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Abstract: Carbon electrode materials for double layer capacitors have attracted much attention,
due to their low cost and abundant sources. Their low specific capacitance, however, hinders
the development of carbon electrode materials. In this paper, the large specific surface area
commercial activated carbons, rich in micropores, were initially oxygen-functionalized by treatment
using concentrated H2SO4, saturated (NH4)2S2O8, and H2SO4/(NH4)2S2O4 mixed oxidants,
respectively. The as-prepared samples were analyzed using N2 adsorption/desorption isotherms,
X-ray photoelectron spectroscopy, and Boehm titration, and used as electrode materials for
supercapacitors. Characterization results displayed that the oxidation treatment decreased the specific
surface area along with increasing oxygen content. The electrode test showed that the electrochemical
activity increased as oxygen content increased. The result that oxygen-functionalized activated
carbon, even with a lower specific surface area but much more oxygen content, had higher capacity
than pristine activated carbon, tells of the critical role of oxygen functional groups. The excellent
capacitive performance suggests a good potential for oxygen functional carbon material to be a highly
promising electrode material for supercapacitors.

Keywords: oxygen-containing groups; carbon electrode; supercapacitor; high electrochemical
performance

1. Introduction

Inexpensive, stable, and much efficient energy storage devices are very crucial for the growing
demand for sustainable energy and electric vehicles. Supercapacitors (SCs) have been extensively
acknowledged as backup power devices, energy conservation, and power tools, and are expanding
their applications in electrical vehicles [1–4]. A broad variety of appropriate electrode composites have
been explored, mainly built upon charge accommodation at the electric double layer and the occurrence
of Faradaic reactions [5]. These electrode materials are mainly constituted by metal oxides, conductive
polymers, and porous carbon materials. Of the extensively studied electrode materials of transition
metal oxides, RuO2 displayed the excellent initial electrochemical performance, whereas the cost of
precious metal oxides and difficulties in large-scale production limited its practical applications [6,7].
Likewise, conductive polymers possessed lots of shortcomings, e.g., poor stability. Therefore, porous
carbon materials have emerged as the most potential alternative, owing to their cheapness, high supply,
outstanding conductivity, eco-friendliness, and steady structural characteristics.

Carbon electrode materials for double layer capacitors have attracted much attention, due to their
low cost and abundant resources. The low specific capacitance, however, hindered the development of
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carbon electrode materials. Recently, the main interest has been focused on tailoring pore structure,
specific surface, graphitization, and morphology of carbon materials [5,8,9]. As is well known, porous
carbon suffered from the serious drawback of low capacity. The surface availability is low for the
generation of electric double layers due to great difficulty in ions diffusion within most porous carbon
electrode materials [10], hence, attempts to improve the capacitive behavior by increasing the specific
surface area of carbon materials are often restricted. Therefore, it is crucial to take into account a
new strategy that does not depend upon the ion charge accommodation at the electric double layer.
Within our work, we successfully developed an inexpensive, porous, activated carbon material, rich in
oxygen-containing groups, and studied the effect of oxygen functional groups upon the capacitive
performance; a redox reaction built upon oxygen-functionalized carbon electrode materials was
proposed, to explain the much improved capacitive behavior.

Herein, we examined the influence of treatment strategies on the physiochemical properties of all
samples. Textural properties were analyzed using N2 adsorption/desorption isotherms. The surface
chemistry property was characterized using X-ray photoelectron spectroscopy (XPS) and Boehm
titration. Finally, the electrochemical tests results showed that the enhanced capacitive performance
was evident consequence of pseudocapacitance, due to introduction of oxygen functional groups.

