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The electrochemical performance of supercapacitors made of a carbon material with a moderate amount
of nitrogen atoms embedded in a carbon matrix is reported. Melamine was polymerized in the interlayer
spaces of mica and afterward carbonized at various temperatures between 650 ah@. HBl@thental
analysis and an XPS study showed that the nitrogen content of samples stabilized@tf@aga h prior
to carbonization was generally higher if compared to their nonstabilized counterparts and that the nitrogen
species were located preferably at the edges of graphene sheets. To understand the relationship between
the capacitive performance and the porosity of stabilized and nonstabilized samples, the nitrogen adsorption/
desorption method was also employed. Supercapacitors with the electrodes manufactured from these
carbon materials showed a very good capacitive performamck M sulfuric acid. The maximum
gravimetric specific capacitance of 204.8 F gvas obtained from a sample carbonized at @G0Specific
capacitances per surface area were also calculated, and, as a result, the stabilized samples provided higher
values than the nonstabilized samples, for example, 3.66Fan a sample stabilized and carbonized
at 1000°C. We associate the high values of capacitances in sulfuric acid with the pseudocapacitance that
originates from an interaction between the nitrogen species and the protons of the electrolyte. This claim
was verified by another measurement, where a neutral electrolyte (3 M NaCl) was used instead of sulfuric
acid. We observed a decrease in capacitance with the surface area, and the values of capacitances per
surface area were close to the values for activated carbons. Thus, the capacitance in NaCl can be attributed
to the electrostatic interaction of ions on the double-layer rather than the pseudocapacitive interaction.

In recent years, supercapacitors have attracted considerabl&unctional groups present in a carbon matrix change the
attention as alternative energy-storage systems. Activatedelectron/donor characteristics of the carbon electrode mate-
carbon is the most frequently used electrode material for rial.2 It has been assumed that nitrogen functionalities change
supercapacitors? The storage of electric charges is mainly the electron donor/acceptor characteristics of carbon depend-
non-Faradaic, and the accumulation of ionic charges occursing on the type of the groups formed between the nitrogen
on a double-layer at the electrode/electrolyte interfatiee and carbon atomsJurewicz et al. reported on the improve-
large specific surface area and the porosity of the activatedment of supercapacitor performance of activated carbon
carbon are the basic requirements to achieve the quicksubjected to the ammoxidation procésghe acid-basic
formation of a double-layer which results in a high power properties of cellulose-derived activated carbon were changed
density and long durability of these supercapacitors, termedafter the incorporation of nitrogen and oxygen species by
also electric double-layer capacitors (EDLC). EDLCs have ammoxidation, resulting in the increase of the gravimetric
already been used as memory back-up devices for almost aspecific capacitance. In this paper, we report on the
decade. The capacitive behavior of carbon materials can beelectrochemical performance of supercapacitors prepared
further improved by the presence of active species that from melamine-based carbon. For the first time, we have
contribute to the total specific capacitance by the pseudo- manufactured the capacitors from carbon derived from
capacitive effect. Active species such as metal oxitiesr melamine prepared by a template method. Because the
conducting polymefs’ can be reversibly oxidized/reduced melamine resin contains 45 wt % of nitrogen, we believed
over the potential range of operation. Heteroatoms and it to be a promising candidate for the synthesis of a nitrogen-

rich carbon electrode material for supercapacitors. In addi-
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Such a material showed a hydrogen sulfide removal capacityof 80 °C for 0.5 h under intensive stirring. After being dried at 60
exceeding more than 10 times the capacity of the material °C in a conventional oven, samples were carbonized in an infrared
without melamine. Another nitrogen-containing activated furnace under flowing nitrogen and temperatures of 650, 750, 800,
carbon for application in catalysis was prepared from 890, and 1000C, heating rate 16C/min, and holding period of 1
petroleum pitch and melamine resisA ferrocene/ h. Each sample was also stabilized in air at 26Cfor 4 h prior to

. . . . _— .. carbonization. Samples subjected to no stabilization process are
melamine mixture was used in the preparation of high-density | e+ denoted as Me650, Me750, Me800, Me850, and Me1000.
aligned carbon nanotubes with uniform diametéisnother

. ) Their stabilized counterparts are termed Me650s, Me750s, Me800s,
report by Wang et al. describes the preparation and the,egs0s and Me1000s.

