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H I G H L I G H T S  

� RGO-ACP is fabricated by a convenient and scalable method. 
� ACP can effectively suppress the aggregation of the rGO sheets. 
� RGO-ACP3 increases the specific capacitance of the electrode material by 58.2%. 
� RGO-ACP3 delivers high energy density of 11.90 W h kg� 1 with low cost.  
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A B S T R A C T   

A convenient and scalable method is developed to attach the activated carbon particles (ACP) on the surface of 
reduced graphene oxide (rGO) sheets. The rGO sheets are beneficial for improving the electrochemical perfor
mance of the ACP, while ACP can effectively suppress the aggregation of the rGO sheets. Therefore, the sym
metric supercapacitor based on this composite (RGO-ACP3) electrode delivers high specific capacitance of 
116.88 F g� 1 at current density of 0.5 A g� 1 in 1 M H2SO4 electrolyte, and has a high capacitance retention of 
97.85% after 8000 cycles at 5 A g� 1. More importantly, from the perspective of ACP, adding a portion ofrGO to 
three low-cost ACP can increase the specific capacitance of the electrode material by 58.2%. It also provides high 
energy density of 11.90 W h kg� 1 at power density of 469.24 W kg� 1 in 1 M Na2SO4 electrolyte. In addition, the 
special capacitance contributed byrGO in the RGO-ACP15 reaches up to 541 F g� 1 at 0.5 A g� 1 in 1 M H2SO4. The 
results indicate that the synergistic effect betweenrGO sheets and ACP makes RGO-ACP3 a promising low cost 
electrode material for high performance supercapacitors.   

1. Introduction 

Supercapacitors are the sustainable electrochemical energy storage 
system with high power density, short charging time, long cycling life
time and high safety, which can be applied to pulse electrical equipment, 
such as uninterruptible power system and auxiliary motive power sys
tem. According to the energy storage mechanism, supercapacitors can 
be divided into three categories: electric double layer capacitors 
(EDLCs), pseudocapacitors, and hybrid capacitors [1–3]. The energy in 
the EDLC is stored in an electric double layer formed by physical ab
sorption of electrolyte ions at the electrode/electrolyte interface [4]. 

While in the pseudocapacitor, a fast Faraday redox reaction occurs at the 
interface between the electrode and the electrolyte to store energy 
[5–7]. In hybrid capacitors, both the electric double layer and the 
Faraday reaction are used to store energy. The power density of EDLC is 
usually much higher than that of pseudocapacitor and hybrid capacitor, 
but the energy density of pseudocapacitor and hybrid capacitor is usu
ally higher than that of EDLC. In addition, EDLC has been commer
cialized, while the other two types are still under development. Carbon 
materials [3,8] have been widely used in supercapacitors due to their 
stable physical and chemical properties, large specific surface area (SSA) 
with hierarchical pores, high electrical conductivity and good 
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compatibility with other composite materials [9–12]. Particularly, car
bon materials are mainly used for EDLCs, and commonly used to load 
pseudocapacitor materials, such as nanostructural transition metal ox
ides, hydroxides and conducting polymers. 

rGO has attracted more and more attention in the last decades 
because of its excellent electronic, thermal, mechanical and optical 
properties [13]. Due to the special structure of two-dimensional sheets 
with sp2-bonded carbon atoms arranged in honeycomb lattice, rGO has 
outstanding theoretical specific capacitance up to 550 F g� 1 if its entire 
theoretical SSA (2630 m2 g� 1) is fully utilized [14]. However, the actual 
SSA of rGO is usually much lower than its theoretical value, due to the 
serious aggregation of rGO layers caused by strong π-π interaction be
tween the layers [15], therefore the excellent properties of the indi
vidual rGOsheet such as flexibility and high surface area will be lost 
[16]. One of the effective ways to maintain its high SSA is to attach 
nanostructural materials on the surface of single rGO sheet before the 
aggregation of the layers [17–21]. For example, carbon nanoparticles 
[22,23], metal nanoparticles [24], carbon nanotubes [25], 
pseudo-capacitive metal oxide nanoparticles [26], conducting polymers 
[27], etc. have been inserted between the rGO sheets to prevent the 
aggregation. The synergic effects between rGO sheets and the intro
duced nanomaterials would also lead to the high electrochemical per
formance of these composites [8]. 

