MFC 

Shear viscosity /mPa.s 
(10 min-1 (rpm), 1.5 % consistency) 

13 283 

Transmittance /% 
(800 nm, 0.1 % consistency) 

23.88 ± 0.58 

Water retention value /cm3 g-1 4.49 ± 0.06 

Zeta potential /mV 
(0.1 % consistency) 

-31.6 ± 0.84 

 

3.3.9 X-ray photoelectron spectroscopy (XPS) 

The surface chemical composition was analyzed with XPS, using an AXIS Ultra 
spectrometer with monochromatic Al Kα irradiation at 100 W, under neutrali-
zation. Pure cellulose filter paper (Whatman) was measured with every sample 
batch as an in-situ reference for XPS experiments; in this study, it was also used 
as a reference for cellulose. Before the measurements, the samples were evacu-
ated overnight. Survey scans as well as C 1s and O 1s high-resolution regions 
were acquired from 2-3 locations; the analysis area was less than 1 mm2 while 
the analysis depth is less than 10 nm. CasaXPS software was utilized for data 
analysis in which the carbon and oxygen content was each determined from sur-
vey scans, while carbon high-resolution data ware utilized in further chemical 
analysis; for the fitting parameters, see reference (Johansson and Campbell 
2004, 1018-1022). 

3.3.10 X- ray diffraction (XRD)  

XRD data were collected using a Rigaku Smart Lab X-ray diffractometer oper-
ating at 50 kV and 200 mA. The diffractograms were obtained using a scanning 
rate of 1.5 o min-1 in the 1-D-mode of a 2-D HyPix-3000 detector. The wavelength 
of the X-ray beam was 0.154 nm.     

3.3.11 Thermogravimetric (TGA) and differential analysis (DTA) 

The thermal stability of the samples was characterized by thermogravimetric 
(TGA) (TA Instruments Q500) and differential thermal (DTA) analyses. All 
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measurements were conducted under a nitrogen flow rate of 60 cm3 min-1 over 
a temperature range of 25–800 °C with a heating rate of 10 °C min-1. 

3.3.12 Optical properties 

The optical properties of the films were measured using an L&W Elrepho SE 
070R Spectrophotometer at 395 nm wavelength.  

3.3.13 Mechanical properties 

The mechanical properties of the composite sheets were measured with an 
MTS-400/M testing system equipped with a 200 N cell load. The gap length was 
set to 5 cm and elongation rate to 12 mm min-1. 

3.3.14 Nitrogen adsorption measurements 

Surface area and pore volume of were determined using a Micromeritics Tristar 
II, adopting the BET (Brunauer-Emmett-Teller) nitrogen gas adsorption 
method and BJH (Barrett-Joyner-Halenda) surface mesopore sorption hystere-
sis technique. The MFC based composites samples for surface area analysis were 
prepared by solvent exchange and critical point drying (CPD). The carbonized 
samples were directly measured after oven drying at 105 °C.  

3.3.15 Electrical conductivity 

Electrical conductivity of the composite sheets was measured with a four-point 
probe method (Jandel RM3000: Jandel Engineering Ltd.). The measured re-
sistance was converted to sheet resistance, Rs Ω sq.-1, and the specific resistance, 
ρ, was then calculated from ρ = Rs × t, where t is the film thickness in cm, and 
subsequently the corresponding electrical conductivity, σ = 1/ρ (S cm−1) was 
calculated 

3.3.16 Electrochemical analysis  

All electrochemical analyses were conducted using a Gamry Reference 600+ po-
tentiostat/galvanostat/ZRA by both the two and three electrode configuration 
systems.  
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4.Results and discussion 

4.1 High shear exfoliation  

Chemical-free LPE methods, especially shear exfoliation, have shown potential 
for large-scale graphene production. However, the low concentration of gra-
phene [can be as low as 0.1 mg cm-3] is completely impractical for many indus-
trial applications. Graphene oxide (GO) in comparison can be prepared at much 
higher concentrations [7 mg cm-3] (Park et al. 2008, 6592-6594). However, the 
procedures involved in the production and subsequent reduction of GO to gra-
phene are highly intensive and harsh processes that introduce irreversible de-
fects, leaving a structurally damaged graphene. Moreover, the multi-steps re-
quired, harsh conditions, toxic chemicals and the use of concentrated acids in 
oxidation, if applied at an industrial scale, raise serious environmental con-
cerns.  To benefit fully from dispersions of pristine graphene (without chemical 
treatment) in surfactant or polymer solutions, the concentration of graphene in 
these dispersions needs to be significantly increased whilst still maintaining a 
high quality of graphene. Hence, a non-covalent liquid phase method was pro-
posed to produce large quantities of high quality, unoxidized graphene in sur-
factant and polymer assisted aqueous media.  

4.1.1 Shear exfoliation in surfactant and polymer media 

The main goal of this experiment (Paper I) was to produce high concentration 
few-layer graphene sheets in the shortest possible time whilst maintaining high 
quality of graphene sheets. To achieve this, shear exfoliation was employed to 
exfoliate graphite in surfactant or polymer solution. In comparison to organic 
solvents that are commonly used, aqueous based exfoliation agents were chosen 
due to their low cost and low environmental impact as well as favorable scale-
up possibilities. Exfoliation of graphite was conducted in solutions of a polymer, 
poly (vinyl pyrrolidone) (PVP) and a surfactant, sodium cholate (SC) (Figure 
20). PVP is a bulky, non-toxic, non-ionic and biocompatible macromolecule 
with C=O, C–N and CH2 functional groups that is highly soluble in water and 
has a strong affinity to graphene/graphite surfaces (Hernandez et al. 2008, 563-
568; Jadhav et al. 2013, 3121-3130). SC is already a well-known bile salt and 
anionic surfactant that has also been widely used in carbon nanotubes synthesis 
(Hertel et al. 2005, 511-514; Sun et al. 2008b, 10692-10699; Lin and 
Blankschtein 2010, 15616-15625).  
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Figure 20. Chemical structures of PVP and SC. 

4.1.2 Mechanism of graphene stabilization 

The stabilization mechanism of graphene in PVP and SC dispersions is different. 

4.1.2.1 PVP stabilization 
 

The stabilization mechanism of graphene with PVP is based on steric repulsion. 
The PVP molecule contains a strongly hydrophilic component (the pyrrolidone 
moiety) and a considerable hydrophobic group (the alkyl group) (Koczkur et al. 
2015, 17883-17905). PVP adheres or adsorbs on the surface of graphene sheets 
through hydrophobic interactions that prevents them from self-aggregation via 
the repulsive forces (Otsuka and Esumi 1995, 113-119). The hydrophobic tail ad-
sorbs on the graphene sheet and several hydrophilic chains extend in the solu-
tion and interact with each other creating the so-called steric hindrance effect 
(Si et al. 2006, 5994-6000). As a result, a steric barrier is formed between the 
particles, which prevents re-aggregation of graphene sheets.  