thermoelectric power of nitrogen-doped carbon nanotubes  gyyctyral and Elemental Characterization. The elemental
when melamine was used as a starting matétiglrther- analysis was done by a conventional CHN combustion method
more mesoporous carbon aerogels doped with nitrogen atomgcHN, Yanako, Inc. Japan) based on the burnoff of the sample
were also successfully synthesized from melamine andand TCD analysis of nitrogen and carbon mass percentage from
formaldehydé>18 In addition, melamine was also used in the evolved gases.
the preparation of nitrogen-rich-BC—N materialst” Not X-ray photoelectron spectroscopy (XPS, ESCA 5600, Ulvac-
only as carbon materials, but also in the polymeric state, the Phi, Inc. Japan) was used in the surface analyses of the samples.
melamine-formaldehyde resins are very interesting materialsPowdered samples were deposited on the sample holder and
for adsorption of various organic substané&¥Melamine- ~ transferred into the XPS. Mgdline (15 kv, 30 mA, 400 W) was
based carbon has been already studied as an anode materigf€d as an X-ray source, and tha @ak position was set at 284.6
for a lithium secondary batteR)-22 It was shown that eV and taken as an |nternal_standard. The peak separations o_f the
. . . . Njscore level peaks were estimated by least squares with Gatssian
melamine-derived nitrogen-containing carbons further en-

iched with oth h h h di Lorentzian product function using the Grams/386 software.
riched with other agents, such as phosphorus or vanadium The surface morphologies of Me750 and Me750s were observed

oxide, offer an increase in the reversible cgpacny oflllth|um by field-emission scanning electron microscopy (JEOL S-4700,
storage and the enhancement of the cycling behavior. operated at 1.5 kV).

We were particularly interested in the electrochemical 1o characterize the pore structure, a nitrogen adsorption/
behavior of nitrogen—enriched carbon derived from melamine desorption measurement at 77 K was conducted in a Belsorp18,
manufactured as the electrode material in supercapacitorsBel Japan, Inc. instrument. The plots were created by the use of
Melamine was polymerized in the interlayer space of fluorine the standard adsorption isotherm of the nonporous carbon black
mica, and the pure nitrogen-enriched carbon was obtained(Mitsubishi No. 32)* The surface areas, micropore and mesopore
after carbonization and mica removal. The mica was expectedvolumes, as well as micropore and mesopore widths were then
to introduce a layerlike structure and a certain degree of orderdetermined by the subtracting pore effect (SPE) method that has
into the resultant carbon material. The electrochemical been proved to be an effective method because it removes enhanced

- . ...effects by both the micropore filling and the quasi-capillary
characteristics of the prepared samples are discussed with

respect to their porosities and elemental compositions condensatior
P P P ’ Electrochemical MeasurementsPellets for the electrochemical

measurement were prepared by mixing the carbonized sample with
carbon black (Mitsubishi Chemicals, Inc.) and poly(tetrafluoro-
Materials. Melamine (2,3,6-triamino-1,3,5-triazine, Kanto Chemi-  €thylene) binder (PTFE, Mitsui Dupont Fluorochemicals, 7A-J,
cals Co., Inc., purity 98%) and expandable fluorine mica were used '"C-)- The ratio of sample:CB:PTFE was 80:10:10 wt %. Am-
as starting materials. The synthesis of fluorine mica can be found Mnium hydrocarbonate was added in a ratio of samplgthG0;
elsewheré? The melamine/mica composite was prepared through = 11 by weight. NHHCO; was expected to form small pores in
the polymerization of melamine in the interlayer spaces of mica in & Pellet during its decomposition in the drying process (320n
formaldehyde in the ratio of melamine/mica/formaldehy«d@a/1/8 a vacuum), and such pores should help the electrolyte diffusion.