Although outstanding electrochemical performances of various 
relatively new carbon materials including carbon nanotubes, carbon 
quantum dots, and graphene etc. have been reported, the traditional 
activated carbon is still a preferred choice for commercial super
capacitors due to its low cost, large SSA and high packing density. 
Carbon precursors with high carbon content such as fossil fuels [28] and 
polymers [29] are commonly used to produce activated carbon. In 
addition, some biomass and industrial wastes that are rich in carbon and 
easily available can also be used as precursors to fabricate activated 
carbon, such as human hair [30], bean dregs [31], pistachio shells [32], 
tobacco rods [33], used methylene blue [34] and printed circuit board 
[35], etc. The application of these wastes as carbon precursors can 
reduce the dependence on non-renewable resources, such as fossil fuels, 
resulting in saving natural resources and environmental protection [36]. 

In this study, activated carbon particles (ACP) prepared from the 
waste water purifier was attached on the surface of rGO sheets to pre
vent the aggregation of the rGO layers, resulting in the improvement of 
the SSA of the electrode material from 745.06 m2 g� 1 (rGO) and 230.86 
m2 g� 1 (ACP) to 963.69 m2 g� 1 (RGO-ACP3, the mass ratio ofrGO:ACP is 
1:3). The symmetric supercapacitors based on rGO, ACP and RGO-ACP3 
deliver specific capacitance of 107.5, 73.9 and 116.9 F g� 1 at current 
density of 0.5 A g� 1 in 1 M H2SO4 electrolyte, respectively. From the 
perspective of ACP, adding a portion of rGO to three low-cost ACP can 
increase the specific capacitance of the electrode material by 58.2%. 
RGO-ACP3 also has high capacitance retention of 97.85% after 8000 
cycles at 5 A g� 1 in 1 M H2SO4, and it can provide high energy density of 
11.90 W h kg� 1 at power density of 469.24 W kg� 1 in 1 M Na2SO4 
electrolyte. Therefore, the RGO-ACP3 can greatly increase the specific 
capacitance of activated carbon derived from waste carbon precursor 
without significantly increasing the material cost, and has potential for 
practical application. In addition, due to the insertion of ACP between 
rGO sheets, the special capacitance contributed byrGO in the RGO- 
ACP15 reaches up to 541 F g� 1at 0.5 A g� 1 in 1 M H2SO4. 

2. Experimental 

2.1. Materials 

Graphene oxide (GO) powder was obtained by modified Hummers’ 
method [37]. The carbon filter element (3 M, DWS2500-CN) was pur
chased from a supermarket in Hefei. Potassium hydroxide (KOH), sul
furic acid (H2SO4), sodium sulfate (Na2SO4), hydrochloric acid (HCl) 
and ethanol were analytical pure grade and purchased from Sinopharm 

Chemical Reagent Co., Ltd. PTFE (10 wt%) was purchased from 
Sigma-Aldrich. Deionized water was used for all the experiment 
processes. 

2.2. Preparation of rGO sheets attached with ACP (RGO-ACP) 

Fig. 1 illustrates the process of preparing RGO-ACP composites. The 
waste carbon filter element was taken out and dried in an oven at 60 �C 
for 48 h. The dried filter was cut into small pieces, ground into powder, 
and then mixed with KOHwithmass ratio of 1:4 (C:KOH) in 40 mL 
deionized water. The mixture was sonicated for 30 min, and then placed 
on a rotary evaporator with constant stirring. After the water was 
evaporated completely, the mixture was placed into a tube furnace, and 
heated to 900 �C with a rate of 10 �C min� 1 under nitrogen atmosphere 
(~100 mL min� 1) and kept at 900 �C for 2 h, then cooled naturally to 
room temperature. The product was washed successively with 5 wt% 
HCl, ethanol, and deionized water, and then dried at 60 �C overnight. 
The resulting product was named asACP.The dried filter was also heated 
directly to 900 �C without KOH activation (named as C900) to check the 
metal based impurities filtered from city tap water. 

