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Abstract
Carbon-based electric double-layer capacitors are being evaluated as potential energy-stor-
age devices in an expanding number of applications. In this study, samples of carbon black 
(CB) treated at different temperatures ranging from 650°C to 1100°C were used as elec-
trodes to improve the efficiency of a capacitor. The surface properties of the heat-treated CB 
samples were characterized by X-ray photoelectron spectroscopy and X-ray diffraction. The 
effect of the heat-treatment temperature on the electrochemical behaviors was investigated 
by cyclic voltammetry and in galvanostatic charge-discharge experiments. The experimental 
results showed that the crystallinity of the CBs increased as the heat-treatment temperature 
increased. In addition, the specific capacitance of the CBs was found to increase with the 
increase in the heat-treatment temperature. The maximum specific capacitance was 165 F·g-
1 for the CB sample treated at 1000oC.
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1. Introduction

Electrochemical capacitors have attracted considerable research attention worldwide in 
recent years due to their many benefits, such as their high power density, long cycle life, 
short charging time, and relative safety compared to secondary batteries [1-3]. Electrochemi-
cal capacitors are now used in devices such as memory back-up systems, uninterruptable 
power sources, and portable electronics. Currently, research is focused on improving the en-
ergy density of these capacitors [4,5]. According to the energy-storage mechanism, electro-
chemical capacitors can be classified as carbon-based electrochemical double-layer capaci-
tors (EDLCs) [6-8] and conducting polymer [9-11] or metal-oxide-based pseudo-capacitors 
[12-14]. 

In particular, carbon materials are promising candidates for EDLCs applications owing to 
their chemical stability, low-cost, fine conductivity and many types of existing forms [15]. 
However, because the raw carbon materials have a tendency to aggregate due to their fine 
size and high surface energy [16], surface treatments are indispensable for improving the ef-
ficiency of the specific capacitance. The characterization of carbon blacks (CBs) depends on 
many parameters, such as their particles size (inversely proportional to the surface area), the 
aggregation of the CB particles (structure, measured as absorption capacity) and the surface 
chemistry [17].

The goal of this work was to obtain high-performance CB electrodes for capacitor ap-
plications and to determine the effects of the heat-treatment temperature on electrochemical 
behaviors of the heat-treated CBs. The heat-treated CBs were characterized by X-ray pho-
toelectron spectroscopy (XPS) and X-ray diffraction (XRD). The electrochemical behaviors 
of the heat-treated CBs were also investigated by cyclic voltammetry and in galvanostatic 
charge-discharge experiments.
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CBs treated at different temperatures. As shown in Fig. 2, the 
intense peak at low angle around 25o can be attributed to the 
002 reflection and peak at a higher angle of around 43o can be 
attributed to the 100 reflection. The graphite (002) peak intensity 
gradually increases with the heat-treatment temperature. From 
these patterns, it can be confirmed that the crystallinity of CBs 
increases with an increase in the heat-treatment temperature.

The electrochemical behaviors of the as-received and heat-
treated CBs sample were investigated under identical electro-
chemical conditions. The CVs of the carbon electrodes were 
obtained in order to monitor their current and capacitance re-
sponses. Fig. 3 shows CV plots of the as-received and heat-
treated CBs samples at a sweep rate of 50 mV·s-1 with apotential 
range of -1.0 to 0.0 V vs. an Ag/AgCl reference electrodes. As 
shown in Fig. 3, the I-V curves exhibited slightly distorted rect-
angular shapes, which is a characteristic of an electrochemical 
capacitor. In addition, the heat-treated CBs showed significantly 
better electrochemical properties than the as-received CBs.

To obtain more detailed information about the capacitance, 
galvanostatic charge-discharge curves were assessed at various 
current densities between 0 and 1 V in a further investigation of 
the performances of the representative CB samples. The specific 
capacitances of the electrodes were calculated according to the 

2. Experimental

2.1. Materials and sample preparation

In the experiments here, commercial CBs were used. The 
CBs were heated in a tube furnace to modify the carbon surfaces 
and structures. They were then treated at 650oC, 850oC, 1000oC, 
and 1100oC at a constant heating rate of 5°C/min under a nitro-
gen flow of 200 mL/min for 5 h. The starting material was used 
as-received, and the samples treated by heating were denoted 
CB-HT650, CB-HT850, CB-HT1000, and CB-HT1100.

