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ABSTRACT

Chemical Functionalization of Nanocarbon Materials

for High Performance Composites

Kim Hyeondu
Advisor : Prof. Lee Jae Kwan, Ph.D.?
Ku Bon-Cheo!l, Ph.D."
®Depar tment of Carbon materials
Graduate School of Chosun University
®Carbon Convergence Materials Research Center
KIST

Nanocarbon materials such as graphene or carbon nanotube (CNT), have
been attracted great attention due to their excellent mechanical,
electrical, and thermal properties. However, they also have a
disadvantage that their properties deteriorates in the assembled state
because of their strong tendency to self-aggregate via van der Waals
interaction. In order to overcome this advantage, there have been a lot
of studies that produced composites from nanocarbon materials and

adequate matrix materials |ike polymers, and that fabricated
functional ized nanocarbon materials for the improved compatibility with
properties.

In this paper, preparation and evaluation of novel nanocarbon
materials by chemical functionalization of graphene oxide and CNT are
investigated to present high performances of them.

In the part 2, halogen/nitrogen dual-doped graphenes (X/N-G) with
thermally tunable doping levels have been newly synthesized by the
thermal reduction of graphite oxide (GO) with stepwise-pyrolyzed ionic
liquids for the purpose of improved electrical conductivity. The doping

process of halogen and nitrogen atoms into the graphene proceeded via

- VI -
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substitutional or covalent bonding through the physisorption or
chemisorption of /n situ pyrolyzed ionic liquids, and it was further
investigated by X-ray photoelectron spectroscopy, theoretical
calcuation, transmission electron microscopy, Raman spectroscopy, and
X-ray diffraction. Moreover, X/N-G showed ~22200 S/m of electrical
conductivity and ~10°" cm® of charge carrier density, much higher than
those of thermally reduced GO.

In the part 3, direct-spun carbon nanotube fibers (CNTFs) with
molecular covalent bridging have been fabricated by a chemical coupling
reaction between iodophenyl moieties in the surface of CNTs in order
to improve their mechanical properties. CNTs were chemically
functionalized with iodophenyl moieties, followed by stepwise thermal
treatment which induced rapid molecular cross—coupling reaction,
resulting the elimination of iodine. These molecular—bridged CNTFs
showed improved mechanical properties compared to raw CNTFs such as 30%
enhanced tensile strength and 70% enhanced tensile modulus, while their
electrical conductivities did not decrease.

In conclusion, novel methods to improve the properties of nanocarbon
materials by chemical functionalization of them have been developed and
reported in this paper. |t is expected that the investigations in this
study will help carbon materials to be understood in more detail, and
newly synthesized nanocarbon materials by these methods can be used in

the various applications.
Keywords:  graphene, jonic  ligquid, pyrolysis, dual doping,

conductivity. CNT, carbon nanotube fiber, cross—1linking,

thermochemical, mechanical strength.
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2.2 &A™

2.2.1 GO A=
AtsE JJ2HE (G0) 2 JHME Hummer' s method[12]2 et EHE 4tg &
BIZIAIZOZ2M HMZESFHCH. HS04 (95%, Daejung Chemicals & Metals Co.,

Ltd.) 50 mL Ol & (325mesh, Alfa Aesar, USA ) 1.0 g= E 10 1AI2}
wetst = KMn0s; (99%, Sigma-Aldrich Co., LLC.) 3.0 g

S 60 CTOUHA 6AI2H S0oF WEHSIALH. =
Bist &, Sl Al &2 U2t HS O Sdlloldl 2ol SF% 200nL,s O &
=1, H0. (PFP Matunoen Chemicals Ltd, Japan) 6 mLE SUHFUCH. 0|

H
H HSHA G= &Edts S= MAHOHHLE S2HAIIII] 910
A2 ot EHE 6= 10 krpme =2 1A
!

SZ A=XotH S0

0l
I
4>
=2
Bl
z

2.2.2 BMI-X (X =CI, Br, |) 9 &4
1-halobutane  (Sigma-Aldrich Co., LLC.) ni 1-methylimidazole

(Sigma-Aldrich Co., LLC.) & 22 1.3 €&, 1.0 &9 HE22 Z&&
S, 48A12t =02 80 COIAM JtZEot
S|, diethyl ether(99.5%, anhydrous, J.T.Baker, USA.) = & AMIGIA
BtE 1-halobutnaeg =28 ==J|E 0lEotH HAGHALE. &4 E BMI-X= 70
T2 £3E &3 Q20 M 24A12t S0t AXGHH == 83| HHSHA

Ct.

