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Sulfur-and nitrogen-co-doped activated carbons were obtained from sulfur modified nitrogen-doped
activated carbons prepared from waste medium density fiberboard (MDF) prepared by KOH at 850°C
for 60 minutes at a weight ratio of 3:1. And the sulfur was adsorbed by nitrogen-doped activated
carbon with different temperatures at 300°C, 400°C, 500°C, 600°C (AC300, AC400, AC500, AC600).
The structural properties and chemical surface composition of the activated carbons were evaluated by
Elemental analysis, Scanning electrical microscopy, Raman spectra, X-ray diffraction and Adsorption
of nitrogen. The results showed that the content of sulfur ranging from 0.03 wt. %~1.64 wt. % in
which the content of sulfur in AC400 (1.64 wt. %) is highest comparing with other activated carbons.
The BET specific surface area is varying from 1805 m?g™ to 2081 m?g™. The activated carbons as the
electrode material which was impregnated with 7 M KOH electrolytes were characterized and tested
by galvanostatic charge-discharge curves, cyclic voltammetry and alternating current impedance. The
specific capacitance was improved from 225 to 264 F/g and AC400 exhibited the best electrochemical
behavior with a supreme specific capacitance (264 F/g) and rectangular cyclic voltammetry curves.

Keywords: supercapacitor; sulfur-and nitrogen-co-doped activated carbons; temperature; waste
medium density fiberboard; specific capacitance

1. INTRODUCTION

Nowadays, the increasingly consumption of energy sources and the scientists predicting that
the energy sources will gradually become more scarce in the coming years have stimulated extensive
research activities for low cost, environmentally friendly and efficient energy storage devices.
However, how the energy will be stored and released when needed as one of the greatest concerns
hampered us. Nowadays, supercapacitor is performing a progressively significant role. Supercapacitor
as an energy storage and release equipment has attracted great interest and attention due to their high
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power density, long cycle life, reversibility, fast charge propagation and simple working principle
[1~3]. In consideration of the different mechanism of energy storage, supercapacitors can be classified
into two categories, electric double layer capacitors (EDLCs) and pseudo-capacitors. EDLCs depend
on the accumulation of charges at the electrode interface and the electrolyte access to its porosity.
Pseudo-capacitors depend on electrons transfer to store electrical energy [4,5]. Activated carbons are
frequently used in electrochemical capacitors due to their extraordinary properties [6~9], such as
mechanical stability, a high surface area, pore volume, excellent thermal. In the development of the
EDLCs, the specific area and the pore size of activated carbons with an appropriate scope are
significant to ensure good performance of the EDLCs [10~15]. However, activated carbons as
electrode materials are distinctly lower than theoretically expected which led to EDLCs with lower
energy densities than predicted that considerably hinder their practical application. As electrode
materials, activated carbons can be further perfected by the impregnation of heteroatom like nitrogen
functional groups. Nitrogen function was found to alter the surface acidity and basicity of activated
carbons, wetting property, electronic structure and the number of the surface functional group, species
and distribution all affect the chemical and physical properties and electrochemical performance
[16,17]. The property of sulfur with long pair electrons is similar to nitrogen, and sulfur functional
groups may increase pseudocapacitance to activated carbons by the introduction of sulfur functional
groups to the carbon framework [18]. Hasegawa has reported that sulfur-containing carbon could be
used in supercapacitor.

In this work, activated carbons containing 1.19% nitrogen derived from waste medium density
fiberboard containing 8% nitrogen. Activated carbons were impregnated by sulfur with different
temperatures to prepare sulfur-and nitrogen-co-doped activated carbons. In this manner, sulfur
functional group could be introduced into the target carbon materials from the pyrolysis of sublimed
sulfur. Sulfur-and nitrogen-co-doped activated carbons were characterized and tested for
supercapacitor applications. The morphology, structure and surface properties of the carbon materials
are investigated by scanning electron microscopy (SEM), adsorption of nitrogen, Raman spectra, X-ray
photoelectron spectroscopy (XPS). The activated carbons as the electrode material in a two-electrode
cell and extensive wetting 7 M KOH electrolytes were evaluated and characterized by galvanostatic
charge-discharge, cyclic voltammetry and alternating current impedance.

