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X5 Hummers and Offeman WS o] &3slo] S0 2RE 4ksl 2 ¥ (graphene oxide; GO)S TSN, ©]
£ olgsl F 7K o2 F871st 2 H(FGS)S sttt 2l ¥ T (graphene sheet; GS)dl 2o =
hexadecylamine(HDA)?] X2+l Ver-HDA-GSE HDAS$} o ZA|715 wkg-3te] A0y, stHo 2 kA% GO(Redu-
ced-GO; RGO)YE T3l hexadecanol(HDO)S} ¥3-&-& WH-AA HDO7} % Wao 2 X|3HEl Hor-HDO-GSE
st FAE GO, RGO, Ver-HDA-GS 22|32 Hor-HDO-GS2| AR5 21l7] 918le] FTIRS ©]-&-3}
Rom, HE EHEY E A H BEEAE 717F Il Ak #AnH(AFM)S E3lA] Ver-HDA-

GSe & 5 Ee F 5 9 aguoR oo, Wt FAE 1.76 nmyS &l $HdE FGsES] &
SFJAL GOY RGOKT} U] Ugkon) BAFE o] Ao Ver-HDA-GSE= DMSO, EF¢, S22 X &, U7l 59

o
AFAR] Bl A 2 EAkE AT

Abstract: Graphene oxide (GO) was prepared by the Hummers and Offeman method from graphite. Two different types
of functionalized graphene sheets (FGSs) were synthesized by using GO. Hexamethylamine (HDA) substituted vertically
to the graphene sheet (Ver-HDA-GS) was synthesized from HDA and epoxy group in GSs. Whereas, horizontally sub-
stituted hexadecanol (HDO) to the GS(Hor-HDO-GS) was synthesized from HDO and alcohol groups via reduced GO
(RGO), respectively. The structures of the GO, RGO, Ver-HDA-GS, and Hor-HDO-GS were identified by Fourier trans-
form infrared (FTIR). In addition, we examined the thermal stability and morphology. Atomic force microscope (AFM)
disclosed that Ver-HDA-GS consisted of one- or two-layer graphene regions. However, the Ver-HDA-GS layers showed
average thickness of 1.76 nm. The thermal stabilities of the FGSs were better than those of the GO and RGO. The Ver-
HDA-GS was well dispersed in common solvents such as dimethyl sulfoxide (DMSO), toluene, chloroform, and decalin.

Keywords: graphene, graphene oxide, functionalized graphene.

N B2 o] HI, AV]F EYoE I 1A whAa Yie
(carbon nanotube)’} EH, F7-3 RYSZ EolH &
20043 =+ Geim¥} Novoselov 1771 2Jaf H2} H|o] (fullerene)®] #t}?
ZE olgsh S0 = HE|e] 123 (graphene) 2] 71%0] A oju] Z A7 g iR niR AR H
AVERAL e 553 243 3 1714, E8F ot & A=A, A7 A, 283 7141 248E 7k
50| dHAIHA] A= el digh A7t 2] o), & S aee] A$- 2630 mYge] B 2

Z
=5k 1S FRF O E At 200 W B I 4 AEE7} 5000 WmK, 27] AEEE 6000 S/cmE 7}

A TS Bk e PEAY V1 ETER, BaAAE @ AT EE e os%el W FAS B HEE s
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= WHIP oM BAE & A6l dolw
© 2 olgste] AL FAte siEt 71 F
o Aol FRE ] UAAY EFE|o] U
< wt A7 ol AFE AL 2l
2¥sIA]A Aksl 12| F (graphene oxide; GO)
BFel A It SHA7)= sk vk
7Fs7del e A vl B A7t x19)
S aend o]y e A Al s Bkl
7k 22& wE 22 2 {71 A7E AR &
g2~ §l(van der Waals force)> 2 213t 53 &
lomeration) W&ol #4ke] offgol tist B A7t
}\o]_%],_o]q_'l5-l7
ANEE LA e B 5ol 28417171 flsir=
1 ME 32 =283 NS Sake] kst el &
IAAE & B A3E 7HAAL QU ol g At
Ml FollA HFHoz 97Es B 7Ash]
1 JFEAL 71 & (matrix)el] &4te] &olgk 31771381 A4
A8 7S Tidet #5718} 12l (functionalized graphene
sheet: FGS) §#do] Aaj=|ojof g} 1820