0.5 g GO was dispersed and exfoliated homogeneously in 500 mL 
deionized water through sonication for 2 h to form GO dispersion, and 
then 2.0 g KOH was added into the dispersion at a mass ratio of GO to 
KOH of 1:4. The obtained colloidal dispersion was stirring continuously 
for 1 h to form uniform dispersion, and then moved to a rotary evapo
rator and stirred at 80 �C overnight till the water was evaporated 
completely. The obtained paste was dried at 60 �C in the drying oven for 
12 h. Then the solid was heated from room temperature to 900 �C with a 
rate of 10 �C min� 1 under N2 flow (~100 mL min� 1) and kept at 900 �C 
for 2 h. After the activation, the product was washed and dried as 
described above to obtain activated rGO. 

In a typical procedure, 0.05 g obtained rGO was uniformly dispersed 
in 100 mL deionized water through ultrasonication. 0.05 g (0.1, 0.15, 
0.25, 0.5, 0.75 and 1 g, respectively) ACP powder was added into the 
rGO dispersion. The formed homogenous aqueous mixture was stirred 
under 80 �C vigorously until the water was evaporated. After drying at 
60 �C in oven overnight, the as-prepared composites were named as 
RGO-ACPx (x ¼ 1, 2, 3, 5, 10, 15, and 20, respectively, according to the 
mass ratio of rGO to ACP). 

2.3. Structural characterizations 

The morphologies and microstructures of the prepared samples were 
examined with field emission scanning electron microscope (FESEM, 
SU8020) and transmission electron microscope (TEM, JEOL-2100), 
respectively. The structure of the materials was determined by powder 
X-ray diffraction (XRD, ESCALAB 250xi) with Bragg’s angle (2θ) range 
from 10� to 80�. The surface properties of the samples were analyzed by 
X-ray photoelectron spectroscopy (XPS, PerkinElmer, ESCALAB 250). 
Raman spectra (LabRAM HR Evolution) were recorded from 1300 to 
2600 cm� 1. Pore size characteristics at 77 K of the samples were 
investigated by a pore size analyzer (Autosorb iQ). The specific surface 
areas were obtained by Brunauer-Emmett-Teller (BET) method, and the 
pore size distributions were calculated according to nonlocal density 
functional theory (NLDFT) model on the basis of slit-like pore geometry. 

2.4. Electrochemical measurements 

The electrochemical measurements of the samples were carried out 
with two-electrode symmetrical supercapacitor (as shown in Fig. S1). 
The electrode contains 80% active material, 15% acetylene black, and 
5% polytetrafluoroethylene (PTFE). First, the active material, acetylene 
black and PTFE were uniformly mixed together in the ethanol solution 
by a mortar and pestle, and then the mixture was rolled to form a uni
form film and punched into disks with diameter of 8 mm. After dried 
overnight at 110 �C in vacuum, two same disks were assembled into a 
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symmetrical supercapacitor, and the electrolytes used were 1 M H2SO4 
and 1 M Na2SO4, respectively. The mass and size of the electrodes are 
shown in Table S1. 

The cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) 
and electrochemical impedance spectroscopy (EIS) were measured with 
electrochemical workstation (CHI660E, Chenhua Instruments, China). 
In 1 M H2SO4 electrolyte, the potential window was controlled within 
0–1 V, and CVs were measured under scan rates of 0.5, 0.2, 0.1, 0.05, 
0.02 and 0.01 V s� 1, GCDs were measured at current densities of 20, 10, 
5, 2, 1 and 0.5 A g� 1, and the impedances were recorded over 0.01–105 

Hz with an AC perturbation of 5 mV. The specific capacitance was 
calculated based on GCD measurements, and the gravimetric capaci
tance (Cg) and volumetric capacitance (Cv) were calculated by the 
following equations [38]: 

Cg¼
4IΔt
mΔV

(1)  

Cv¼ ρCg (2)  

ρ¼m
v

(3)  

v¼ πr2d (4)  

where I is the discharge current (A), Δt is the discharge time (s), m is the 
mass of total active material (g), and ΔV is the operating voltage range 
(V). ρ (g cm� 3), v (cm3), r (cm) and d (cm) are the density, volume, 
radius and thickness of the electrode, respectively. 

