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JEE FHANAEY] AFAAEA o] AR A /A S AU JANE, AA| Ao Agst)el=
71 A3 Adso] FEEHA] Elth 2 Aol s = 7] ARy ¥ yreAdS Ad vsxe] aeas A
dak7] S, AtsF s 7P ElolA 24715 ARgste] Shaitt. At e o] v dEwE 17
ate], a5 @9 S o83t JrARAHAE Ass UEE VO & skl SISl o= XPS 4
&3l voy e H3tAelA thekst 49 vo & SISt voy/aHie B3l Vot Sl 19 (~50 Flg)t v
W& w) 23] FIE B A-EH(~189 F/gye Btk 2 dtol|A] Alst o ujx] A x| of] ARl 1= 7|t
A= AR WS o7 AR L Uik & SRR ARSE AoR T)jE)

Abstract — Although the graphene is regarded as a promising material for the electrode of the supercapacitor, its
electrochemical performance is still less enough to satisty the current demand raised in real applications. Here, using a
home laser engraver, firstly we performed the prompt and selective reduction of the graphene oxide to produce
multilayered and highly porous graphene maintaining high electrical conductivity. Subsequently, the resulting graphene
was conformally deposited with pseudocapacitive thin VO, using atomic layer deposition in order to enhance specific
capacitance of graphene. We observed that various forms of VO, exist in the VO, /graphene hybrid through XPS
analysis. The hybrid showed highly improved specific capacitance (~189 F/g) as compared to the graphene without VO,.
We expect that our approach is accepted as one of the alternatives to produce the graphene-based electrode for various
energy storage devices.

Key words: Supercapacitor, Pseudocapacitor, Graphene, Vanadium oxide, Atomic layer deposition

"To whom correspondence should be addressed.

E-mail: sm.lee@kimm.re.kr, kyubock.lee@cnu.ac.kr

This is an Open-Access article distributed under the terms of the Creative Com-
mons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-
nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduc-
tion in any medium, provided the original work is properly cited.

135



136 uhax - A -

LA B

FHANAE = oUA] A A28 F shE, -t ouA]
T doZA theket AAr|7]e] d] ARS-E AL It 1-5]. BiE
o= 2, AN ERE WE FHE AL AL1E PEA Bl =2
=L 7P 2 A olete]. A AA Bl A H7]olF S
F 3 AJE] (electrical double layer capacitor, EDLC)?} QA | AE]
(pseudocapacitor)® F¥ TtF. EDLCE U] BFAaA = #4
oA o] 2] EE]d F/EAS Fall AF/A8d AWl Aol
T FAste] Wk AR Wha, X AT EE Y o]
=3} dolg&AtstE o] 4ksh/Ed vhe-S Fal dskE AAdsit).
EW3HAIE, EDLCE] 739 A LS 1 ol S/ F Sivk=
s o] it FHANAIE AL T2l oJehd, g
Aol Ao vldsta 7 A= Abol 2] Aol vk ) skt
(C=eA/d). AT, EH A S F7FA7]5= dlell= A7) Q7] v+
off T3 oA s &Hay] ol rkE=12CV?). 7L 3d W
QkC 2= SAFAE R A= wo] Qe Abst FElE(7],
2bsl 28] E Aksl vhRE 9] 3 HolgEatslao] skl
A oA Aafd o] &1} AbslEhd WS Aol g S
&3l AL ST 53], vhbsS FElEel vlsl] 714
o] AAatar[10] vigo] FH-gk T4 5 afrtolH[11] theFsk At
o] MhvE, V3T, v L VIR QIS A7) A o U x| A4 W
AUFE AlF3H12,13].

olelgl Mol g&AtslE2 URbA 0w & dRH14], Bk e
[15], ZEA[16] o3 =2 e E439 A ALg-dn), Ak
o2 g Bl vl8) A s T ARl W75t e o)&
2 A8 7219 10~20% T TZTH17). BAv R HE =
7HAo] v e i 3 2 oaiAlel] ofelzo] glo]
oA A7 Aol A-gak7]ol AdatA] k18], 1elix] 21
= AHgtAt sk A, AlEelA AA 7 5 gl aksl e
(graphene oxide, GO)= $H3to] AHE-aH7] I dith. GOE= A4S
EFFeE Z-g7]e] oJsf o] Fo] o] Ajtuo] glom o]t
O] Z FEA Y S 2T GOE AR 717l S-835H] H3]
A% AR AZAIAL 817] witol AbAE 28 28718 Al
Ashe 3 TS HEEA] AAof st

AT, GOE $Helsh= Aol ' 7] o]5r7) whgsitt. A

¢

RISy

ofN

Scanning
(a) —

,"; =

>

Q
W
£
ol
T
oft
o I

o o 1B 30
Moo (X :%i 2
S
M o
5!
a“a
ol
2
oty
e
2
rlot
o,
)
o
(o0
o
I
AL
2
QL
o
I

& A9 W, 47 et 58 ghelo)
: °F 1000 °C7H4] 7kd ¥ FHjell GOE ¥aL A
]l & 7ok ol HH19-21]. R RE ARte] @2l ARtk

X

3 Fdo] Q= set =de ARgeliof ok kel 9
ol ik,

o]z QP HHE 39l AkS] 1ol Hlo| kst
Iell Slek. 2 A [25] 2 Sol-Gel 37 [261&

o
F e
i)
_0‘L
i
)

ol
ik
i)
=

i‘i

il

ol
>~
>,

glof stthi= AR Eo] Qe o] 9= g, A 9] TEH
(atomic layer deposition, ALD) =32 3= Ho|w&HAksE 9]
T 7K AGA7E 242 22 0 2 7| el Whe-ste] xle
el 8] FAA R wheto] AAds= Aotk 719k Sl 7l g
el 23S g ek ol et AR ddkE R Bk A
AT AR QA 24 E F Qivk AT, 9AF 954
(step coverage)©] TR 523 o] vlal 9-73FcH27].