TS =ol7] flEl] B AFexe SAE ol8alA o]
u] 427 Hummers and Offeman Y-S 53 GOE A X
3L, HE GOE o]8-3to] 13 ¥ (graphene sheet;
GS)ll 2] (vertical) W3ES 2 hexadecylamine(HDA)7} |+
¥ FGS(Ver-HDA-GS)$} GSoll %= (horizontal) HHaFo &
hexadecanol(HDO)7} X]2+#l FGS(Hor-HDO-GS) 52| $1%]
Az A8 Fot] AR A o F /S FGS
st olFA E F T/ FGSE =LEHS
A 2 GOl isiA & 88 E FAMIS Hastint
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At & TE. 2 AFollA ARSE S92 Sigma Aldrich
Akl Z#o] = (flake) HENE =717} 75 meshe] A B2 ARE
stk L o] f7] EmiEL M=o A HE AXA
L Ot = ARSI

GOe| M=. GO¢] AlZ= Hummers®} Offeman®] WS
o] &3t 4 0°Ce iHsulfuric acid; H,SO,)0 S
1 g2 ¥l asle] ELA R & 25W}ES (sodium acetate;
CH;COONa) 2 g& ¥o] 1087 =3tk 2 & g+
(potassium permanganate; KMnO,) 10 g2 3+ gl @3
1037 =291 5 30°CollA 127417 RESAIFA T vhgo] £4
H Pt GAE FHT 2Ll Fo] sEE F3 F w87
™ 348424 (hydroperoxide; H,0,) 20 mLE ¥ ¢] KMnO,
£ AAsSA o] &S o] W AlHSt] pH 6~7 AR
SR § 2 7Axstd GOE AU

Ver-HDA-GS2| &M, GSoll =293k 2 HDAZF 4%

Ver-HDA-GSE @4d3t7] 9l8te] 1x® GO 1g& 57
1 Lof| o] A1) sk, Tf2 H]7dll= HDAE &
o] =21 & GO7} w4t SHo] HDA €9 Hds] F
=3 ZFt}. 2 $F phosphotungstic acid(PTA) 0.5 g& S/
o =2l - GO HDAF 41 e &0l X8| "o
d F 1227 ki), $49E Ver-HDA-GSE AE Sl o
Ee7 ofg] W AFEL 80 °C R0l Axsle] et

2t2l =l GO(Reduced-GO; RGO)| &HM. GSoll =3 1t
o 2 HDO7} X139 Hor-HDO-GSZ $Hd&}l7] 9ls] WA
RGOE 3%} GO 1go] #4HE 1L S/ &9 +4
3} 54 YE-F(sodium borohydride; NaBH,) 1g& ¥
80°C oA 1AIZF &< WHAIA ok S/RTE 2~33] AlF
Sk & 80 °C FF A Az} 2

Hor-HDO-GS2| &4. % RGOS 93} E] 2 (thionyl
chloride; SOCL)E ©]&3l4 H4s} w5 3t} WA RGO
0.5 g= 500 mL Z&f2=3¢] ¥ % SOCl, 150 mLe} Zj2]d
2mLE YolFth 80°ColA 12417F WHkA Rl & oo =
23] v, A5 olEHlZ(petroleum ether) 150 mLE SOCL7}F
S0l = FgaTe ¥ $ 3A7F muksith 1 $ 7t
A= FaA 1S F -2 SOCLS Al dlHIZ9} A A
A&l St} 28] tetrahydrofuran(THF) 150 mLE 343} wh
So] Lot FehiTo) Wil 3A7F wkeit), A4 A2l
RGO7} THFel| 2227 #4te] =W HDO 1 g& THF &<l
Q1 F Sk A "oj= ik 2 % F2d SmL
5 9o A F7160A 2487 WESAIA S eEe
ekgel] Mg F 80°C g EolA 71x3te] EE g
9] Hor-HDO-GSE 4=t} 7 Al59] A4S Scheme |
o] Bt

EM=ZAL GO, RGO, Ver-HDA-GS, 22|32 Hor-HDO-GS
o] e AFE EIstr] sl Felel HEF Ao 37
(Fourier transfer infrared spectrometer; FTIR, Micolet 6700)