O

2.2.3 X/N-G M=

X/N-Ge= LEHO=Z HES DtE= (KDF75, Yamato Scientific Co., Ltd,
Japan) £ 0|25t ot==2 2<1J] StolAd GO BMI-X (X = CI, Br, |) &
200 ~ 400 T AIOIS 2E0A SHHECZ EH2IEEZMN BHSHB/LCEH 5 mL
o BMI-XI2t = EJ10l 0.2 g2 GOII = EBIJIE €0 JIIE20 €0i= H G

ot 22 5HAHN Z2H™ ZHelE StACH. (1) 5 CT/minQ === 200 CTHt

010
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X otgstn, 1AI2E 82 X, (2) 5 T/min2 =&2 300 CTHX JtS ot
D, 1AIE St 2{X, (3) 5 T/min2 £&= 350 CTHXl JtEdtD, 1AI2+
SOt |, (4) 5 CT/min2 £==2 380 CTHX JtES6tD, 1Al S 2K,
(5) 5 CT/min2 =E2 400 CTHXl JtSatD, 1AI2E St KR XISHC.

MEH S&& ststZde XEFENEZI] (XPS, X-ray Photoelectron
Spectroscopy, AXIS-NOVA, Kratos Inc, USA) 2 ¢ect2tE2&J] (Raman
spectroscopy, LabRAM HR, Horiba, Japan) & ZQIGHACH. X/N-G2 & =22,
A Ao B2 AALEAM (EA, Atlatic Microlab Inc, USA) 22 Z&d
RUCEH X/N-Go g=zd1 HAo TZH [HE HEH Sti= Fo &X 0138
(FE-TEM, G2 F20, FEIl Tecnai, Netherlands)22 Z&oIACH. GOt X/N-G2

HBEE S0lot)] Aol SEHEAI| (TGA, 050, TA instrument, USA)
E 0I2c 2=0 HE 2 HIE 2FoUL. S5 2
DEXI 10C/minel £&2 &S280t0 24 Z/JI0M =3#oIUpCH. MIINEE
= 4&8Y (FPP-RS8, DasolEng, Korea)ES 0I&56t0 =HGIRAH, &3 L&
(n, charge carrier density)= van der Pauw J|EH2 0I&& & & 3=
Soil 2otACH (0.56 TS XIIE LHOIA AIZ0l 10 mASl MRE Ei5).
XIN-G & gXo=z st2l=l G02l A0l ZtA2 X& SIE  (XRD, X-ray
diffraction, D/Max2500 V/PC, Rigaku Corporation, Japan) &2 Soi &
OISIRACE. BMI-12l E=Eo S4S TGA/FTIR (TGA-N 1000, SCINCO, USA/IS
10, Nicolet, USA) & 0lEZadt0 20 mgl AIEE EAZ2JI0A 40 ~ 400 C
X5 CT/min2 £ S25tHA T AGHUCEH.

_,_

I

H[I
0
o~
([}
H
«©
o
()
o

>

2.3 24 € NFE

X/N-G S H= G0OE BMI-X2 & o222 22| olilA HSHECZ EX
CIEO2M MEZIUJACH (scheme 1). Figure 10l LIEIH BMI-19 E=&=4
Z0 =™, BMI-X2 ZE=oll= 250 CUHIAM AIEZO 400 T OHA 2=5

_']D_
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H, A2 OE Itd=s¢
T ~ 380COHA 2-EZUCH
380 C 2l 400 CTIHHA