by weight. Polymerization took place at pH9.1 and temperatures The final pellet weight was set at ca. 20 mg. Cyclic voltammmetry
(CV) and galvanostatic charge/discharge cycling (GC) were em-
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Table 1. N/C Ratios of Nonstabilized and Stabilized Samples 250
Evaluated from CHN and XPS, and Carbon Yields of All Samples ©® Me650ad O Me650de
yield A Me750ad A Me750de
sample N/Chn N/Cxps [wt %] 200 1 m MeB0Dad O Me800de a
Me650 0.37 0.22 30.37 * Me850ad < Me850de i A.
Me750 0.24 0.20 25.71 - ¥ Me1000ad ¥ Me1000de A D Do
Me800 0.24 24.20 2 150 1 S
Me850 0.20 0.21 23.26 & N oaD o8 X
Me1000 0.08 0.11 20.86 s gartfisdt _av,
Me650s 0.45 0.45 4158 Eo0 | ek d 0 L e 2
Me750s 0.43 0.34 39.40 > D.Dl @ Oe° L 4 o %x
Me800s 0.41 36.57 A %3300090(;& ree =y
Me850s 0.32 0.25 34.89 - wete e .
Me1000s 0.13 0.14 30.38 i x ¥ Xa®
m .
L
whereCy is the specific gravimetric capacitance (Flpg i is the x\_xx
current loaded (20 mA ¢ in this study),At is the change of the i - = o s :
negative process duration in the evaluated region (s),/&Vidls : ! ' f
the potential change during the negative process (0.1 V in this PIPs
study). Figure 1. N adsorption/desorption isotherms of nonstabilized samples.
Specific capacitances per surface a@a (F m-2) were also ;Seosl;)deg?vdelgpen symbols represent adsorption and desorption isotherms,

calculated using eq 2:
Table 2. Surface Areas, Total Pore Volumes, Micropores Volumes,

Csp= CgISA %) Mesopores Volumes, Mean Micropores Widths, and Mesopores
Widths for Nonstabilized and Stabilized Sample3

where SA is a total surface area{igrl) calculated from thexs SAss Vol Vo Vimeso  Wicro Rmeso

plots. sample [m?g™] [mLg™Y [mLg™] [mLg™] [nm] [nm]
CV was performed with the same cell layout under the following meggg 421?12 8-§g ggg g%g gg g;
conditions: potential scan rate of 0.1 mv:sand potential range Me800 245 041 0.09 031 0.95 10
of 0-0.5 V. Me850 248 0.35 0.06 029 073 6.8
Me1000 86 0.21 0.01 0.20 0.80 6.5
Me750s 256 0.32 0.07 0.25 0.74 75
Table 1 shows the N/C ratios evaluated from the CHN Me800s 202 0.27 0.05 022 078 60
lemental analysis, the N/C ratio determined from XPS Mcooos 120024002 022 071 69
elemental analysis, the atio dete ed fro Me1000s 17 017 015 43

analysis, and the carbonization yield of each sample. The
nitrogen content reasonably decreases with the heat-treatment
temperature for both the nonstabilized and the stabilized 20.96%, respectively. Stabilized samples provide higher
groups of samples. In the case of the nonstabilized samplesgcarbonization yields, 41.58% and 30.38 wt % for Me650s
the highest N/C ratios are detected in Me650 as 0.22 andand Me1000s, respectively. Hence, the stabilization process
0.37 from CHN and XPS, respectively. On the other hand was an important procedure not only for the increase of the
and as expected, Me1000 contains the least nitrogen amon@mount of nitrogen but also the carbon yield.
the nonstabilized samples, 0.11 and 0.08 from CHN and XPS, The porous nature of all of the samples was further
respectively. The stabilized samples, however, containinvestigated by a nitrogen adsorption/desorption measure-
moderately higher amounts of nitrogen than the nonstabilizedment, and resultant Nadsorption and desorption isotherms
ones; for example, N/C of Me650s and Me1000s are 0.45 of nonstabilized samples are shown in Figure 1. The surface
(from XPS and CHN) and 0.13 (0.14) from CHN (XPS), areas (SA), total pore volume¥{), micropore volumes
respectively. This indicates that the stabilization process was(Vmicro), mesopore volumed/fesg, micropore widthSWmicro),
very effective in “capturing” the nitrogen atoms in a carbon and mesopore widthR¢es9 Of all samples are listed in Table
matrix and therefore Mel1000s still contains a moderate 2. Taking into account the total amount of nitrogen adsorbed,
amount of nitrogen despite the relatively high heat-treatment it can be said that the porosities in all of the samples are not
temperature. It is also noticeable that the main release ofdeveloped very much. This is a reasonable conclusion as no
nitrogenous volatiles occurred at temperatures higher thanactivation process was used. Among the nonstabilized
850 °C. The chemical state of nitrogen will be discussed samples, Me750 adsorbs the highest amount of nitrogen and
later on the basis of XPS analysis. therefore it is the sample with the highest porosity (SA
The safety emission of volatiles during the carbonization 442 n? g~%). The adsorption of is observed at low relative
was precisely controlled. The volatiles were delivered directly pressure due to the micropore-filling effect. The adsorption
from the furnace via the laboratory draft chamber to the gradually increases in the region of midd#4°s and further
central draft chamber. There the evolved gases passedn the region of high pressure0.8 P/Ps. Such adsorption
through a high-efficient filtration system and the nonharmful behavior can be attributed to the capillary condensation of
gaseous products were finally released. nitrogen in the mesopores or macropores and multilayer
The carbon yields (Table 1) become lower with the heat- adsorption of mesopores or macropores. Thus, it can be
treatment temperature in nonstabilized samples; for example,concluded that this sample contains micropores together with
the carbon yields of Me650 and Me1000 are 30.37% and the meso- and/or macropores. The adsorption/desorption

