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Abstract: Superior capacitance of carboxyl functionalized and surfactant-intercalated graphene were prepared by a 

relatively simple with two-step solution-based processing technique. In comparison to pristine graphene, surface car-

boxyl functionalization and surfactant intercalation can tailor its specific capacitance from 50 F/g to 230 F/g. Mean-

while, the modified materials retain more than 95% of their capacitance after 800 charge-discharge cycles, demon-

strating good cyclic stability. Surfactant itself cannot improve the performance of pristine graphene as graphene inter-

calated with surfactant has a specific capacitance of 45 F/g, however, carboxyl groups can dramatically enhance spe-

cific capacitance to 130 F/g. The excellent performance of functionalized graphene emphasizes the importance of con-

trolling its surface chemistry. 
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Supercapacitors, which are also called electrochemical 
capacitors (ECs) or ultracapacitors, have attracted much 
attention in recent years because of their pulse power sup-
ply, long cyclic life (>100,000 cycles), simple operational 
mechanism, and high dynamics of charge propagation[1]. 
Furthermore, in comparison with batteries, ECs usually 
have much higher rate capabilities suitable for special re-
quirements in electronics, AC-line filtering, aircraft, en-
ergy storage devices, uninterrupted or emergency power 
supplies, and electric vehicles[2]. A unit cell of an electrical 
double-layer capacitor (EDLC) displays the characteristics 
of a double-layer capacitor at the electrode/electrolyte 
interface, where electric charges are accumulated on the 
electrode surfaces and ions of opposite charge are ar-
ranged in the electrolyte side[3]. In order to improve the 
performance of supercapacitors, most research is fo-
cused on using innovative electrode materials, appro-
priate electrolytes, and tuning electrode/electrolyte in-
terface properties.  

Graphene, the two-dimensional (2D) unit of three-di-
mensional (3D) bulk material graphite, has received sig-
nificant attention due to its extraordinary properties[4-5]. It 
has captured the imagination of engineers for a variety of 

electronics, optical, sensing, microfluidics, manufacturing, 
and clean energy device applications[6-7]. In this study, a 
Wurtz-type reductive coupling (WRC) reaction was util-
ized as a bottom-up method for rapid preparation of 
high-quality pristine graphene, and the samples obtained 
were labeled as PG[8]. However, the availability of 
as-prepared graphene is confined to high cohesive van der 
Waals energy (5.9 kJ/mol carbon)[9] adhering graphitic 
sheets to one another. Thus, pristine graphene-based mate-
rials actually exhibit unsatisfactory capacitance because of 
inevitable aggregation of graphene sheets. The oxidation 
chemistry of graphene is similar to that used to function-
alize single-walled carbon nanotubes (SWCNTs)[10], which 
yields a variety of oxygen functionalities (–OH, –O–, and 
–COOH), primarily at “defect” sites on SWCNT ends. 
These surface functionalities of graphene can inhibit gra-
phene sheets from aggregation and thereby, improve their 
electrochemical properties. Pristine graphene has tiny 
amount of oxygen functionalities on their surface. Surfac-
tant intercalation can inhibit graphene sheet aggregation, 
enhance surface wettability, and thus improve their spe-
cific capacitance. Lomeda, et al[11]  employed aryl dia-
zonium salts to enhance  the solubility of graphene 
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nanosheets in organic solvents. Zhang, et al[12] used dif-
ferent surfactants to improve electrochemical performance 
of chemically reduced graphene oxide, and reported that 
surfactants were connected to graphene by oxygen func-
tionalities. Herein, we firstly functionalized the surface of 
graphene by nitric acid treatment and then used surfactant 
to stabilize functionalized graphene, and the samples ob-
tained were labeled as PGC and PGCS, respectively. In 
order to distinguish effects of carboxyl functionalization 
and surfactant intercalation, only surfactant intercalation 
procedure was conducted on some samples, and they were 
labeled as PGS. 

1  Experimental 

1.1  Preparation of Graphene-based materials 
(PG, PGS, PGC and PGCS) 

Pristine graphene (PG) was synthesized by a sol-
vothermal method[8]. For the synthesis of car-
boxyl-functionalized graphene, 80 mg of graphene was 
dispersed in 50 mL of nitric acid solution (68%). The so-

lution was then sonicated for 30 min and refluxed at 90℃ 

for 16 h. The obtained sample (labeled as PGC) was 
washed completely with distilled water and dried in a vac-

uum at 60℃ for 12 h. For the preparation of surfac-

tant-intercalated graphene (labeled as PGCS), 25 mL of 
PGC solution (2 mg/mL) and 25 mL of surfactant solution 
(SDBS: sodium dodecyl benzenesulfonate, 23 mg/mL) 
were added to a 500 mL flask. The mixture was stirred at 
room temperature for 3 d, and then washed completely 
with distilled water. For comparison, the same intercala-
tion procedure was also conducted on pristine graphene, 
and the samples obtained were labeled as PGS. 

