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Facile One-pot Synthesis of Highly Conductive SnO,/Graphene
Composite for Lithium lon Batteries

Jae Yeong Cheon*, Seungho Ha*, Kyunbae Lee*, Yeonsu Jung*, Taehoon Kim**

ABSTRACT: Graphene oxide (GO) based composite materials have shown promising performance for energy storage
devices but their preparation requires complex multistep reduction processes due to their intrinsic low electrical
conductivity. This study used edge oxidized graphene (EOG) to create a conductive SnO,/graphene composite suitable
for lithium ion battery anodes by simply mixing EOG dispersion and Sn precursor, avoiding further reduction steps.
The highly conductive SnO,/EOG composite readily integrated into the electrode layer without requiring a conducting
carbon and achieved superior 556 mAh/g reversible capacity at 5 C scan rate, compared with SnO,/GO based
electrodes (30 mAh/g). We experimentally achieved stable 900 mAh/g reversible capacity over 100 cycles at 0.33 C in
the absence of conducting carbon for the proposed conductive SnO,/EOG composite. Conventional GO based
electrodes prepared by identical methods exhibited poor electrochemical performance with low conductivity and
rapidly fading capacity over the initial 20 cycles. The simple proposed method to constructing conductive the
graphene composite enables rational compact electrode design for energy storage devices that could be upscaled to
mass production with significant commercial application potential.
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Graphene oxide(GO)+= vJE| 2] [1,2], F+HATHAIE [3,4], A
= AA[5.6], B FAA 7,815 Z g oh et ol | A A%
2 He Ao 84 = Q= Atk E AR, 84 &
A2 GO :Hof AGAA S8 4= Ut GO9| 7| Ao
A EEE slo] =547, o FA7], 7t2 5479 2

2871 = ol A GO9 E4Hd & =0l i, &

shete, 35 W 55 AlES 23R 84 240
bob o= QlZ & gheb[9-15]. ZLeju o] 23t 7]&

= F& graphite 7| W <] sp® Agto] ATtE]
P, o] 2 Qe GO= E- A o &2 HAAA EA
Wi A7ieket vhg 5 AR Aol AghE = A4
[5,6]. °]& Hekstax}; digFe] A @45 H7t
Alo] AREE AL, o] 23t WS A= 5o W=
Al A7l Txlo] Slet16]. o3t £A1E 2
714F Bt & o] AedE NSk flel ohest
| e o] gk
102 GOY| A=A FAF[56], 3FH4 g [12-
7,18], = mpolAmu} Hx WHA[13,14] 55 S8 #
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i, GO B A = o438 AEdo] fEste] A= 5 Al
2k Al 10 wt% ode] A §as AR JrH[9-15,19-
21]. ¥HH, <L 2315 edge oxidized graphene (EOG) 7|5}
B RE UEe] B9 FHE AT HOUAE &
& HAVAEAS o] e FE-8 11 9lr}. Graphite
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9 5=(372 mAh/g) Rt FX F% 5= A2z F7HE
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2.1 SnO,/[EOG % SnO,/GO &A

SnCl, (16 g, Alfa Aesar, 98%)5 & o]-2<(DI water,
400 mL)of| 45°Cofl A wHFsFHA £AMAZ] £, HCI (4 mL,
Sigma Aldrich)& 37}ste] FH3t 42 vh=3lc) o] &
ol EOG FAFH (40 g, DI watero]| 4] 1.5 wt%, MExplorer
Co., Ltd.) A 7}skar 3027F wutst it A ==
2 oj3}star, DI £ of|jgk2-(Samchun Chemical)Z A5k
S 50°Cof| A a5 B9t A=t A% SnO,/graphene
B B7] FOIA 300°C 3A17F Fk FRakict. v)
aE g3, EOG A Al GO(Grapheneall Co., Ltd.)&
Aol Bolgh WAE o AuHQ GO BN S o
A3kt