a All values were calculated by the SPE method.
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Figure 2. N, adsorption/desorption isotherms of stabilized samples. Solid
and open symbols represent adsorption and desorption isotherms, respec-
tively.

isotherms of other samples have similar shapes, indicating
the same presence of a mixture of micropores and mesopores
(or macropores); however, the total amounts of nitrogen
adsorbed are lower. The surface areas decrease with the heat
treatment temperature (HTT), reaching the minimum of 86
m? g~* for Me1000. On the other hand, the surface area of
Me650 is also smaller than that of Me750, probably because
the temperature of 65TC was not sufficient for the release N
of all decomposable species. As for tHgicro, the highest
value is observed in Me750 and it gradually decreases with
the HTT. Again, théVpmico for Me650 is smaller than that
for Me750 due to the smaller surface area. Howewgfero

does not change significantly with the HTT, and the widest  SEM photographs of Me750 and Me750s are shown in
micropores of 0.95 nm are detected in Me800. The mesoporeFigure 3. A quasi layerlike structure, indicated by the arrows,
contribution to the total pore volum&y,) is significantin -~ can be observed, although the stabilized Me750s sample
the samples heat-treated at higher temperatures, for exampleappears to be denser. This is in accordance with the
Me850 and Me1000. Reasonably, the lowest contribution of adsorption behavior of these samples discussed above. The

mesopores t&/ is in Me750, which is the sample with  |ayerlike structure proves that melamine polymerized in the
the highest surface area aWgico. The widest mesopores  interlayer space of the mica.

are detected in Me650 With aRneso0f 8.7 nm. The chemical state of nitrogen present in the carbonized
Figure 2 shows the Nadsorption and desorption isotherms - samples is further discussed on the basis of the XPS results.
of the stabilized Samples. It is obvious that these Samp|ESFigure 4 shows the Ncore level peaks of nonstabilized and
adsorb less nitrogen than the nonstabilized ones and that the¥tabilized samples. The fitting of the peaks for Me650 shows
are less porous. Me750s is again the sample with the highesthe existence of three contributions at binding energies of
SA among the stabilized sample (SA 256 n? g7%); 398.7, 400.9, and 402.7 eV. These peaks can be assigned to
however, the surface area is reduced significantly. As for pyridine (398.5+ 0.2 eV), quaternary (401.2 0.2 eV),
the Me1000s, the surface area decreases dramatically to 14nd oxidized nitrogen (4022 0.2 eV), respectivel§®:12:26
m? g%, and a similar reduction can be observed for each The fitting of the Ns core level peaks for Me750, Me850,
stabilized Sample. The reason for that must be the Stabiliza'and Me1000 shows three contributions at the same b|nd|ng
tion process during which the sample melted and shrunk. energies, however, with different relative contributions. The
Therefore, the release of gases during the carbonizationamount of quaternary nitrogen increases with the HTT,
process could not form pores to the same extent as in thejndicating the chemical change and transformation of nitro-
nonstabilized samples. The micropore volumes in the sta-gen groups during the heat treatment. The amount of
bilized samples are reasonably lower (Table 2). On the otherperipheral pyridine nitrogen decreases, whiles the proportion
hand, the mesopores become slightly larger with the stabi-of quaternary nitrogen located within the graphene sheets
lization process; for example, tHneso Of Me650s is 12.1  increases. These results indicate that the pyridine nitrogen
nm. Considering the mesopore volumes, it is clear that the

mesopores conf[r_ibute significantly to the total pore volume (26) Stanczyk, K. Dziembaj, R.; Piwowarska, Z.; Witkowski,Garbon
Viotal iN the stabilized samples. 1995 33, 1383.