L

J«f\
,[@,/\ —yHy
o He” X

BMI-X (X=C1, Br, 1)

vl stepwise-pyrolysis

NeZ FFLH= 0d 2 dd=22 Z2d0| 330
. 0l Z21E HIE2Z, 200 €, 300 C, 350 C,
s OA 2HE &8ote 2 B AM0IE 5 C
28 SO 1AIES] |XAZE F= A2
Sol 22 FNMUE0 ER0otA E2 X/N-GE

in-sifn

of GO/IL

Scheme 1. Schematic depict for synthesis of halogen/nitrogen dual-doped
graphene (X/N-G) tailored by stepwise pyrolysis of ionic liquids.
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Figure 3. Calculation of energetics for halogen or nitrogen doping in
defective graphene or graphene edge. Halogen or nitrogen adsorption on
(a) single or (b) double vacancy sites, (c) graphene edge. The
adsorption energy (E) is calculated from the energies of nitrogen or
halogen molecules, which indicate that the positive and negative signs
mean endothermic and exothermic processes, respectively.
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Figure 4. Calculation of thermodynamics for of halogen or nitrogen
doping in graphene lattice.
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Figure 5. HRTEM images of X/N-G (X = (a) CI, (b) Br, (c) 1) with
nitrogen (d-f) and halogen (g-i), in which a few layered X/N-G were
transferred onto lacey C-coated Cu TEM grids.
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Table 1. Atomic doping concentration of X/N-G (X=Cl, Br, |) determined

by XPS and EA.

Atomic concentration (%)

Sample C 0 N X NI X
(Cl, Br, D)™ (Cl, Br, D™
GO 66.76 32.97 N/A N/A - -
CUN-G 74.77 9.59 15.65 N/A 4.18 <0.25
Br-N-G 72.72 8.14 16.23 2.92 4.44 1.74
I/N-G 72.57 12.25 12.64 1.54 4.16 1.96

[a] XPS analysis, [b]Element analysis
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Figure 7. TEM image for typical edge of single-layered |/N-G and the
selected area electron diffraction (SAED).
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Figure 12. Charge carrier density (n) of X/N-G (X = CI, Br, 1), which
were obtained from the Hall effect measurement using van der Pauw
technique. (magnetic field (B): 0.56 T, applied current (1) was 10 mA.
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s&otAH. Oletet ME S HHM M= |-Ph-ONTFs = 24A12 St 60 T2l

3.2.3 |-Ph-CNTFs 2| Jtw 28

=% JtZE0l 848& $#AUEREE 8% (MB-CNTFs) = |I-Ph-CNTFs £
3| S0lA 200 T2 SXS2E2M Mot LCH

MEAH EHE 38 ZW 24 AL SRT2 FAXNEZI| (XPS, X-ray
Photoelectron Spectroscopy, AXIS-NOVA, Kratos Inc, USA) & EQIGHRULE.
D-band®t G-band 2 MID| HIE&2 c2tetE2&J] (Raman spectroscopy, LabRAM
HR, Horiba, Japan) 2 &QI5I¥ 1D, Ol A20A 514 nm IME 22 X ALGH
Lt raw ONTFs, |-Ph-CNTFs, Z12l) MB-CNTFs & QI& 2& et BHE Te|
1 AEES FAVINAT & &A% =&I| (FAVIMATH, Textecno H.stein GmbH &
Co. KG, Germany) 2 =3&5 EBALULERE %729 AEZ0l= 20 m2
oA, EHE £ = 2 mm/nin2Z 6t T2 15042 825 =d6H)
Ch. EAULEE &K°9 MIEMET Hsie CXE ZEDIEI (Model

()

2000, Keithly Instrument Inc., USA) € 0|26t EOQIGHULH 229 AKX
2

OICH H2 30He MIIMEE MES A =Z=HOIFCH s&s M= 2t
A2 2t 25 cm 2 OIQCH. EAS BAULEE 59 A2 &S
0/Z (Olympus BX51) S 0|26t =&oI¥ D, 50

= 2 30 um OIACH, S 220I12t) JtE6iUE &

A=mnd2/4 2 HABIHCE.

3.3 213 & F
MB-CNTFs = 4-iodoaniline 1} raw CNTFs 2 ©HE Zgi&EtSo 2 &
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Scheme 2. Schematic depict for molecular covalent bridging in pristine
CNTFs by a thermochemical approach with an iodophenyl motif.

