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Abstract

Thermochemical Synthesis and Characteristics of

Polymer Carbon Nanocomposites and Carbon Materials

Hwa Jung Kim
Department of Carbon materials
The Graduate School Chosun University

Chapter 1. Sequential impregnation of a composite of poly(vinyl
alcohol) and poly(acrylic acid) (PVA-PAA) into carbon-nanotube fibers
(CNTFs) and thermal condensation were investigated as a simple and
efficient continuous textile engineering technique to prepare
mechanically and electrically reinforced CNTFs. The CNTFs that were
physically impregnated with PVA-PAA  (PI-CNTF-(PVA/PAA))and  the
chemically cross—linked CNTF(CL-CNTF-(PVA/PAA)) exhibited tensile
strengths that were ~1.6 and ~2.1 times higher, respectively, and
Young” s moduli that were ~1.3 and ~2.3 times higher, respectively,
than those of direct—spun CNTFs. The electrical conductivity of PI-CNTF
-(PVA/PAA) and CL-CNTF-(PVA/PAA) had values that were ~1.5 and ~1.7
times higher, respectively, than that of raw CNTFs. Moreover, the
chemically cross-linked networks of CL-CNTF-(PVA/PAA) resulting from

the heat treatment enhanced the water resistance of the composite.

Chapter 2. Environmentally begin natural amino acids, especially
histidine—-derived nitrogen—doped carbon materials were readily synthesized
from polycondensation reaction and subsequent carbonization via the
stepwise thermolysis process with high yields of 40% even at a high
temperature of 1000 °C and the nitrogen-atom contents of around 5 wt%.

These materials possessed rolled planar structures as well as thick

- Vil -
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2D-like planar structures with specific surface area of 455 mz/g,
exhibiting a notable specific capacitance of 58 F/g at current
densities of 0.1 A/g and superior stability without deterioration of

per formance values up to 2000 cycles.

Chapter 3. Heteroatoms—doped graphene has received a great deal of
attention due to attractive electronic and catalytic properties for
promising applications in the fields of electronics, sensors, and
electrocatalysis. Heteroatoms substitution in the graphitic framework
also induces unique electronic surfaces or active catalytic sites in
graphene due to the difference in electronegativity and atomic size
between carbon and heteroatoms. Recently, extending the concept of
doped graphenes, there have been significant research attempts to
harness synergistic effects in the catalytic activity of graphene by
developing multiple doping in graphene structures. This includes dual
and triple doping of heteroatoms by incorporating nitrogen and other
elements such as phosphorus, boron or sulfur. However, these methods
uses chemicals with high toxicity and usually results in the low doped
heteroatom contents. Thus, there have been extended investigations on
more environmentally friendly and efficient synthesis approaches on the
heteroatom-doped graphene materials. In this regard, we have
inversitigated natural amino acids as efficient and versatile
heteroatom precursors to generate heteroatoms—doped carbon materials.
In this work, we have successfully demonstrated synthesis and
characterization of heteroatoms doped graphene from pyrolyzed natural
amino acids, which contain nitrogen or sulfur atoms in side chain
motifs. We proved that the pyrolyzed amino acids are excellent
precursors for nitrogen doping in graphene, and the doping nitrogen

atoms were originated from both amino unit and side chain of amino

_|X_
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acids. Moreover, the amino acids such as Cys or Met could be potential

candidates as the multi-elemental dopants such as nitrogen and sulfur.
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200 um (c}

E Superaligned CNT Amray

CNT Yam

L1

Figure 1.1 (a,b) SEM images of a CNT yarn in the process of being

continuously drawn and twisted during spinning from a CNT forest (c)
Schematic of principle forest spinning from Van der Waalse (d) Scheme of

explain CNT network between bundle.
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A Feedstock B Feedstock Reaction zone
fa ad ™ o
z Z z z
= [ = = =
1B 3 5 B
=

Wind-up Spindle

Winid-up

Figure 1.2 Schematic of the direct spinning process. An CNT aerogel is
wound out of the (A) hot zone and (B) lower temperature area

continuously, images of inner furnace.
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Figure 1.3 Structure of L-amino acid
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Figure 1.4 Structural image of graphene
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Figure 1.5 Structural image of graphene oxide (GO)
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Supercapacitors

Double—layer Capacitors Pseudocapacitors
Charge storage: T 1 Charge storage:
Electrostatical lv (Helmholtz Laver) Electrostatical ly (Faradaical ly)
Activated Carbon Conductin .