1.2  Characterization 
Fourier-transformed infrared spectra (FTIR, Nicolet 

510P) were measured using pressed KBr pellets. Brun-
auer-Emmet-Teller (BET) specific surface area was deter-
mined from N2 adsorption by using a Micromeritics ASAP 
2020 (USA) analyzer at liquid nitrogen temperature.  

1.3  Electrochemical measurement 
 The electrochemical measurements were carried out 

on a conventional three electrode cell setup. The working 
electrode was prepared by casting a Nafion-coated sample 
onto a glassy carbon electrode having a diameter of 5 mm. 
Typically, 10 mg of active material was dispersed in a 2 mL 

ethanol solution by sonication for 1 h. Then, 3 L of the 

solution (The mass of active material deposited is about to 

15 g) was dropped onto the glassy carbon electrode and 

dried in air; subsequently, 7 L of Nafion solution was 

dropped onto the glassy carbon electrode and dried in air 

prior to the electrochemical test. A platinum wire served as 
the counter electrode, Ag/AgCl with saturated KCl solution 
was the reference electrode, and a 1.0 mol/L H2SO4 solution 
served as the electrolyte. Cyclic voltammetry (CV), 
electrochemical impedance spectroscopy (EIS), and 
galvanostatic charge–discharge (GCD) were performed 
on a CHI760D electrochemical workstation (CH In-
struments). The potential range for CV and GCD was 
from 0 V to 1.0 V. The frequency for the EIS tests 
ranged from 100 kHz to 1 Hz, and the applied ampli-
tude was 5 mV. 

2  Results and discussion 

FTIR spectroscopy was used to characterize surface 
functionalization of pristine graphene. As shown in Fig. 1, 
the FTIR spectrum of PG exhibits representative peaks at 
3439, 1629, and 1121 cm-1 corresponding to O–H stretch, 
C=O stretch of the –COOH, and epoxy C–O stretch, re-
spectively. After nitric acid treatment, the FTIR spectrum 
of PGC demonstrates three broad peaks at 3446, 1633, and 
1175 cm-1 corresponding to O–H stretch, C=O stretch of 
the –COOH, and epoxy C–O stretch, respectively, which 
is consistent with previous reports[13-14]. In comparison to 
PG, the C=O absorption is enhanced, an observation that 
confirms the surface oxidation of PG via acid treatment. 
The linkage of SDBS to PG surfaces modifies the C=O 
stretching of the –COOH, in which the absorption band is 
blue shifted to 1634 cm-1 from 1629 cm-1 for the PG. This 
shift arises from the weaker π–π and hydrophobic interac-
tions between carboxyl and SDBS functional groups. The 
linkage of SDBS to PGC modifies the O–H stretch and 
C=O stretching of the –COOH, in which the absorption 
band is red shifted to 3435 cm-1 from 3446 cm-1 and to 
1625 cm-1 from 1633 cm-1 for PGC. This shift arises from 
the hydrogen bonding and π–π interaction between car-
boxyl and SDBS functional groups. 

 

Fig. 1  FTIR spectra of various graphene-based samples (PG, 
PGS, PGC, and PGCS) 
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The N2 adsorption-desorption isotherms and the pore 
size distribution of samples are shown in Fig. 2. Nitro-
gen adsorption isotherms of all graphene-based com-
posites exhibit a typical type-I curve at low relative 
pressure and a hysteresis loop at relative pressure from 
0.4, indicating the presence of microporosity and 
mesoporosity[15]. The BET surface areas, pore volumes, 
and average pore sizes of all samples are shown in Ta-
ble 1. After surface carboxyl functionalization, the BET 
surface areas and pore volumes of the obtained PGC 
and PGCS displayed obvious increases. In contrast, 
after surfactant intercalation, the BET surface areas and 
pore volumes of the obtained PGS and PGCS decreased 
compared with PG and PGC.  

Figure 3(a) displays CV curves of PG, PGS, PGC, and 
PGCS. At a scan rate of 50 mV/s, curves of both PG and 
PGS show a clear capacitive behavior with a rectangle- 
like CV curve, while Faradic peaks are observed at 0.4 V of 
anodic scan and 0.35 V of cathodic scan in curves of PGC 
and PGCS. The redox peaks on the CV plots can be as-
cribed to oxygenated groups attached to the surface of 
graphene, such as –COOH[16-17]. The redox reaction (Far-
adic process) can be considered as below:  

>C–OH  >C=O + H+ + e- 

>C=O + e-  >C–O-              (1) 

Obviously, PGCS exhibits the largest capacity; whereas, 
PGS demonstrates only a minimal capacitance due to the 
decrease in surface area (poorer than pristine graphene 
material). The representative galvanostatic charge/discharge 
plots in Fig. 3(b) have consistent outcomes. The average 
specific capacitance was estimated from the discharge 
slope according to the following equation: 