_39_

Collection @ chosun



a)
Cls
Ols
\ MB-CNTFs
v phre
@
-
—
=
=
o 13d
& l ; I Ph CNTFs
l I Raw CNTFs
i i i i AT
0 200 400 600 800 1000 1200
Binding energy (eV)
b) ——NMB-CNT
Gband e | -Ph-CNT
Raw CNT
Y
=
]
o
s
h—
<)
=
@
o
=
D band
-IIIIIE§£/Q£;==’J i i LE——

1000 1200 1400 1600 1800 2000 2200 2400
Raman shift(cm™)

Figure 13. (a) XPS spectra and (b) Raman spectra of the raw CNTFs,
|-Ph—CNTFs, and MB-CNTFs.
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Figure 14. XPS spectra for | 3d peaks at 619 and 631 eV were observed
for the |-Ph-CNTFs and MB-CNTFs
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Figure 15. Tensile strength and modulus values for the MB-CNTFs after
(a) chemical functionalization of the CNT surface with 4-iodoaniline
under acidic conditions, (b) subsequent cross—coupling reaction
proceeded rapidly upon thermal treatment at 200 ° C.
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Heated for 20min
Properties

6hr

12hr 24hr

Tensile

Strength 0.56+0.07 0.71+0.07 0.73£0.09 0.74+0.11
(N/tex)

Tensile

Modulus 2866+4.13 3908+4.23 36.74+11.76 44.12+1560
(N/tex)

Strain(%) 7.07+1.66 426+0.68 5.93+0.66 410+1.22

Acidic 24hr
Properties

Omin

Smin

10min 20min
Tensile
Strength 0.56+0.14 0.69+0.19 0.73+0.17 0.74+0.11
(N/tex)
Tensile
Modulus 3481+6.13 39.85+5.73 49.07+1285 44.12+15.60
(N/tex)
Strain(%) 3.56+1.07 3.45+0.89 3.67+1.24 410+1.22

Table 2. Mechanical properties of the MB-CNTFs as a function of thermal
treatment time in the stepwise thermochemical reaction.
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Figure 16. Tensile strength and modulus values for the MB-CNTFs after
thermochemical reaction under optimized condition.
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Table 3. Electrical conductivity, /o//s ratio and mechanical properties

of

raw CNTF, | -Ph—CNTF, and MB-CNTF.

Electrical . .
. o Ip/lg Tensile strength  Modulus  Elongation

Materials Conductivity b . . .

a ratio (N/tex) (N/tex) (%)

(S/cm)

raw CNTF 810 0.15 = 0.02 0.56 +0.07 28.7+4.13  7.07£1.66
I-Ph-CNTF - 0.24 + 0.05 0.56+0.14 34.8+6.13  3.56+1.07
MB-CNTF 870 0.23 + 0.03 0.73+0.17 49.1£12.9  3.67+1.24

*Electrical conductivity was measured 10 times using the 4-point probe method with
the distance (2 cm) between the -electrodes. bIntensity ratio between the D- and
G-bands was investigated using Raman spectroscopy. ‘Mechanical properties were

measured on a universal testing machine with a crosshead speed of 2 mm/min.
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Figure 17. SEM images of the (a) raw CNTFs, (b) I-Ph-CNTFs, and (c)
MB-CNTFs after fracture.
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3.5. #J=d

1. Demczyk B G, Wang Y M, Cuming J, Hetman M, Han W, Zettl A, Ritchie R
0, “Direct mechanical measurement of the tensile strength and
elastic modulus of multi walled carbon nanotubes” , Mater. Sci. Eng
A., 2002, 334, 173-178.

2. YuMF, Files B S, Arepalli S, Ruoff R'S, “Tensile loading of ropes
of single wall carbon nanotubes and their mechanical properties”
Phys. Rev. Lett., 2000, 84, 5552-5555.

3. Ebbesen T W, Lezec H J, Hiura H, Bennett J W, Ghaemi H F, Thio T,

“Electrical conductivity of individual carbon nanotubes” , MNautre,
1996, 384, 54-56.

4. Fujii M, Zhang X, Xie H, Ago H, Takahashi K, lkuta T, Abe H, Shimizu
T, “Measuring the thermal conductivity of single carbon nanotube” ,
Phys. Rev. Lett., 2007, 95, 065502.

5. Zhang X, Li Q, Holesinger T G, Arendt P N, Huang J, Kirven P D,
Clapp T G, Depaula R F, Lial X, Zhao Y, Zheng L, Peterson D E, Zhu
Y, “Ultra strong, stiff, and light weight carbon-nanotube fibers” ,
Adv. Mater., 2007, 19, 4198-4201.

