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Abstract: Graphene has been widely used in the active material, conductive agent, binder or 17 
current collector for supercapacitors, due to its large specific surface area, high conductivity, and 18 
electron mobility. However, works simultaneously employing graphene as conductive agent and 19 
current collector were rarely reported. Here, we report improved activated carbon (AC) electrodes 20 
(AC@G@NiF/G) simultaneously combining chemical vapor deposition (CVD) graphene-modified 21 
nickel foams (NiF/Gs) current collectors and high quality few-layer graphene conductive additive 22 
instead of carbon black (CB). The synergistic effect of NiF/Gs and graphene additive makes the 23 
performances of AC@G@NiF/G electrodes superior to those of electrodes with CB or with nickel 24 
foam current collectors. The performances of AC@G@NiF/G electrodes show that for the few-layer 25 
graphene addition exists an optimum value around 5 wt %, rather than a larger addition of 26 
graphene, works out better. A symmetric supercapacitor assembled by AC@G@NiF/G electrodes 27 
exhibits excellent cycling stability. We attribute improved performances to graphene-enhanced 28 
conductivity of electrode materials and NiF/Gs with 3D graphene conductive network and lower 29 
oxidation, largely improving the electrical contact between active materials and current collectors. 30 
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Figure S1. (a) The digital image and the typical SEM images of of (b) NiF and (c) NiF/G current 34 
collectors. (d) Raman spectrum of 3D graphene frame after the liquid etching of the NiF substrate. 35 
SEM images of AC@G@NiF/G electrodes with graphene conductive additive amounts of (e) 3 wt %, 36 
(f) 5 wt %, (g) 7 wt % and (h) 10 wt %. 37 
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Figure S2. The electrochemical properties of the AC@G@NiF-5 electrode. (a) CV curves at scan rate 39 
various from 10 to 500 mV/s. (b) GCD curves at different current densities from 0.1 to 2 A/g. Mass 40 
specific capacitances as functions of (c) scan rates and (d) current densities. (e,f) are the 41 
corresponding CV curves at the scan rate of 50 mV/s and GCD curves at the current density of 1 A/g, 42 
respectively. 43 
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Figure S3. The BET surface areas of AC/graphene/PVDF electrode materials with different graphene 45 
conductive additive amounts of 3, 5, 7 and 10 wt %. 46 

 47 

Figure S4. The Isotherm linear plots of AC/graphene/PVDF electrode materials with different 48 
graphene conductive additive amounts of 3, 5, 7 and 10 wt %. 49 

The Isotherm linear plots of AC/graphene/PVDF electrodes in Figure S6 show these electrode 50 
materials have IV type [1-2]. When N2 was absorbed in pores of electrode materials, monomolecular 51 
adsorption layer is formed first, corresponding to AB segment. And then, multimolecular 52 
adsorption layer happens, represented by CB segment. With the increase of relative pressure, the 53 
capillary condensation takes place, related to CD segment, whose flat increase reflects the wide pore 54 
size distribution of these electrode materials. When all pores are filled by N2, the curve will trend to 55 
flat, denoting absorption saturation, which stage occur at relative pressure up to 1.  56 
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Figure S5. The Raman spectra of raw materials (AC, high quality few-layer graphene and CB) and 58 
composite electrode materials (AC@CB and AC@G). 59 