2. EXPERIMENTAL

2.1. Material

Waste medium density fiberboard containing 12% ureaformaldehyde resin adhesive of the
mass was provided by Beijing Jiahekailai Furniture and Design Company. Other chemicals of
analytical grades were purchased from Beijing Lanyi Chemical reagent.
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2.2. Preparation of Sulfur and nitrogen-co-doped activated carbons

The first procedure is carbonization which was implemented in carbide furnace at the heating
rate of 10 ‘C/min for the eventual temperature of 500°C maintained for 60 min. The next process is
activation. 3 g of over-dried sample was moistened in KOH solution for 24 h with the mass ratio of
KOH and carbon 3:1. Then, the mixture was activated at 800 ‘C maintained 60 min in a high
concentration of nitrogen. After that, achieved activated carbons was boiled with 1 M HCL solution
maintained for 30 min, and washed with distilled water till the mixture solution of present neutral
solution. The following step was the modification (the process was conducted according to our
previous experiment) the obtained activated carbons samples and sublimed with sulfur at a weight ratio
of 10:1, and then, the mixture was heat-treated at 300°C, 400 “C, 500°C, 600°C for 2h, with a heating
rate of 5 “C/min under a nitrogen atmosphere with a flow rate of 10 ml/min. The heated samples were
referred to as AC300, AC400, AC500, AC600, depending on the heat-treated temperature of 300°C,
400°C, 500°C, 600 C, respectively and the unmodified activated carbon was referred to AC.
Eventually, the obtained activated carbons were dried at the temperature of 115°C, maintained for 4 h.

2.3. Preparation and electrochemical measurements of electrode materials

The specific fabrication of electrode materials used for supercapacitors is followed. Firstly, the
nickel foam was cut into small rounds and immerse in anhydrous alcohol, and then nickel foam was
dried. After that, 0.5 g activated carbons, acetylene black, polytetrafluoroethylene (PTFE) were mixed
together with the mass ratio of 87:10:3. The pastes were formed by adding alcohol to the sample
dropwise and suppressed into slices with the thickness of 3mm. After that, these slices were added in a
vacuum drying oven and then dried. The capacitive performance of all the carbon samples were tested
in 7 M KOH using two-electrode cells. These carbon electrodes were dried in a vacuum drying oven
maintained for 8 h after that weighted. Two electrodes of similar mass were picked for measurements.
Galvanostatic charge discharge, cyclic voltammetry and alternating current impedance were adopted to
evaluate the capacitive property. At room temperature, the BT2000 battery testing system was used to
evaluate the constant current density charge-discharge and rate performance. Furthermore, the specific
capacitance of the carbon electrode could be counted in accordance with the following formula :

IXAt
Cm = AVxm 1)

where C,, is the specific capacitance per weight of AC, and the unit of Cy is F/g, | is the
discharge current and the unit of 1 is A, t is the time elapsed for the discharge branch from 0to 1 V and
the unit is s, AV is the voltage difference within the time (V) and m is the mass of activated carbon on
the electrode the unit is g.

E = Ceey X (AV)Z/Z (2

Where C. is the cell capacitance, AV is the operating voltage window, Energy density in
Watt-hours per kilogram (Wh/kg) and power density in Watts per kilogram (W/kg) are calculated
using the following equations:

P==: 3)

t
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IXAV
P = = 4)
Cyclic voltammetry and alternating current impedance were examined for the electrochemical
measurements of each sample using the 1260 electrochemical workstation at room temperature. The
specific capacitance per weight of activated carbon in the electrode, that is the gravimetric capacitance

(Cm), was analyzed. Cy, is the expressed in F/g and calculated by the following two formulas:

C_U_tXU IXU U/t (5)
_C_Um_I/m
Cm_m_U/t_ v (6)

Where | is current in A, m is the mass of activated carbon on the electrode and the unit is g.
v is the voltage scan rate (mV/s).