g Metal Oxides
Carbons Aerogels Polymers

Hybrid Capacitors

charg’e storage:
Electrostatical lv and Electrochemical ly

r""'l""'1

Asymmetric -
Pseudo/e0LG || ComPosite
Figure 1.6 Family tree of supercapacitor types : Double-layer

capacitors, Pseudocapacitors, and Hybrid capacitors.
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2.2 A4
2.2.1 AN & Al
BALLCESEAES (CNTFs)= sAUES DM Z2SEULH. SHiolEL DS
(PVA, 146,000 ~ 186,000 Mw, 99% hydrolyzed) 1} Zc2|0t3 &2 AIS (PAA,
~ 50,000, 25% aqueous solution)= A DO ECIXINAM RSHHCEH.

=&l acetone 98 wt%

MOl LM A= ot= thiophene 0.8 wt%, =0H ferrocene 0.2 wt%2t
2 St ™Melot EtALt:

= 1200 c2 d&8& =&d It
FEoty, sds HIIZ WS 0lsAIDIDl 2l
SHAIZCH ME

2 L2t =25 S

=

@

2.2.3 PI-CNTF-(PVA/PAA) 2t CL-CNTF-(PVA/PAA) HIZE
PVASE PAA DEXIE 80 COIA 201 S04 FHISCH 0 If S%Ol =
0.5 W%Z MXEBICH ZALE & SALLS

i
rr

S4&% (raw CNTFs)S PVA/PAA &
SEHN 10= =2 50 CTOHA &3 A2l = 60 C, 24h 22 24X = &2
£ IHFECH. 0o ME0l  PI-CNTF-(PVA/PAA)OICH. OI&N & &

PI-CNTF-(PVA/PAA)E 200 T, 30 min L& X102 0l22 29I HLI A0
AN € XelE XNESHCH, 0lZ2H HZE = MHZE0| CL-CNTF-(PVA/PAA)OICH
(Fiugre 2.1).

roh
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Impregnation o
PVA/PAA

Furnace

<\ _ \ 200 °C /30 min /
PI-CNTF-(PVA/PAA) Thermal condensation
Figure 2.1 Schematic illustration of the proposed approach to

facilitate continuous textile engineering for mechanically and

electrically reinforced CNTFs with solvent resistance.
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2.3 24t ¥ N

2.3.1 XPS2t EDAX, Raman &4
igure 2.2= raw CNTFs, PI-CNTF-(PVA/PAA), CL-CNTF-(PVA/PAA)2l C 1s
HEHS LIEFUHRAUCEH. raw CNTFs= S2H2Z ONT HEH0Ol C-0 Z&s
Istote 2401 EQIUACH (Figure 2.2 (a)). S8t Figure 2.2 (b)OIA
PI-CNTF-(PVA/PAA)2l GIOIEZAID|QF C=0, It2=4&D]2l CQIHIAIEIIL raw

CNTFs2t CHEGHH =0l < Sotot= 22 =elg = UCH Ol ot S
0 BItetES LIEFH 22 PVA/PAADE ONTFs 222 SAIN Settle HE =0l
g & QUCH 200 C, 30 min EXcl = PVAS| SIOIEEA D%t PAAS Jt2=
A0 AOIOIAM OIAES BFS0l L0iLt=dl Ol Figure 2.2 (C)UIA -
0-C=0-2| Z &0l MSAH LIEtEo=Z M =olg o= QJRUCH. £ % W20
T DEXC SEOl SN2 IR0/ =AX E2IGH)| <ol EDAX 2242 RIEGt
ULt ME FHe= dKRE YHEBLA0 e = HEZS 0186t Het HH
£ ZAOIRUCH. Figure 2.32 EDAX &4 SEM OI0IXI2t C/0 ratiot&s ZleH
T2 UEHURCH. 0O ZDF XpSol &tekol Fakd i eXlots Hez 20 1
20 2

Z & metst £ QL. G-bande F=X0le=
EFAOl sp?2 8O m-m Ol 2aH LIEFLIDY, D-bandll B sp’EiA X s

LIEFLHCE. OIJIAM D-band= 1356 cm', G-band= 1595 cm 'OIA ZH&

o mHs=

CIACH. PI-CNTF-(PVA/PAA) 2| D-band 2| CIENAIEI= raw CNTFs2l QIEIAIEI2t
HE0l SlsS =g = URULE. Ol= PVA/PAMA S S&EE raw CNTFsOl
gt =X 1, ONTFs2l HU0 S2HLZ S+Els XS 2 = U