In addition, the special capacitance contributed from just the rGO 
nanosheets (CRGO) could be calculated by equation (5): 

1
xþ 1

CRGOþ
x

xþ 1
CACP ¼ Cg (5)  

where x is the different mass ratio of ACP to rGO in the RGO-ACPx 
composites (x ¼ 1,2,3,5,10,15 and 20, respectively), CACP is the capac
itence of the pure ACP (ACP has low capacitance and good dispersion 
itself, and ACP is mainly used to disperse rGO. Therefore, we assume 
that CACP in the RGO-ACPx composites remains unchanged), Cg is the 
capacitence of RGO-ACPx composites calculated from equation (1). 

The energy densities and power densities were calculated according 
to the gravimetric capacitance based on the GCD curves by the following 
equations [38]: 

E¼
CgΔV2

8� 3:6
(6)  

P¼
E � 3600

Δt
(7)  

where Cg is the gravimetric capacitance (F g� 1), ΔV is the operating 

voltage range (V), and Δt is the discharge time (s). 

3. Results and discussion 

3.1. Material characterizations 

Fig. 2 shows the images of ACP, rGO, and RGO-ACPx. ACP shows an 
obvious irregular granular appearance with cluster of particles (Fig. 2a). 
Both rGO (Fig. 2b) and GO (Fig. S2a) are composed of graphene layers 
with highly curved or wrinkled surfaces. For RGO-ACP1 (Fig. S2b) and 
RGO-ACP2 (Fig. S2c), the rGOsheets are re-stacked, because the added 
ACPis too little to prevent the stacking of sheets. As the proportion of 
ACP in the composite increases, RGO-ACP3 (Fig. 2c) exhibits a thin 
sheet-like appearance, and many distinguishable fluffy rGO layers with 
ACP attached on the surface can be observed. TEM image of RGO-ACP3 
(Fig. 2d) shows that ACP attaches uniformly on the surface of therGO 
sheets. Some rGOsheets in RGO-ACP5 (Fig. 2e) and RGO-ACP10 (Fig. 2f) 
are almost converted into thick-walled structure with no clearly 

Fig. 1. Schematic of RGO-ACP prepared from waste filter andrGO for supercapacitor.  

Fig. 2. SEM images of (a)ACP and (b)rGO, (c)SEM and (d)TEM of RGO-ACP3, 
and SEM of (e)RGO-ACP5 and (f)RGO-ACP10. 
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distinguishable sheets, due to the high proportion of ACP in these two 
samples. Therefore, the appropriate ACP content in RGO-ACP3 makes it 
having unique layered porous microstructure, which is beneficial for 
thefast transport of electrolyte ions through the electrode. 

Fig. 3a shows the XRD patterns of C900, ACP, rGO, and RGO-ACPx. 
There are some diffraction peaks on the XRD pattern of C900. These 
peaks are mainly related to the Ti, Ca, Fe metal based compounds 
(JCPDS: 39–0375, 42–1251, 21–0838)which may be filtered from the 
city tap water. The rGO has two broad diffraction peaks at about25� and 
43.8� which correspond to the (002) diffraction of inorganic carbon and 
the (100) diffraction of graphitized carbon, respectively. However, the 
(002)diffraction peak does not appear obviously on the XRD pattern of 
ACP, indicating the amorphous carbon property of ACP. Due to the 
adding of ACP into rGO, the (002) diffraction peaks of RGO-ACPx 
become weaker and shift slightly to the left, which indicates that 
embedding ACP between rGO sheets reduces the stacking order and 
density of the rGOlayers [22]. 

Fig. 3b shows the Raman spectra of ACP, rGO and RGO-ACPx. All 
Raman spectra show two peaks at about 1350 cm� 1 and 1590 cm� 1, 
which correspond to the D band and G band of the graphitic carbon, 
respectively. The D band is attributed to the defect and disordered 
structure of the sample, while the G band corresponds to the crystalline 
graphite carbon [39]. The relative intensity ratio (ID/IG) of the D peak 
to the G peak is usually used to quantify the defects present in the 

graphite material [40], and the corresponding ID/IG values of samples 
are showed in Table 1 and Table S2. ACP has a high ID/IG value of 1.04, 
indicating the large number of defects in ACP due to its amorphous 
carbon properties. The ID/IG values of RGO-ACPx are all higher than 
that of rGO (0.89), and as the ACP content increases, the ID/IG value of 
RGO-ACPx gradually increases from 0.91 (RGO-ACP3) to 1.04 
(RGO-ACP10) (Table S2). In addition, the ID/IG value of RGO-ACP10 is 

Fig. 3. (a)XRD pattern, (b)Raman spectrum and (c)XPS survey of ACP, rGO and RGO-ACP3. C1 spectra of (d)ACP, (e)rGO, and (f)RGO-ACP3.  