3. RESULTS AND DISCUSSION

3.1. Chemical surface composition

Fig.1 shows SEM images of activated carbons. Microspore and mesoporous and macrospore
are widely distributed on the surface of activated carbons. There is no obvious difference between the
modified activated carbons and unmodified activated carbons [19]. In order to require further
information about the distribution of these heteroatoms, the content of sulfur, hydrogen, nitrogen,
carbon in activated carbons is listed in Table 1. Comparing with the unmodified sample (AC), the
content of hydrogen (0.19%~0.23%), nitrogen (0.65%~0.79%), carbon (91.04%~92.93%) has no
obvious fluctuation.

[ 1
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Figure 1. SEM of samples (a) AC. (b) AC400

It may be that H,O and O, from the surrounding environment which were easily adsorbed on
the surface of the activated carbons. The nitrogen content of these samples was similar, ranging from
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0.65% to 0.79%. This suggested that the nitrogen-containing functional groups were not damaged
during the modification process [20]. However, comparing with the sulfur content of unmodified
sample (0.03%), the content of sulfur in modified activated carbons has increased significantly,
especially, when the sulfur impregnation temperature is 400°C, the content of sulfur achieved 1.64%,
which is more than other activated carbon samples. We assume that all of the sulfur impregnated
activated carbon samples were saturated with respect to sulfur content at their respective experimental
conditions [21].

Table 1. elemental analysis of AC samples

element N C S H
(Wt.%) (Wt.%) (Wt.%) (Wt.%)
samples

AC 1.19 91.04 0.03 0.12
AC 300 1.12 92.15 0.91 0.11
AC 400 1.14 91.39 1.64 0.13
AC 500 1.18 91.12 1.49 0.16
AC 600 1.17 90.84 0.89 0.14

3.2. Specific surface area pore structures, and surface properties of activated carbons

To further understand the surface chemistry of activated carbons, the chemical constitution of
sulfur in the activated carbons structure can be evaluated by X-ray photoelectron spectroscopy (XPS).
The results of XPS were shown in Fig.2. XPS analysis displayed the bonding of S with C and the
existence of two types of S (S2py2, S2P31). The signal of S2P,,2 about at 162 eV, 165 eV, 170 eV,
respectively, and S2P3/, about at 161 eV, 164 eV, 170 eV, respectively. The ratio of S2P1;, and S2P3,
was constrained by 1:2 and the binding energy is about 1.0 eV correspond to spin-orbital splitting of
sulfur incorporated into activated carbons [21]. The chemical structure of sulfur can be substantially
changed by the sulfur impregnation temperature. The chemical state of sulfur primary exists in the
activated carbons through the formation of the C-S [22] and C-S-O-O-C [23] bonds to produce similar
thiophene and sulfone bridge structures. This type of structure is characterized by a lone electron pair
among the sulfur atom p-orbital overlapping with -orbitals of the graphite sp? hybridization [24,25]
forming an extended m-system with a filled valence band that is conjugated with the backbone carbon.
The trace peak at 169 eV is located at the expected position for sulfur groups [26]. The sulfur as
heteroatom can utilize the faradic redox reactions of electrochemically active functional groups to
provide pseudocapacitance and increase the specific capacitance [27]. And the content of sulfur has
decreased with the temperature increasing (above 400). That is could be that part of S is lost in the
form of SO, and CS; during modification steps.



Int. J. Electrochem. Sci., Vol. 11, 2016

9604

AC 300
155 1é0 1é5 1%0 1%5 léO ' 1(%5 ' 1%0 ' 1%5
Binding energy (eV) Binding energy (eV)
AC 500
AC 400 -
léO léS 1%0 1%5 1é0 165 1%0 1%5
Binding Energy (eV) Binding energy (eV)
AC 600
1é0 1é5 1%0 1%5
Binding energy (eV)
Figure 2. Syp line scan of Sulphur-enriched activated carbons
Table 2. Specific surface area and pore structure of activated carbons
sample SBET Sext Smic Vtot Vmic Vmic/Vtot D
(m*g”) (m*'g™) (m*g7) m*gh)  (em’gY) (%) nm
AC 2081 246 1835 1.26 0.98 78 2.43
AC 300 1946 224 1842 1.07 0.94 81 2.18
AC 400 1805 191 1641 1.08 0.87 80 241
AC 500 1926 173 1752 1.12 0.92 82 2.33
AC 600 1854 177 1758 1.11 0.89 80 2.39

Sget specific surface area; Spic: microspore surface area; Sex:: external surface area; Vi total volume;

Vmic: microspore volume; D: average pore diameter
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Figure 3. pore size distribution of the prepared activated carbons.