4.1.2.2 SC stabilization 
 

Graphene stabilization in SC solution is achieved via the electrostatic charge ef-
fect (Lotya et al. 2009, 3611-3620). The surfactant tail group adsorbs onto the 
non-polar surface of graphene via hydrophobic attraction and, once in close 
range, with the aid of van der Waals force interaction. The head groups then 
disassociate in water, which act to impart an effective charge on the graphene 
flake (Smith et al. 2010, 125008). The coated graphene flakes are then stabilized 
by a long-range Coulombic electrostatic repulsion that occurs between the 
sheets when they come into closer contact.  

4.1.3 Graphene concentration 

After exfoliation and centrifugation, graphene concentration (CG) in the disper-
sions was determined using UV-Vis spectroscopy. According to the Lambert-
Beer extinction law, the relationship between the optical absorbance and gra-
phene concentration can be expressed as: Ext = εCG l, where Ext is the extinc-
tion, ε is the extinction coefficient, CG is the graphene concentration and l is the 
path length. The extinction coefficient is the sum of absorbance (α) and scatter-
ing (σscatt) coefficients, such that ε(λ) = α(λ) + σscatt (λ) (Backes et al. 2016, 4311-
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4323). The calculated mean values of the absorbance for the SC and PVP stabi-
lized systems were αSC= 3 236 and αPVP = 1 893 cm3 mg-1 m-1, respectively, as 
shown in Figure 21A. The linear relationship between graphene concentration 
and the extinction show that both systems obey the Lambert–Beer law. These 
values were then used to calculate graphene concentration in all subsequent dis-
persions. 

 
Figure 21. (A) Optical extinction, A, (660 nm) per unit length, l, as a function of graphene disper-
sion concentration for PVP and SC systems; (B) The final concentration of few-layer graphene as 
a function of shearing time for different initial concentration of PVP and SC. 

 
 The dependence of graphene concentration on shearing time was investi-

gated as shown in Figure 21B. It is clear from the figure that the concentration 
of graphene increases with increasing shearing time. The concentration of gra-
phene after 120 min for the PVP and SC systems was ~1.1 mg cm-3 and ~0.7 mg 
cm-3, respectively. These values are quite high in comparison to other similar 
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aqueous systems reported in the literature, as shown in (Table 5). For example, 
bath sonication of graphite in NMP for 270 h produced only 1.2 mg cm-3 of few 
layer graphene (Khan et al. 2010, 864-871), 0.3 mg cm-3 after 430 h of soni-
cation in SC solution (Lotya et al. 2010, 3155-3162), and 0.42 mg cm-3 and 0.1 
mg cm-3 after 6 h of bath sonication for PVP systems (Wajid et al. 2012, 526-
534; Bourlinos et al. 2009, 2172-2176). It is also important to note that even at 
the short shearing time of just 15 min, the amount of graphene in both SC (0.1 
mg cm-3) and PVP (0.2 mg cm-3) suspension is higher than what has been re-
ported after many hours of sonication (Table 5). 

 
Table 5. Comparison of literature data with this work for the concentration of mechanically pro-
duced graphene in relation to exfoliation time and stabilizers. Reproduced with permission from 
ref. (Phiri et al. 2017b, 8321-8337)  

Method Exfoliation medium Time, 

h 

CG, mg cm-3 Ref. 

Sonication ortho-dichloroben-

zene (o-DCB) 

8 0.0065 (Gayathri et al. 2014, 

027116) 

Bath sonication Water-sodium cho-

late solution 

430 0.3 (Lotya et al. 2010, 

3155-3162) 

Sonication N-methyl-pyrroli-

done 

460  1.2 (Khan et al. 2010, 

864-871) 

Bath sonication N-methyl-pyrroli-

done 

0.5 0.01 (Hernandez et al. 

2008, 563-568) 

Shear exfoliation N-methyl-pyrroli-

done 

2 0.0045 (Paton et al. 2014, 

624-630) 

Sonication Water -Triton X-100 

solution 

12 0.7 (Buzaglo et al. 2013, 

4428-4435) 

Shear and soni-

cation 

ortho-dichloroben-

zene 

1.5 0.03 (Hamilton et al. 

2009, 3460-3462) 

Sonication Water-Sodium cho-

late 

12 0.25 (Shahil and Balandin 

2012, 861-867) 

Tip sonication Polyvinylpyrrolidone 

solution  

1 0.42 (Wajid et al. 2012, 

526-534) 

sonication Low boiling point 

solvents 

48 0.5 (O’Neill et al. 2011, 

5422-5428) 

Ultrasonic bath N-methyl-pyrroli-

done 

6 0.085 (Haar et al. 2015, 

16684) 

Shear exfoliation Water-sodium cho-

late solution 

2 1.1 Paper I 

Shear exfoliation polyvinylpyrrolidone 2 0.7 Paper I 

 
The dependence of graphene concentration on the initial amount of PVP or 

SC was also studied as shown in Figure 21B. For SC system, there was a strong 
correlation between graphene concentration and initial surfactant. Graphene 
concentration increased with an increase in SC concentration. It is important to 
note that at higher surfactant concentration, there is a big problem of foaming. 
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The device had to be stopped several times during processing for the foam to 
dissipate. It is likely that the concentration of graphene could have increased 
further at even higher surfactant concentration up to the critical micelle con-
centration, which is 4-5 mg cm-3 for SC (Sun et al. 2008a, 10692-10699), but the 
foaming makes the process impractical at that high concentration in the high 
shear colloid mixer used in this study.  The initial amount of PVP had little effect 
on the final concentration of graphene. This observation slightly conflicts with 
one earlier report (Wajid et al. 2012, 526-534) where they found graphene con-
centration to be dependent on PVP concentration up to 10 mg cm-3, but, beyond 
that, the concentration of graphene also in their case remained almost constant. 
The reason for this disparity is not yet clear but since they used sonication in 
their study, it is possible that the difference in exfoliation mechanisms somehow 
plays a part. Another explanation could be that sonication removes air, which in 
turn reduces the effective hydrophobicity caused by sorption of air at the sur-
face. 

It is clear from the results that the concentration of PVP stabilized graphene 
was much higher than with SC. This can be explained by the stabilization mech-
anism. As already mentioned, PVP stabilization of graphene is based on steric 
repulsion. Rather than being neutral, the measured zeta-potential of PVP sus-
pension was +15 mV. This means that apart from the steric repulsion, the PVP 
also partially stabilizes graphene by electrostatic repulsion (Smith et al. 2010, 
125008). The combination of both mechanisms contribute to the higher gra-
phene concentration.  

 

4.1.4 Quality and evidence of graphene exfoliation 

As discussed earlier, graphene quality can be described in terms of thickness, 
lateral size, structural defects, impurities etc.  The quality of graphene go hand 
in hand with the efficiency of exfoliation. The evidence of exfoliation also relates 
to the graphene quality since thickness is one of the parameters used in gra-
phene quality control.  

