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Carbon materials with significant nitrogen contents were investigated as the electrode materials of
supercapacitors. The preparation procedure involved the polymerization of melamine in the interlayer
space of template fluorine mica and carbonization at 750, 850, and °T0Bome samples were also
stabilized prior to carbonization. We have shown previously that these carbons possess very interesting
capacitive behavior in an acidic medium despite small surface areas. High capacitance vah&®,in H
were attributed to the pseudocapacitive interactions between the protons and nitrogen atoms. This paper
further discusses the results obtained in a base and an aprotic electrolyte, KOH and J/HEABF
respectively. Electrochemical properties were evaluated with cycling voltammetry, a galvanostatic charge/
discharge technique, and electrochemical impedance spectroscopy. High capacitance values were obtained
in proton-free KOH, and the presence of pseudocapacitive interactions between the ions of the electrolyte
and the nitrogen atoms of the carbon matrix is proposed. Compared to those in sulfuric acid, greater
capacitances of nonstabilized samples were obtained in KOH, i.e., for the sample carbonized°&t, 1000
the capacitance was 84.61 F/g in KOH vs 47.92 F/g i8®. On the other hand, less porous but more
nitrogen-rich stabilized samples gave better performances$®OHi.e., 62.24 F/g in SO, compared
to 49.86 F/g in KOH for the sample stabilized and carbonized at 2@00rhe sample heat-treated at
750 °C with a surface area of ca. 400%g performs similarly in both electrolytes, i.e%200 F/g.
Significantly lower gravimetric capacitances were obtained in TEABE from the samples carbonized
at 750°C. On the other hand, the almost nonporous sample subjected to stabilization prior to carbonization
at 1000°C gave a capacitance of20 F/g. Hence, we suggest that the faradaic interactions between the
carbon electrode material and the electrolyte, although much less significant than tho&OnaAd
KOH, play an important role in the nonaqueous electrolyte as well. Narrow micropores were detected by
CO, adsorption/desorption, and their importance to the interpretation of capacitive behavior is also
discussed.

Several reports have been published on the improved The origin of pseudocapacitance in nitrogen-enriched
capacitive behavior of supercapacitors, electrodes of whichcarbons is yet to be clarified. However, a reasonable
were made from carbon materials enriched with nitrogen or assumption is that the nitrogen species located at the
oxygen surface functional groups. These electrochemically  periphery of graphene sheets, i.e., pyridinic, pyridonic, and
active centers contribute to the overall capacitance, with oxidized nitrogen, interact with the ions of electrolytes and
pseudocapacitance that generally originates from the faradaidherefore are the active species. It should be pointed out that
interactions between the ions of electrolytes and the carbonthese pseudocapacitive interactions are not purely faradaic
electrode surface. The oxygen surface groups, formed in mostn terms of oxidation/reduction reactions, similar to RuOx
of the activated carbons during the activation process, havepseudocapacitors® Their advantage is the improvement of
an acidic character, thus introducing electron-acceptor prop-electrode wettability because of the increased number of
erties into the carbon surface. On the other hand, nitrogenhydrophilic polar sites. In addition, the pseudocapacitance
functionalities have generally basic characters, inducing is not a rate-limiting factor, i.e., it is a fast process and
electron-donor propertiés. therefore these capacitors can be loaded with high-current
densities without any significant capacitance loss or increased
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with ca. 7 wt % nitrogen. They found good correlation coH N MW
between the specific capacitance and the nitrogen content NH T ﬁ
for samples with similar microtextural characteristics. The 4'c\ NN
pseudocapacitance was proposed as the reactions of the ']' H NH