2.2. Characterization

A surface analysis of CBs was conducted by means of XPS. 
XPS measurements were made with a Thermo Scientific (USA), 
K-Alpha device with a monochromated Al Kα X-ray source (hu 
= 1486.6 eV). The base pressure in the sample chamber was 
maintained within in a range of 10-8 to 10-9 Torr. Survey spec-
tra were recorded at O1s and C1s photoelectron peaks. All of the 
samples were characterized by recording their XRD patterns on 
a Rigaku D/MAX 2200V/PC X-Ray diffractometer (Japan) us-
ing a CuKα radiation. Transmission electron microscope (TEM) 
images on a Jeol JEM 2100F field-emission electron microscope 
(Japan) were taken to observe the structural properties of the 
heat-treated CBs at different temperatures. 

2.3. Electrochemical properties analysis

The cyclic voltammograms (CVs) and galvanometric charge-
discharge curves of the CBs were examined by the IviumStat 
(Japan) instrument in a three-electrode cell system. A conven-
tional three-electrode cell was formed with Ag/AgCl as the ref-
erence electrode, Pt wire as the counter electrode, and a working 
electrode. 

The active materials as the working electrodes were prepared 
by pressing a mixture of 90 wt.% active materials, 10 wt% poly-
vinylidene fluoride binder and a small amount of N-methylpyr-
rolidone solution into a Ni-form with an area of 1.5 cm2. This 
was followed by drying under a vacuum at 80oC for 24 h.

3. Results and Discussion

An XPS analysis was carried out to analyze the elemental 
compositions of the CBs treated at different temperatures. The 
results are summarized in Table 1. As shown in Table 1, the ratio 
of C1sto O1s decreased with an increase in the heat-treatment tem-
perature. Fig. 1 shows that all samples exhibit nearly the same 
structure due to the fact that CBs, regardless the heat-treatment 
temperature, have a similar binding energy. The C1s and O1s 
peaks were centered at approximately 285 eV and 530 eV, re-
spectively. The increase in C1s can be attributed to the increase in 
the graphitic characteristic of the CB surfaces with an increase 
in the heat-treatment temperature.

XRD patterns were used to investigate the changes in the 
crystalline structure caused by an increase in the heat-treatment 
temperature. Fig. 2 shows the XRD patterns of the heat-treated 

Table 1. Elemental composition of the as-received and heat-treated 
carbon blacks

Specimens
Atomic ratio (%)

C1s O1s N O1s/C1s ratio

As-received 84.39 15.05 0.56 0.18

CB-HT650 88.64 10.66 0.71 0.12

CB-HT850 93.54 6.15 0.31 0.07

CB-HT1000 96.09 2.8 1.11 0.03

CB-HT1100 96.33 2.87 0.81 0.03

CB: carbon black, HT: heat-treated.

Fig. 1. X-ray photoelectron spectroscopy survey scan spectra of the 
heat-treated (HT) carbon blacks (CBs) treated at different temperatures.
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specific capacitance decreased to 140 F·g-1. The maximum spe-
cific capacitance among all specimens was noted in the CB-
HT1000 sample. This can be attributed to the high crystallinity 
of the heat-treated CB samples at 1000oC.

To understand the increase in the specific capacitance, the 
charge-discharge curves of the samples with various current 

following Eq. (1):

 (1)

Here, Cm is the specific gravimetric capacitance (F g-1), w is 
the mass of the active material, and i is the galvanostatic current 
applied during the discharging times (Δt) in the potential ranges 
(ΔV).

Fig. 4a shows V–t plots of all of the electrodes at a constant 
current density of 0.2 A·g-1, and Fig. 4b shows V–t plots of CB-
HT1000 at the different current densities of 0.2, 0.5, and 1 A·g-1. 
The charge-discharge curves of all the electrodes obtained de-
pict not only nearly triangular shapes but also a reduction in 
the voltage drop regions, indicating their enhanced capacitive 
behaviors. However, the discharge curve of the CB-HT1000 
and 1100 samples have long tail shapes due to the change in 
the structural properties as well as the increase in the number of 
well-dispersed particles [18].

The specific capacitances, originally at 26 F·g-1,at a current 
density of 0.2 A·g-1 for the CB-HT650, CB-HT850, CB-HT1000 
and CB-HT1100 samples were found to be 45.2, 69.4, 140 and 
165 F·g-1, respectively. In the case of CB-HT1100 sample, the 

Fig. 2. X-ray diffraction patterns of the heat-treated (HT) carbon blacks (CBs) treated at different temperatures.

Fig. 3. Cyclic voltammograms of samples at a scan rate of 50 mV∙s-1. CB: 
carbon black, HT: heat-treated.

Fig. 4. (a) Charge-discharge curves of heat-treated carbon black 
samples of 0.2 A∙g-1, and (b) charge-discharge curves of CB-HT1000 at dif-
ferent current densities. CB: carbon black, HT: heat-treated. 
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carbon electrode prepared by PVDC carbonization for aque-
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 [5] Balducci A, Dugas R, Taberna PL, Simon P, Plée D, Mastragostino 
M, Passerini S. High temperature carbon-carbon supercapacitor us-
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 [6] Chmiola J, Yushin G, Gogotsi Y, Portet C, Simon P, Taberna PL. 
Anomalous increase in carbon at pore sizes less than 1 nanome-
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ence.1132195.