UV-Vis spectroscopy was used to analyze the exfoliated graphene disper-
sions. The UV-Vis extinction spectra are shown in Figure 22. Quasi two-dimen-
sional materials have a distinct UV-Vis spectrum, which makes it easier to iden-
tify successful exfoliation of graphite. Both systems in SC and PVP showed a 
distinct peak at ~270 nm, which is attributed to the π → π* transitions of aro-
matic C–C bonds in graphene (Wang et al. 2008, 2990-2992). Moreover, the 
high intensity also seen between 270-800 nm strongly suggests the presence of 
2-D material (Fernández-Merino et al. 2010, 6426-6432; Lee et al. 2010, 483-
486).  

AFM analyses (Figure 23) provided conclusive evidence that graphite was ex-
foliated to few-layer graphene in both PVP and SC dispersions by investigating 
the thickness of the deposited sheets. It is important to note that there is cur-
rently no method that can completely remove the surfactant or polymer ad-
sorbed on the surface of graphene; therefore, AFM thickness measurements 
show the apparent thickness rather than the actual real thickness (Paton et al. 
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2014, 624-630). However, it was apparent from the analysis that the majority 
of the deposited sheets were few-layer graphene sheets as shown in Figure 23. 
The size distribution also showed that the majority of exfoliated graphene con-
sists of few-layer graphene sheets of not more than five layers with average lat-
eral sizes of 0.5 μm as shown in Figure 24. Some graphene quality control pa-
rameters are listed in Table 6 in comparison to other methods.  

 

 
Figure 22. UV-Vis extinction spectra of graphene dispersion at different shear times for (A) PVP 
system (CPVP=1 mg cm-3), (B) SC system (CSC=0.4 mg cm-3) with the inserts showing the optical 
changes in relation to shearing time.  

 

 

Figure 23. AFM images of SC stabilized graphene sheets on Si wafers. (A) 5 x 5 μm2 area showing 
a large number of graphene sheets with different sizes (B) and (C) magnified images of individual 
flakes with corresponding height profiles.    

Raman spectroscopy was also employed to study the quality of the exfoliated 
few-layer graphene sheets. It is true that in comparison to the chemical methods 
for graphene synthesis, shear exfoliation induces much fewer defects (Braca-
monte et al. 2014, 15455-15459). This is vital especially in high-end applications 
such as electronics, which require high graphene quality. The intensity ratio of 
the D and G-bands, ID/IG can be used to estimate the quantity/content of de-
fects.  The G-band is a result of in-plane vibrations of sp2 bonded carbon atoms 
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whereas the D-band is due to out of plane vibrations, caused by the presence of 
structural defects (Casiraghi et al. 2009, 1433-1441; Ferrari and Basko 2013, 
235). 

 

 

Figure 24. Statistics histogram from AFM image analysis showing (a) the thickness distribution 
of deposited flakes, and (b) the flake length.   

The amount of defects is affected by the time of processing. The longer the 
shearing time, the more defects were introduced in the graphene sheets. The 
amount of defects were compared with the initial graphite for both SC and PVP 
systems, for different concentrations after 60 min and 120 min of shearing time 
as shown in Figure 25A and B. The intensity of the D-band increases with shear-
ing time. However, there was no correlation between the initial concentration 
of SC and PVP on the amount of defects introduced. It is important to note that 
for all shearing times, no broadening of the G-band was observed and the inten-
sity was always higher than the D-band. This indicates that the type of defects 
in these samples were edge related and not on the basal planes. The basal plane 
type of defects are usually seen in graphene oxide by the broadening and shifting 
of the G-band and the intensity of the D-band is usually similar or even higher 
than the G-band (Stankovich et al. 2007, 1558-1565).    

The sizes of the graphene flakes was also studied by light scattering measure-
ments as a function of shearing time. It was shown that graphene lateral sizes 
reduce with shearing time (Figure 25C). It is important to note that the diameter 
of the laser beam used in Raman spectroscopy is about 1-2 μm, which is much 
bigger than the size range of graphene flakes.  This suggests that edge defect 
detection is unavoidable, and with an increase in shearing time the number of 
edges increases, thus showing the higher ID/IG ratio (Figure 25D). The ID/IG ratio 
is the range 0.1-0.3 being much lower than that reported for graphene oxide, 
which is usually >1 and has contribution from both basal plane and edge defects. 
(Stankovich et al. 2007, 1558-1565).  Even after reduction of GO to RGO, the 
amount of defects remaining is usually still quite high showing that the intensive 
chemical treatment during oxidation of graphite introduces ‘irreparable’ de-
fects, vacancies and distortions which are passed on to the final graphene prod-
uct (Jabbar et al. 2017, 31100-31109; Perumbilavil et al. 2015, 051104; Stanko-
vich et al. 2007, 1558-1565). 
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Table 6. Comparison of graphene quality prepared from different methods  

Method 
Time, 

 h 

CG, 

mg cm-3 
ID/IG 

Layer 

number 
Size, μm Ref. 

Sonication 3 0.252 0.42 5-7 1.56 
(Wang, Yu-Zhou et 

al. 2017, 491-499) 
Sonication - mi-

crofluidization 
3 0.334 0.48 3-7 1.24 

Sonication 8 0.0066 0.4 ~5 0.8 
(Gayathri et al. 

2014, 027116) 

Bath sonication 48 0.5 0.21 <7 0.35-1.1 
(O’Neill et al. 2011, 

5422-5428) 

Bath sonication 430 0.3 o.56 1-10 0.3-1.2 
(Lotya et al. 2010, 

3155-3162) 

Tip sonication 1 0.95 0.17 <5 1 
(Wang et al. 2010, 

4487-4489) 

Cup-horn soni-

cation 
0.5 0.03 - <5 0.1-0.5 

(Hamilton et al. 

2009, 3460-3462) 

Low power sonic 

bath 
2 0.2 - <10 <1 

(Wang et al. 2011, 

505-512) 

Shear exfoliation 2 1.1 0.3 <5 <1 Paper I 

 

 
Figure 25. Quantification of defects level by intensity ratio of ID/IG as a function of shearing time 
for (A) SC system and (B) PVP system. (C) Average flake size as function of shearing time meas-
ured by dynamic light scattering. The size of the flakes decreases with an increase in shearing 
time. (D) The dependence of ID/IG ratio on graphene flake size.  
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One disadvantage of using surfactants or polymers to assist graphite exfolia-
tion in LPE is that, in all cases, there is always the presence of graphitic flakes, 
surfactants or polymers and some other residues in the final product, which can 
be problematic especially for organic electronics. It is true that surfactants only 
aid in exfoliation and stabilization but they do not offer any interesting or posi-
tive electronic functionality or properties. Therefore, for advanced electronic 
applications such as field-effect transistors, it is crucial to remove all the surfac-
tant, which at this moment is almost impossible. This is still an open issue that 
needs to be addressed if graphene produced by the LPE method in the presence 
of adsorbed species can be adopted in high-end electronic products.  

4.1.5 Shear exfoliation in microfibrillated cellulose (MFC) 

As we have discussed, direct exfoliation of graphene in surfactant or polymer 
containing media is still challenging, especially for large-scale application due 
to low yields, and, for some applications, the presence of surfactant is undesir-
able. Cellulose materials, such as MFC, are interesting biodegradable and sus-
tainable additives that can be used to exfoliate and stabilize graphene in aque-
ous medium. Moreover, MFC is ideal in composite fabrication due to the com-
patible surface chemistry with various nanofillers. The surface of MFC is rich in 
CH and –OH groups, which promote grafting with fillers, and also gives MFC 
its amphiphilic properties. The compatibility between the filler and the matrix 
is important in composites and can lead to a homogenous distribution and ex-
cellent stress transfer between the nanofiller and the polymer matrix.  