6. Sun Y-P, Fu K, Lin Y, Huang W, “Functionalized carbon nanotubes:
properties and applications” , Acc. Chem. Res., 2002, 35, 1096-1104.

7. Lin Y, Meziani M J, Sun Y -P, “Functionalized carbon nanotube for
polymeric nanocomposites” , J. Mater. Chem., 2007, 17, 1143-1148.

8. Li Y, Kroger M A, “Theoretical evaluation of the effects of carbon
nanotube entanglement and bundling on the structural and mechanical
properties of bucky paper” , Carbon, 2012, 50, 1793-1806.

9. Lu W, ZuM, Byun J -H, Kim B -S, Chou T -W, “State of the art of
carbon Nanotube fibers: opportunities and challenges” , Adv. Mater.,
2012, 24, 1805-1833.

10. Zhang M, Atkinson K R, Baughman R H, “Multifunctional carbon

_50_

Collection @ chosun



nanotube yarns by downsizing an ancient technology” , Science,
2004, 306, 1358-1361.

11. Ci L, Li Y, Wei B, Liang W, Xu C, Wu D, “Preparation of carbon
nanofibers by floating catalyst method.” , Carbon, 2000, 38,
1933-1937.

12. Sammalkorpi M, Krasheninnikov A, Kuronen A, Nordlund K, Kaski K,

“Mechanical properties of carbon nanotubes with vacancies and
related defects” , Phys. Rev. B., 2004, 70, 245416.

13. Nardelli M B, Fattebert J -L, Orlikowski F D, Roland C, Zhao Q,
Bernholc J, “Mechanical properties, defects and electronic
behavior of carbon nanotubes” , Carbon, 2000, 38, 1703-1711.

14. Li Q, Li Y, Zhang X, Chikkannanavar S B, Zhao Y, Dangelewicz A M,
Zheng L, Doorn S K, Jia Q, Peterson D E, Arendt P N, Zhu Y,

“Structure-dependent electrical properties of carbon nanotube
fibers” , Adv. Mater., 2007, 19, 3358-3363.

15. Krasheninnikov A V, Banhart F, “Engineering of nanostructured
carbon materials with electron or ion beams” , Nat. Mater., 2007,
6, 723-733.

16. Miao M, Hawkins S C, Cai J Y, Gengenbach T R, Knott R, Huynh C P,

“Effect of gamma-irradiation on the mechanical properties of
carbon nanotube yarns” , Carbon, 2011, 49, 4940-4947.

17. Cai J Y, Min J, McDonnell J, Church J S, Easton C D, Humphries W,
Lucas S, Woodhead A L, “An improved method for functionalization
of carbon nanotube spun vyarns with aryldiazonium compound” |,
Carbon, 2012, 50, 4655-4662.

18. Choi Y-M, Choo H, Yeo H, You N -H, Lee D -S, Ku B -C, Kim H C, Bong
P -H, Jeong Y, Goh M J, “Chemical method for improving both the
electrical conductivity and mechanical properties of carbon

nanotube yarn via intramolecular cross—dehydrogenative coupling” ,

_51_

Collection @ chosun



20.

22.

23.

24.

ACS. Appl. Mater. Interfaces., 2013, 5, 7726-7730.

Cipriano B H, Kota A K, Gershon A L, Laskowski C J, Kashiwagi T,
Bruck H A, Raghavan S R, “Conductivity enhancement of carbon
nanotube and nanofiber-based polymer nanocomposites by melt
annealing” , Polymer, 2008, 49, 4846-4851.

Park 0K, Hajm M G, Lee S, Joh H —-I, Na S -I, Vajtai R, Lee J H, Ku
B C, Ajayan P M, “In situ synthesis of thermochemically reduced
graphene oxide conducting nanocomposite” , Nano Lett., 2012, 12,
1789-1793.

. Song J, Kim S, Yoon S, Cho D, Jeong Y, “Enhanced spinnability of

carbon nanotube fibers by surfactant addition” , Fibers and
polymers, 2014, 15, 762-766.

Graupner R,  “Raman spectroscopy of covalently functionalized
single-wall carbon nanotubes” , J. ARaman. Spectrosc., 2007, 38,
673-683.