2. Materials and Methods

2.1. Sample Preparation

The large specific surface area coconut shell-activated carbons (ACs) (purchased from Songshan
Filter Activated Carbon Factory, Gongyi, Henan, China), rich in micropores, was initially
oxygen-functionalized by treatment, separately, using concentrated H2SO4 (98 wt %) (Xilong Chemical
Co. Ltd., Guangzhou, China), saturated (NH4)2S2O8 (Xilong Chemical Co. Ltd., Guangzhou, China)
and H2SO4/(NH4)2S2O4 mixed oxidants. Typically, 10 g of the commercial ACs was placed in 200 mL
of concentrated oxidants at 25 ◦C for 24 h. The proportion of H2SO4/(NH4)2S2O4 was 5.6:100 (v/v) in
the mixed oxidants. After the treatment, the resulting materials were washed off using the distilled
H2O until the filtrate was neutral, then dried at 110 ◦C for 24 h, and finally stored in dry machine
(Shanghai Jing Hong Laboratory Instrument Co. Ltd., Shanghai, China) before use. All samples were
referred to as AC-o, AC-s, AC-a, and AC-m, where o, s, a, and m represented the pristine sample, or
H2SO4, (NH4)2S2O4, and the mixed oxidants, respectively.

2.2. Characterization

Textural characterization of the samples was carried out using N2 adsorption/desorption at 77 K
with a NOVA1000e surface area and pore size analyzer (Quantachrome Instruments, Florida, USA).
Prior to the measurements, samples were degassed at 393 K for 3 h. The specific surface area was
calculated from the N2 adsorption isotherm by applying the Brunauer-Emmett-Teller (BET) equation,
the total pore volume was determined at P/P0 of 0.986, and the pore size distribution was calculated
using a Density Functional Theory (DFT) model.

The morphology of the samples was conducted by field emission scanning electron microscopy
(FESEM, Hitachi SU5000, Tokyo, Japan).

X-ray photoelectron spectroscopy (XPS) measurements were carried out to investigate the surface
oxidation state of the samples. The spectra were recorded on an XSAM800 spectrometer equipped with
an EA-125 hemispherical multichannel electronics (Kratos Analytical Ltd, Manchester, UK) analyzer
operating at a constant pass energy. The samples were loaded on the holder using a carbon adhesive
tape. The background pressure in the analysis chamber was maintained below 10−9 Pa during the test.
The radiation used was the Al Kα line, and the X-ray source was run at a power of 180 W. The C 1s
peak position was set at 284.6 eV, and taken as an internal standard.

Boehm titration was used to measure the quantities of oxygen-containing groups over the AC
surface. In this method, different oxygen groups can be distinguished by their neutralization behaviors
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according to the following assumptions: (1) NaOH (Xilong Chemical Co. Ltd., Guangzhou, China)
(0.25 M) can neutralize all acid oxygen functional groups; (2) NaOH (Xilong Chemical Co. Ltd.,
Guangzhou, China) (0.05 M) can neutralize carboxyl, phenol, and lactone groups; (3) Na2CO3 (Xilong
Chemical Co. Ltd., Guangzhou, China) (0.05 M) can neutralize carboxyl and lactone groups; and (4)
NaHCO3 (Xilong Chemical Co. Ltd., Guangzhou, China) (0.05 M) can neutralize only carboxyl groups.
The amount of each base neutralized by oxygen functional groups can be determined by back titration
using HCl (Xilong Chemical Co. Ltd., Guangzhou, China) (0.05 M).

2.3. Electrochemical Measurements

The working electrode was prepared by mixing the AC with polyvinylidene fluoride (PVDF)
(Changshu Xinhua Chemical Co. Ltd., Suzhou, China) and carbon black (Jiaozuo Hexing Chemical
Industry Co. Ltd., Jiaozuo, China) (8.5:1:0.5) in N-methyl 2-pyrrolidone (NMP) (Chengdu Kelong
Chemical Reagent Factory, Chengdu, China) to form a homogeneous slurry. The slurry was coated on a
nickel foam (Kunshan Longshengbao Electronic Materials Co. Ltd., Suzhou, China) with a surface area
of 1 cm2. The electrodes were dried at 105 ◦C for 12 h, pressurized under 10 MPa, and then weighted.
The mass loading of the active material was in the range of 3.0~4.0 mg/cm2.