 [7] Seo MK, Park SJ. Influence of air-oxidation on electric double 
layer capacitances of multi-walled carbon nanotube electrodes. 
Curr Appl Phys, 10, 241 (2010). http://dx.doi.org/10.1016/j.
cap.2009.05.031.

 [8] Xu B, Wu F, Chen R, Cao G, Chen S, Yang Y. Mesoporous acti-
vated carbon fiber as electrode material for high-performance elec-
trochemical double layer capacitors with ionic liquid electrolyte. 
J Power Sources, 195, 2118 (2010). http://dx.doi.org/10.1016/j.
jpowsour.2009.09.077.

 [9] Li H, Wang J, Chu Q, Wang Z, Zhang F, Wang S. Theoretical and 
experimental specific capacitance of polyaniline in sulfuric acid. J 
Power Sources, 190, 578 (2009). http://dx.doi.org/10.1016/j.jpow-
sour.2009.01.052.

[10] Lin X, Xu Y. Facile synthesis and electrochemical capacitance of 
composites of polypyrrole/multi-walled carbon nanotubes. Elec-
trochim Acta, 53, 4990 (2008). http://dx.doi.org/10.1016/j.elect-
acta.2008.02.020.

[11] Kim YH, Park SJ. Roles of nanosized Fe3O4 on supercapacitive 
properties of carbon nanotubes. Curr Appl Phys, 11, 462 (2011). 
http://dx.doi.org/10.1016/j.cap.2010.08.018.

[12] Li Z, Bao H, Miao X, Chen X. A facile route to growth of 
γ-MnOOH nanorods and electrochemical capacitance properties. J 
Colloid Interface Sci, 357, 286 (2011). http://dx.doi.org/10.1016/j.
jcis.2011.02.011.

[13] Gao Y, Chen S, Cao D, Wang G, Yin J. Electrochemical capaci-
tance of Co3O4 nanowire arrays supported on nickel foam. J 
Power Sources, 195, 1757 (2010). http://dx.doi.org/10.1016/j.
jpowsour.2009.09.048.

[14] Patil UM, Gurav KV, Fulari VJ, Lokhande CD, Joo OS. Character-
ization of honeycomb-like “β-Ni(OH)2” thin films synthesized by 
chemical bath deposition method and their supercapacitor applica-
tion. J Power Sources, 188, 338 (2009). http://dx.doi.org/10.1016/j.
jpowsour.2008.11.136.

[15] Pandolfo AG, Hollenkamp AF. Carbon properties and their role in 
supercapacitors. J Power Sources, 157, 11 (2006). http://dx.doi.
org/10.1016/j.jpowsour.2006.02.065.

[16] Ruiz B, Parra JB, Alvarez T, Fuertes AB, Pajares JA, Pis JJ. Active 
carbons from semianthracites. Appl Catal A, 98, 115 (1993).

[17] Pantea D, Darmstadt H, Kaliaguine S, Sümmchen L, Roy C. Elec-
trical conductivity of thermal carbon blacks: influence of surface 
chemistry. Carbon, 39, 1147 (2001). http://dx.doi.org/10.1016/
s0008-6223(00)00239-6.

[18] Seo MK, Park SJ. Electrochemical characteristics of activated car-
bon nanofiber electrodes for supercapacitors. Mater Sci Eng, B, 
164, 106 (2009). http://dx.doi.org/10.1016/j.mseb.2009.08.005.

densities in their optimal potential range were also estimated, as 
shown in Fig. 4b and Table 2. When the applied current density 
was increased from 0.2 to 1 A·g-1, the specific capacitances of 
CB-HT1000 remained at about 42%. 

4. Conclusions

A heat treatment of CBs was performed to obtain high-perfor-
mance CB electrodes for capacitor applications. The structural 
and electrochemical properties of the heat-treated CBs were ex-
amined and several major conclusions were reached from the 
results.

The specific capacitance of the heat-treated CBs increased 
with an increase in the heat-treatment temperature. Among all 
of the electrodes examined here, the specific capacitance of the 
CB-HT1000 sample reached a maximum value of 165 F·g-1, as 
calculated from the charge-discharge curves. On the other hand, 
above a heat-treatment temperature of 1000oC, the specific ca-
pacitance decreased. These results occurred because the crys-
tallinity of the CBs increased as the heat-treatment temperature 
increased to 1000oC.
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