| 1 1 1 1 1 1 1 1 1 1
1.00um

3.0mm x40.0k SE(U) 0%

Figure 3. FE-SEM photographs of Me750 (a) and Me750s (b). A layerlike
structure can be observed in both of the samples, although Me750s is denser.
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Me650 Me650s the Cy of nonstabilized samples, it is remarkable that the
values are unexpectedly high with respect to the low
porosities. It can be seen that the capacitance increases with
HTT reaching the maximum of 204.8 Fgfor Me750. It
should be reminded that this sample has the highest specific
S m— - surface area among the nonstabilized samples €5442
Me750 Me750s m? g~1) and a high ratio of nitrogen (N/& 0.24). The further
increase of the carbonization temperature causes the capaci-
tance to decrease down to the minimum of 47.92 Ffgr
Me1000. This is the sample with the lowest specific surface
area (SA= 86 n? g1 and the lowest ratio of nitrogen (N/C
Me850 Me850s = 0.08). The gravimetric capacitances of the stabilized
samples are close to their nonstabilized counterparts despite
the remarkably lower surface areas. Again, the sample heat-
treated at 750C (Me75Q) is the sample with the highest
SA (256 nt g') and the best gravimetric capacitive
performance €y = 200.1 F g1). As expected, Me10Q@s
an almost nonporous sample with a SAL7 n? g ! has the
poorest gravimetric capacitanc€y(= 62.24 F g?). Con-
sidering the above results, one may conclude that the
gravimetric capacitance of the stabilized and nonstabilized
samples depends on the nitrogen content and the porosity,
406 404 402 400 39 396 4 406 404 402 400 3B 3 304 that is, the higher the nitrogen content and the porosity, the
B.E. (eV) B.E. (eV) better the capacitive behavior. However, this thought should
Figure 4. Njscore level peaks of nonstabilized and stabilized samples. pe reconsidered if the capacitance is interpreted as the

Intenisty (a.u.)

Me1000 Me1000s

Table 3. Ratios of Pyridinic (Np), Quaternary (Nq), and Oxidized specific capacitance per surface area. In this case, the samples
(No) Nitrogen of All Samples Evaluated from the Peak Separation with the poor SA provide high values of specific capacitance
Analyses of Ns Core Level Peaks per surface area (Table 4). Concerning the nonstabilized
Np (%) Ng (%) No (%) samples, th&€sa values of all of the samples are similar or
sample  398.5+02eV 40124026V 402.9+0.2eV very close. Me750 is even the sample with the lowest value
Me650 53.7 38.9 7.4 of Csa among the nonstabilized samples (0.46 Pmand
mg;gg 2%:2 ig:g ?:2 Me850 is a sample with the best capacitive performance (0.63
Me1000 38.5 53.5 8.0 F m2).
mggggz g‘z‘:g ﬁ:g 2:2 On the other hand, th8sa values of the stabilized samples
Me850s 498 43.3 6.9 are generally higher than those of the nonstabilized ones.
Me1000s 43.3 51.4 5.3 This is quite reasonable because the stabilized samples are

: : : : - less-porous while providing high values Gf. Me750s is
has been chemically transformed into nitrogen species with . -
y g P the sample with the lowesIsa (0.78 F nT?); however, it is

higher binding energies through the condensation reactions” . ) . ”
occurring during carbonization. The peak analyses af N still a higher value if compared to nonstabilized Me750. The

for the stabilized samples revealed the presence of the sam esl\tﬂcigggt'\t/ﬁ Ft)?rfg rgsag ](fﬁe _?_ﬁr ;urface arlea Wt?]s rlneastured
three contributions, but with different contributions. The 'O V'€ s thatis 5. - 1NIS IS & Sample with almos