Table 1 
Porous property and microstructure of the ACP, rGO and RGO-ACP3 samples.  

Materials SBET
a 

(m2 

g� 1) 

Smicro
b 

(m2 

g� 1) 

Smeso/ 

macro
c 

(m2 

g� 1) 

Vt
d 

(cm3 

g� 1) 

Vmicro
e 

(cm3 

g� 1) 

Vmeso/ 

macro
f 

(cm3 

g� 1) 

ID/ 
IG 

ACP 230.86 110.43 120.43 0.34 0.09 0.26 1.04 
rGO 745.06 533.24 211.82 0.63 0.26 0.37 0.89 
RGO- 

ACP3 
963.69 835.96 127.73 0.60 0.36 0.24 0.91  

a Specific surface area. 
b t-Plot micropore area. 
c t-Plot external area. 
d Total pore volume. 
e t-Plot micropore volume. 
f t-Plot external volume. 
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relatively close to that of ACP, which may indicate that the rGO sheets in 
RGO-ACP10 are almost covered by amorphous ACP. Therefore, the 
RGO-ACP10 mainly reflects the characteristics of amorphous carbon. 

The composition and functional groups of ACP, rGO and RGO-ACP3 
were examined by XPS. Two peaks were observed on the XPS spectra, 
and according to the binding energy, they were assigned to C1s and O1s 
(Fig. 3c). No significant difference in the shape and position of the C1s 
and O1s peaks of the samples is observed, indicating their similar surface 
functional groups. In addition, the C1s peaks are broad from 282 to 292 
eV, which may be contributed by several carbons in different functional 
groups (esters, ketones, oximes or carboxyl groups) [41]. The decon
volution results of the C1s peaks of ACP, rGO and RGO-ACP3 are shown 
in Fig. 3d–f. For RGO-ACP3, the primary peak of C1s appears at 284.7 
eV, which is attributed to graphitic carbon. Other smaller peaks were 
identified as C–O at 285.4 eV, C––O at 286.7 eV, and O–C ¼ O at 290.4 
eV [42]. These oxygen-containing functional groups play a significant 
role in increasing the hydrophilicity of carbon material in aqueous 
electrolyte, resulting in improving the electrochemical properties [43]. 

Fig. 4 shows the N2 adsorption and desorption isotherms and pore 
size distribution of ACP, rGO and RGO-ACP3. Three samples all have the 
I/IV type N2 adsorption-desorption isotherm with hysteresis loops 
(Fig. 4a), indicating the presence of large number of micropores and 
mesopores [44,45]. However, their pore size distributions are different 
(Fig. 4b–d). The micropores of rGO and RGO-ACP3 are obviously higher 
than that of ACP. Moreover, RGO-ACP3 also has more micropores than 
rGO. Table 1 shows the pore properties obtained from the N2 
adsorption-desorption isotherm by the BET method. The SBET of ACP, 
rGO and RGO-ACP3 are 230.86, 745.06, and 963.69 m2 g� 1, respec
tively. Because of the strong π-π interaction between the rGO layers, the 
rGO sheets tend to be stacked together, which would make the SBET of 
rGO much lower than its theoretical value (2630 m2 g� 1). Attaching ACP 
on the surface of rGO sheets can prevent the aggregation of rGO sheets to 
some extent, resulting in increasing SBET of rGO. Therefore, the SBETof 
RGO-ACP3is larger than that of rGO. In addition, the increase of SBET 
from rGO to RGO-ACP3 comes mainly from the increase of Smicro (The 
Smicro of rGO and RGO-ACP3 are 533.24 and 835.96 m2 g� 1, respec
tively, as shown in Table 1). In general, the EDLC of carbon material is 

mainly determined by micropores which provide active sites to absorb 
electrolyte ions, while meso/macropores would act as diffusion tunnel 
for ions transportation in electrode material [46,47]. Therefore, the high 
SBET with superior pore size distribution of RGO-ACP3 would be bene
ficial to improve its electrochemical performance. 