2.2 AlZo| WY 7E BN

F0lE AR A Fxe XA 3 £47](Rigaky, D-
2500 max)}E AHg-sto] A5G FE B nAl e 5
Ab ZAF @u) % (SEM, JEOL, JSM-7001F)2} 3} 42} &l
7 (TEM, Hitachi, HE-3300)S £3 #3590}t g% &
A (TGA, TA instruments, TGA 55)2 &34 U] SnO, 5%
£ z4817] 98] W= e,

2.3 M7|5et A

ZulE AR H7|3kE 452 20323 79l
gatol Brlela o, 29l AL oj2 o] HH 2
HE2(0,, H,0 < 1 ppm)oll Al 2 E k. Zulg ARE
poly(vinylidene difluoride) (PVDE, Aldrich) v}e1t]9} 9:1 5
|2 291E] ¢l o, 323 N-methyl pyrrolidone(NMP,
Aldrich)o] #4HAA #2%H S8 25 FAdskich

g 9ol A &g 23 A555 F0|6H3
t}. &4 =2 80 wt%, Super P 10 wt%, PVDF H}-2l ¢
10 wihE Eq 7, 22125 Zelo|= 28 WA LR Cu
T Yo waxstal, AlmE Xy dEolA 120°CE o520 &

S
M=
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oF AzxFch BE AT HWUE 3 mg/em® YQ|E A 2E]

FARE A= A% 14 mm AR A REO] SFO0=
A5 ¢iTt. Commercial celgard 24003} &< 2|52 242+
Bty At A (counter electrode) & &2 AFE-E] Q) O,
#1822 ethylene carbonate/diethylene carbonate(EC/DEC,
1:1 Fuju))o] 1 M LiPF7} 329+ §oS AR&sH3iTh

S AEL A7)3}8E 2| o] A (Automatic Battery
Cycler, WBCS3000L, WonATech)oj 4] 0.01-2.5 V (vs. Li/
Li") HefollA CC/CC REr =t gk A 54
(Cyclic Voltammetry, CV)2 VSP-300 % 7]3}5t Ag o] S
AFE351e] 0.2, 0.3, 0.4, 0.6 mV/s9] scan rate= 58§35}
o, A 7]3}8k2 9l u @ A B Al (Electrochemical Impedance
Spectroscopy, EIS}2 1 MHzol| 4] 10 mHz H$Jo4 5 mVe]
REZoz pPE Q)

3. ZAnt U ;at
3.1 SnO,/Graphene S&x|2| &4 U £
$n0,/GO ! $n0O,/EOG B3H|= & ALzlo
A At[24-27]0)| A A€ Thekekar e 7%t
27 o) AA3] 71w AAE S5l Al E A A=
A = o &3t FARES A A SEAL $nO, 9] A4
2t

Ag|atodet. X-A1 2t w8 (XPS, Fig. 1(a)) 23k, EOG
7} GOo| v]3|| Ak4 7]57]7F Ath= o] g1 it EOG
o] B4 Y4 F2 C-C Y C=C F2E5 7Ix|& §hd, GO
+ C-0 9 0-C=0 27} & o|FaL U irh(Fig. 1(b)). ©]
3 502 Q3] EOGE A/ JAZA §olgt A7)
BEE AT 4 rh23].

Fig. 2(a)-(d)°ll AJA]E SEM ¥ TEM o]u]| 2| & 3, A<t
H FAHO R EOG ¥ GO W SnO, Y= JA 7 A
Ko 2 PYAAEISS AT = 3t GO o] TH
Sk AbAs defecti= A1 9] APEE Q1 SHdat Ak} RG-S &
Eato] GO #Ho 54 = 55 AEkE UeYdAE 4
gt (5.6]. v7FA| &2, 2 BAFE EOG W2 GOgF ¢+
o ZHF AL 7)57])E QR 5] FOHAE SnO, U

QSR YRR gol 9Tk FOGE 9FFEA (TGA)

—
=
—
| *
]
]
—

Intensity (a.0.)

