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Characterization of few-layered reduced graphene oxide (rGO) for standard-
ization
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Abstract Reduced graphene oxide (rGO) has attracted many attention and applications due to its excellent electrochemical
ability. Therefore, standardization of rGO through structural and thermal analysis facilitates quality improvement and
management, enabling users to increase efficiency and reduce relevant costs. For rGO and graphene-related materials, it is
very important to determine the number of layers and define the resulting difference in physical properties. In this study,
3~4 layers of rGO-1 and 9~10 layers of rGO-2 were obtained from graphene oxide (GO) through a hydrazine reduction
process. For the prepared rGOs, X-ray diffraction (XRD) pattern obtained a diffraction peak at 20 ~ 25° related to (002)
reflection was used to calculate the layer numbers by determining interlayer distance and FWHM value. To reduce the
angular uncertainty, XRD data analysis was performed with angle correction using standard reference materials for X-ray
powder diffraction analysis. Precise interlayer distance and number of layers were determined using OriginLab and open-
source XRD diffraction analysis programs using the angle-corrected diffraction data. TG-DSC thermal analysis was
performed to further standardize the physical properties of rGO samples.

Key words Reduced graphene oxide, Standardization, XRD, Number of layers, Structural analysis

\
(%

2542 5 7k= 34 graphene oxide(rGO) EF3HE 93 EA 4]

oRHE", S1EE”, NPS™ T, ojge

A RS EFAAE, AR e, WS 52851
B skekat, o 41566

wex IR 7]EATA, 45, 40040

sk glals| F Sl S| A A gsstat, FAat, 49112
(2022 1€ 29Y <)

(20224 12€ 12 AHAMSER)

(2022 12€ 142 AAEA)

oF FYIHYHZA|ErGO)= 8 7] 3 sEoR W 84 Tl JFHAL o, olo g 7=
FEME T (GOY BFTsIe FENAY HBE S0l 3t AMEAE 284S EolA ¥ S-S AT F UEE
T Atk 1GO B A ™ A8 AS dold T4 AR 2o wE £ Aol Bt Blo] wig- T8
B AFZgME stol=gl FAF3AEE B ZHASA|=(GO)EREH 3~4%2] rGO-17 9~10%2] rGO-22 At} o]
1€ rGO°ll thsl] XA 3d(XRD) EQ (002) HhALe} B E 20~ 2504 314 3|25 do] F7F A9 FWHM
Z I (layer numben)E 243ttt ojuf XRD dHlolg 42 3|HEME EFEFHES 83t 4= BAS F
stk s S7HAR 9 FWHM 2, 4= B4 HE 34 Holg & ©]843ke OriginLab ¥ & &2 =
OWES S-Sl AH AT 1GO MEES] FUHE B XFE £4S 93] TG-DSC €84S Y3t th

w&ﬂ§£M%m

*Corresponding author
E-mail: bwlee@kmou.ac.kr



240 Hae Jun Ahn, Seung Hun Huh, Youngho Jee and Byeong Woo Lee

LM &2

HT B2 TS B Qe '©AE 7NEeE 3
=X (carbon nanotube), ©HAd-f(carbon fiber), &
¥ (fullerene), Z2]¥ (graphene) & A ¥ 2144)
5o B2 #AE W glom tokgh Fofolla 3-8-o]
o]Fof| AL QtH1-3]. 2L FoME 53] e w4
AAEe] By BHYS olFH oo 24 EFES
Pt} B 4f 722 olF= shel S ovlst
ANk, 2= 7 e T B4 Fog olfx 4
ANE I rlsl= gtk & Jie] T2 2 FATE
345 A AR A7 shue] w71l B A=g gttt
2010 HRHES Bl e o Ae EElEid o=
A A7 dHA de =2 F 7P gk A
T A7 EE M & AET ¢ Us B ool vt
7PN s gt EdEA dHA Aok TS,
AA, oqz] B oupo] oAk o]2= Thde Yol
2 Agoll thek 7s/dol ER1EaL A3

olgl &35 1] RIS gt g o=
= 59| skl s B3 sk el Aok
AS Asr7lE WO 2 Hummers7h A|QFsH
AFAEC] 7P ol ARESIAL UTHA4]. o] W ollA
7Pkt AR ARSAIZL AL S (I E SALo]
T, graphite oxidey> 73 Mo R & EAPt
W Alolo] AYEE Zlo] golst, o]& <lalf WZF ZF
Aol 6~12A0F Fofu} ATk wHtolu 23