The capacitive performance of all carbon samples was investigated by CHI660D electrochemical
(ChenHua Instruments Co., Shanghai, China) working station in 6 M KOH (Xilong Chemical Co. Ltd.,
Guangzhou, China) using a three-electrode testing cell. In the three-electrode system, graphite electrode
and Hg/HgO electrode were applied as the counter and reference electrodes, respectively. The cyclic
voltammetry (CV) was performed to study the surface redox reaction on oxygen-functionalized
activated carbon (AC) electrodes. The capacitive performances were evaluated by the means of
galvanostatic charge–discharge measurement with a window from −1 to 0 V. The capacitance was
calculated from the galvanostatic discharge process according to the following equation:

C =
I · ∆t

∆V ·m (1)

where I is the discharge current (A), ∆t is the discharge time (s), ∆V is the voltage difference in
discharge, and m is the mass of the active material (g).

For the two-electrode cell, the capacitance was calculated by the Equation (2):

Ccell =
I · ∆t

∆V ·mtotal
(2)

where mtotal (g) is the total mass of the active material on the two electrodes.

3. Results and Discussion

3.1. Textural Characterization

Textural properties were analyzed using N2 adsorption/desorption isotherms. As shown in
Figure 1a, all samples displayed a notable uptake at low P/P0 values, and a hysteresis loop at high
relative pressures, which represented the type-I curve linked with the micropores, and the type-IV
curve related to the small amount of the mesopores [11,12], respectively. On oxidation, the specific
surface area was obviously reduced from 901.4 m2/g for AC-o, to 708.7 m2/g for AC-s, 490.0 m2/g for
AC-a, and 489.3 m2/g for AC-m (Table 1). This evolution may arise from blocking of some pores by
oxygen functional groups, destruction of pore walls, or/and the carbon shrinkage during the treatment
process [13–15]. The pore size distribution was mainly dominated by micropores, along with a small
amount of mesopores for all the samples (Figure 1b).
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Table 1. Structural parameters calculated from N2 adsorption/desorption isotherms.

Sample SBET
(m2/g)

Vmic
(cm3/g)

Vmeso
(cm3/g)

Vt
(cm3/g)

Average Pore Diameter
(nm)

AC-o 901.4 0.373 0.163 0.596 2.65
AC-s 708.7 0.290 0.109 0.443 2.50
AC-a 490.8 0.196 0.084 0.311 2.53
AC-m 489.3 0.200 0.078 0.310 2.54

Figure 2 presented SEM images of the samples. As shown in Figure 2, compared with the sample
AC-o, the surface of the activated carbons after oxidation treatment was disrupted, especially the
sample AC-m.
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3.2. Surface Chemistry Property

The surface chemistry property was characterized using X-ray photoelectron spectroscopy (XPS)
and Boehm titration. In the XPS data (Figure 3), the increased signal at about 288.8 eV (C1s) for the
treated samples, especially the samples AC-a and Ac-m, which clearly manifested the existence of
sufficient carbon–oxygen bonds (O–C=O) [16–18] after oxidation treatment. The total oxygen amounts
(Table 2) followed an upward tendency from 4.9% for Ac-o, to 6.4% for AC-s, 11.8% for AC-a, and 13.3%
for AC-m. Boehm titration enabled the quantitative evaluation of oxygen functional groups (Table 3).
Contents of acidic oxygen groups were extremely small on AC-o, but significantly increased upon
exposure to oxidation, synchronously with the fading of the basic oxygen groups. Note that oxidation
treatment, in particular using mixed oxidants, seemed to favor the generation of carboxyl groups.
Combining all data above, treatment with common oxidants was clearly evidenced to be an efficient
means to tune the cheap commercial ACs surface properties, especially the surface oxygen functionality.
Therefore, based on four samples as electrode materials, AC-o, AC-s, AC-a, and AC-m appeared to be
a good model group to assess how oxygen functionalities impact capacitive behaviors in the following.
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Table 2. Carbon and oxygen contents in the studied samples obtained from XPS.

Samples C (%) N (%) O (%) O/C (%)

AC-o 94.41 0.65 4.94 5.23
AC-s 93.11 0.54 6.35 6.82
AC-a 87.55 0.69 11.76 13.43
AC-m 85.99 0.74 13.28 15.44

Table 3. Contents of oxygen functional groups in the studied samples obtained from Boehm titration.

