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Abstract — Spherical graphene balls were fabricated by an aerosol spray drying process after reduced graphene oxide
was prepared by the liquid phase reaction using glucose as an environment-friendly reducing agent. Spherical morphol-
ogy of the as-fabricated particles was observed by FE-SEM analysis. Diffraction patterns of spherical particles were
found as graphene by XRD analysis. Sphericity of GB was controlled by the variation of operating temperature, amount
of glucose, and addition of NH,OH. Higher sphericity of GB was prepared at higher operating temperature in the pres-
ence of NH,OH. As the amount of glucose in the liquid phase reaction increased in the presence of NH,OH, sphericity
of GB increased. The highest sphericity of GB was 1.1. GB of higher sphericity showed lower aggregation property than
that of lower sphericity. Furthermore, as-prepared GBs were found as a potential electrode material for capacitor.
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Table 1. Sample names with respect to experimental parameters
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Sample name Concentration of glucose NH,OH (With or Without) Reaction temperature
GB(1-1.0) 1.0 wt% W/O 25°C
GB(2-1.0) 1.0 wt% W/O 95°C
GB(3-1.0) 1.0 wt% w 25°C
GB(4-0.5) 0.5 wt% w 95°C
GB(4-1.0) 1.0 wt% w 95°C
GB(4-2.0) 2.0 wt% w 95°C
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Fig. 1. FE-SEM images of GB(1-1.0) (a), GB(2-1.0) (b), GB(3-1.0)
(¢) and GB(4-1.0) (d) with respect to experimental condi-
tions (at concentration of glucose: 1.0 wt%).
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Fig. 2. XRD patterns of graphene colloid with respect to reaction
temperature of 25 °C (a) and 95 °C (b).
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Fig. 3. XRD patterns of as synthesized graphene by the liquid phase
reaction (a) and GB via spray drying (b).



Fig. 4. FE-SEM images of GB(4-0.5) (a, b), GB(4-1.0) (c, d), and GB(4-
2.0) (e, f) at different concentration of glucose.
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Fig. 5. Raman spectra of GB(4-0.5), GB(4-1.0), GB(4-2.0) and glu-
cose.
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Korean Chem. Eng. Res., Vol. 54, No. 6, December, 2016



790 DR

GB(4-2.0)9] ket 24 Aol 2pit B4 Ayl FF3A 5
St SV ol = A} SUVeRE A S ElE = QlSIT
ol ¥ WA 7|17 FFFA HF9) A7 R AT E o7
S, S50 ofo] TV E GB YAk el IR 252
9] gko] Z7l8to] o= ¥ 77} Erkekgitty dEL 255
20 FET) STV S SR M AR QIE| o] 97} @o]
A AT, GB(@)l A 2813 2] D-band®} G-band7} &A1&
2 19 EAE FRlskSith webA Fig. 31 Fig, 52 24 2
B= E3}o] GB(4-0.5), GB(4-1.0), GB(4-2.0)8] 1effo] 2 & A
ok ke Qo)

3-2.GBO| 24K I M| 5t S ot

Fig. 62 GB(2-1.0)%} GB(4-1.0)= 37 MPa2] ¢} 0 & 7}gtato]
e PR AZe & FHTON 253 A Alzdel| e EAM
& w3k Aot} o] w), FE 7} =S GB(4-1.0)2] A% 33}
2] Algko] 5 & 77 5 93] ke Z1E ER1sh 4= Qlgick b
Hol| 2 A7Fo 7 253} AT E §F GB(2-1.0)8] 75 wAto] ¢
A8 XY= A oo} 253} A A7EE S7MAIZTE 21 A 20
A} Fofl ko] xRS gl
Hrrl A A 08 =2 GB@E-1.0)7F & oS 718t Sl 4
’do] vro} Fierol| ate] W) s Qlrhar =] Sloh23].