3.2. Electrochemical characterization 

Electrochemical performances of ACP, rGO and RGO-ACPx in 1 M 
H2SO4 are shown in Fig. 5 and Fig. S3. Fig. 5a and Fig. S3a shows the CV 
curves of ACP, rGO and RGO-ACPx at scan rate of 0.01 V s� 1. It is 
obvious that the CV curves of the samples all exhibit a nearly ideal 
rectangular shape, indicating that their electrochemical performances 
are primarily determined by the EDLC [48]. By integrating the area of 
CV curves, the CV area of RGO-ACP3 is the largest, indicating its highest 
specific capacitance among the samples. Typical GCD curves of ACP, 
rGO and RGO-ACPx at current density of 0.5 A g� 1 are shown in Fig. 5b 
and Fig. S3b. Symmetric linear charge and discharge curves are 
observed for the samples, which corresponds to the EDLC charge storage 
mechanism of carbon materials. Obviously, the capacitive performances 
of RGO-ACPx are much better than that of ACP (Fig. S3b), and 
RGO-ACP3 holds the best capacitive performance. Calculated according 
to the discharge time of GCD curves, the gravimetric (volumetric) 
capacitance of ACP,rGO, RGO-ACP3 at current density of 0.5 A g� 1 are 
73.9 F g� 1 (59.1 F cm� 3), 107.5 F g� 1 (96.0 F cm� 3), 116.9 F g� 1 (102.5 
F cm� 3), respectively. The GCD curve of RGO-ACP3 shows no significant 
IR drop, while the IR drop is about 0.05 V for rGO (Fig. 5b), which in
dicates that inserting ACP betweenrGO layers can effectively improve 
the charge transfer ability of the electrode. Fig. 5c shows the GCD curves 
of RGO-ACP3 at current densities from 0.5 to 10 A g� 1, and they are all 
triangle shape with no significant IR drop. 

The specific capacitances of ACP, rGO and RGO-ACPx in 1 M H2SO4 
at current densities from 0.5 to 20 A g� 1 are shown in Fig. 5d and 
Fig. S3c. Obviously, RGO-ACP3 has the highest specific capacitance 
among the samples at all current densities. From 0.5 to 20 A g� 1, the 
capacitance retention of ACP, rGO, RGO-ACP3, RGO-ACP5 and RGO- 
ACP10 are 60.6%, 69.8%, 73.3%, 69.3% and 66.0%, respectively. The 

Fig. 4. (a) N2 adsorption and desorption isotherms of ACP, rGO and RGO-ACP3, and pore size distribution of (b)ACP, (c)rGO and (d)RGO-ACP3.  
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excellent rate capability of RGO-ACP3 (73.3%) is due to its superior 
layered porous structure. The black line in Fig. 5e (corresponding to the 
left vertical coordinate) shows the change of specific capacitance (at 0.5 
A g� 1) with the mass ratio of ACP in the RGO-ACPx. From rGO (107.5 F 
g� 1) to RGO- ACP1 (108 F g� 1), RGO-ACP2 (108.5 F g� 1) and RGO-ACP3 
(116.9 F g� 1), the specific capacitance increases sequentially. However, 
when the mass ratio of ACP is further increased from RGO-ACP3 to RGO- 
ACP5 (114.6 F g� 1), RGO-ACP10 (111.4 F g� 1), RGO-ACP15 (103.2 F 
g� 1) and RGO-ACP20 (96 F g� 1), the specific capacitance keeps 
decreasing and approaches that of ACP (73.9 F g� 1). The highest specific 
capacitance of RGO-ACP3 (RGO:ACP ¼ 1:3) among the samples may be 
due to the following two reasons: (1) Synergetic effect between rGO and 
ACP. The rGO has high specific surface area with large number of active 
sites, which is beneficial for improving the electrochemical perfor
mance. However, the rGO sheets tend to aggregate because of the strong 
π-π interaction between them. Attaching ACP on the surface of rGO 
sheets can effectively prevent the aggregation of the layers, thus main
taining the advantages of the individual rGO sheet. (2) More appropriate 
mass ratio. For RGO-ACP1 and RGO-ACP2, part of the rGO sheets may 
be still aggregate together because the amount of ACP is not enough. 
Therefore, the role of rGO sheets needs to be explored further. However, 
when the proportion of ACP is too high (RGO-ACP5, RGO-ACP10, RGO- 
ACP15, RGO-ACP20), the low capacitance of ACP would lower the 
capacitance of the entire electrode material, even if the rGO sheets were 

fully used to store electrolyte ions. The attaching of appropriate mass of 
ACP tightly and uniformly on therGO sheets makes RGO-ACP3 having 
unique layered porous microstructure, which is beneficial for thefast 
transport of electrolyte ions through the electrode material. 