Sample Carboxyl
(mmol/g)

Lactone
(mmol/g)

Phenol
(mmol/g)

Total Acidic Groups
(mmol/g)

Total Basic Groups
(mmol/g)

AC-o 0.103 0.099 0.161 0.431 0.292
AC-s 0.602 0.102 0.081 0.940 0.059
AC-a 1.967 0.256 0.028 2.929 -
AC-m 2.416 0.324 0.158 3.526 -
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3.3. Electrochemical Performance

Surface redox reaction on oxygen-functionalized AC electrodes in 6 M KOH electrolyte, using
cyclic voltammetry (CV), was studied. As shown in Figure 4, the rectangular CV curves typical of
electrochemical double layer capacitors were observed on AC-o and AC-s electrodes, whereas the
considerably higher current response with the broad redox peak, in the potential range from −0.9 to
−0.2 V over AC-a and AC-m electrodes, indicated that the salient redox reaction occurred to the AC-a
and AC-m electrodes. This current response trend coincided with the oxygen content in all samples.
Figures 5 and 6 depicted the galvanostatic charge–discharge test at the current densities range of
0.5–10 A/g, and the corresponding specific capacitance, respectively. On the whole, electrochemical
activity increased in the following order: AC-o < AC-s < AC-a < AC-m, consistent with the variation
trend in oxygen contents. Particularly, taking the electrodes tested at the current load of 0.5 A/g,
for example, when normalized to the weight of active materials in the electrode, specific capacitance
was as low as 95.0 F/g on AC-o, but notably increased to 108.1 F/g on AC-s, 146.9 F/g on AC-a,
and 179.0 F/g on AC-m. The fact that AC-o, even with much larger surface area but lower oxygen
content, had much lower specific capacitance than the treated samples, tells of the importance of
oxygen functional groups.
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Cycling stability of activated carbon electrodes was tested using constant-current
charge–discharge method at a current load of 5 A/g, and the results were shown in Figure 7.
The specific capacitance decreased slightly in the early 500 cycles, and was then stabilized with
86.4% retention for AC-m after 2500 cycles. By comparing the cycling performance of the four sample
electrodes, the introduction of oxygen functional groups resulted in a decrease in cycle stability.

EIS characterization was measured with an amplitude of 5 mV in the frequency range from
10−2 Hz to 105 Hz (Figure 8). The charge transfer resistance, fitted by ZView software using the
equivalent circuit in Figure 8b, was 0.040 Ohm for AC-o, 0.023 Ohm for AC-s, 0.047 Ohm for AC-a,
and 0.055 Ohm for AC-m, respectively. This result indicated that the introduction of a small number of
oxygen-containing functional groups reduced charge transfer resistance, while the addition of a large
number of oxygen-containing functional groups increased charge transfer resistance.

To further estimate the activated carbons for the supercapacitor application, aqueous symmetrical
supercapacitors were fabricated with 6 M KOH aqueous electrolytes. Figure 9a presented CV curves
for a two-electrode system in the working voltage range of 0~1.0 V at a scan rate of 50 mV/s. Figure 9b
displayed galvanostatic charge-discharge curves for two-electrode system at the current density of
1 A/g. According to Equation (2), the specific capacitances were 18.5 F/g for AC-o, 19.2 F/g for AC-s,
23.8 F/g for AC-a, and 25.7 F/g for AC-m, respectively (shown in Figure 10).
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3.4. Energy Storage Mechanism Discussion

Clearly, the obviously enhanced capacitive behavior of the treated sample shown on the CV
curves (Figure 4) was an evident consequence of pseudocapacitance in the KOH electrolytes. As is
well known, power energy can be stored in carbon-based materials via the well-defined electric double
layer mechanism, as observed here on AC-o. However, the pronounced redox peaks in CV curves
clearly manifested that a new energy storage mechanism had occurred on AC-a and AC-m. This new
mechanism was closely linked to the surface redox reactions, thus introducing the pseudocapacitance.
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Frackowiak and coworker [18] have proposed the following surface reaction of oxygen functional
groups in the aqueous medium,

> C = O + e− ↔ > C−O− (3)

which involved the reversible transformation between carbon–oxygen double bond and carbon–oxygen
singer bond (where > C represented the carbon network). Meanwhile, the energy storage mechanism of
oxygen functional groups was also proposed by other researchers [19–21]. In our case, carbon–oxygen
double bonds were abundant on the AC-a and AC-m samples, owing to incorporation of carboxyl and
lactone by oxidation treatment, as shown in XPS and Boehm titration results.