A7) A& oA A ZH GB(4-0.5)2] o] 212 Qg2 e 7}
AL gelsRy] Y8ix] AXE GB4-0.5) YA ATAE A=
O F Axate] A7)818 EAE7HE AR Fig. 7 GB9}F A%
H GB(4-0.5)% 57 Al 3250 °CollA 2 A2 Ar (1 I/min) ¥
S71A AP E 3 RS M-S AZ3t] 5 M KOH a2 ol A
A5 AEe) W 17| 858 S AoE HojEn) $A4EE )
2] 92 GBY] 71432 0.1 A/goll A 29 F/g & At 02 v
e, o] WH-e3lal g2 5747 17] AETE Yo

N

H7162F 3 AT o Bekerh4] olgh nlmatel

¢

ok
4 "
30
30
o
o
KD
e
i)

S

il
P

225 3 GB(4-0.5)E UPH-oll EAsh= 5-3H25], v|iks 253
271 Bl o7 AekE ) o] 3k eelo® AY] ArTr}
715l A 0 2 Tx2)E 31K 2 GBS Hlw S u) H7]E
o] 3 uj o 7% A& 1 &= Q]I

oft olN K

100

4 —e— GB(4-05)
\ —&— GB(4-0.5) after heat treatment
30 A
k\‘%_
60 - e .

40 A
20-\\

0 T T T T T
0.0 05 1.0 15 20 25 3.0 35

Current density [A/g]

Fig. 7. Specific capacitance of GB(4-0.5) and GB(4-0.5) after heat
treatment at different current density.

Capacitance [F/g]

Korean Chem. Eng. Res., Vol. 54, No. 6, December, 2016

B - 3%
4.4 B
237 BAAQ) FFIAZS o] f3l0] A 3kl wh-Sof o 1
A FROIEE FHIS & xS T TEE =S
GBE ¥ 0% Axaleh A% A kg 25, 534 ¥,
AR ol=o] 524 of -of] whet A= 5 e

wt
ol ] ZAdelA A NS F 25 200 °C, 7H~ Fr3F 8 Liming!
FeA FE ol LFAE FHS 3 A 7 EE LIS
Zb= GBS AlEskalth. 779 7F M2 HE GBE 37 MPa®] ¥
oA WO % AZRE F ST Z53F 2] AlRhel] vk At
A AP & AW FEE S GBYE e S VR &

Aol ke o 5

91}, Edh AZE GBi: A7) 35k 5 3

o)
PN
7Fe Fl ollux] 2Ale) AR A A8 7Fs S ke o stk

Al

B AT FHAAALATAY 7 RATAR “EAL o] §
o

S 1A MUAAZ A Az A3 7EEr R 3 )

) olef) ZAk=U ek,

10.

11.

Reference

. Zhong, C., Deng, Y., Hu, W,, Qiao, J., Zhang, L. and Zhang, J.,

“A Review of Electrolyte Materials and Compositions for Elec-
trochemical Supercapacitors, Chem. Soc. Rev., 44, 7484-7539(2015).

. Geim, A. K. and Novoselov, K. S., “The Rise of Graphene] Nat

Mater., 6, 183-191(2007).

. Stankovich, S., Dikin, D. A., Dommett, G. H. B., Kohlhass, K.

M., Zimney, E. J., Stach, E. A., Piner, R. D., Nguyen, S. T. and
Ruoff, R. S., “Graphene-Based Composite Materials, Nature, 442,
282-286(2006).

. Li, Z. Y., Akhtar, M. S., Kuk, J. H., Kong, B. S. and Yang, O.-B.,

“Graphene Application as a Counter Electrode Material for Dye-
sensitized Solar Cell} Materials Letters, 86, 96-99(2012).

. Jang, H. D., Kim, S. K., Chang, H., Choi, J. W. and Huang, J.,

“Synthesis of Graphene Based Nobel Metal Composites for Glucose
Biosensor;” Materials Letters, 106, 277-280(2013).

. Huang, Y., Liang, J. and Chen, Y., “An Overview of the Applications

of Graphene-Based Materials in Supercapacitors,’ Small, 8, 1805-
1834(2012).

. Kim, K. M., Lee, Y.-G. and Kim, S. O., “Electrode Properties of

Graphene-Based Nanocomposites for Energy Storage Devices)
Korean Chem. Eng. Res, 48(3), 292-299(2010).

. Choi, B. G, Huh, Y. S. and Hong, W. H., “Electrochemical Charac-

terization of Porous Graphene Fime for Supercapacitor Electrode]
Korean Chem. Eng. Res, 50(4), 754-757(2012).

. Hummers, W. S. and Offeman, R. E., “Preparation of Graphite

Oxide)’ J. Am. Soc., 80, 1339(1958).

Chen, Z., Ren, W., Gao, L., Pei, S. and Cheng, H. M., “Three-Dimen-
sional Flexible and Conductive Interconnected Graphene Networks
Grown by Chemical Vapor Deposition) Nat. Mater., 10, 424-428
(2011).