Park 0 K, Lee S, Joh H -1, Kim J K, Kang P -H, Lee J H, “Effect
of functional groups of carbon nanotubes on the cyclization
mechanism of Polyacrylonitrile (PAN), Pol/ymer, 2012, 53, 2168-2174.
Park 0-K, Hahm M G, Lee S, Joh H -1, Na S -I, Vajtai R, Lee J H, Ku
B -C, Ajayan P M, “In situ synthesis of thermochemically reduced
grapheme oxide conducting nanocomposites” , MNano. Lett, 2012, 12,
1789-1793.

_52_

Collection @ chosun



~

sy

3l

D
Ok

o
K4

_uu_
Hh
ol
K0
N

J1
TH

J
K
RK
o
<
Al
o
il

ol

-

N0

ol
K-

HlJ

)
=
A

9]

3

SO0
S O

2
[

3

Al
HE ZAS 2= WOFEX 1

ALIGIAH Z A2l Ot

=
—

=4

Ol
HMALt2LICH

gLIC.

=,

=

A KIJ Ol

—

=
[—

[m}

A

H ZASl 2 MIIEKT, 290t
Ol AAI101 0Ol

A

0l

=

URSLICEH.

A
T

ioll

H 2 =d

=]
e gSUS A0 Mol FEH7S

ok

-

ol
ol
<

oL
ki

-

=40

4

ol

ol

Jb 2UDI8t= OREHAHN JITH

A

IE

Cl &l A

A

LICt.

+

=

S

1S Z20{ 0/0F)]

2]

Z 0l Jlz

—

—

Olct
SAE0HA Obel2E A

eI HIA

=
=

-
EE
| T

X
(s

o
.
X

o
oJ
4
0l

of

I9)
Kflo
Al

)

XH &t 2 b
&£ KISTOIA A AL
O, XI0d,

—
—

o

Ju
oK

-+

Kl

s

=
mo

==

5]

H

2F0l, U2

= &=01, d=0I0H HFA[/KX L =8

o)
JU
al

-+

Kl

KJ

10

Ot~), 22l JIs, (=

2
=) SN, W A=22 b

ol 2ul,

=

S

& ot
k

—/
—/

He

ull
A

o
ju—

b

=N
E

&

-

10

BH
KK

o &L, &

Hot U &

0

OLOFUO{ 1), el

_53_

el= 2 €sU.

Collection @ chosun



7S]
b0

by

j
i
)
IH
OH

el KISTOlA

FAFEE LICE.

Ok

a0

-

ol

Kk
0K
=

a0

-

ol

al
{l0
n0

a0

-

ol
KU
H

<l
Kk
TS

oF

e
Ui
o3
4

AEELICH

0

a0

-

ol

0]
30

K&

B
Kk

==
1o

oM

[

ol MM, Mo d8is 2

28 HS0MME AXMLE A

|
[

A
=

i

(OF, delld M2 =& AU, MMM M

SA M E

=22=F,

0L

ioll

oF

—_

Ik
ol

IO ALI?)

o
o

(Xl

cl K Zol JUAHF0A 12

B =

~
5

pom

<

e
U

_ﬂ_
H

e
I9)
il

by

;
ol
o
ol

y
ol

-

KO
0l

nJ

2@ 0let= Al

=t}

Ul
oll

)

AAZ B 2 Q)

HEH X

=)
lo-

oD
Al

-y

<0
EX,

SUICH.

=3

110
Al

P

e
Ui
o3
%

=}

_54_

Collection @ chosun



	제 1 장 서론
	1.1 참고문헌

	제 2 장 이온성 액체의 단계적 열분해에 의한 산화 그래핀의 듀얼 도핑
	2.1 서론
	2.2 실험
	2.2.1 GO 제조
	2.2.2 BMI-X (X Cl, Br, I) 합성
	2.2.3 X/N-G 제조
	2.2.4 분석

	2.3 결과 및 고찰
	2.4 결론
	2.5 참고문헌

	제 3 장 열화학적 가교결합을 이용한 고강도 탄소나노튜브 섬유 제조
	3.1 서론
	3.2 실험
	3.2.1 raw CNTFs 제조
	3.2.2 I-Ph-CNTFs 제조
	3.2.3 I-Ph-CNTFs 의 가교결합
	3.2.4 분석

	3.3 결과 및 고찰
	3.4 결론
	3.5 참고문헌