Intensity (a.0.)
&
i
1%
i

9 Z;S 186 84 m 290 z‘n lrﬂ ﬂ?‘ 282
Binding energy (eV') Binding energy (éV')

Fig. 1. XPS spectra of (a) EOG and (b) GO
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Fig. 2. SnO,/Graphene composite morphological and structural
characterization: SEM images for (a) SnO,/EOG and (b)
Sn0,/GO. TEM images for (c) SnO,/EOG and (d) SnO,/GO
(insets: magnified images)
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Fig. 3. (a) TGA of SnO,/EOG. (b) XRD patterns for SnO,/EOG and
Sn0,/GO. (c) Enlarged and deconvoluted XRD pattern for
SnO,/EOG

2 %9 oF 636 wi%e] Sn0,= EFaHT i 2S shols}
At (Fig. 3(a)). SnO,/EOG B3| W Ht SnO, U=JA}F 2
7%= 9F 6 nm?l HFH, Sn0,/GO E3H4| U] SnO, W=$IA}F =
7] °F 7-8 nm&, SnO,/EOG E3A|of| H]sjA] L4514 T
& Ao=® YeEhgth

U2t 271 2 F o] s E gollA =843 84
9 o x| Wl predsto] oh3o] F 7HA] o] f 2 Fa4
= 7M.

$n0,9| AR} & 75, S oA 300% o) de] &
K] BSH(Sno] Li®}t g% o] Liy, Sns P4 wf)= Qls]
o8 ARgE A &7 FA Tl AsHEtH28,29].

SnO, W= A}9] interfaces W grain boundariesi= Sn®] H]
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W3hE oAk, 2l s} A] L0t Sn 7he] Mgk 23
AlA B4 SnO,= HeHE A stof 7S AL
UTH30]

&0l 2449 $nO, ¥hg 3742 v &t

SnO, + 4Li" + 4e" — Sn + 2Li,0 (1)

Sn + 44Li" + 44e < Li,,Sn (2)

ueba], =4 EOG 1o 44743k SnO, YA 2 &
o] HiElglof A& AFFZ AT 5 S Aot
53], SnO,/EOG E3H A= ¥ 22 SnO, U YAE2 <l
A FYE oS HY AR o fHr

Fig. 3(b)+= SnO,/EOG2} Sn0O,/GO &34 o XA 34
(XRD) peakZ HojEm, o] & Fof = EHoHA| HFofA] SnO,
Ueglae] 242 WetehA| SHlak 4 9ick. Sn0,/EOG 5
Aol A oF 26.5%0] f]Z|gt SnO, (110) peako] k2]
(FWHM)-2 o2t 22] SnO,/GO E1tA|of vlsff &t} o]
+ SnO,/EOG EA 9] $nO, YA} B At5ole &
Shal e L= @4l ™, SnO,/EOG E3kA] of A (101) A
(200) peak (ZrZ} oF 33°¢} 53°)&= Sn0O,/GO E3A| 9] peak
Ho} opd Y2 Fite ke Fig 3(c)= SnO,/EOGE]
deconvoluted (110) peakE e ™, A3t degreeo] A
SnO, (110) peake} EOG (002) peakE EZ3Folal ¢l2-S &2l
&k 4= Itk 712 Scherrer WA A2 AL8-3}| deconvoluted
peakof| 4] A4zt SnO, U= 42 27]+= TEM £} 2 ¢

#3ku], oF 6 nmelS BHIe 4 glet.

3.2 SnO,/graphene S§fH|o| M== U H7|515tE S

A718ket A 54 #412 913l SnO,/Graphene 5314 =
2032 791 AL ARk 94 e vek o), FOG
o] e 54L& A7]3st ¥k 5 SnO, U Atol| a&
ARl A7 A A2 S Aled 4 Qe wehA] f-2= F71H4
ol A=A §4Ql Super P} 72 H7HE §lo] SnO,/EOG
oF HRRIH & ARE-sto] A=3-& F0IsklaL, A A2k Ao
A A5 S-SR A9 A= A 54
= &3l AR SnO/EOG 7|9k Zd=9f A 3 24
=4 A2 Sn0,/GO 7|9t Z=ef vlal] d=|3] Wokrh(Z
7} 0.12 Q-cm?, 0.71 Q 2 1.91 Q-cm?, 3.80 Q; SnO,/EOGS}
$n0,/GO H). o]t= A7 AEE 7} 923k R 29| $nO,
7} EOG®} A= o] 2k SnO, WA= 4% SnO,/
EOG A=0] $n0,/GO 7|9t AT} o =8 A7 Are
£ H& AARRITH31,32].