Si, Y. and Samulski, E. T., “Synthesis of Water Soluble Graphene’



12.

13.

14.

15.

16.

17.

18.

12

=9

o

s

Nano Lett., 8, 1679-1682(2008).

Park, S. J., An, J,, Jung, L., Piner, R. D., An, S. J., Li, X., Vela-
makanni, A. and Ruoff, R. S., “Collodial Suspensions of Highly
Reduced Graphen Oxide in a Wide Variety of Organic Solvents,
Nano Lett., 9, 1593-1597(2009).

Kim, Y. K., Kim, M. H. and Min, D. H., “Biocmpatible Reduced
Graphene Oxide Prepared by Using Dextran as a multifunctional
Reducing Agent) Chem. Commun., 47, 3195-3197(2011).
Fernandez-Merino, M. J., Guardia, L., Paredes, J. 1., Villar-Rodil,
S., Solis-Fernandez, P., Martinez-Alonso, A. and Tascon, J. M. D.,
“Vitamin C Is an Ideal Substitute for Hydrazine in the Reduction of
Graphene Oxide Suspensions,’ J. Phys. Chem. C, 114, 6426-6432
(2010).

Lei, Z., Lu, L. and Zhao, X. S., “The Electrocapacitive Proper-
ies of Graphene Oxide Reduced by Urea} Energy Environ. Sci.,
5, 6391-6399(2012).

Zhu, C., Guo, S., Fang, Y. and Dong, S., “Reducing Sugar: New
Functional Molecules for the Green Synthesis of Graphene
Nanosheets, ACS Nano, 4, 2429-2437(2010).

Wang, W., Guo, S., Lee, L., Ahmed, K., Zhong, J., Favors, Z., Zaera,
F., Ozkan, M. and Ozkan, C. S., “Hydrous Ruthenium Oxide NanoPar-
ticles Anchored to Graphene and Carbon Nanotube Hybrid Fom
for Supercapacitors; Scientific Reports, 4, 4452-4461(2014).
Chen, C. M., Zhang, Q., Huang, C. H., Zhao, X. C., Zhang, B.
S., Kong, Q. Q., Wang, M. Z., Yang, Y. G, Cai, R. and Su, D. S.,

5

7 Ax

19.

20.

21.

22.

23.

24.

25.

vy
!
o8

7} 791

d

<]

“Macroporous ‘Bubble’ Graphene Film via Template-directed
Odered-assembley for High Rate Supercapacitors, Chem. Com-
mun., 48, 7149-7151(2012).

Xu, Y., Sheng, K., Li, C. and Shi, G,, “Self-Assembled Graphene
Hydrogel via a One-Step Hydrothermal Process, ACS Nano, 4,
4324-4330(2010).

Luo, J., Jang, H. D. and Huang, J., “Effect of Sheet Morphology
on the Scalabilibty of Graphene-Based Ultracapacitors,” ACS Naro,
7, 1464-1471(2013).

Kim, D.-J. and Kim, K.-S., “Preparation of Nanoparticles by
Gas Phase Processes, Korean Chem. Eng. Res., 45(6), 536-546
(2007).

Jang, H. D., Kim, S. K., Chang, H., Roh, K. M., Choi, J. W. and
Huang, J., “A Glucose Biosensor Based on TiO,-Graphene Compos-
ite)’ Biosensors and Bioelectronics, 38, 184-188(2012).

Luo, J., Jang, H. D., Sun, T., Xiao, L., He, Z., Katsoulidis, A. P.,
Kanatzidis, M. G,, Gibbson, J. M. and Huang, J., “Compression
and Aggregation-Resistant Particles of Crumpled Soft Sheets’

ACS Nano, 5, 8943-8949(2011).

Juansah, J. and Yulianti, W., “Studies on Electrical Behavior of
Glucose Using Impedance Spectroscopy, /OP Conf. Series: Earth
and Environmental Science, 31, 012039(2016).

Zhao, B., Liu, P., Juang, Y., Pan, D., Tao, H., Song, J., Fang, T.,
Xu, W., “Supercapacitor Performances of Thermally Reduced
Graphene Oxide}’ J. Power Sources, 198, 423-427(2012).

Korean Chem. Eng. Res., Vol. 54, No. 6, December, 2016