H B

2k} 19 (graphene oxide) AE= WO A7)}
ANZA7], 7PEAEE 727 Adst JHE &
A7) wiel A fe] AES oiRE sl
"ot AN Aksh s vl SAANA s 2T
3 28718 AA Fd vA] 2t fARE 54
UER7] wiel & WS Fell AVIE ¢S] Al
A 5 e A77F Es] AgFTolH 5]
JHES RS A dEshe FE Y R A
FY/dol Thd =] FEAReE AREAF RFOAl &84
Eolal HE-S AT  UEF 6] =3
ABE Fal Al UiF § U2 H22 7Fse
L AR SE ZolH A EAIE I = Uk
ATolMe FFE FEREHE GO YRS 8l
T VAL =(GO)RFE stol=eidl S-S Bl
o

ofr

o oL it lo
o

3~4% E 9~1059 SUIHASARIECGO)E AU
olof tigt xFsl =4 BAS FISH £ AT
ExE A7 2 A 4l F88H] o84

0 4 tiste] T8k 24 240
2 A i S dgpdolet 2 FA 2 S5

=
of g 54 e Ak, HFHore A

B0] FRE 1GO 8 FFEES /sl Baske

Zeltt.

2. & 4y

<

EE FEREAQ SAIHASAI =GOy g
SAI=(GO)e] dto]=2kzl 3 (hydrazine reduction)
FAE Ea AXEHAJT7.8]. 4% GO =¥t 1L
ol erE E3He TS 408 BoF 289 XYd F
o] GO &of slol=ghxl R=3lo| =8 o] E (hydrazine
monohydrate, HN,"H,0) 10 mLE #7}3F &, 9 &
glx EellA 100°CE 24417 Bt 713t slsh4]
o2 3gdd AYESH FdE)e A o =3¢
Wekee] EFEE AFENT HE AHES 70°C &
oA AZAFAT ©] FHOE 1GO-13~4%) AU
om 712l 300°C g EAE T3 Fol AFH
rGO-2(9~105)E5 A|Z=3F3tt.

AZE rGOoE XA I-(XRD) #4(RIGAKU, D/
MAX-2500y2 Fa33ith. XRD F224& 53 77
of W& A Sk Aol 1A A 2 T
g BFEA 7 F83% B4o= XRDL A
344 (20) YR 2GS B3l AL AlgE ook .
ol #3 1GO o= Wi TR AEEHE A

EEX ey
- 20: 10~60 (at 40 kV-40 mA)
- Step: 0.01°, Step time 2.4 s/step
- Slits: Incident-1 mm, Receiving (RS;)-1.0 mm,
Receiving (RS,)-0.3 mm

1GO-13F 1GO-2 &2 Y7t A7)+ 314 7420l weE
XRD ¥3 Z02 A= Scherrerd] (D (Y7) = KM/
(B COSH): 4714 K= A87= B 2] Jejet 27]
of A, A= X449 FFde]|il B radian® 2 ALk
H WIS (FWHM: full width at half maximum)e]TH?9].

T3l Thermogravimetric-Differential Scanning Calorimetry
(TG-DSC, TA Q600)Z °]-& F7}42l giAe 33}

3.1. XA 31d9] E3% (uncertainty) 27

FEds s 248 Aels] HsiMde Y



Characterization of few-layered reduced graphene oxide (rGO) for standardization 241

H oAl it JEet A8 Fro Al skehE
TE A4 5o F8alth v=e] Al 3 7]
#21 National Institute of Standards and Technology
(NIST)lM= #EFEZ(Standard  reference material,
SRM) ZAA Qo] Adgt AAe HolHE Algal/|
#18 XRD 485 7P T838H o715 549 B8
& HASH FdstA S4E XRD A& AlFsial U
B Aeie BE=dE g A (GO Aol o
ato] FAl whE 2 F3F AgAele 2 A
9 Zro gk 54 3 T B4 JEE AlFelol e
2 ol T3] flgk Agsk XRD AHE Alwste A
o] Folutt F8slt.

AvH oz 71EY e XRD Ao @sh=
SAESE QRloRE FBYURY ®o], HHE(flat
surface), YEELS] XA 5= 5 I5A BAs=
Q2913} slit system, beam angle, X-ZHAJH-o} =749
ZIAA Wi, 20-6 A exE 22 IYedy
(goniometer)?] Z7] 2 el (geometry)dllA] & X
9 Z}(instrumental errors)&°| JATH10,11].

el XA 3d 2471 AR BAdlle SiEs
ol ggt I BAS AR F EIE WA glo] A&HH S
2 AMSH Ha AE wAlske 5SS 98 A9
stale Z7] A IR AREskA €t web SA
2F2S WA &0l AR - eabh =3 A
H 3d ARE AT 7ol ok