Ct. G5t PVAZL PAAE ZE2=Z2 HMIZLoI 200 C, 30 min X2l & ZAst
(heat-treated PVA/PAA) 1123, 1513 cm 'OlAl S JHOl 28 TWAJb &

CIACH.  Ol=  PVARE PAASl ZEMERH MEA MAY O3I=2

CL-CNTF-(PVA/PAA) 2] et AX|Icts XS EHE = UJULH.
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Figure 2.2 Characteristics of C 1s peak in XPS spectra of (a) raw
CNTFs, (b) PI-CNTF-(PVA/PAA), and (C) CL-CNTF-(PVA/PAA).
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Figure 2.3 SEM images and the ratio of carbon and oxygen (C/0
ratio) in the raw CNTFs, PI-CNTF-(PVA/PAA) composite, and CL-CNTF-
(PVA/PAA) composite.
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= CL-CNTF-(PVA/PAA)

i

e PI-CNTF-(PVA/PAA)

[

raw CNTFs

Intensity (a.u.)

§

== heat-treated PVA/PAA

v L | L} L} v
500 1000 1500 2000 2500 3000 3500
Raman shift (cm'l)

Figure 2.4 Raman spectra of the raw CNTFs, PI-CNTF—(PVA/PAA)
composites, and CL-CNTF—(PVA/PAA) composite obtained after impregnation
of CNTFs, with PVA/PAA followed by thermal condensation.
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2.3.2 FT-IR =4
PI-CNTF-(PVA/PAA) O] Z2BHZSEl PVA/PAAS] OIIAEl ZES
A N

of FT-IRS Sl =4= MNAGHRUC. Figure 2.50lM=

E0I6HI| <

PAA - film,

heat-treated PVA/PAA film, raw CNTFs Z12l1) CL-CNTF-(PVA/PAA)2l FT-IR

JeZE LIEHHAUTH. MEHCZ2 Jt2=54D(2 =0 Z&2 U3 <Xl 1690

cm 220IA LIEFLIOY, OIAEIDI2 C=0 Z& T3 2AXlE 1700 cm ' 2 X0l

N ZHEECH Figure 2.52 28 PAA filme C=02] Z&H0l 1693 om 'Ol A 2t

2D raw CNTFs= 1573 om 'OlAl C=C, 2910 cm 'Ol M CH.Ot LIEHGHCE.

CL-CNTF=(PVA/PAA)2l C=0 LI3= PAA filmdt CHZEGIH =2 =040l 1720
()

cm'lAl LIEHLIE 2HE
IE2EZ2AD|DF S=2E

dot= A2 &0l

olgh &= UR/UCH. Ol= PVAL GHOIE
GIAES S0l 20ULEA Ol
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2.3.3 Mechanical, Electrical properties &4

Figure 2.62 raw CNTFs, PI-CNTF-(PVA/PAA), CL-CNTF-(PVA/PAA)Sl &

o
TT
CIZAIE 212 MIIMEEE BHFAL, QAE U2 Table 2.1 (A)E S

off el = UCH. PI-CNTF-(PVA/PAA) SE M= F2AE2
2 =)

CNTFs 20+ 282t 1.684, 1.38f SOtst A

Ol Z1F PVA/PAA AFOISl 3tSHA cross—linkingOl ZA35l=

Ct2
CL-CNTF-(PVA/PAA) (~570 S/cm)2 &&&ES LIEIWALM, Ol=
ot CHE AROIS] 20l 2ol OFJIE=0 fIIME 872 =2
ZHHIGH MIIM SO E0tet 22 2ol 24].
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Figure 2.5 FT-IR spectra of the PAA film,
film, raw CNTFs and CL-CNTF—(PVA/PAA).
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QOotE 2 Table 2.1 (B)E S &Holg = UCH. PI-CNTF-(PVA/PAA) = 2
o M=E = raw CNTFs@ SAIEH JIHE S45 UEHUHACH. BHHO
CL-CNTF-(PVA/PAA)= JIAHIE 2 ED S4ES 2HES22M W40l &t
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2.3.4 SEM Morphology &4

