Supporting Information

Solution Chemistry of Self Assembled Graphene

Nanohybrids for High Performance Flexible Biosensors

Bong Gill Choi," HoSeok Park,”* Tae Jung Park Min Ho Yang,” Joon Sung Kim," Sung-Yeon Jang,"

Nam Su Heo,® Sang Yup Lee,”* Jing Kong,J_ and Won Hi Hong"*

"Department of Chemical & Biomolecular Engineering (BK21 program), KAIST, Dagjeon 305-701,

Korea

'Department of Chemical Engineering, College of Engineering, Kyung Hee University, 1 Seochon,

Giheung, Yongin, Gyeonggi 446-701, Korea

BioProcess Engineering Research Center, Center for Systems & Synthetic Biotechnology, and Institute

for the BioCentury, KAIST, Daejeon 305-701, Korea

Center for Energy Materials Research, Korea Institute of Science and Technology, P.O. Box 131

Cheongryang, Seoul 130-650, Korea
J'Department of Electrical Engineering and Computer Sciences, and

Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139



0.2 pum

Figure S1. TEM image of GON.
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Figure S2. FT-IR spectrum of the GO, GON, and the RGON hybrid.

FT-IR results demonstrate the presence of Nafion in GON and RGON. The characteristic bands of GO
were assigned to 3400 cm | for vVo.u, 1740 cm ! for Vc-o, 1630 cm ! fOr Vagsorbed 20, 1410 cm ! for vou
deform, and 1050 cm | for V.o Stretch‘.l The characteristic bands of Nafion were assigned to 1210 cm ! for
Vasym. CF2, 1148 cm ! for Vsym. cF2, 1056 cm ! for Vs—0, and 980 cm ! and 968 ¢cm ! for vco.c. The
characteristic bands of the Nafion in GON appeared when the GOs were coated with the Nafion by the
sonic treatment. After the reduction of GON to RGO in the presence of the Nafion, RGON revealed a
lower intensity of the characteristic bands of GO and a higher intensity of the characteristic bands of

Nafion.
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Figure S3. (A) XPS survey spectra and (B) Cls XPS spectra of (a) GO, (b) GON, and (c) RGON.

The XPS data was used to investigate the surface chemical states of GO, GON, and RGON as shown
in Figure S4. The survey scan XPS spectra showed that the presence of the Nafion was clearly
confirmed on both of the GO sheets after sonic treatment with the Nafion and the RGON hybrids after
the hydrazine treatment from the elemental analysis of the Nafion, such as F 1s and S 2p. Through
fitting the C 1s of GO, the separated three peaks of C-C (285.5 eV), C-O (287.4 ¢V), and C=0 (288.4

eV) were observed, which is consistent with previous report.” In particular, the Cls XPS spectrum of



GON was split into four peaks (285.2 eV, 287.3 eV, 288.4 eV, and 291.6 eV). The three peaks at 285.2
eV, 287.3 eV, and 288.4 eV were attributed to the carbon atoms in different functional groups of GOs.
The peak at 291.6 eV was assigned to the CF,, CF-O, and CF,-O groups from Nafion, which is
consistent with the results reported by Noda et al. group.® After reduction of GON, most of the C-O
(286.7 eV) and the C=0 (288.5 eV) of GON have been removed by reduction and the peak at 291.8 eV

was remained.
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Figure S4. (A) TEM image and (B) Non-contact mode AFM image of exfoliated GO.
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Figure S5. XRD patterns of graphite powder, GO powder, GO film, RGO film, and RGON film.

XRD results demonstrate the intercalation of Nafion into the interlayer of RGO sheets, resulting in an
expansion of the (002) inter-planar spacing. The GO paper had a distinct peak at 11.2° corresponding to
a d-spacing of 7.97 A, based on the Bragg spacing equation: nA=2dsin0 his result was consistent with an
increase in the interlayer spacing due to the water molecules between GO sheets. The RGO film
obtained from the reduction reaction in bisolvent had a characteristic peak at around 24.3° (3.66 A),
close to but certainly larger than most d-spacings of graphite (3.35 A).* The RGON paper had a higher

d-spacing (3.79 A) than the RGO paper due to Nafion intercalation into the interlayer of the RGO sheets.
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Figure S6. Solid-state *C MAS NMR spectra of GO, RGO, and RGON hybrid.

Because °C MAS NMR spectra reflect the chemical environment of materials, the interactions between
Nafion and GO or RGO can be elucidated. GOs exhibit three distinct resonances: the bands of un-
oxidized sp’ carbons at 138 ppm, the hydroxyl groups at 76 ppm, and the epoxide groups at 66 ppm.>°
In contrast, RGO showed the disappearance of bands related to the oxygenated and carbonyl carbons
and the shift of the sp” band to 119 ppm. The change in the chemical environment from GO to RGO
induced the band to shift from 138 ppm to 119 ppm.” The emergence of a broad resonance in RGON at
105 ppm was attributed to the hydrophobic interactions between the conjugated carbons of RGO and

CF, groups of Nafion.
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Figure S7. Raman spectra of GO, RGO, and RGON.

The Raman spectrum of GO showed two prominent bands at 1600 cm ' and 1356 cm ', which
correspond to the G and D bands. In particular, the dominant D peak is indicative of the existence of
defects such as hydroxyl and epoxide groups in the in-plane sp® conjugated structure of functionalized
GO due to extensive oxidation.” The higher ratio of D/G intensity in RGO than in GO indicates the
restoration of conjugation by means of the decrease in the average size of the sp> domains of the GOs
during the reduction.’ The D/G intensity ratio of in RGON was comparable to that in RGO, whereas the
bands of RGO at 1579 cm™ ' and 1350 cm ™' were shifted to 1572 cm ' and 1347 cm™' for RGON, and the

band width was broadened due to the specific interactions between RGO and Nafion.
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Figure S8. (A) Photograph of free-standing RGON films. (B, C) SEM images of the cross-section of

RGON film. (D) SEM image of the surface of RGON film.
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Figure S9. Typical stress-strain curve of RGON film.
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Table S1. Performance of various sensors

Sensitivit Response | Limit of
time detection
Sensor Type Substrate y Linear range
(nA/uM) (sec) (x pM)
RGON with
amperometric paraoxon 10.7 2-20uM ~3 0.13
response
Methyl
Thick-film with | parathio 2.83 5-40uM ~10 0.07
amperomeric n
reponse”
paraoxon 1.67 5-40pM ~10 0.09
Gold electrode
with amperomeric | Paraoxon 2.29 1-10pM ~40 0.1
flow injection’
CNT-modified
electrode with
paraoxon 25 0.25-4uM ~10 3.60

amperometric flow
.. .1
Injection 0
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