Contribution of oxygen functional groups to specific capacitance in ACs was further evidenced
by comparing electrochemical performance of AC-m before and after reduction treatment (in 4% H2

and 96% Ar at 900 ◦C for 3 h). Surprisingly, N2 adsorption/desorption test (Figure 11) displayed
that the specific surface area and average pore diameter of reduced AC-m obviously was 907.5 m2/g
and 2.64 nm, similar to those of the AC-o sample (901.4 m2/g and 2.65 nm). XPS analysis (Figure 12)
showed that the reduced heat treatment decreased the contents of oxygen functional groups on the
AC surface. The intensities of the distinct C1s peaks, assigned to carboxyl group at approximately
288.8 eV [22], was greatly reduced relative to those of sp3 (285.5 eV) and sp2 (284.6 eV) hybridized
carbon [23] when exposed to thermal treatment, and the corresponding electrochemical performance
were shown in Figure 13. The redox signals disappeared, and current response and specific capacitance
decreased considerably upon thermal treatment to reduce oxygen functional groups. For example,
the specific capacitance of AC-m decreased from 158.0 F/g to 79.8 F/g at a current load of 5 A/g upon
thermal reduction. These outcomes further confirmed that the improving electrochemical behavior
was responsible for redox reaction of oxygen functional groups.

The energy storage mechanism helped to understand the superficial reaction for the excellent
electrochemical capacitive performance of the treated samples. Likewise, the other mechanisms, e.g.,
the double layer energy storage mechanism, might contribute to the observed capacitor performance,
especially porous carbon materials, in that the reduced AC-m electrode also delivered a certain
capacitance. Therefore, the outstanding capacitive performance of oxygen–carbon was attributed to
the double-modal energy storage mechanisms: (1) the adsorption/desorption of the active ions in the
electric double layer; (2) reversible surface reaction of oxygen functionality. Furthermore, the improved
surface wettability of oxygen-functionalized carbon materials contributed electrolyte effectively into
the pores of carbon materials, and formed an electric double layer between active ions and inner
pore wall.Materials 2018, 11, x FOR PEER REVIEW  10 of 12 
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4. Conclusions

Carbon electrode materials for double layer capacitors have attracted much attention, due to the
low cost and abundant resources. However, the low specific capacitance hindered the development of
carbon electrode materials. This paper reported a class of oxygen-functionalized carbon electrodes
for supercapacitors. The oxygen-functionalized carbon materials can be facilely derived by using a
simple, operable, reproducible oxidation treatment of the cheap commercial ACs, and show excellent
capacitive performance, which could be attributed to the pseudocapacitance of the redox reaction of
oxygen functional groups. The low cost and abundant resources render the oxygen-functionalized
carbon materials as a promising candidate for practical use.

Author Contributions: Design and Preparation, Y.F.; Investigation, Y.L.; Formal Analysis and Writing—Original
Draft, W.Y.; Writing—Review & Editing, Y.F. and Y.L.

Funding: This research was funded by the National Natural Science Foundation of China (No. 21606058),
the Natural Science Foundation of Guangxi (No. 2017GXNSFBA198193 and 2017GXNSFBA198124), the Guangxi
Basic Ability Promotion Program for Middle-Aged and Young Teachers (No. 2017KY0268) and the Doctoral
Scientific Research Foundation of Guilin University of Technology (No. 002401003512).