Specific surface area, pore structure, and surface properties of modified-and-unmodified
activated carbons are listed in Table 2 and Fig.3. Specific surface area and the total volume of
modified activated carbons have a slightly lower than AC and the average pore diameter and micro
porosity have no obvious fluctuation. The phenomenon proved that the feature of high microporosity
has no obvious change. The possible reason is followed: modified element (sulfur) is absorbed by
activated carbons, occupied some superficial area and pore volume. As observed in Table 2, AC400
has the minimal BET specific surface area (1805 m?g™) and the smallest total volume (1.05 cm3g™)
which is in accordance with the consequence of Fig. 3. AC400 had the maximum amount of sulfur and
the minimal specific surface area. It may be that sulfur doped in the surface of the pores and got into
the mesoporous and microspore which led to blocking the pore structure and the decrease of specific
surface area [28]. As we know that widths of diameter less than 2nm are microspores [29], observed
the Fig.3, when the diameter exceeds 1.0 nm, the sharpest peaks occurred which proved that the
majority of the pores are microspores. These carbons also have a few large-mesoporous or macrospore
with the size exceeds 5nm. Similarly, AC400 has the smallest microspores and mesoporous compared
with other samples which identified with the analysis results of specific surface area and pore structure
of activated carbons in Table 2.

Porous structures in the samples was determined by BET analysis and shown in Fig.4.
According to the classification of the International Union of Pure and Applied Chemistry (IUPAC), all
the carbons present a sorption isotherm of Type-1 isotherm and appear a fleet increase when the P/pg
less than 0.2, beyond which these curves exhibit constant [30~32]. This is the typical characteristic of
microporous. All isotherms of the activated carbons emerge a slightly upswept rear edge at high
relative pressure (P/po>1), suggesting the existence of large mesoporous or macropores. Comparing
with the AC, the adsorbed volume of modified activated carbons had a certain decrease. The
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adsorption behavior attributed to a combination of microporous-mesoporous structure, which is
correspond to the results of Table 2 and Fig.3.
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Figure 4. Nitrogen adsorption isotherms of activated carbons

Raman spectroscopy is the most direct and nondestructive technique to characterize the
structure and quality of carbon materials, particularly to determine the defects, the ordered and
disordered structures, and the layers of activated carbons. So it is essential to investigate the structural
variation of unmodified and modified samples. Fig.5 demonstrates the Raman spectroscopy of AC and
AC400. In the first-order Raman spectra of the sp®>-carbons of AC and AC400, two spectrums display
two obvious peaks.

D-band G:band
—— AC400

— AC

Intensity (a.u.)

500 1000 1500 2000
Raman shift cm-1)

Figure 5. Raman spectra of modified and unmodified activated carbons
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The peaks at 1349 cm™ and 1585 cm™ are represented as the “D-band” and “G-band”,
respectively, which are special Raman peaks of activated carbons. The “D-band” is ascribed to edge
defects, disordered carbon and other defects and the “G-band” ascribed to order sp® carbon. It is widely
accepted that the relative intensity of radio of “D-band” and “G-band” (Ip/lg) demonstrates the
disorder or defects in activated carbons structure [33]. It thus evident that more defect sites or sulfur
heteroatoms for AC400 were incorporated to the carbon network as the ratio of Ip/lg slightly increased
(from 0.94 to 0.97) compared with that of AC, indicating that the degree of graphitization of AC400 is
lower than AC. The increase of the degree of graphitization will lead the electrical conductivity of the
activated carbons to increase [34].