Figure 2.82 PI-CNTF-(PVA/PAA), CL-CNTF-(PVA/PAA) SEA&ER2 2129
CNTs2t Ctel L& E SENS SolA 20 FULEH. raw ONTsQl HE2 &2 J|
3201 EJXL D2X && = CONTs ALOIALOIO D=2XIF AEZH &=
HAEQl Sotot¥ ), EXel =lle 8% FESI =AHGHH Sotote A2
Btolgt = QURUCE. 0l= PI-CNTF-(PVA/PAA) 2t CL-CNTF-(PVA/PAA) S&& =L
Cter LH shear strength®t &I 8&H B2t SIS Sol MIIEEEDt
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Figure 2.6 (a) Stress-strain curves and (b) electrical conductivity of
the raw CNTFs, PI-CNTF-(PVA/PAA) composite, and CL-CNTF-(PVA/PAA)
composi te.
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Table 2.1 (A) Mechanical and electrical properties of the raw CNTFs,
PI-CNTF-(PVA/PAA) composite, and CL-CNTF-(PVA/PAA) composite. (B)

Washed out with water

Electrical Tensile Tensile
o Elongation
(A) Conductivity strength Modu lus %)
(S/cm)* (N/tex)” (N/tex)" °

raw CNTFs 339 £ 29 0.38 £ 0.03 25.02 £ 3.50 9.38 £ 2.73

P1-CNTF-
506 + 11 0.60 + 0.06 33.28 + 3.43 4.61 + 0.98

(PVA/PAA)

CL-CNTF-
570 + 95 0.81 + 0.08 57.97 £ 6.15 3.31 + 0.61

(PVA/PAA)
B) Tensile strength  Tensile Modulus Elongation

(N/tex)® (N/tex)® (%)
P1-CNTF—(PVA/PAA) 0.47 £ 0.10 38.44 + 4.99 3.72 + 1.65
CL-CNTF—(PVA/PAA) 0.67 £ 0.14 45 56 + 11.11 2.78 =+ 0.62

(a)Electrical conductivity of each samples were measured using 4-point
probe method. Electrical resistivity(p) is calculated as: p=R (A/L),
were R is electrical resistance, L is the length and A is the
cross—sectional area of the specimen. Assuming a cylindrical shape, the
sample area (A) is calculated as follows, A = md’/4.Electrical
conductivity(o) is calculated as the inverse of resistivity(p). (b)
Tensile strength is also calculated via stress-strain curves. The
highest point of the stress-strain curve is the tensile strength. (c)
Tensile modulus of an object is calculated as the slope of its

stress—strain curves in the elastic deformation region.
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1.0
raw CNTFs
08k PI-CNTF-(PVA/PAA) after washing out with water
CL-CNTF-(PVA/PAA) after washing out with water
0.6

&
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&=
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12
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Figure 2.7 Stress-strain curves of the PI-CNTF-(PVA/PAA) and
CL-CNTF (PVA/PAA) composites washed out with water.
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Figure 2.8 SEM images for surface morphologies of (a) raw CNTFs, (b)
PI-CNTF-(PVA/PAA), and (c) CL-CNTF-(PVA/PAA).
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Figure 3.1 (a) Schematic description for formation of carbon materials
from amino acids via polycondensation and carbonization processes and

TGA thermogram of representative natural amino acids.
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3.2 &E
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Figure 3.2 (a,b) X-ray photoelectron
(d) XRD patterns of His-NCM (1000)

thermolysis to temperatures of 1000 and 1500 °C, respectively.
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3.3.2 HR-TEM, SEM =4
Figure 3.3 (a,b)0IME J2tIIE RXES &0l5t)| 2ol 1 HatE IS
| S0IZ (HR-TEM)S OIDIXIS EO0IF2ACH. His-NCM (1000) 2 His-NCM
1500)2 Jetme PEE HR-TEM OIDIXI0l SESE5HH 20l A4S =0l

=

—

ot CH. Figure 3.3 (b)OIAME J2HIE 2XJF AYsl s A golg
= A/ULCEH. 0l I &H A 0012 2FERI SUEHN UEtU=E 84
o2 HOILACE. Figure 3.3 (c,d)= His-NCM (1000)2l SEM OIOIXIS LIEL
LHCH. 32101 2 Ba 2X% HREE2 SHe ~200nm2 SEZULCH. =0
SAHE 22 oA 5 Zel 2x £ AEHI/UCH (Figure 3.3 d).
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e W
Hi&NCM(1000)