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2018, 11, 2455 11 of 12

References

1. Yang, W.; Feng, Y.Y.; Xiao, D.; Yuan, H.Y. Fabrication of microporous and mesoporous carbon spheres for
high-performance supercapacitor electrode materials. Int. J. Energy Res. 2015, 39, 805–811. [CrossRef]

2. Lu, S.; Corzine, K.A.; Ferdowsi, M. A new battery/ultracapacitor energy storage system design and its motor
drive integration for hybrid electric vehicles. IEEE Trans. Veh. Technol. 2007, 56, 1516–1523. [CrossRef]

3. Simon, P.; Gogotsi, Y. Materials for electrochemical capacitors. Nat. Mater. 2008, 7, 845–854. [CrossRef]
[PubMed]

4. Feng, Y.Y.; Huang, H.B.; Yang, W.; Huang, W.L.; Xia, Y.L.; Yi, Y.J.; Zhang, X.J.; Zhang, S.F. Sulfur-doped
microporous carbons developed from coal for enhanced capacitive performances of supercapacitor electrodes.
Integr. Ferroelectr. 2018, 188, 44–56. [CrossRef]

5. Zhu, D.Z.; Wang, Y.W.; Lu, W.J.; Zhang, H.; Song, Z.Y.; Luo, D.; Gan, L.H.; Liu, M.X.; Sun, D.M. A novel
synthesis of hierarchical porous carbons from interpenetrating polymer networks for high performance
supercapacitor electrodes. Carbon 2017, 111, 667–674. [CrossRef]

6. Hu, C.C.; Chang, K.H.; Lin, M.C.; Wu, Y.T. Design and tailoring of the nanotubular arrayed architecture of
hydrous RuO2 for next generation supercapacitors. Nano Lett. 2006, 6, 2690–2695. [CrossRef]

7. Bi, R.R.; Wu, X.L.; Cao, F.F.; Jiang, L.Y.; Guo, Y.G.; Wan, L.J. Highly dispersed RuO2 nanoparticles on carbon
nanotubes: Facile synthesis and enhanced supercapacitance performance. J. Phys. Chem. C 2010, 114,
2448–2451. [CrossRef]

8. Lv, Y.Y.; Wu, Z.X.; Qian, X.F.; Fang, Y.; Feng, D.; Xia, Y.Y.; Tu, B.; Zhao, D.Y. Site-specific carbon deposition for
hierarchically ordered core/shell-structured graphitic carbon with remarkable electrochemical performance.
Chem Sus Chem 2013, 6, 1938–1944. [CrossRef]

9. Gao, Y.; Zhou, Y.S.; Qian, M.; He, X.N.; Redepenning, J.; Goodman, P.; Li, H.M.; Jiang, L.; Lu, Y.F. Chemical
activation of carbon nano-onions for high-rate supercapacitor electrodes. Carbon 2013, 51, 52–58. [CrossRef]

10. Xu, J.; Ma, C.; Cao, J.; Chen, Z. Facile synthesis of core-shell nanostructured hollow carbon
nanospheres@nickel cobalt double hydroxides as high-performance electrode materials for supercapacitors.
Dalton Trans. 2017, 46, 3276–3283. [CrossRef]

11. Huang, Y.A.; Hu, S.; Zuo, S.; Xu, Z.; Han, C.; Shen, J. Mesoporous carbon materials prepared from
carbohydrates with a metal chloride template. J. Mater. Chem. 2009, 19, 7759–7764. [CrossRef]

12. Oschatz, M.; Borchardt, L.; Thommes, M.; Cychosz, K.A.; Senkovska, I.; Klein, N.; Frind, R.; Leistner, M.;
Presser, V.; Gogotsi, Y.; et al. Carbide-derived carbon monoliths with hierarchical pore architectures.
Angew. Chem. Int. Ed. 2012, 51, 7577–7580. [CrossRef] [PubMed]

13. Hulicova-Jurcakova, D.; Seredych, M.; Lu, G.Q.; Bandosz, T.J. Combined effect of nitrogen- and
oxygen-containing functional groups of microporous activated carbon on its electrochemical performance in
supercapacitors. Adv. Funct. Mater. 2009, 19, 438–447. [CrossRef]

14. Li, N.; Ma, X.L.; Zha, Q.F.; Kim, K.; Chen, Y.S.; Song, C.S. Maximizing the number of
oxygen-containing functional groups on activated carbon by using ammonium persulfate and improving
the temperature-programmed desorption characterization of carbon surface chemistry. Carbon 2011, 49,
5002–5013. [CrossRef]

15. Feng, Y.Y.; Yang, W.; Liu, D.J.; Chu, W. Surface modification of bituminous coal and its effects on methane
adsorption. Chin. J. Chem. 2013, 31, 1102–1108. [CrossRef]