This study focused on high shear co-exfoliation of graphene in MFC and the 
investigation of the functional properties in the produced nanocomposites (Pa-
per II). In comparison, RGO was also used as a reference material since in the-
ory, due to the functional groups, it must provide better compatibility with the 
polymer matrix than with pristine graphene.  

The amphiphilic nature of cellulose has been extensively described and dis-
cussed (Medronho et al. 2012, 581-587; Glasser et al. 2012, 589-598; Kihlman 
et al. 2013, 295-303).  The extended chains within the cellulose crystal contain 
extensive hydrophobic species (Yamane et al. 2006, 819), which can adsorb on 
the flat planar surfaces of hydrophobic materials such as graphite or graphene. 
This suggests that cellulose may intercalate or adsorb on graphite or graphene 
surfaces during exfoliation to act as both an exfoliating agent and stabilizer of 
graphene sheets in suspension.    
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Figure 26. (A) UV-vis spectra of MFC, MFC/graphene and MFC/RGO suspensions, and (B) Ra-
man spectra of MFC. C) Folded graphene sheet in MFC and (D) RGO sheet embedded in the MFC 
matrix. Graphene and RGO loading is 9 wt% with respect to that of solid MFC. 
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The evidence of graphene exfoliation in MFC was provided by UV-vis spec-
troscopy. The UV-vis spectra are shown Figure 26A. A pure MFC suspension 
showed a featureless spectrum, but with the additional of graphene, the typical 
characteristic peak at around 270 nm appeared, confirming the presence of the 
2-D material and successful integration and exfoliation of graphene and RGO in 
the MFC suspension matrix. This maximum peak at ~270 nm is attributed to 
the π – π* transition of aromatic C – C bonds in graphene (Wang et al. 2008, 
2990-2992). 

Raman analysis, Figure 26B, also showed evidence of exfoliation. In compar-
ison to pure MFC, co-exfoliated graphene in MFC suspension showed the typical 
Raman bands associated with graphene. The observation includes, once again, 
the D-band, due to defects present in graphene, while the G-band represents the 
relative vibration of the sp2 bonded carbon atoms, and indicates the presence of 
graphene and the 2D band is the second order of the D-band, which is always 
present even in defect-free graphene (Casiraghi et al. 2007, 233108; Ferrari 
2007, 47-57). The defect level was also estimated by the intensity ratio of the D 
and G bands, (ID/IG), which relates to the carbon bonding configuration ratio  
sp2/sp3 (Eigler et al. 2012, 3666-3673). As expected, the graphene/MFC samples 
showed much lower defects in comparison to the MFC/RGO samples. Oxidation 
of graphite leads to an increase of sp3 carbon bonds, structural and edge defects 
and introduces functional groups into the graphitic carbon chain, which all con-
tributes to the intensity of the D-band.  

TEM was also used to study the level of graphene sheet blending into the 
MFC matrix as shown in Figure 26C and D. The images confirm the presence of 
few-layer graphene sheets embedded in the MFC matrix as well the presence of 
large unexfoliated graphite particles. The graphene sheets are sparsely dis-
persed in the matrix with lateral size distribution ranging from several nanome-
ters to micrometers. 

Various analytical methods used in this study confirmed the successful 
blending of graphene into the MFC matrix (Paper II). The presence of func-
tional groups on RGO surface promotes the strong interaction with the MFC 
matrix. However, when comparing both graphene and RGO doped MFC com-
posites, all the analysis methods (XPS, FTIR, and XRD) showed comparable re-
sults, indicating that high shear exfoliation can be directly used to exfoliate and 
blend graphene in the MFC matrix. For example, XRD analysis showed an in-
tense sharp peak at 2θ = 26.4o, θ being the Bragg diffraction angle (Figure 27). 
However, this peak is slightly visible in the composites, which is a strong indi-
cation of good blending/exfoliation of graphene in the MFC matrix (Nguyen and 
Seppälä 2015, 1799-1812). Actually, the results for both graphene and RGO com-
posites are very similar.     
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Figure 27. XRD patterns (A) graphene/ MFC and (B) RGO/MFC composites 

 

The main advantages of this co-exfoliation method are that it is a one-step 
synthesis method, in which high shear exfoliation increases the blending of gra-
phene with MFC, which can lead to enhanced properties, eco-friendly materials 
and processes, and subsequent purification steps are not required.  

The main drawback is that the unexfoliated graphite cannot be separated 
from the mixture since all the materials are homogenously blended with the cel-
lulosic fibers. This limits the application in high-end products that require the 
superior properties achievable only from pristine graphene. Moreover, the pro-
duced films are very dense, as such, so that for other applications, such as elec-
trodes, alternative methods of optimization are required.  
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4.2 Functional properties of nanopapers 

The properties of the composites depend on the interaction of the filler and the 
cellulose polymer matrix as well as the nanofiller dispersion in the matrix, which 
minimizes the formation of concentrated local stresses and promotes uniform 
load transfer throughout the matrix (Wajid et al. 2012, 526-534).  The surface 
chemistry of the nanofiller plays a significant role in promoting a homogenous 
dispersion and interaction in and with the cellulose polymer matrix. Pristine 
graphene does not have any functional groups that participate in network bond-
ing and, therefore, it is considered not ideal as a reinforcement filler for me-
chanical properties in cellulose nanocomposites. GO and RGO retain some main 
functional groups after oxidation and, therefore, may be considered suitable for 
nanocomposite fabrication especially with aqueous based polymers, such as cel-
lulose. The interaction between pristine graphene, GO and RGO with MFC, re-
spectively, is depicted in Figure 28.   

 

 
Figure 28. Schematic descriptions of the microstructure of (A) neat MFC, (B) MFC/graphene, (C) 
MFC/GO and (D) MFC/RGO composites at lower filler loadings. At lower graphene loading, due 
to poor distribution of graphene in the MFC matrix, there is no continuous connection of gra-
phene sheets thus making the composite an insulator (Paper III). 

Graphene reinforced MFC composites in the form of nanopapers were fabri-
cated and their functional properties analyzed. The formation or mass distribu-
tion of the sheets was measured for the sheet samples prepared from simple 
mixing and co-exfoliation, respectively, as shown in Figure 29.  A high specific 
number means poor mass distribution in the film. When the two methods of 
preparation were compared, it is clear that high shear exfoliation of graphene in 
MFC significantly helps to distribute the materials homogenously in the MFC 
matrix. For example, with pristine graphene, the separately mixed method had 
an average specific formation of about 0.68 at all loadings, whilst for co-exfoli-
ated samples, 0.38. These results are much better than even for RGO in separate 
prepared samples and even comparable to GO, keeping in mind that these two 
oxidative treated nanofillers have the functional groups that help to disperse 
homogenously in aqueous medium. This shows that high shear co-exfoliation of 
graphene with MFC promotes a homogenous dispersion of graphene in the ma-
trix and also prevents the flocculation of MFC by acting as a particulate disper-
sant which helps to distribute the mass evenly and improve the overall for-
mation in comparison to the neat MFC films. The improved formation is ex-
pected to translate to better properties of the composites.  