=

y 2 o

i OH
) NaBH,/H,0 ¥ —
0 —— HO36S &S 2—(—0H
80°C, 1h )
H OH OH =
Go RGO
lsom,
el
HDA/H,0 80°C, 12h
e HDO/THF
llsu"c.sun
CII\H_I_!
LH H OH
: 9 > ¢
g 1 C—0—C—¢ '-' O0—C\eHa,
HO HO AnCH
CysHa
Ver-HDA-GS Hor-HDO-GS

Scheme 1. Chemical structures of GO, RGO, Ver-HDA-GS, and
Hor-HDO-GS.
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£ ARgsIion, G4 S ERIsk] Pl E T &
2 7] (thermogravimetric analysis; TGA)(Auto-TGA-Q500)S
ARSI, BEZA S SRS ] S8l HAAEAL FARAR
v] 7 (field emission scanning electron microscope; FE-SEM)
(JEOL, JSM-6500F)= AF-&-3t3ith. &4k d o] -3k Ver-
HDA-GS®] 1 &<lat7] f1six] 92k w7 (atomic
force microscope; AFM)(Park system XE-100)°.2 #2351
th 27] =291 S 92 GO, RGO, Ver-HDA-GS,
Z12]5L Hor-HDO-GS®] &2l thet 57 Aele] sk
E Yolr7] 9 W zF X-Al 3] = (wide angle X-ray
diffractometer; WAXD)= Cu-Ko Bl o831 Ni-ZE7}
2 Rigaku(D/Max-11IB) diffractometerS AH&-3Fo] LA
T} 26 Ftol 2-32° 9] WellA 29min®] HEZE F2eA S
A8kt

2y o £2

FTIR. Figure 1914 3¢, GO, RGO, Ver-HDA-GS, 2]
31 Hor-HDO-GSel| t]gt FTIRS] x5 31 4= ). =
AFigure 1(@)oA = oHfd §A 9132& 2E F gloy
GO(Figure 1(b)PIME 4F H21E 53lA sle]==A)7](-OH)
3383 cm’, 7FE B Y(-C=0) 1729, 1624 cm”, Il €| Z(-C-0)
1048 cm™” 5 27171 FAERES A 5 AATEH2

Ver-HDA-GSE Scheme 2914218 HDA2] ¥etr|Ql o7l

Wi (a)
(b)

1729, 1624 cm™
C=0 str.

3383 em™

% —— O-H str. 1048 ém™!

C-0 str.
(©)

2921, 2852 em™
Aliphatic C-H str.

Ja7sem’ g0 oyt
~NCSE N g oop sir.

1733, 1615 em™ ?"
C=0 str.

3160 cm™
O-H str.

(d)

Transmittance (%)

% 3383 cm”

O-Hstr. C-O str.™>
| (e)
2919, 2847 cm™ Q{( |
Aliphatic C-H str. 1720, 1563 cm'<.
C=0 str. -1
4000 3000 2000 1000

Wavenumber (cm")

Figure 1. FTIR spectra of (a) graphite; (b) GO; (c) Ver-HDA-GS;
(d) RGO; (e) Hor-HDO-GS.

Zaw, 43748 A23, 20133
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O, HN/
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Scheme 2. Reaction route of epoxide and alkylamine.

(amine)yt 2 ¥Hge] AWEk] EAIS= olEA] (epoxide)
o] W35 FElA FAdskith L AF= Figure 1(c)llA &
4= 9)%0], 3160 cm oA -OH7|E 14, 24719 C-
He} C-N-C2] A3He 7247} 2800~3000 = 1375 cm'of|A] &
&)

RGO9] 73¢ol= GOoIA HAA]= IR 549938} A9 H
=S EJ1T 4 A TH(Figure 1(d)). ©]= Scheme 13+ 7
| 748} a4 YEFOZE 18 @AkAs)(deoxygenation) W
S| % ols] GSe] Hay3k oA FHEA|(-COOHY |9} -OH
717} A= AL, GSoll $218 Fte] -OH71¢} -COE T+
AAF AL o38] GSolli= 9Fzhe] o FA] 71} -OH7]7F
EA|517] WjEoltt 2 RGOE Hor-HDO-GSE 37| 913k
AA o™, Scheme 1914133 HDOE RGOS -COOH7]*
o] QAo o 2H3} WS A Ho] AFH o= GSo] &
Bek TRk dol dojuA €t o] A#E Figure 1
(e)oll Al B, 2800~3000 cmol|A] & 155 RIS,
1720, 1563 28] 1200 cm™S E3A] of| 2~E](ester) 2=
gt