: _ o
ratios of pyridinic, quaternary, and oxidized nitrogen for all nF: porosﬂlzlll((:S_Ao 1147 M g~) and the lowest amount of
samples are summarized in Table 3. The main conclusion™" ©9¢" (N/C= 0.14). _ _
of the peak deconvolution analysis is that the stabilized These results clearly suggest a relationship between the
samples contain slightly larger amounts of pyridinic nitrogen Nitrogen content, surface area, and the electrochemical
as compared to their nonstabilized counterparts. In addition, caPacitance, which is not linear. Considering the surface area
for both the stabilized and the nonstabilized samples heat-2nd the capacitive behavior, some authors believe that the
treated at higher temperatures, the shifting of the oxidized relationship between f[he specific surface area and the electric
nitrogen binding energies to the higher values can be noticed.double layer capacitance of carbon is proporticital.
Hence, the XPS results suggest that the surface functionalitied 10Wever, other researchers report on a nonlinearity between
and the capacitive performance of both the stabilized and Surface area of carbon and double layer capacitafice.
the nonstabilized samples may be considered further. Chronopotentiographs of the nonstabilized and stabilized
The electrochemical behaviors of all of the samples in 1 Samples are shown in Figure 5a and b, respectively.
M H,SO; are discussed next. The specific gravimetric Significant IR drops reflecting the poor conductivity and
capacitancesdy) and specific capacitances per surface areas large resistance of the electrode carbon materials can be
(Csp) evaluated from the GC measurements are summarized
in Table 4. (27) Morimoto, T.; Hiratsuka, K.; Sanada, Y.; Kurihara, B. Power
To avoid the influence of oxygen, all calculations are done g Sources1996 60, 239.

) ) h Yoon, S.; Lee, J.; Hyeon, T.; Oh, S. Nl Electrochem. So200Q
from the discharge process of the third cycle. Concerning 147, 2507.
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Table 4. Specific Gravimetric Capacitances ¢g) and Specific Capacitances Per Surface Area0sa) of All Samples in 1 M H>SOz2

sample
Me650 Me750 Me800 Me850 Me1000 Me650s Me750s Me800s Me850s Me1000s
141.1 204.8 198.8 157.4 47.92 128.2 200.1 185.6 195.9 62.24
(Fg™]
Csa 0.54 0.46 0.57 0.63 0.55 0.93 0.78 0.92 1.63 3.66
[Fm]

a Calculations were done from the discharge process of the third cycle in the potential range-@fl0\2 Surface areas were estimated by the SPE
method.
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Figure 5. Potential-time curves (chronopotentiographs) for nonstabilized samples (a) and stabilized samples (b). Galvanostatic conditions;’20 mA g
potential range-0.2 to 0.5 V, vs Ag/AgCl.
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Figure 6. Cyclic voltammograms of the capacitors manufactured from Me750 (a) and Me750s (b). Voltammetric conditions, sweep rate 3,1 mV s
potential range 0.5 V, vs Ag/AgCl.