3.3. Electrochemical characteristics

3.3.1. Property of galvanostatic charge-discharge

Fig. 6 is charge—discharge curves of unmodified-and-modified electrodes in 7 M KOH at a
constant current density of 100 mA g™. We can observe from the galvanostatic charge-discharge that
capacitor voltage with linear increase and decrease along with the charge-discharge time which is the
typical charge-discharge characteristic of electric double layer capacitors (EDLCS). However, the
linear discharge behavior of the samples can be attributed to a charge selective Faradaic reaction,
which results from the sulfur containing functional groups in the samples under chosen voltage range
[35]. Comparing with other activated carbons, AC400 has longer charge-discharge time at the same
current density, which indicated that the sample has the best charge-discharge property and more
capacitance. The possible reason is that AC400 loads the most sulfur which result in electrolyte
magnify the wetting property of activated carbons surface and decrease resistance to the charge
transfer on the surface of the electrode which in favor of electrolyte ion rapidly transfer to the surface
of the electrode.

)— AC—— AC300—— AC400—— AC500—— AC600
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Figure 6. Cha}rge—discharge curves of AC electrodes in 7 M KOH at a constant current density of 100
mA g
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3.3.2. Properties of Cyclic voltammograms

Fig.7 illustrates the specific capacitance of electrodes at various current densities ranging from
50mA to 5A/g within a potential window from 0 to 1V. The calculated specific capacitances of the
AC400 electrodes are 264, 246, 235, 225, 225 F/g at current densities of 0.05, 0.2, 1, 2, 4 Alg,
respectively in Fig. 7. In general, the specific capacitance decreases gradually with increasing
discharging current density owing to large currents may block the entrances of the pores. In this work,
when the charge/discharge current density was increased from 0.05 to 5A/g, the capacitance of all five
samples was still up to 200 F/g which indicates the as-prepared samples are very suitable for high
current density application. Observed from the Fig. 7, AC400 displays the supreme specific
capacitance. When the current density is 0.05 A/g, the supreme quantitative value is 264 F/g which is
more than other samples. Though the BET specific surface area (1805 m?/g) and total volume (1.08
cm®/g) of AC400 indicated in Table 2 are significantly less than other activated carbons’ BET specific
surface area (2081 m?/g) and total volume (1.26 cm®/g), which can be proved that the specific
capacitance of activated carbons has not absolutely linear relation with specific surface area. Great
electrochemical performance does not rely solely on BET specific surface area. AC 400 possesses the
uppermost specific capacitance. The main reason is that the sulfur functional group can improve the
property of the capacitance by providing additional pseudocapacitance due to the redox reactions.

270+ —=— AC—e— AC300—— AC400—+— AC500—<— AC600 |
260—-
250—-
240—-
230—-
220
210—-

Specific Capacitance (F/g)

200

Current Density (A/Q)

Figure 7. Calculated specific capacitance as a function of current density of electrodes

To further investigate the presence of pseudocapacitance, the CV curves measured in two-
electrode cells are presented in Fig. 8. The CV curves of all samples present a typical rectangular shape
but not full symmetrical in shape at a scan rate of 2 mV/s as shown in Fig. 8(a) indicating a good
charge propagation and excellent supercapacitive performance [36]. These samples possess a favorable
property of electric double layer and the sample of AC400 shows a more rectangular voltammogram
shape which indicates that the sample has the better electrical performance. The sulfur functional
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groups can enhance the wettability of electrodes which result in increasing the specific capacitance.
For the AC400 the CV curves are broader than that for other samples [37]. AC400 seems to exhibit the
best capacitive behavior. Generally speaking, a high scan rate stimulates large ohmic resistance
distorting the CV loop and this will result in a narrower loop with an oblique angle [37,38]. As
depicted in Fig. 8(b). AC400 electrode in 7M KOH at scan rate of 1, 2, 5, 10, and 20 mV/s,
respectively. At a relatively low scan rate, the CV curves are in typical rectangular shape, indicating
good charge propagations at the electrode interfaces following the EDLC mechanism. When the scan
rate increases up to 200 mV/s, the CV curve of AC400 becomes more oblique. The results show that
theresidual sulfur functional groups can improve the electrochemical performance of supercapacitor by
contributing pseudocapacitance to the total capacitance apart from the electrochemical double layer
capacitance from carbon materials [38].