 

GO sheet Graphene sheet RGO sheet MFC chain 

A B C D 
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Figure 29. Specific formation number of MFC/Graphene, MFC/GO and MFC/RGO composite 
films as a function of filler loading; (A) separate mixed prepared composites and (B) co-exfoliated 
composites. The error bars shows the average of eight replicates.  

The mechanical properties were also compared between these three nano-
fillers. The composite films in this case were prepared by a simple separate mix-
ing only of the MFC suspensions with the graphene, GO and RGO nanofillers 
(Paper III). In Figure 30, there is a general increase of the tensile strength and 
Young’s modulus especially with the addition of RGO and GO. An increase is 
observed for graphene doped MFC composites at lower loadings whilst a de-
crease at high loading. Reinforcement properties of GO and RGO is attributed 
to the homogenous distribution and a strong H-bonding interaction of RGO and 
GO with the MFC matrix. The oxygen functional groups of RGO and GO are able 
to interact with MFC molecular chains to form strong hydrogen bonds, which 
act as interfacial load transfer regions between the MFC matrix and GO or RGO. 
Moreover, the presence of well-dispersed RGO or GO in the MFC matrix sheets 
provides a strong resistance pillar for the displacement or movement of the MFC 
chains and thus leads to an increase in Young’s modulus of the composites. 
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However, with pristine graphene, the poor interaction with the MFC matrix, as 
well as inhomogeneous distribution, which interrupts the cellulose-cellulose hy-
drogen bonds, leads to the lower tensile strength and Young’s modulus. 

 

 

Figure 30. Mechanical properties of the composites as a function of different filler loading of gra-
phene GO and RGO: (A) tensile strength, (B) Young’s modulus (Paper III). The error bars shows 
the average of eight replicates. 

 
Comparison was then performed using co-exfoliated pristine graphene and 

RGO in MFC suspension, as shown in Figure 31 (Paper II). RGO reinforced 
MFC composites performed better than graphene/MFC, for reasons similar to 
the earlier discussion. However, pristine graphene did not deteriorate the ten-
sile strength and Young’s modulus even at high graphene loading, in contrast to 
the case of separate mixing (Paper III). High shear co-exfoliation provides an 
extreme blending/dispersing of graphene and MFC. It is important to note that 
because of the amphiphilic nature of MFC, high shear blending promotes a 
strong interaction of graphene with the hydrophobic part of MFC once intimate 
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contact is forced. It has also been suggested that the bonding of MFC with pure 
graphene can also be due to π-interactions (Malho et al. 2012, 1093-1099; Qui-
ocho 1993, 442). 

 

 
Figure 31. Mechanical properties of the composites as a function of filler loading of graphene or 
RGO: (A) tensile strength, (B) Young’s modulus (Paper II). The error bars shows the average of 
eight replicates. 

When it comes to electrical properties, the advantage of pristine graphene is 
clearly visible for both separately mixed graphene/MFC composites and co-ex-
foliated ones, as shown in Figure 32. Oxidation process renders GO an insulator 
and destroys the electronic structure of the material. Despite the availability of 
various reduction methods, none of the existing methods can remove com-
pletely all the defects induced by oxidation (Pei and Cheng 2012, 3210-3228).  



48 

 
 

 

 
Figure 32. Electrical conductivity of MFC/graphene and MFC/RGO composite films with various 
concentrations of filler loading.  

 
For high-end electrical applications, pristine graphene is the better choice, 

and, with optimization of the systems, higher electrical values can be reached. 
It is also important to note that in these composites, the highest graphene con-
centration was only 9%. However, for advanced electrical applications the dom-
inant active material is graphene, with only about 5-10% being a binder. There-
fore, in such applications, the excellent properties of graphene will be much 
more pronounced. For example, in Paper I, the electrical conductivity of the 
pristine graphene films, formed in the presence of SC or PVP, was many magni-
tudes higher than for the composites as shown in Figure 33.  

 

Paper II 

Paper III 
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Figure 33. Electrical conductivity as a function of concentration for (a) sodium cholate suspen-
sions (b) PVP suspensions for graphene films before and after annealing. 

The properties of these composites can be tailored depending on the required 
application. For example, when the requirement is good mechanical properties, 
GO and RGO provides the best reinforcement properties (Paper II and III). 
For thermal stability, both RGO and graphene provides more enhancement. The 
optical properties can also be modified by the amount and type of nanofiller 
(Paper II).  The pore volume and surface area can also be altered by synthesis 
methods, type and quantity of nanofiller (Paper II).  For high-end electrical or 
electronic applications, pristine graphene is more desirable (Paper I). 

4.3 Energy storage application 

The electrode materials in energy storage devices are required to have some spe-
cific properties, which greatly influence their performance. For example, elec-
trodes in supercapacitors are required to have a high surface area, pore volume 
and electrical conductivity. In many such applications, these required proper-
ties are not inherent, but must be developed. Especially for carbon-based mate-
rials, chemical activation is normally used (Wang et al. 2012, 23710-23725). 
This referenced method was employed in this work to prepare the electrodes for 
supercapacitor application. Therefore, the mechanism of the specific chemical 
activation method will be briefly described.  

Chemical activation involves impregnation of the raw material with the acti-
vating agent (KOH, H3PO4, ZnCl2, NaOH etc.), followed by carbonization at 
400–900 °C. This process increases the surface area and develops the pore net-
work comprising of meso- and micropores. Although it is true that the initial 
raw material also plays a role in the final carbon properties, a more significant 
role is played by the conditions used during carbonization. Therefore, in order 
to determine the optimum conditions, a set of experiments with different vari-
ables must be conducted for each specific carbon source, since the properties of 
activated carbon depend both on the raw material and activation conditions.  

4.3.1 Mechanism of KOH activation 

KOH is one of the most common activating agents used for producing high sur-
face area activated carbon with well-developed pore-structure. Even though 
KOH activation is a well-known method, the activation mechanism is still not 
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well understood and has been a subject of debate among researchers due to the 
complexity of parameters that can affect the final product (Wang et al. 2012, 
23710-23725; Raymundo-Piñero et al. 2005, 786-795). In a general view, chem-
ical activation of carbon with KOH at high temperature can be briefly summa-
rized under the following steps. (1) The potassium containing species, i.e. KOH, 
K2O and K2CO3 etch away the carbon matrix via the redox reactions that lead to 
the production of abundant micro- and mesopores. (2) Furthermore, the mixing 
of H2O and CO2 causes gasification, which also contribute to the development of 
porosity. (3) The metallic potassium intercalates into the carbon network and 
results in the expansion of carbon structural lattices. This expansion is retained 
after washing off the potassium, which further increases microporosity (Wang 
et al. 2012, 23710-23725; Yan et al. 2014, 1300816).  The activation mechanism 
is additionally summarized in the Table 7.  