BEZX. 549, GO, RGO, Ver-HDA-GS, 12| 3 Hor-
HDO-GS®] FE-SEM A1 Figure 29 AT} &g S
& o] WEe] ARHIF o E HF o] HUSE Figure 2
(@)°llA Felskitt. v o), GO(Figure 2(b))ollA & A%l
Al ARAIAR] BES B F A, A S F Alel7t
Hojx] e gkl IR S e Wo R EAFS gl
SHATE B3 Ver-HDA-GS®] AR (Figure 2(c)ys ¥ T3
S Atel7h ojzl wgelzl sht 1 Bgo] mig- FAA
= SIskdnt. olH gk F4de] o]-f+= Figure 1(c)°] Az
o & %ol, Ver-HDA-GS= 519 sp” Aol sp’ &=
v $7 HDAZF X3k Q17] wiitel] 28 e B2 &
g3} X13E HDAZR] whig oz Hdrdsth 4= Qi)

RGO(Figure 2(d)x= GOE F3lA /331371 Wizl SEM
o gRE A& A= GO(Figure 2(b))2} Wi-¢- FASE 25
S B =3 A4AQ RGOE F3 ¥4 E Hor-HDO-
GS(Figure 2(e)= Ver-HDA-GS$} 7222 771 @42 A o
oJUA] &sith 2 o]fE RGOOIA o|n| €423} wE-g-o)
oA B sp’ Aol A sp AR R 3lEo] Hlom T
GSe] EAlg] FgolM vt gdo] dofwt7| wiE o= A Er).

Figure 3> AFMO.Z =43t Ver-HDA-GS] AR S 1
AL Qo). Akasy 52 2 7180 B ARS8 GS
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Figure 2. FE-SEM photographs of (a) graphite; (b) GO; (c) Ver-
HDA-GS; (d) RGO; (e) Hor-HDO-GS at magnifications of 10000
and x50000.

o TA7} B 1 nmz FEAYCHHP 2y $ele] AT
A} A = Ver-HDA-GS2] 7o 22 3 T Aol
FAZE HE 176 nm AEUES AT 5 QUSIT ole &5
gk GSOl ¥Z71%1 HDAZF 8hik3-& Falf X|&He FGS9
Ato)t}. Scheme 39 o]= 2 AAZ Ho] 71538 FGS
o] BA =5 Bt Scheme 3(a)= HDAS| B} 1671
7t Ao ddE RN GselM eshl 24 4l
7% 2 Zo]= 2.02 nmolt}. SAINE, LRAOZ H uj g
292 16707F 2A A 71 vl$- oFa, v 2538 9
JE HAFEE EA AL Zo|AY B & Ze R 4
et} Wb Scheme 3(b)e] FEIE &A1t 78 38HH,
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Figure 3. Non-contact-mode AFM image of Ver-HDA-GS sheets
with three height profiles obtained at different locations.

(a)

2.02 nm

|
X
Aphene %Il nm
~5.04 nm l
v §

(b)

T
“'3.8I. nm
/ = Il nm
~1.76 nm | Graphene
Scheme 3. Formation of vertical hexadecylamine-GS(Ver-HDA-
GS) layers from GO and HDA: (a) theoretical values as measured

in the vertical direction relative to the graphene sheet; (b) experi-
mental values.

AFMO 2 E F 7+A9] Zol7} 1.76 nm e AAytka &
] GSEHE HDA EF-E7F49 =0l °F 038 nm 9=
& = ATk Hor-HDO-GS2] 74-9-ofl= A A3t nfe}
7ol 3 A elA -OH719F 2 287] tifEo] A A=
A7) wfiol] oW 3l 7)ol e EAER] §kolx] AFM o]
H2AE A2 st

Figure 4914 = 82 7 XA 3)d B45 S8lix 944

]
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d=0.34 nm

d =0.84 nm

(e)
\ ﬂ =0.95 nm
- Y (d)

3‘ d=3.33 nm
E - ()
d =0.94 nm
e (b)
!