For carbon materials, D band is known as the disorder, defect or sp3 diamond band, and G band 60 
is known as the sp2 graphite or tangential band. 2D band is commonly seen in 2D graphene, which is 61 
an important feature to distinguish graphene from bulk graphite. ID/IG is related to the degree of 62 
graphitization, and the smaller ratio means the higher graphitization degree [3-4]. As shown in Fig. 63 
S8, the Raman spectra of AC and CB just have D band and G band (D bands around 1336 and 1342 64 
cm−1 and G bands around 1590 and 1582 cm−1), and graphene has the G band around 1582 cm−1 and 65 
2D band around 2718 cm−1. After the addition of CB as conductive additive, no obvious change of the 66 
Raman spectrum is observed. However, with the addition of graphene, ID/IG reduces, indicating the 67 
AC@G composite electrode with higher graphitization degree. Meanwhile, 2D band occurs, 68 
denoting the existence of graphene.  69 
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Figure S6. The SEM images of AC@G@NiF/G electrodes with graphene conductive agent content of 71 
(a) 3 wt %, (b) 5 wt %, (c) 7wt %, (d) 10 wt % and AC@CB@NiF/G electrodes with CB content of (e) 3 72 
wt %, (f) 5 wt %, (g) 7 wt %, (h) 10 wt %. The red rectangles in a, b, c and identify typical graphene 73 
sheets in composites. 74 
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Figure S7. The surface resistance of AC composite materials with different content of graphene and 76 
CB conductive additives. 77 

AC composite slurries were prepared for electrodes with graphene and CB as conductive 78 
additives, respectively (the content of conductive additive is from 3 to 10 wt %). Afterwards, slurries 79 
were blade coated on insulating polyethylene terephthalate (PET) plastics films which avoid the 80 
interference from conducting substrates to the subsequent surface resistance of electrode materials, 81 
and then dried at 120 °C in vacuum overnight. The thickness of the composite material films were 34 82 
± 2 μm. The measured surface resistance demonstrates that few layer graphene as conductive 83 
additive directly improves the conductivity of the electrodes and is more effective than CB.  84 
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Figure S8. The characterizations of high quality few-layer graphene. (a) SEM image (scale bar = 86 
10μm), (b) Raman spectrum, (c) TEM image (scale bar = 1μm) and (d) HRTEM image (scale bar = 5 87 
nm). 88 

From Figure S8a,c, graphene with large lateral size and undamaged structure can be observed. 89 
The absence of D peak (~1369 cm−1) in Raman spectrum in Figure S8b means low defeat level of the 90 
high quality graphene. According to the HRTEM image in Figure S8d, the graphene is counted 91 
about 8 layers. It also can be prove by the IG/I2D value larger than 0.8 from Raman spectrum, 92 
indicating few layer graphene [3]. So the layer of graphene is deduced 5-10 layers.  93 
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Figure S9. The electrochemical properties of the AC@G@NiF/G-5 electrode. (a) CV curves at scan rate 95 
various from 10–500 mV/s and (b) the corresponding mass specific capacitances as a function of scan 96 
rates. (c) GCD curves at different current densities of 0.1–10 A/g and (d) the corresponding mass 97 
specific capacitances as a function of current densities. 98 

 99 

Figure S10. (a) CV curves at scan rate various from 10 to 200 mV/s and (b) GCD curves at different 100 
current densities from 0.1 to 5 A/g of the AC@CB@NiF/G-10 electrode. 101 

References 102 

1. Barrett, E.P.; Joyner, L.G.; Halenda, P.P. The determination of pore volume and area distributions in 103 
porous substances. I. Computations from nitrogen isotherms. J. Am. Chem. Soc. 1951, 73, 373-380, 104 
doi:10.1021/ja01145a126. 105 

2. Sing, K.S.W.; Everett, D.H.; Haul, R.A.W.; Moscou, L.; Pierottp, R.A.; Rouquerol, J.; Siemieniewska, T. 106 
Reporting physisorption data for gas/solid system with special reference to the determination of surface 107 
area and porosity. Pure Appl. Chem. 1985, 57, 603–619. 108 

3. Bhaviripudi, S.; Jia, X.; Dresselhaus, M.S.; Kong, J. Role of kinetic factors in chemical vapor deposition 109 
synthesis of uniform large area graphene using copper catalyst. Nano Lett. 2010, 10, 4128-4133, 110 
doi:10.1021/nl102355e. 111 

4. Roh, J.S. Structural Study of the Activated Carbon Fiber using Laser Raman Spectroscopy. Carbon Lett. 112 
2008, 9, 127-130. 113 