 
Table 7. A summary of KOH activation reactions and processes of the dried sample mixtures 

Reaction equation Process 
6KOH + 2C → 2K + 3H2 + 2K2CO3 

K2CO3 + 2C → 2K + 3CO 
C + K2O → 2K + CO 

Chemical activation:  
Etching of carbon framework 
 

2KOH → K2O + H2O  
CO + H2O → CO2 + H2 
C + H2O → CO + H2 

CO2 + C → 2CO 

Physical activation:  
Gasification 
 

6KOH + 2C → 2K + 3H2 + 2K2CO3 

K2CO3 + 2C → 2K + 3CO 
C + K2O → 2K + CO 

K intercalation 

 

4.3.2 Multidimensional graphene-carbon hybrids 

The prepared functional nanopapers (Paper II and III) showed poor electro-
chemical response due to highly dense films and low electrical conductivity. 
Moreover, this is expected as the nanopapers contained only 9 wt% graphene, 
which is insufficient for electrical oriented applications. Therefore, in order to 
introduce the properties required for good electrochemical performance, some 
optimization processes were required. Chemical activation of the co-exfoliated 
samples was conducted to introduce new functionalities, i.e. surface area and 
well-developed porosity.  

The co-exfoliated graphene based MFC hybrid (Paper IV) was optimized for 
supercapacitor electrode application by KOH activation at 800 °C. This process 
led to the formation of a multidimensional porous hierarchical structure with a 
randomly interconnected porous network containing varying pore sizes. It can 
be seen from Figure 34 that the graphene/carbon skeleton is formed around the 
pores to create this randomly porous multidimensional structure. It is also im-
portant to note that, as the amount of initial graphite is increased, the structure 
becomes noticeably denser.  

The surface area and porosity were analyzed by gas adsorption. The N2 sorp-
tion measurements indicate a type-IV isotherm curve according to the IUPAC 
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with a well-pronounced hysteresis in the p/p° region of around 0.4-1.0, indicat-
ing the presence of mesopores (Figure 34E). Moreover, the steep increase at low 
relative pressure indicates the presence of micropores, which are considered 
critical for high specific capacitance (Raymundo-Piñero et al. 2006, 2498-2507; 
Chmiola et al. 2006, 1760). Other N2 sorption measurements are shown in Table 
8. For example, for sample G1-5%, the PSD in Figure 34F shows a wide range 
pore size distribution dominated by both micro- and mesopores and peaks at 
about 1.58 nm.  

 

 

 
Figure 34. SEM images showing the morphologies of the synthesized hybrid carbon samples (a) 
G0-0%; (b) G1-5%; (c) G2-10%; (d) G3-15%. Pore structure characterization of the samples: (E) 
Nitrogen adsorption-desorption isotherms; (F) pore size distribution 

4.3.3 Willow wood derived carbon 

The electrochemical performance of the carbon hybrids was compared to acti-
vated carbon. The activated carbon was prepared from willow, which is an al-
ternative biomass feedstock for the synthesis of high performance carbon elec-
trodes for energy storage devices.  The attraction of willow as a biomass feed-
stock is due to rapid growth, high biomass yields, ability to grow on marginal 
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land and potential for traditional breeding and hybridization (Keoleian and Volk 
2005, 385-406; Ledin 1996, 75-83; Djomo et al. 2011, 181-197). Moreover, wil-
low has a long history as feedstock for preparation of high surface area carbon 
and as an energy crop for heat and power generation (Djomo et al. 2011, 181-
197). 

 
Figure 35. Willow derived activated carbons (a) N2 adsorption-desorption isotherms and (b) pore 
size distribution 

 
Activated carbons from willow wood were prepared by KOH activation and 

carbonization (Paper V).  The KOH/C ratio had a major influence on the final 
properties of the samples. The gas adsorption analysis (Figure 35a) showed all 
the samples exhibit a type I isotherm, with a steep increase of nitrogen adsorp-
tion at low pressure indicating the presence of large amount of micropores.  
When the pressure was raised further, a gradual increase in adsorption is ob-
served until reaching a plateau, which indicates the presence of mesopores (Wei 
et al. 2011, 736-740). The nitrogen adsorption increased with an increase in 
KOH/C ratio. The presence of both micro and mesopores as well as a narrow 
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pore size distribution (Figure 35b) is expected to lead to a high specific capaci-
tance (Yang et al. 2019). It is also important to mention that in comparison to 
the carbon hybrids, this willow-derived carbon showed a much better well-de-
veloped pore distribution. These physical properties of the samples are summa-
rized in Table 8.   

The SEM analysis showed a wide range of similar microstructures from dif-
ferent KOH/C ratios at low magnification. However, it is visibly clear at high 
magnification that, with an increase in KOH/C ratio, the surface is covered with 
small sized micropores, which are absent at lower KOH/C ratios (Figure 36). 
 

 

Figure 36. SEM images the morphology of willow-derived activated carbon 

4.3.4 Electrochemical properties 

Figure 37 shows the cyclic voltammograms and the galvanostatic charge dis-
charge (GCD) cycle curves of the graphene/carbon hybrid samples (Paper IV) 
measured in a three-electrode configuration system in 6 M KOH aqueous elec-
trolyte. The rectangular shape of the CV at all scan rates indicate the excellent 
reversible electrical double layer capacitive behavior. Compared to other sam-
ples in Paper IV with initial graphite loading of 10 and 15%, sample G1-5% 
showed a much broader voltammogram area, which indicates that it has a much 
more efficient cycle reversibility and higher specific capacitance. Moreover, the 
CV curves for the G1-5% sample display a much more rectangular shape than 
the other two samples, indicating excellent reversible electrical double layer ca-
pacitive behavior due to high electrical conductivity.  
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Figure 37. Electrochemical evaluation of the samples: (a), (c) and (d) the cyclic voltammetry  
curves at different scan rates and (b), (d) and (f) the galvanostatic charge/discharge cycles at var-
ious current densities ranging from 0.5 to 10 A g-1. 

The GCD curves in Figure 37, at different current densities, showed a sym-
metrical triangular curve, which is a typical charge/discharge characteristic for 
carbon-based electric double-layer capacitors. The discharge slope showed a ra-
ther straight line at all current densities, which indicates excellent stability and 
discharge properties (Boota et al. 2015, 835-843). The specific capacitance at 
different current densities (Figure 38a) was obtained from galvanostatic charge-
discharge using the formula: C = IΔt/(ΔVm), where, C (F g-1) is specific capaci-
tance, I (A) is discharge current, Δt (s) is discharge time, ΔV (V) is the potential 
window, and m (g) mass of the active material. Sample G1-5% showed a high 
specific capacitance of 120 F g-1 at 1 A g-1, which is seen to decrease to 102 F g-1 
at 10 A g-1 (85 % retention). In comparison, samples G2-10% and G3-15%, 
showed 80 % and 69 % capacitance retention, respectively. The high retention 
of G1-5% is attributed to low internal resistance, high surface area and well-de-
veloped pore structure, which can lead to high charge and discharge rate capa-
bilities (Lee et al. 2018, 277-289).   
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The electrochemical impedance spectroscopy (EIS) (Figure 38b) analysis 
further showed that sample G1-5% had the lowest equivalent series resistance 
(ESR). The ESR shows electron conduction and ionic transport resistance 
within the electrode, and to and from the electrolyte (Li et al. 2017, 19098-
19105). For samples G1-5%, G2-10% and G3-15%, the ESR is determined to be 
0.219, 0.393 and 0.481 Ω, respectively, which is relatively low. The ESR is in-
creasing with the amount of initial graphite, which is probably due to a greater 
degree of aggregation at high graphene loading, which prevents the formation 
of a well-structured continuous network.  