& o] viE g S=ollA QA ] A s A
(SEI) A2 vlj-$- Q3 Q40|t}[33-37]. Fig. 4(a)=
0.2 mV/s2] scan rate © & 0.01-3.0 V 3 ¢] o 4 SnO,/EOG
A=te] 27]9] 3 cycles 19| %3+ FLHCV) ZHS Ho]
e} oF 0.7 V vs. LULIo)A] LrERLRS 31 v 219) peake=

@) o6 —— ® 1 —
0.4 —9nd —2nd
Z 02 —w [ g 09 —
E oo E o0]
T 02 €
g 041 E 05
O 064 Q 10/
-0.84
1.0

1,5 4y
00 05 10 15 20 25 30
Potential (V vs. Li/Li*)

00 05 1.0 15 20 2.5 3.0
Potential (V vs. Li/Li*)

——Sn0,E0G
i [ Sn0,GO

0 100 200 300 400
Z" (ohms)

Fig. 4. SnO,/EOG and SnO,/GO based electrode electrochemi-
cal characterization: CV curves for (a) SnO,/EOG and (b)
Sn0,/GO based electrodes at 0.2 mV/s scan rate. (c) EIS
spectra for SnO,/EOG and SnO,/GO based electrodes
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Fig. 5. CV curves for (a) SnO,/EOG and (b) SnO,/GO based elec-
trodes at varoius scan rates

SEI 39| 3/d<& Uetlin, o] 52 &3l Li* o]°] SnO,0|
A AT = S Yu)Rie}(33-37]. 124 SnO,/GO
7|9k = (Fig. 4(b))oll A= S 54 peakr} W= SFA] ¢
L w9 XA &E5HA| e =], GO SnO, Ate| o] AW
Aol A DAY sz ST GO R Qg Ao = Kl
t}. o] 2|3t A= thE scan rateo] A 9] & CV 7 (Fig.
5(a-b)) o 2% QIS 4= it

©F 0.6 V vs. Li/Li*of|A] YER= F=518F 9= peak= Li Sn
9] &) &-3H(de-lithiation) ¥}4-& yebdT}. SnO,/EOG A
=9] A5 peaki= scan rateo] F7}otof| el AP Ao 5
713t HbH, SnO,/GO Z=-2 0.6 mV/s scan rateo]| A A|gHe
A5 peakS BTk, GO Hro] ZAISHE ALATHS defect
sites?} -2 A7 AEA-L Sn0,/GO AZof A Sn0,2} GO
Atol o] A7) 8 HES BF 25 =t GO 7|9k 535}
Ao A 5 A714 HE FAle F7H 4 o
2 =9, sk Aa & 55 S AWAT = leys,
6,38-42], EOG+= o] 23t F7F2Ql A2 glol= a&4<l A
= A=nz &84 = k= Aol sl
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Fig. 4(c)&= SnO,/EOGE} Sn0O,/GO &34 A=-2] Nyquist

ZE S etk Do A9 2% AR WA W A
Z %

=9 Ak dE AR RYS HEFHT. SnO/EOG7}
SnO,/GOXt} t] 22 HiYlS Hol= %2 SnO,/EOG7} T
BE AT U LR 27 9SS Uehye, ol CV 2
e} A gt} wfebA SnO/EOG 7]¥E A=9] SnO, L=
QA EOGe} sl 15t glow, ol A5
A Faw BAo= A8,
SnO,/Graphene B3+ 9] 2|& #]