In addition, assuming that the specific capacitance of ACP in the 
RGO-ACPx keeps constant, the specific capacitance (CRGO) contributed 
from just therGO sheets can be calculated by equation (5), as shown in 
the red line in Fig. 5e (corresponding to the right vertical coordinate). It 
is shown that the specific capacitance contributed byrGOsheets in
creases with the increase of ACP ratio in RGO-ACPx, and it reaches a 
maximum value of 541 F g� 1 in RGO-ACP15 (the theoretical specific 
capacitance ofrGO is 550 F g� 1). Although the above assumption ignores 
the possible change of the specific capacitance contributed by ACP in 
RGO-ACPx, the result still indicates that there are less and less rGO 
sheets stacking together as the ACP ratio increasing, resulting in the 
utilization of the excellent properties of more individual rGO sheets such 
as high specific surface area and large numbers of active sites. 

To further understand the electrochemical performance of the sam
ples, EIS measurements were performed on the samples (The Nyquist 
plots in Fig. 5f and Fig. S2d.). In the low frequency region, the almost 
vertical lines indicate an ideal capacitive behavior of the samples. The 
inset in Fig. 5f shows the medium-high frequency region of nyquist plots 
of ACP, rGO and RGO-ACP3. The equivalent serial resistances (ESR, the 
intercept of Nyquist plot with real axis) of this three samples are all very 

Fig. 5. Electrochemical performance of 
ACP, rGO and RGO-ACPx measured in 1 M 
H2SO4. (a) CV curves at 0.01 V s� 1 and (b) 
Galvanostatic charge-discharge curves at 
0.5 A g� 1 of ACP, rGO and RGO-ACP3. (c) 
Galvanostatic charge-discharge curves of 
AGO-ACP3 at different current densities. (d) 
Gravimetric capacitances calculated from 
the discharge curves under different current 
densities of ACP, rGO and RGO-ACP3. (e) 
Specific capacitance of the RGO-ACPx (x ¼
0, 1, 2, 3, 5, 10, 15, 20) samples changes 
with the mass ratio of ACP to rGO at current 
density of 0.5 A g� 1. Black line refers to the 
specific capacitance calculated from the 
discharge curves, and red line refers to the 
capacitance contributed from just rGO. (f) 
Nyquist plots of ACP, rGO and RGO-ACP3. 
The inset shows medium-high frequency 
range. (For interpretation of the references 
to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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low (about 2 Ω), indicating their excellent charge transfer capability 
[49,50]. However, RGO-ACP3 has a much shorter length of 45� sloped 
line (warburg impedance) than those of ACP and rGO, which indicates 
that the electrode of RGO-ACP3 has the most excellent electrolyte ions 
diffusion capability in 1 M H2SO4 electrolyte among the samples [51]. 
The lowest warburg impedance of RGO-ACP3 among the samples is 
mainly due to its layered porous microstructure with appropriate ACP 
ratio which facilitates the diffusion of electrolyte ions in the electrode. 