0 5 10 15 20 25 30 35
20 (degree)

Figure 4. XRD patterns of (a) graphite; (b) GO; (c) Ver-HDA-GS;
(d) RGO; (e) Hor-HDO-GS.

g5 I S B2 9
oA T T Atel7F A= 7]
of o] 1 2 4R HE 20=26.6°(d=0.34 nm)ell A wi-¢- 7}
=27} VRt sEAIRE, A 4 X 8-S AXA
A 5A T3 T Alolol] -OH7], ollFA19F 22 FEj= 2F
23kE]o], & BAFE] 71F AlololA] FAZRS 4
0}04 7 ARE SEAITIA ﬂv‘rm”"” A=, GOl 7%
= Z7F 78] ¢=0.94 nm(26=9.42°)= 3-310]| H&) 7+ 7
ﬂ7 | ol SPEIAES & 5 UL Figure 4(c)llA] BT

= Ver-HDA-GS9] 7-$-ol= 2= 32t sl 43 f?} vk
fﬂc_i HDA7} g3 8ol wat 20=2.65°2 YERSL
= Atele] A7t ¢=3.33 nmmE F43] S718I9e2 ﬁJ t
St} Figure 4(dpPlA RoF= RGOIM= GOQ]— AR 5
ZF A2l d=0.95 nm(20=9.34)F YERIET, o] AdE &
w3 elA Fakas) whgo] dojA|wt oI s] GS F
Atolel] AR Zet -OH717F EAeh FAATS sl
Ues & T IATY 22 RGOE ©l8-3te] 3% Hor-
HDO-GS9] 7 %(Figure 4(e))°l= wi-$ 22 I =7}
20=10.50°(d=0.84 nm)°|#] B ¥ =4 w7} A3 ure}ur
7] ettt o] AR s} aHjd F Atelelxs
AR Ago] EAIsHA] kot ko] FFsiH, =A) wxl
UA FUFE RIS

S0 24, 54 9 FHE AEE] 718l gt
A FE=E Table 19 HATh Ver-HDA-GS= GSo W]
-OH7|u €27191 HDAZ} X|8k=]o] 9171 wiizell chloroform,
DMAc, NMP$} 2> W87 f7]8wlol] 7] A=A 7}
et A Bk B of2)7kA] Gl ik Ver-

25 37 7]
ElRs =AY,
| =

_"'_I
N 2 oo
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Table 1. Dispersions of Graphite, GO, RGO, Ver-HDA-GS,
and Hor-HDO-GS in Various Organic Solvents

. Ver- Hor-
Graphite GO RGO HDO-GS

Solvent HDA-GS
X

Water X
DMSO

ke

Toluene
DMACc’
DMF
NMP*

Chloroform

PO T P IR
Mo X X X X D> O

Decalin
Ethanol X O

©: Excellent , O: Good, A: Poor, X: Very poor.
“Dimethyl sulfoxide. *N,N-Dimethyl acetamide. °N-Methyl-2-pyrrolidone.

D X X X X X X X O

OO0 0OO0OO0OO0O0O0
D

GO/Water Ver-HDA-GS/Chloroform

Ver-HDA-GS/NMP

Figure 5. Photos of dispersed GO in water and Ver-HDA-GS in
three different organic solvents (0.13 mg/mL).

HDA-GS®| #4H3S Figure 59 28t} 28y Hor-HDO-
GS¢] 735 2 EH9] B2 ds7150] AAEJLL, 22
A wge] mAgjollM g o] dojut7] wiEol Ver-HDA-
GS¢ 22 FEE HAAZAT thEe] oA e &
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AbE]A] ko),