10pm R Y

Figure 3.3 (a,b) HR-TEM images of His-NCM (1000) and His-NCM (1500) and
(c,d) SEM images of His=NCM (1000).
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Table 3.1 BET analysis of His-NCMs from N. adsorption/desorption

isotherm
Alpha-S plots
. . Micropore
Samples Total Micropore External Micropore Vol ume Average
SSA SSA SSA Volume Porcent Micropore
mg"y (mg" (g’ (m g-1) %) Width
His—NCM
455 425 30 0.13 56.5 0.63
(1000)
His—NCM
9 6 9 0.00 0.0 0.57
(1500)
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Figure 3.4 (a) N> absorption/desorption isotherms of His—NCMs and (b)
CV curves at different scan rate, (C) Galvanostatic charge/discharge
curves at different current densities, and (d) cyclic stability of
His-NCM (1000).
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Amino Acids:
Ala, Lys, Typ,
Cys, Met

Heteroatoms doped graphene
N-G(Ala), N-G(Lys), N-G(Typ)
N,S-G(Cys), N,S-G(Met)

Figure 4.1 Schematic depict for synthesis of heteroatoms doped graphene

from pyrolyzed amino acids.
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Figure 4.2 TGA thermogram of amino acids at N. atmosphere heating
with rate 5 °C/min.
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4.2 & &
4.2.1 Nlg & Al
AEN AFE & Ot0IAte B[ = Letdl, 2tolal, EEFET, AlAHQ,
HIMOIRElegZ Al0F & b (St. Louis, MO, USA). 1
HE SAOIE (G0) MZEE 9o 2etmol (99.8%, -325 mesh)2t Ztaf
(97%, PFP, Matunoen chemicals Ltd, Japan)2 AIJOtZEelXI0AM P23
Ct.

<

ro

4.2.2 B SA0IE HZE (GO)

JeHE 2A0IE= SIHA ZHHO=Z MEASHACH. DA4MOIE (1 g) 2 50
mL A0 BOoHH & 2014 1 Al2t S wBHetth 1AI2H = L2 S
592 HFSI OIS 0l EE22 50 COHIAM 6 Al2h WBts AHECH 1
= 80 mL2l Dl-waterE &Jtot=COl S0| LG22 OtOIA HHA &H0IA A
S5t 30 & =©F WEtsttt. O F WatsteA 6 mlE & LS FOL6
1 3022 wets XASEHCH OctOlE 2A0IESl HE=s Eda=cl)l
(10,000 rpm, 30 min)E Soil &S HMH = UOIL2IAASE S E0IU=E
& 022 MHGLH pHE Sdat AIAEU. 1 = 22 S22 SZEUXE
Sofl Ax = il SAI0IEE 2 =0,

4.2.3 olHIZEX & = OcHE H=E

OlHA HHECOZ M il SA0IESR Ot0ldts AF TIHL0 &
1 figure 4.1t 201 |2 IHUA o0l ==0. 0l I HUAE=E Ol22 2
10| StolA XIBEHCEH, & E£242 200 °C 1AI2H, 300 °C 1AI2, 350 °C 1Al
2k, 380 °C1AIZ2F, 400 °C 1AIZt2Z2 2Y 5 €2 £&E2 &2 AIAHZED. 0]
M S 23D SAIO O0l4tS Soll o2 A &2 & &0l &
g
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4.3 2 ¥ IFE

4.3.1 XPS 24

Figure 4.32 400 °COIXl SHE2 EH2IE &
Ct. €Xdel & &= OHE(TRG)2 olHl2 KXt

Jl ol S8 2& X2

.

o =2
XPS2t EAEMOZ ZAME AL

21 GtOll OfOl= &t 8t

&2 2= Table 4.101 2245104 LIEHY

ACtH. Figure 4.3(a)0llAd= 531,400,366 and 168 eVOlAl II=2Jt LIEFLI=C
Ol= 2= 01s, Ni1s, Ci1s J2ln) S2po LI3AE 2ICt. Ol Ooi0lat &
Fole 240 &% & OB (N-G) = 24 20| 01 &% & e
(N,S-G)2 <ol oz X THE Z2|H SEHAUS LIEHHC
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=
H
>
S

S 12
LY
=1l
m
=
[
k>
N
0x
7
hd
10
Hu
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Figure 4.3 (a) Wide-range XPS spectra of GO, TRG, N-G(Ala), N-G(Lys),
N-G(Trp), NS-G(Cys), and NS-G(Met). High-resolution nitrogen 1s XPS
spectra of (b) N-G(Ala), (c) N-G(Lys), and (d) N-G(Trp) which are,
respectively, obtained from GO after pyrolyzation with the amino acids

of Ala, Lys, and Try at the temperature of 400 °C.
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Table 4.1 Atomic doping concentration of GO, TRG, and heteroatoms doped

graphenes
Atomic concentration (%)