16. Estrade-Szwarckopf, H. XPS photoemission in carbonaceous materials: A “defect” peak beside the graphitic
asymmetric peak. Carbon 2004, 42, 1713–1721. [CrossRef]

17. Bao, J.; Liang, C.; Lu, H.; Lin, H.; Shi, Z.; Feng, S.; Bu, Q. Facile fabrication of porous carbon microtube
with surrounding carbon skeleton for long-life electrochemical capacitive energy storage. Energy 2018, 155,
899–908. [CrossRef]

18. Frackowiak, E.; Beguin, F. Carbon materials for the electrochemical storage of energy in capacitors. Carbon
2001, 39, 937–950. [CrossRef]

19. Wei, X.; Jiang, X.; Wei, J.; Gao, S. Functional groups and pore size distribution do matter to hierarchically
porous carbons as high-rate-performance supercapacitors. Chem. Mater. 2016, 28, 445–458. [CrossRef]

20. Hwang, Y.H.; Lee, S.M.; Kim, Y.J.; Kahng, Y.H.; Lee, K. A new approach of structural and chemical
modification on graphene electrodes for high-performance supercapacitors. Carbon 2016, 100, 7–15.
[CrossRef]

http://dx.doi.org/10.1002/er.3301
http://dx.doi.org/10.1109/TVT.2007.896971
http://dx.doi.org/10.1038/nmat2297
http://www.ncbi.nlm.nih.gov/pubmed/18956000
http://dx.doi.org/10.1080/10584587.2018.1454763
http://dx.doi.org/10.1016/j.carbon.2016.10.016
http://dx.doi.org/10.1021/nl061576a
http://dx.doi.org/10.1021/jp9116563
http://dx.doi.org/10.1002/cssc.201300458
http://dx.doi.org/10.1016/j.carbon.2012.08.009
http://dx.doi.org/10.1039/C6DT04759A
http://dx.doi.org/10.1039/b911011a
http://dx.doi.org/10.1002/anie.201200024
http://www.ncbi.nlm.nih.gov/pubmed/22696469
http://dx.doi.org/10.1002/adfm.200801236
http://dx.doi.org/10.1016/j.carbon.2011.07.015
http://dx.doi.org/10.1002/cjoc.201300215
http://dx.doi.org/10.1016/j.carbon.2004.03.005
http://dx.doi.org/10.1016/j.energy.2018.04.151
http://dx.doi.org/10.1016/S0008-6223(00)00183-4
http://dx.doi.org/10.1021/acs.chemmater.5b02336
http://dx.doi.org/10.1016/j.carbon.2015.12.079


Materials 2018, 11, 2455 12 of 12

21. He, Y.; Zhang, Y.; Li, X.; Lv, Z.; Wang, X.; Liu, Z.; Huang, X. Capacitive mechanism of oxygen functional
groups on carbon surface in supercapacitors. Electrochim. Acta 2018, 282, 618–625. [CrossRef]

22. Shao, Y.Y.; Xiao, J.; Wang, W.; Engelhard, M.; Chen, X.; Nie, Z.; Gu, M.; Saraf, L.V.; Exarhos, G.; Zhang, J.G.;
et al. Surface-driven sodium ion energy storage in nanocellular carbon foams. Nano Lett. 2013, 13, 3909–3914.
[CrossRef] [PubMed]

23. Chiang, Y.C.; Lin, W.H.; Chang, Y.C. The influence of treatment duration on multi-walled carbon nanotubes
functionalized by H2SO4/HNO3 oxidation. Appl. Surf. Sci. 2011, 257, 2401–2410. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.electacta.2018.06.103
http://dx.doi.org/10.1021/nl401995a
http://www.ncbi.nlm.nih.gov/pubmed/23879207
http://dx.doi.org/10.1016/j.apsusc.2010.09.110
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Sample Preparation 
	Characterization 
	Electrochemical Measurements 

	Results and Discussion 
	Textural Characterization 
	Surface Chemistry Property 
	Electrochemical Performance 
	Energy Storage Mechanism Discussion 

	Conclusions 
	References