€Y

Specific capacitance (F/g)
=
o
o

00 02 04 06 08 1.0

300+
] 200mV/s

200-
1001
0_.
1001
200

-300 ~

Specific capacitance (F/g)

-400 -

00 02 04 06 08 1.0
Valtage (V)

Figure 8. (a) Cyclic voltammograms of AC sample electrodes in 7 M KOH (b) AC400 electrode in
7M KOH at different scan rate.
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3.3.3. The performance of alternating current impedance

Nyquist plot, also called electrochemical impedance spectroscopy (EIS) which can provide
insight into how sulfur modification affects the performance of a sample. The Nyquist plots of all
activated carbons were indicated in Fig. 9. Where the real part (Z) corresponds to the equivalent of
ohmic resistance and the imaginary part (Z) reflects the presence of non-resistive elements. The
impedance behavior might be dominated by three major processes occurring in the high, medium and
low frequency regions, respectively. The radius of semicircle in the high frequency region reflects the
impedance on electrode interface [39]. The slope of the 45° portion of the curve in medium frequency
region is called the Warburg resistance and is a result of the frequency-dependent of ion transport in
the electrolyte. The impedance plots of all samples show almost identical shapes, with a semicircular
arc in the very-high-frequency region and one linear part in the low-frequency region [40]. Comparing
with these curves shown in the Fig. 9, the straight line portion of AC400 close to the imaginary axis
indicated that AC400 has better capacitive behavior than other samples, and the semicircular arc of
AC400 is slightly decreased in size. The ESR values of AC, AC300, AC400, AC500, AC600 are
approximately 0.24Q, 0.179,0.16€2, 0.20Q2, 0.19Q, respectively, which indicated the AC400 has the
lowest resistance of charge-transfer.

In order to further discuss the electrochemical stability, electrochemical impedance
spectroscopy (EIS) and galvanostatic charge/discharge of activated carbons composites electrodes
were examined over a large number of charge/discharge cycles at the current density of 5.0A/g. As
shown in Fig.10, these electrodes exhibited an excellent long cycle life over the entire process. The
capacitance of the AC400 electrode retained 95.32% of the initial capacitance after 3000 cycles,
demonstrating excellent cycle stability with a high degree of reversibility in repetitive charge/discharge
[41,44]. It is speculated that the excellent stability might be mainly due to the good cycle durability of
sulfur-doped AC samples and confirming that the pseudo-capacitance introduced by sulfur-containing
functionalities is very stable with cycling.
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Figure 9. Nyquist plot of all electrodes in 7M KOH electrolyte over the frequency range from OHz to
20kHz
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Figure 10. Capacitance retention as a function of cycle number for all samples at a current density of
5A/g.

Fig.11 demonstrates the Ragone plot of AC and AC400, showing the relationship between the
energy density and power density. The energy densities (E) and power densities (P) were calculated
derived from the discharge curves according to the Equation (3) and Equation (4), respectively. At a
power density of 70W/kg, the energy density of AC400 can reach 36.2Wh/kg, which is much higher
than that of AC (27.1Wh/kg). Higher energy density for the AC400 results from the better specific
capacitance [44]. The curve of the AC400 sample is positioned on the right side of the AC curve along
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the X-axis, demonstrating the energy and power performance of AC400 is better than that of AC. The
high power density of AC400 is due to the doping of sulfur and proper pore structure. Sulfur not only
increases the capacitance and electrical conductivity but also improves the wettability of the material
in the electrolyte and thus enhances the ion transfer efficiency [45] and proper structure can enhance
the kinetics of ion and electron transport in electrode and at the electrode interface.

40+
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Figure 11. The Ragone plots of the energy density and power density of the AC and AC400 samples

4. CONCLUSIONS

In summary, the activated carbon samples and sublimed sulfur were heated at 300°C, 400°C,
500°C, 600°C. The sulfur contents obtained from elemental analysis varied from 0.03% to 1.64%, in
which the sulfur content of AC400 achieved 1.64%, which is more than other activated carbon
samples. Though the BET specific surface area (1805 m?/g) and total volume (1.08 cm®/g) of AC400
are less than other activated carbons’ BET specific surface area (2081 m?/g) and total volume (1.26
cm®g), AC 400 possesses the uppermost specific capacitance (264 F/g). It can be proved that the
specific capacitance of activated carbons has not absolutely linear relation with specific surface area.
The main reason is that the sulfur functional group can improve the property of the capacitance by
providing additional pseudocapacitance due to the redox reactions.
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