observed in samples heat-treated at lower temperature of 65@eriphery of the graphene layers provides a pair of electrons
°C, that is, Me650 and Me650s. Almost no IR drop can be introducing electron donor properties to the lay&he XPS
detected in samples heated above this temperature, excepgtudy clearly shows the presence of pyridinic and quaternary
for Me800s. The triangle shape for the chronopotentiographsnitrogen in all samples, while the pyridinic nitrogen ratios
of all of the samples heated above 68Dproves their good  are slightly higher in the stabilized samples. These nitrogen
capacitive behavior. species are located at the easily accessible edges of graphene
Cyclic voltammetry was also used in the determination layers, and therefore they can easily contribute to the total
of the electrochemical properties of the samples, and the capacitance with the pseudocapacitive effect. As mentioned
example voltammograms for Me750 and Me750s are shownPreviously, pyridinic nitrogen induces electron donor proper-
in Figure 6a and b. The shape of the voltammogram for ties to the layer, and therefore one can reasonably assume
Me750 is almost square, suggesting an electrostatic attractionthat the protons were attracted to the electrode surface and
However, a S||ght 5|Ope in the region of proton e|ectr050rp- the pseudocapacitive interactions occurred. This may be a
tion can be observed. This indicates some deviations fromreason for the good capacitive properties of stabilized
the ideal double-layer capacitor. Such features become moresamples with very poor porosities but with the higher ratios
significant in Me750s, the voltammogram of which is not Of pyridinic nitrogen as compared to the nonstabilized
square and the slope of which is easily recognized. Becausesamples.
the scan rate was slow enough to eliminate kinetic effects To further investigate the theory of proton involvement
during the sorption of ions, we suggest that this deviation is in the charge-discharge process, we have changed the pH
related to the pseudocapacitive properties of the presentof aqueous electrolyte, dr8 M sodium chloride (NaCl) was
samples, which should be considered due to the presence ofised insteadfdl M H,SO,. The Cy andCsa evaluated from
incorporated nitrogen in an appreciable amount. It was the galvanostatic charge/discharge measurements of Me750,
suggested previously that the pyridinic nitrogen at the Me750s, Me1000, and Mel000s are summarized in Table
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Table 5. Specific Gravimetric Capacitances ¢g) and Specific using fluorine mica as template. It was observed that samples
i i a . .- .
Capacitances per Surface AreaCsy) of All Samples in 3 M NaCl subjected to nonstabilization process had a better developed
sample CglFg] CsalFm™] porous structure as compared to the stabilized samples and
Me750 74.29 0.17 that they contained micropores together with meso- and
Me750s 59.85 0.23 .
Me1000 20.85 0.24 macropores. The CHN combustion method and XPS revealed
Me1000s 15.74 0.93 a higher nitrogen content in the stabilized samples with the

a Calculations were done from the discharge process of the third cycle maximum and minimum of N/G 0.45 and N/G= 0.14 for
gptge pOthe”é'a' range of 0:20.1 V. Surface areas were estimated by the  \e650s and Me1000s, respectively. The stabilization process
method. . . .

was effective not only for the preparation of samples with

5. Unlike theC, measured in acidic medium, ti® in NaCl higher nitrogen content, but also for the increment of carbon
decreases with the surface areas, and the stabilized samplegeld. Nispeak analyses of all samples revealed that the main
provide lowerC, than the nonstabilized ones, regardless of hitrogen species were pyridinic, quaternary, and oxidized
the nitrogen contents. The higheSg (74.29 F g?) was nitrogen and that the stabilized samples contained slightly
obtained from Me750. This is, however, almost 3 times less higher ratios of pyridinic nitrogen located at the periphery
than the gravimetric capacitance of this sample in sulfuric of the graphene sheets. The results of the electrochemical
acid (204.8 F gY). A further capacitance loss is observed in  measurements of capacitors built from each sample in
all other samples, that is, 59.85 F'gn Me750s, 20.85 F  sulfuric acid suggested the presence of pseudocapacitive
g'in Mel000, and 15.74 F§ in Me1000s. Considering  effect due to the active nitrogen sites. This became more
the capacitive performances of the samples with respect tosjgnificant in the stabilized samples that generally provided
their porosities, theCsa values of Me750, Me750s, and  high values of capacitances despite the lower surface areas.
Me1000 are close to thesa of activated carbon, which is  The pseudocapacitive interaction was not observed when a
usually between 0.1 and 0.2 F'fn Therefore, we suggest o tra electrolyte was used. Hence, we suggested that the
that the capacitance in NaCl originates in a mainly non- o .iqinic nitrogen species affected the electron denor
Faradglc electrostatic sorption of-|ons on the double layer. acceptor characteristic of carbon materials and that the
The highCsa values of Me1000s in both electrolytes, that » . h tons of electrolyte
is, 3.66 F m? in H,SO, and 0.93 F m? in NaCl, are not pseudocapacitive attraction betvyeent € pro )

and the carbon electrode materials occurred. This was stated

clarified yet, and further investigation of this sample is in be th ¢ d itive behavior of melami
progress. However, in general, the results presented suggestp € the reason for good capacitive behavior ot melamine-
based carbon in sulfuric acid. To understand the origin of

the proton involvement in the chargeischarge process in . ) ) N
acidic medium and the mainly electrostatic sorption of ion PS€udocapacitance more precisely, further investigation is

in a neutral medium. In progress.
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