 

 
 

 
Figure 38.  (a) Specific capacitance as a function of current density and (b) Nyquist plots showing 
the imaginary part versus the real part of impedance with the insert showing the magnification of 
the high-frequency region. 
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Samples BET,  
m2 g-1 

Pore volume, 
cm3 g-1 

Average pore 
width, nm 

Specific capaci-
tance, F g-1 

G0-0% 314 0.420 8.20 15 

G1-5% 720 0.240 1.80 120 

G2-10% 546 0.350 3.10 94 

G3-15% 424 0.420 6.50 61 

WW-KOH0 171 0.081  1.26 - 

WW-KOH1 899 0.213 1.43 95 

WW-KOH3 1 591 0.576 1.58 133 

WW-KOH6 2 596 1.254 1.90 352 

WW-KOH9 2 793 1.446 2.08 392 
 

 
Figure 39. Electrochemical performance of the willow wood derived activated carbon samples in 
a three-electrode configuration: (a) cyclic voltammetry at scan rate of 100 mV s-1; (b) galvanos-
tatic charge-discharge cycle at current density of 1 A g-1. 

Figure 39 shows the electrochemical properties of the willow-derived acti-
vated carbon. In Figure 39A, the typical rectangular CV curves can be seen es-
pecially for samples at higher KOH/C ratio, indicating excellent reversible ca-
pacitive behavior. The enclosed CV areas are increasing in proportion to the 
amount of KOH and, retain a more pronounced rectangular shape, leading to a 
much higher specific capacitance. The GCD curves at a current density of 1 A g-1 
(Figure 39B) also showed a similar scenario of increasing performance with 
KOH/C ratio. The GCD curves shows that samples WW-KOH6 and WW-KOH9 
have the longest charge/discharge cycles, which implies best electrochemical 
performance in comparison to the other samples. Furthermore, these results 
were confirmed by calculating the specific capacitance at different current den-
sities, as shown in Figure 39C.  The specific capacitance of WW-KOH9 and WW-

Table 8. Specific surface area and pore volume of the prepared WW samples at different KOH/C 
ratios 
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KOH6 is significantly higher than the rest of the samples at all current densities. 
These results are in complete agreement with the nitrogen sorption analysis, 
which also showed higher surface area and pore volume for WW-KOH9 and 
WW-KOH6.  

Sample WW-KOH9 was further analyzed in a two-electrode configuration 
system in order to demonstrate further the electrochemical performance using 
1 M Na2SO4 electrolyte.  Figure 40A shows CV curves at various sweep rates in 
a potential range of 0 and 1.8 V. Near ideal rectangular curves can be obtained 
without any obvious distortions or redox peaks, which indicate that the domi-
nating capacitance is provided by the electrical double layer capacitance. Fur-
thermore, the GCD curves in Figure 40B at different current densities display 
linear and symmetrical triangular shapes, indicating excellent electrochemical 
double layer behavior. The specific capacitance from 0.5 to 20 A g-1 showed a 
retention of 77%, which indicates a very high rate capability (Figure 40C). The 
Nyquist plot from the EIS (Figure 40D) shows a nearly vertical line in the low 
frequency region, which confirms an ideal capacitive behavior of the electro-
chemical double-layer capacitor due to high pore volume and advantageous 
pore size distribution. Furthermore, a very low ESR value of 0.4 Ω indicates 
good electron conduction and fast ion exchange in and between the electrode 
and electrolyte. The phase angle of – 82.4° at low frequency in Figure 40D, is 
also very close to that of an ideal capacitor at – 90°. The power and energy den-
sity are shown in Figure 40E. Energy density is proportional to the working po-
tential, therefore electrolytes with a wider working potential window are usually 
required for high energy density requirements. The energy density E (W h kg-1) 
and power density P (W kg-1) are calculated from specific capacitance using 
equations (10) and (11), respectively.  

 
                                                          (10) 

 
                                                                  (11) 

 
where, Cg is the specific capacitance (F g-1), V is the cell potential (V) and  

is the discharge time (s). The Ragone plot in Figure 40E shows that the WW-
KOH9 electrode supercapacitor produces a high energy density of ~23 W h kg-1 
at a power density of ~223 W kg-1, which is higher than most of the previously 
reported carbon-based symmetric supercapacitors in aqueous electrolyte (Cai 
et al. 2016, 33060-33071; Sun. et al. 2015, 13-22). 
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Figure 40. Electrochemical performance of WW-KOH9 in 1 M Na2SO4 using a symmetrical two-
electrode configuration: (a) CV curves at various scan rates; (b) GCD curves at various charge 
density; (c) specific capacitance as a function of charge density; (d) Nyquist plot with insert show-
ing the high-frequency region; (e) impedance phase angle as a function of frequency, and; (f) 
Ragone plot. 

Figure 41 shows the cycling stability test of the carbon hybrids and willow-
derived activated carbon. Sample G1-5% showed a high stability with 99% re-
tention after 5 000 cycles, indicating an excellent ion-transport and electron 
transfer during the long cycles. It was observed after 2 000 cycles that there was 
a slight increase in the capacitance. The increase might be attributed to the com-
plete wetting of the electrode, which increased the accessible surface area to the 
electrolyte ions. Moreover, the MFC, which was used as a binder, swells with 
time and, as such, the number of stored ions in the electrode increases, leading 
to higher capacitance. For willow derived carbon, sample WW-KOH9, 94% ca-
pacitance was retained after 5 000 cycles showing also good cycling stability.  
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Figure 41. Cycling stability test of the carbon hybrid sample (G1-5%) and willow derived activated 
carbon (WW-KOH9) at 5 A g-1.  

Generally, supercapacitors have a high cycle life due to the chemical and elec-
trochemical inertness of the carbon based electrodes. The degradation of super-
capacitor performance is caused by the decrease of the effective surface area of 
the electrodes and the change of electrolyte conductivity. For example, with 
aqueous based electrolytes, the decomposition of the electrolyte could lead to 
the capacitance loss. The products of this decomposition are predominantly 
gases, which are captured inside the pores of activated carbon and, thus, limit-
ing the access of ions to the porous carbon structure (Zhu et al. 2008, 1829-
1840; Kötz et al. 2008, 359-362). Other factors, such as temperature humidity 
and impurities, also contribute to the loss of capacitance. It has also been shown 
that, during cycling, a passive layer is formed on the electrode surface, which is 
ionically conductive and electronically resistive leading to a resistance increase 
(Liu et al. 2017, 123-130). 