C 0 MEY N glal gl!
GO 75.2 247 - - - -
TRG 87.2 12.8 - - - -
N-G (Ala) 81.1 10.9 7.9 3.6 - -
N-G (Lys) 81.9 12.5 5.5 4.9 - -
N-G (Trp) 85.2 6.8 7.9 6.9 - -
N,S-G (Cys) 75.7 6.4 5.8 4.7 12.0 3.5
N,S-G (Met) 81.5 11.9 4.8 4.0 1.7 2.6

[a] XPS analysis, [b] Element analysis
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Figure 4.4 (a,c) Nis and (b,d) S2p XPS spectra of (a,b) N,S-G(Cys) and

(c,d) N,S-G

(Met)

which are,

respectively,

obtained from GO after

pyrolyzation with the amino acids of Cys and Met at the temperature of

400 °C.
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4.3.2 Raman, XRD, Electrical Conductivity &4

Figure 4.5= GIHIZA Xt && & Z1cHEIC] Raman spectroscopy2 XRD
spectra, MIIMEEE UEHHRUCH. =Xl GIOIEH= Table 4.20 LIEFLIQUCEH.
N-G (Ala), N-G (Lys), N-G (Trp), N,S-G (Cys), N,S-G (Met) 12l1) TRG M
E9| Raman spectra HlW= Figure 4.5 (a)OlAl E0ECH. 0{JIA D bandet
G band= HEXOZ 1000 ~ 2000 cm 'OIA ZHEE & UJCH. N-G (Ala),
N-G (Lys), N-G (Trp), N,S-G (Cys), N,S-G (Met) 2 ZE Raman spectrac=
TRG2H HIHE M G bandIt downshift ot= HE = = ULt Ol A &
HEQS EH0 &2t 24X &1 MI| M0l Z4Adt= A= LIEFHCEH Figure
4.5(b)= N-G (Ala), N-G (Lys), N-G (Trp), N,S-G (Cys), N,S-G (Met),
TRG, GO =2t AIOIS] )HelE &ol5t= XRD Z WOICH. GOl 3&E m3el
20 w2 10.38%2 002 Z& A HOl Jl0ot) &2t Hel (d-spacing)= 8.51

A(=0.85 nm)Z HALIUCH. ZHel R0ls € A0 28 2= S0
£ Qo 002 2E4E ZHe & IWIAJ HMBELZ AetXL, 26 = 23-25%
AHOIOIA =01 &2 W3Ot LERSCH. O O N-G (Ala), N-G (Lys), N-G

(Trp), N,S-G (Cys), N,S-G (Met)2| d-spacing &= 2F2+ 3.98, 3.92, 3.94,
3.97, 3.98, 4.06 AS LIEtHCH., dI| &= M 0.09-0.1 mmel 2=
29 LES OtE0 =Hol%CE. Figure 4.5 (C)UHIA LIEHLIS TRGE GOELH

il St 2 2 QUCH. N-G (Ala), N-G (Lys), N-G (Trp), N,S-G
(Cys), N,S-G (Met)2 TRG 2CF 1.1~301 HE A2t Stalgle 2AS SoIE £
UAJLCH. O 2= HIZE 1p/lg ratiodt TRGRF HI==&XlctE TRG =0l 6l 2

A &8 0 UHEtU=E st 288 = U

o
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Figure 4.5 (a) Raman spectra and (b) powder X-ray diffraction patterns

of GO, TRG, N-G(Ala), N-G(Lys), N-G(Trp),

NS-G (Cys) and NS-G (Met)

chart for the conductivities of pristine and heteroatom—doped graphene

samples.
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Table 4.2 Characteristics of GO, TRG, and heteroatoms doped graphenes

G-band . Electrical
Io/lg . D-spacing .
ratio position (A) conductivity
(cm™) (S/cm)
GO 1.02 1595 8.51 4.9 x 107
TRG 0.96 1592 3.98 2.92
N-G (Ala) 0.96 1584 3.92 3.31
N-G (Lys) 1.03 1590 3.94 8.87
N-G (Trp) 0.97 1582 3.97 4.74
N,S-G (Cys) 1.03 1584 3.98 5.81
N,S-G (Met) 0.97 1584 4.06 1.53
—_ 64 —_
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