2 Aol A= oln] EE 3 GO Aol vlal] A Hatka wE
CO, dlo]AE o] &3] =74 4-& B3l GOE thes 1o
2 FAAA FHATNAE AF0E ARSI TH28-30]. BEE of
2k vl -85S BEA1717] 218l Co, Blol A= skl 4kst 1
)| 38 (laser-reduced graphene oxide, L1GO) $] 1l Aks} vhbE(VO,) S
METE FAZ FERAZ o|gA AlEkE H=2] vo, Aol i
7131812 As-2 87kl S8l =89t A7 (cyclic voltammetry,
CV), F5 7% (galvanostatic charge-discharge, GCD) 3 %
71318k A3 e 2~ F-3H (electrochemical impedance spectroscopy,
EIS)S a3t

2.4 H

2-1. VO/Graphene S&H| XM= HMIZ}

GO £9(5 g/L, Grapheneall, Republic of Korea)s SE| &#0]
= o R TR F 24ARF FE AF2 oA AxAZIT o] 2 A
THEo]R GO BE2 FAIE oF 15~25 ume| Qe & A3 2] HA o

Chamber

(b)

: Sto
€O, Laser Gun ZnSe Window Valvr:a
Pressure Gauge

Graph:;:rerl Oxide Alumina

Substrate

Outlet \ J /

N, Gas Inlet

o stoo AR

Pump

Fig. 1. Schematic illustration of (a) CO, laser reduction equipment [29] and (b) ALD system.
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Table 1. Conditions of VO, ALD for 1 cycle
Precursors Pulse (s) Exposure (s) Purge (s) N, carrier gas (sccm) Temperature (°C)
VTIP 1 20 20 70
H,O 1 20 20 Room temperature

YA 3 %@[29@ a8-& AT38ke] e Fig. 1(a)e} 2o,
GO I E5 ¢Fvv} 7|3 $lell £<21 $ CO, ] A (C40, Coryart,
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Fig. 2. (a) XRD patterns and (b) XPS spectra of VO,/graphene electrodes.
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Fig. 3. (a) Cross-sectional FE-SEM image (top) and EDS (bottom) for
vanadium elemental mapping of representative LrGO300 and
(b) Oxygen atomic percent of GO, LrGO and LrGO300.
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Fig. 4. (a) GCD, (b) CV, (c) Nyquist plots (inset is Randles circuit) and (d) specific capacitance curves of LrGO, LrGO100, LrGO300 and

LrG0500.
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Fig. 5. Cyclic stability of LrGO300 at scan rate of 200 mV/s.

REE AL EITHFig. 5). LrGO300: 10000 Ak 2 F/44 o] % 7]
ojn] 79.7%2] /358 A8HAA Hold *PgAS WERITE

R e 2 2 AT} 2 22 FARSE WS o] §-35to] oAt
AN E L & EAE Sk o] d ATkl tish 82 1)
1E Table 20 22F3IT}. Sun et al. 712] 31 Zang et al> ALDS

Table 2. Comparisons of various active materials deposited by different deposition methods for pseudocapacitors

Deposition method Electrode material Active material Specific capacitance (F/g)  Electrolyte Cell voltage (V) Ref.
ALD LrGO VO, 189at1 A/g 1 M Na,SO, 1 This work

ALD Carbon nanotubes TiO, 135at1 A/g 1 M KOH 1.5 vs. Ag/AgCl [43]

ALD Carbon nanotubes TiS, 195 21 mLiTFSI 3 vs. Ag/AgCl [44]

Ultrasonic spray pyrolysis Chemically reduced graphene ZnO 61.7 at 50 mV/s 1 MKCI 1 vs. SCE [45]

Sonochemical synthesis ~ Multiwalled carbon nanotubes SnO, 133.33 at 0.5 mA/cm’ 1 M Na,SO, 1 vs. Ag/AgCl [46]

Electroless deposition Carbon nanofoam FeO, 84 at 5 mV/s 25MLLSO,  1vs. Ag/AgCl [47]
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Nomenclature

A :surface area of electrode [m?]

C  : capacitance of supercapacitor [F]

C, :differential capacitance of the double layer [F], [F/cm?]
d :distance between two electrodes [m]

E :energy density [Wh/kg]

R,, :charge-transfer resistance [Q]

R, :equivalent series resistance [Q]

V  :potential [V]

Z,,, :y-axis of Nyquist plot [Q]
Zg, :x-axis of Nyquist plot [Q]
Zy : Warburg impedance [Q]
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