¥ o8y, d TF A4S Fal 5, GO, RGO, Ver-
HDA-GS, ¥ Hor-HDO-GS®¢] & <P84e =43t 2 4
= Table 20 A2]&FAT}. Table 2004 7] 2%¢] FAIE
o] dojuh= 25 (7)) MSlE 47~170°CE tFglon, &
3] GO7} 47°C2] 7P $re Lo FA| £4lo] dojyt
t}. o] A= on] dHA HE GO= Foll v s o
ZA7Y -OH7] & XFstal Q7] witolt). o=+,
GOZHE §43F Ver-HDA-GS7F 170 °CollA] 27] & #al
7F dojFoZ Hol 7P gk E AL gl
3, RGO GORTR= =& 85°ColA 7] & Haj7t ¢
ofyitt. o] Az, RGO HIE &2 Fo|A|vt oA &
oRIE -OH7|Z A3t vk d S Ay 4= k. 1
Hu A ZA171Y -OH717F A9l 41814 &%= Hor-HDO-
GS9] 7d%-olli= RGOETF =2 2521 140 °ColA FA &
25 BTk

Figure 6014 H5o] 59 749 600 °Collx= FA 7hr
Fwp)y 718 A9 gt Ae] WPt gI3AIEE, GO, RGO,
Ver-HDA-GS, 28] 32 Hor-HDO-GS9] 7%= 600 °CellA]

Table 2. Thermal Stabilities of Graphite, GO, RGO, Ver-
HDA-GS, and Hor-HDO-GS

Materials Ty (°C) wi™ (%)
Graphite - 100
GO 47 27
Ver-HDA-GS 170 60
RGO 85 42
Hor-HDO-GS 140 64

“Initial weight loss onset temperature. *Weight percent of residue at
600 °C.

120 1
“)0 tq.::"-::‘---.\k“ (a}
-“,‘h\. ~“““’l‘-
2 80 NI
‘e_\i \ ' h‘:‘\-—‘-’-ﬂ .......
= N SN,
) 60 SNe—— "‘-—t\----'":-...: (c)
] I N (e)
= W
401 A
(a) Graphite \ \‘-..
(b GO \ (d)
20 1[(¢) Ver-HDA-GS ~ (b)
(d) RGO
(¢) Hor-HDO-GS
0

100 200 300 400 500 600 700
Temperature ("C)

Figure 6. TGA thermograms of (a) graphite; (b) GO; (c) Ver-HDA-
GS; (d) RGO; (e) Hor-HDO-GS.

27~64%°] TS JERITE ol& GSoll ek 7kE &
£719] #ol2 A E Tt GOl - 600 °ClA 73%2]
A £40] dojytth(Table 2). Figure 6(b)ollA] £ 5 5ol
GO2| 7ol o] Medtz doll A E3ll=E oAl
7], -OH71¢} & Atold] Ao 2 EAs= & EA7L
100~400 °Cell AA H=} A A= AL 160 °C F2ol|M T 7
27} 53] AA dofd-E FRISHAITE. B 500~600 °C Aol
A -COOH7]1¢} C=0 ZZ&F°] A1A3] AA= AT} Figure
6(c) 1M & 4= 9%0] Ver-HDA-GSS| A-$olle 27183507}
Yoful= 100~200 °C AtelellA] GOell Hlal Fie] 7
zZko 1} B3k Bl 7 5S Ho| e ole FAIWkSo|
FsA] 2 -OH719] Eall7F o] wielc).

RGO2] 73$-(Figure 6(d)l= GO} Hls=3E Qs 752
Ho|i glony, eakss) ukg-o 7 <la) ojn] AdEke] -OH
719} | FA1719] AAZE Dofwkr] wiwe] EEsel o 7
Aol GOl A 22 RIS 284 Hor-HDO-
GS2] Z$-(Figure 6(e))°l e &) 7%50] & A EH=
g 5 Fal7He e F YT ANty e=w
100~400 °C Ato]ol|A] AA5] Eall 7t dojhe 1=,
ol & Ak} agive] FEwEe R FAdEIE HDO
7 AR o2 BelEH dojue T HAaE Azt o)
FRo] Baj7} dojit Fo] 2121 600 °CollA 2] Ver-HDA-
GS¢} Hor-HDO-GS®] #HraF2 7Ht 609} 64 wi%sS LER]
3L Utk

Ver-HDA-GS9} Hor-HDO-GS¢] G&al A%S = o] 2|
3] g¢la}7] 918k Figure 79 DTG 232 ¥t} DTGE
100~500 °C AtolollA] thekdt B3] Aso] dojutal Y2
gelatdth. Ver-HDA-GS?] Aol 28 &% F7ko)A
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