2 AFA AREE XRD 3EFA Z2IHSL |
o4 Z=Z 39l OriginLabs} Rietveld refinement
718t free-ware=%] PowderX % FullProf SuiteE AR
sl BAS d31th. XRD 3)dEA 0] ALgdH 54
XA Cu-Koe Kot Ko,2 7A350] 9lom g3
JollAl Ka, AA7F @& OriginLabe] 79 Ko -3k

I

0.04

o

o

R
1

b

o

o
1

A

o

o

R
1

20 difference (observed-caculated)
g

-0.06 T T T T T T T T
20 25 30 35 40 45 50 55

20

Fig. 1. Delta 20 (test-SRM) curve using SRM 660c illustrat-
ing peak position shifts as function of 26.

(weighted average, A =1.54184 AyS AFE-3F313L PowderX
2 FullProf Suiteo|X= Ko7t AAE Koy, (L =1.54059 A)
< A o] 8319
Figure 191 NIST SRM 660c(LaB)S ARE-3lo] 2 A
Tol AFEE XRD(D/MAX-2500)2] 20 20~557H4] =
Aste] PowderX RIS AMgsle] AFE zbed
LAE YERIIT 52 Z1E HfloiA e 2 Ajol
flo] 0.02° Fxe] St wAste] o] whFe] AR
A|ZE (zero-shiftyg &3l 3]dMe] g BAFT + 3
Atk 989 A|ot FH, SHAES] =o] E HHE
A5A a0 o5 B AAE sir=
A FHe T =0l ARE AT HH
of BFEE H4s) slefof shuh 2] 54
A= v I8 Ao 48 = ok =g
A o]F Fol7] 915k oy Whgo] AR glo
oj¢} REV} ARSEE 71A1A oAk ZEEE BAShs
WHE oYL o]E Folujgte AlHd oF exprt 7+
of A A= 2 a7t §lE F = 3
o eJFo] S €t wEbA ol2jg di B 7|AF A
A2 Y F Ue Ao e XRD A¥E 4l
< ARESte] BAShs Whgolth
A v gl wE EgErt A4 4 leHE=E XRD
18 (NIST SRM Si =& LaBy)2 3

¢

Hy 1 oft
M1 ot

o
N

kv

o
N oto g o H

3.2. rGO ¥ TH EZ] XRD #4

2% (graphite) A8t UL T IRAA MRS
Z33l 28712 A A Axshe LTS A=

(rGO)y= b7 2H87], AAZF mismatch 59 991S=
3 AgtEe] At Aol S| wjEl kAR E

o Ee e 4o) 2O olFold sz AR
20000 002
—_—
2 15000 1
CJ
210000
®
S
< 5000+
£ rGO
(100, _(101) (004)
04 || Graphite

20 30 40 50 60
20 (Deg.)

Fig. 2. XRD patterns of commercial graphite and as-prepared
rGO-2 powder showing peak shifts to lower 20 for rGO.
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Fig. 3. XRD patterns of the prepared (a) rGO-1 and (b) rGO-2 powders analyzed with OriginLab, also showing the Gaussian curve
fitting.
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Fig. 4. XRD patterns of the prepared (a) rGO-1 and (b) rGO-2 powders analyzed with FullProf Suite, showing the Rietveld refinement.
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Diffraction angle (20) of (002) plane and FWHM values precisely determined by OriginLab and FullProf Suite program for prepared

rGO-1 and rGO-2 powders

OriginLab (Ko, 1= 1.54184 A) FullProf Suite (Ko, & = 1.54059 A)

(002) (20) FWHM (0) (002) (20) FWHM (0)
GO-1 24.051 7.041 24.250 6.849
rGO-2 25.244 2.609 25265 2454

Table 2

Planar spacing (d) of (002) plane, Flake thickness (D) and calculated number of layers precisely determined by OriginLab and FullProf

Suite program for prepared rGO-1 and rGO-2 powders

OriginLab (Ko, A =1.54184 A

FullProf Suite (Ko, A = 1.54059 A

D (Thickness, A) No. of layers

D (Thickness, A) No. of layers

dona (A)

K=0.94 K=1 K=0.94

K=1

d002 (A)

K =0.94 K=1 K=0.94 K=

3.70
3.53

12.06 12.90
32.60 34.70

3.26
9.24

3.48
9.83

3.67
3.53

12.39 13.18
34.68 36.86

3.38
9.84

3.59
10.50
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Fig. 5. TG-DSC profiles of the prepared (a) rGO-1 and (b)
rGO-2(b) powders.
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