 C = I ∆t / (∆V × m)                (2) 
Where C is specific capacitance, I is the current loading 

(A), ∆t is the discharge time (s), ∆V is the potential change 
during discharge process, and m is the mass of active ma- 

terial in a single electrode (g). The specific capacitances of 
PG, PGS, PGC, and PGCS are 50, 45, 130, and 230 F/g, 
respectively, at a current density of 1 A/g. Carboxyl func-
tionalized graphene (PGC) and surfactant-intercalated 
graphene (PGCS) also have a little increase of dou-
ble-layer capacitance, which can also be calculated from 
Fig. 3(a). The capacitance of carbon-based electrochemi-
cal supercapacitors depends on two kinds of accumulated 
energy: the electrostatic attraction in electrical dou-
ble-layer capacitors (EDLCs) and Faradic reactions in-
duced pseudocapacitance. The much higher specific ca-
pacitance of PGC (130 F/g) compared with PG (50 F/g) 
mainly emanates from oxygenated groups attached to the 
surface of graphene generated by nitric acid treatment. 
SDBS is combined on graphene sheets through oxygen-
ated groups and defects accrued on the surface of gra-
phene. Surfactant cannot directly improve the capacitance 
of pristine without nitric acid treatment, and the introduc-
tion of ions decreases the capacitance of pristine graphene 
instead. The much higher specific capacitance of PGCS 
(230 F/g) compared with PGC (130 F/g) without surfac-
tant intercalation may be ascribed to surfactants enhancing 
the wettability of the electrode surface in the electrolyte. 
We reach the conclusion that nitric acid treatment is a cru-
cial step in whole experiments. 

EIS data were analyzed using Nyquist plots, which 
display frequency response of electrode/electrolyte sys-
tem. As shown in Fig.3c, nearly vertical Nyquist plots are 
observed for PG, PGS, PGC, and PGCS at low frequency, 
indicating a nearly ideal capacitor response. The cycle 
stability of PGC and PGCS electrodes was examined and 
the results are shown in Fig. 3(d). The capacitance de-
creases slightly during the first 10 cycles, yet remains 
constant thereafter, retaining more than 95% charge after 
800 charge-discharge cycles, thus demonstrating good 
cyclic stability. 

 

Fig. 2  The N2 adsorption-desorption isotherms (a) and the pore size distribution (b) of the samples 
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Table 1  BET surface areas, pore volumes, and average pore sizes of obtained samples. 

Samples BET surface area/(m²·g-1) Pore volume/(cm³·g-1) Average pore size/nm 

PG 

PGS 

PGC 

PGCS 

88.7 

74.6 

104.6 

102.1 

0.37 

0.37 

0.38 

0.40 

16.8 

19.8 

14.5 

15.8 

 

Fig. 3  (a) CV curves (at 50 mV/s, b) galvanostatic charge/discharge curves (at current density of 1 A/g), (c) nyquist plots of PG, 
PGS, PGC, and PGCS, and (d) cyclic stability of PCS and PGCS electrodes at current density of 1 A/g (1 mol/L H2SO4 being 

used as electrolyte) 

 

3  Conclusions 

In summary, a solution-based processing technique was 
used to prepare carboxyl functionalized, surfactant-interca-
lated pristine graphene. The functionalized surfactant- 
treated graphene demonstrates specific capacitance up to 
230 F/g at 1 A/g in a 1 mol/L H2SO4 electrolyte with good 
rate performance and cycling stability. The superior ca-
pacitive performance of carboxyl functionalized, surfac-
tant-intercalated pristine graphene demonstrates the im-
portance of controlling the surface chemistry of graphene 
for supercapacitor applications. 
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羧基功能化和表面活性剂修饰对石墨烯电化学性能的影响 

于建华 1, 2, 许丽丽 1, 朱倩倩 1, 王晓霞 1, 云茂金 3, 董立峰 1 

(1. 青岛科技大学 材料科学与工程学院, 青岛 266042; 2. 中国科学院 上海硅酸盐研究所, 特种无机涂层重点实验室, 

上海 201899; 3.青岛大学 物理科学学院, 青岛 266071) 

摘 要: 通过简单的两步溶液法对石墨烯进行羧基接枝和表面活性剂修饰, 并研究其电化学性能。研究结果表明, 与纯

石墨烯(比电容 50 F/g)相比, 表面活性剂本身并不能有效提高石墨烯的比电容(45 F/g), 羧基功能化可以将石墨烯的比

电容提高至 130 F/g。而羧基功能化和表面活性剂修饰双处理工艺能够将石墨烯的比电容提高到 230 F/g, 且经 800 次

充放电循环后其比电容仍然具有 95%的保持率, 表明该材料具有良好的循环稳定性。因此, 调控石墨烯的表面化学特

性对提高其电化学性能具有重要的意义。 
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