The development of a hierarchical pore structure is important in achieving 
excellent electrochemical performance. In this study, it was seen, due to the high 
surface area and well-developed pore structure, that the willow wood derived 
activated carbon showed much higher specific capacitance. The graphene-based 
hybrids also showed potential, which indicate that with further optimization of 
the system, the performance could be enhanced. The biggest obstacle in their 
performance was the poorly developed pore structure and aggregation of gra-
phene. Despite this, the carbon hybrids showed a much lower series resistance 
in comparison to the activated carbon counterpart, i.e. 0.2 Ω vs 0.4 Ω, in spite 
of the fact that the carbon hybrids did not contain any special conductive addi-
tives. Furthermore, the carbon hybrids also showed much better cycle stability 
than the activated carbon, 99% vs 94%. Obviously, there is potential for these 
graphene-based hybrids for a wider scale application. However, more work is 
required to develop further the required structure, which could translate into 
high electrochemical performance.  
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5. Concluding remarks  

5.1 General overview  

Carbon based materials will continue to expand their major role in solving many 
global problems. In order to benefit fully from their extraordinary properties, 
low cost and environmentally friendly fabrication methods must be developed. 
These carbon materials can be combined with other natural materials, such as 
MFC to synthesize composites with tailored properties for specific applications, 
which are largely based on natural and renewable materials. 

Graphene is an exciting carbon material with excellent properties enabling 
the development of novel applications. More than fifteen years have passed 
since graphene was successfully exfoliated from graphite, but the main chal-
lenge that remains is up-scaling graphene production.  Obviously, the main is-
sue is retaining the same high graphene quality in large quantities. Many avail-
able graphene grades on the commercial market have poor properties, which 
are still far from the superior properties that make graphene the so-called ‘mir-
acle material’. This has hindered the progress that was anticipated for graphene 
application in advanced devices.  

This thesis summarizes a fundamental study of mechanical production of 
graphene towards large-scale application (Paper I). It is shown that a highly 
efficient, facile method including surfactant polymers for fabrication of high 
concentration few-layer graphene sheets in aqueous suspension could be devel-
oped. By using a commercially available high shear mixer, it is possible to pro-
duce high concentrations of few-layer graphene sheets in a short processing 
time, in comparison to other reported studies such as sonication, which require 
hundreds of hours to reach similar results.  It is also important to note that anal-
ysis using Raman spectroscopy revealed that the produced graphene sheets had 
very few structural defects, which is essential in many functional high-end ap-
plications. The so developed high concentration graphene dispersions can be 
used to produce graphene inks and paints, and applied as highly functional filler 
in nanocomposites, as well as energy storage devices, for example. Some issues 
still need to be addressed. For example, the lateral size of the few-layer graphene 
sheets was rather small. In addition, the method produces only few sheets of 
single layer graphene. Therefore, properties of the produced composites are not 
suitable for high-end applications. 

In certain applications, the presence of surfactants is undesirable. To provide 
an alternative, another part of the study focused on mechanical graphene exfo-
liation in aqueous MFC suspension (Paper II) as a sustainable and environ-
mentally friendly stabilizer and exfoliating aid. In comparison to the commonly 
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used toxic materials for graphene exfoliation and binders in supercapacitors, 
MFC is a natural renewable and biodegradable material. In this study, it was 
shown that few-layer graphene could be satisfactorily exfoliated directly in an 
aqueous MFC suspension by the application of high shear. Composites pro-
duced in this manner showed good functional properties (Paper II and III). 
Being largely based on renewable and natural materials combined in a simple 
and environmental friendly method, such composites can be highly desirable 
especially for large-scale applications.  

Another advantage of the studied exfoliation method is that the properties of 
the nanocomposites can be tailored depending on the required application. For 
example, it is shown in Paper IV, that this method, in combination with carbon 
activation, could be used to produce carbon hybrid materials for energy storage 
application. These electrode materials showed promising electrochemical per-
formance such as excellent cycling stability, maintaining 99% performance lev-
els after 5 000 cycles and lower series resistance. Moreover, the electrodes can 
easily be tuned to the desired properties by changing the initial synthesis con-
ditions to produce carbon hybrids with variable properties. In comparison, wil-
low derived activated carbon (Paper V) showed a much higher  specific capac-
itance due to high surface area and a well-developed pore structure. Further-
more, the cycling stability tests of the activated willow derived carbon porous 
framework showed about ~94% retention after 5 000 cycles, lower than the car-
bon hybrids.  

5.2 Future outlook 

Graphene production is still a major challenge and this study has shown some 
understanding of the possible routes. The LPE method remains the most prom-
ising for graphene production at large scale. The main challenge still lies in find-
ing production configurations in which the properties of exfoliated graphene 
could be more easily controlled. For example, in LPE, it is extremely difficult to 
control the lateral size and thickness of graphene layers. In fact, the more thinly 
it is exfoliated to monolayer graphene the smaller the lateral size becomes.  

It is important to note that the equipment used so far in LPE is designed for 
other industries, i.e. sonicators, shear exfoliators, microfluidizers, homogeniz-
ers etc. Maybe, what the future holds for graphene in LPE methods is that equip-
ment must be developed specifically for graphene exfoliation. In such a case, 
they should be optimized to produce the required type of graphene, where one 
has control over the thickness and lateral size, as the main physical criterion.  

The co-exfoliation method of graphene in MFC is promising. However, the 
difficulty remaining in separating the unexfoliated graphite from the pristine 
single layer graphene is very critical. In advanced applications where only thin 
layers of graphene are required, and not embedded in the cellulose fibril matrix, 
maybe MFC can be dissolved in suitable solvent(s), which might help also to 
enable separation of the bigger graphite flakes. In addition, the effect of charge 
on MFC fibers upon the exfoliation efficiency of graphene must be more thor-
oughly studied.  
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The carbon hybrids developed in this work also showed good potential for 
further study. The electrochemical performance, however, is still far from state-
of-the-art. These carbon hybrids, nonetheless, could be optimized further for 
much higher performance. The development of a well-structured pore network 
is vital in electrochemical applications. The major problem with graphene is the 
aggregation of the flakes. Obviously, high shear co-exfoliation with nanocellu-
lose fibers has potential to prevent or minimize this problem. Other ways this 
can be explored could be to conduct some surface treatment of the cellulose fi-
bers to improve the interaction with graphene particles. Some metal oxides can 
also be introduced into the system, which can not only act as spacers but also 
provide pseudocapacitance.  

Willow-derived activated carbon also showed some excellent properties. Gra-
phene and willow activated carbon can be combined in a hybrid to supplement 
the limitations of each other. This could be explored, for example, by adding 
carbonized willow to the suspension during the co-exfoliation process followed 
by activation. The co-exfoliation might promote a strong blending of the mate-
rials, which might minimize or prevent the aggregation of graphene, and so pro-
mote greater homogeneity. In addition, these hybrids could be doped with het-
eroatoms to improve the overall performance in supercapacitors.   
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