According to equation (6), a wide operating voltage will increase the 
energy density of the supercapacitor. Therefore, the RGO-ACP3 based 
symmetrical supercapacitor was tested with 1 M Na2SO4 as electrolyte to 
increase the operating voltage [52]. The inset of Fig. 6a shows the CV 
curves of RGO-ACP3 at different voltage windows from 1.2 to 1.8 V at 
0.01 V s� 1. Until to 1.6 V, the CV curves can keep rectangular shape, 
indicating that this supercapacitor can be operated stably from 0 to 1.6 V 
in 1 M Na2SO4. The operating voltage reaching 1.6 V in neutral elec
trolyte is attributed to the higher over-potential for di-hydrogen evolu
tion than in acidic or basic electrolyte [53]. The CV curves from 0 to 1.6 
V at different scan rates all keep rectangular shape (Fig. 6a). The GCD 
curves from 0 to 1.6 V at different current densities all keep symmetrical 
triangle (Fig. 6b). Both CV curves and GCD curves indicate the typical 
EDLC behavior of RGO-ACP3. The GCD curve at 0.5 A g� 1 shows IR drop 
of about 0.04 V, indicating the increase of charge transfer resistance in 1 
M Na2SO4compared to 1 M H2SO4. Fig. 6c shows the specific capaci
tances of RGO-ACP3 at different current densities. The capacitance 
drops from 95.2 F g� 1 at 0.5 A g� 1 to 66.4 F g� 1 at 20 A g� 1 with a 
capacitance retention of 69.72%, indicating an excellent rate capability 
of RGO-ACP3 in 1 M Na2SO4. Fig. 6d shows that RGO-ACP3 also has 
good capacitive behavior and low ESR in 1 M Na2SO4. However, the 45�
sloped line (warburg impedance) in 1 M Na2SO4 (inset of Fig. 6d) is 
obviously longer than that in 1 M H2SO4 (inset of Fig. 5f), indicating the 
larger ions diffusion resistance of electrode material in 1 M Na2SO4 than 
that in 1 M H2SO4. 

Fig. 7a shows the Ragone plot of RGO-ACP3 in 1 M H2SO4 and 1 M 
Na2SO4 electrolyte, respectively. In 1 M H2SO4, RGO-ACP3 has an en
ergy density of 8.12 W h kg� 1 at power density of 312.5 W kg� 1. Due to 
the wider operating voltage window (1.6 V) in 1 M Na2SO4 electrolyte, 
the energy density increases to 11.9 W h kg� 1 at power density of 
469.24 W kg� 1. As the power density increases to larger than 3000 W 
kg� 1, the energy density in 1 M Na2SO4 decreases faster than that in 1 M 
H2SO4, due to the higher ions diffusion resistance of Naþ in the RGO- 
ACP3 electrode. After8000charge-discharge cycles at 5 A g� 1 in 1 M 
H2SO4,RGO-ACP3 maintained a high capacitance retention of 97.85% 
(Fig. 7b). There was no significant distortion in the shape of the GCD 
curves during the cycling (inset of Fig. 7b), indicating its excellent 
electrochemical stability. Therefore, the stable layered porous micro
structure of RGO-ACP3 during cycling process with high energy density 
makes it a potential candidate for practical application. 

4. Conclusions 

In summary, RGO-ACP composites were successfully prepared by 
attaching the ACP on the surface of rGO sheets. The symmetric super
capacitor based on RGO-ACP3 has a gravimetric capacitance of 116.88 
F g� 1 and a volumetric capacitance of 102.53 F cm� 3 at current density 
of 0.5 A g� 1 and high capacitance retention of 97.85% after 8000 cycles 
at 5 A g� 1 in 1 M H2SO4 electrolyte. This supercapacitor also provides a 
high energy density of 11.9 W h kg� 1 at power density of 469.24 W kg� 1 

in 1 M Na2SO4. More importantly, from the perspective of ACP, adding a 
portion of rGO to three low-cost ACP can increase the specific capaci
tance of the electrode material by 58.2%.The excellent electrochemical 
performance RGO-ACP3 is due to the synergic effect between ACP and 
rGO.Therefore, this research provides a convenient and scalable method 
for not only increasing the electrochemical performance of waste ma
terials derived activated carbon but also preventing the aggregation of 
rGO sheets when used for practical application. In addition, the specific 

Fig. 6. Electrochemical performance of RGO-ACP3 measured in 1 M Na2SO4. (a)CV curves of RGO-ACP3 at different scan rates from 0 to 1.6 V. The inset shows CV 
curves of RGO-ACP3 at different voltage window at 0.01 V s� 1. (b)Galvanostatic charge-discharge curves of RGO-ACP3 at different current densities. (c)Gravimetric 
capacitances of RGO-ACP3 calculated from the discharge curves under different current densities. (d)Nyquist plots of RGO-ACP3. The inset shows high fre
quency range. 
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capacitance contributed byrGO in the RGO-ACP15 reaches up to 541 F 
g� 1 at 0.5 A g� 1 in 1 M H2SO4. 
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