A (galvanostatic charge/discharge) "

f
% o

Zolo] =HEH Z7]& 0.1 C scan rate2. 2 VEPH Aolth A
HA cycleo]| A of|]H o082 £ T 85 SEI g4 U
Sn0,9] Sno 2 9] 3+ (reaction (1))of 7121t Ao 2 HO|
t}{33-37]. SnO,/EOG A =+9] 3 cycles 5oF WA G52
1290 mAh/g® 2, Sn0,/GO H=2] Wl &aF2] 1100 mAh/
gt &3t A5S B} Sn0,/GO HA=9] 27| cycles
of A} e B3 vh-g-2 A G CV Aot o
2|3tk wEbA], EOGE A=/ gtavt gl A-9ol= A=
oA magA A4 H=E Alee 4= 9o, §hH GO
= =2 At Ag Ao g a 1714 FFo] B8 =
7] cycles ¢t EQHESE A7|8kekA whg-& it
$n0,9 EOG 749|953t A 452 $n0,/EOG 7]t 4
o] gojut 4 4 (rate capability) ol A 13k = 9.
Fig. 72 2719l A Bhie] S0 U F Bl
clope Smol el B %S Uehlch, AEA B
7} 22 X] ¢F2 Sn0,/GO 7§t A= A7 £X7F 571
Sl whet W 85Fo] 5438 fAste], 5C Lo A= oF
30 mAh/ge]l E-3ict. Whd, SnO,/EOG A= 5 C &0
A| 324 mAh/g®] TA3] &2 W &2 UERH olF
3 ot S A2 Fig 4000 EIS 24 Azie} A5}
™, SnO,/EOG®] Warburg -7+ Zo]7} ZobA Li o] &AL
S golspl sk WH A BEL wgw. ol A
o) ik S48 S5 A5 e TH $08 70S

@ 4600 ®) 1600 5IC ; 7
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Fig. 7. Rate performance and cyclic stability for SnO,/graphene
composites: SnO,/EOG and SnO,/GO discharge capacity
with respect to current rate (a) without and (b) with con-
ducting carbon (CC); (c) discharge capacity with respect
to cycle at 0.33 C scan rate. Data from the initial five
cycles at 0.1 C were omitted for clarity

3tch[15]. T3, SnO, L= Z}e] = 7]7} Aol ef ulel Sn/
Li,0 AHo] Eoj&1al, o]of 2135} 4k (interdiffusion layer)
O] FA = gFotAl= Anprt WhAYgt}(30]. whkA] SnO,/EOG
of Stt 45-S WHT A71H HE, g Aot Y A
22 2 heglah 3712k BEHAQ agle] AT
It} Sn0,/GO 7]Ht A=2] 1.0 CollA 2] 7] A
25 F7IRte B tha A E o, of
Lol A= ARHA Q] A& H ATt vh,
15t SnO,/EOG A=+-2 5 C scan rateo]| 4]
g% |E&S 71551, o] 7]Eof Hard |
A s Ao AE W o th[42-48]. Wb, AR A
719] $n0, ) kel A=A EOG 7] g 21712
22 $n0,/EOG 7]t =] Fofu S 45 olZofy
= o Raeha @ 4 otk

Fig. 7(c)+= 0.33 C scan ratef| 4] SnO,/EOG£} SnO,/GO
715 259 1008]) F9 27) Fekel A vlmet
ZAito]t}. Sn0,/EOG 7]HF H=-2 100 cycles Fof = 14 2]
91 97 §2H(900 mAh/ghe §A]3k HHH, $n0,/GO 7|4k A
=98] & 20 cycles Woll 43| 2383l ol2i3t 4
= Qg AQ1 SEI - A} 75 A AE 7Y, =
£ A7) AEES 7HAE BOG7E 2-& 37]9] $n0, Lheg]
A7F A o] 71 A Ql H A& Alsttthe A Ho
ZOH49-51). E B2 SPYAL FAFHE E ChE Fad)
8912 EOGY] few-layered graphene 27} 7}X|&= A algt
sp* B 20|t} ol F4 Fok $n0,2) H] 1s}o]
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