C /

oxidation/reduction of pyridinic rings, but no redox peaks _HN/C\‘/ NHcH-0-chs
were observed in cyclic voltammograms. Jurewicz et al. also Figure 1. Structure of melamine resins.
observed improved capacitive behavior of various carbon
materials subjected to the ammoxidation process, i.e., a |njtially, using EFM as the template and quinoline as the
treatment of nitrogen-free carbons with an ammonia/air cgrhon precursor, we prepared a very unique cathdhe
mixture in which the nitrogen groups were introduced mainly strycture consisted of thin amorphous carbon film laced with
to the surface of carbon at a concentration of about 2 Wt an ordered carbon rim. Apart from the structural uniqueness,
%37° The extent of nitrogen influence on the capacitive the electrochemical properties were also very interesting.
behavior depended on the thermal treatment stage at Whid’Despite a small surface area (less than 98g the
the.am_moxidation process was introduced, i.e., before or aﬂergravimetric capacitance of a supercapacitor manufactured
activation. from this material was ca. 100 F/g. When pyridine, which
Another concept was introduced by Shiraishi €t@hey  contained more nitrogen atoms in its structure and therefore
prepared nitrogenous carbon by defluorination of perfluoro had more nitrogen atoms in the carbon material after heat
organics, such as perfluoropyridine, cyanuric fluoride, etc., yreatment, was used as carbon precursor, the capacitive
with alkaline metals and investigated the capacitive perfor- pehavior increased to ca. 150 F/g. These results suggested
mance of EDLC constructed from this electrode material. that even poorly porous carbon that is rich in nitrogen can
The micro/mesoporous carbon with large surface areas ofserve as promising electrode material in supercapacitors. The
1000 nt/g and 0.02-0.15 nitrogen:carbon atomic ratio highest nitrogen content after heat treatment at 8D@vas
showed improved capacitance in the nonaqueous electrolytegti|| only ca. 10 wt %. Therefore, we were eager to employ
The authors suggested that this is the result of the modifica- 5 different carbon precursor that would allow us to prepare
tion of the space charge layer because of the presence Otarbon material with abundant nitrogen residue. Through
incorporated nitrogen. careful selection, we prepared an EFM template nitrogen-
The above-mentioned preparation techniques, though in-enriched carbon from melamine res#idvielamine resin is
novative and effective, result in carbon material with polymer that contains 45 wt % nitrogen in its polymeric
relatively low nitrogen content. In addition, the activation state and is therefore a very suitable precursor (Figure 1).
process is often employed; therefore, the obtained nitrogen-Njitrogen volatilities are released gradually with an applied
enriched activated carbons possess a large double-layefemperature up to 850C and released rapidly with further
capacitance that makes investigation of the pseudocapacitiveemperature increases. However, almost 8 wt % nitrogen
contribution of nitrogen quite difficult. remains present in the carbon matrix after heat treatment at
Template nitrogen-enriched carbons initially prepared and 1000 °C. Furthermore, it is a cheap and commercially
tested in supercapacitors by our group differ from the gyajlable polymer often used in various applicatiéh.
nitrogenous carbons described above in a few aspects. First, Ap important step in the preparation of melamine-based
our carbons are poorly porous and second, the nitrogenc,hon is the stabilization process conducted in an oxidative
contents are significantly higher. Low porosity is the atmosphere at 266250 °C. We found that this treatment
consequence of the original template structure and is alsont only increased the carbon yield but also preserved the
due to the activation process being employed in order to keepyjyogen atoms in the carbon matrix during the carbonization
the nitrogen content as high as possible. High nitrogen nqcess. Therefore, the stabilized samples contain more

contents are due to careful selection of nitrogen-containing nitrogen than the nonstabilized ones when they are carbon-
carbon precursors. Expandable fluorine mica (EFM) and j;o4 at the same temperatures (Figure 2a).

various nitrogen-containing organic precursors are used as In our previous report, we evaluated the electrochemical
the template and carbon source, respectively. EFM can bebehavior of the EFM template melamine-based carbons in

characterl_zed as a _tetrah_edral and octahedral C_rys_ta"meaqueous electrolytes of sulfuric acid and sodium chloride in
network with a_two-d|men5|ona| spredftiThe carbon liquid .a three-electrode-cell arrangement. The extra high values of
precursors are |_n_tr0duced betwgen the Iamz_allae thgnks to thei he gravimetric capacitance, ca. 200 F/g, and especially the
intrinsic dilatability, and a replica carbon is obtained after capacitance per surface area, 1.5Fifmacidic medium, were

cgrbonl_zatlon and mica removal. Because of the two- elucidated, whereas those values in a neutral medium were
dimensional template structure, the resultant carbon cannot

possess a large surface like the template carbon prepared ble) Ryoo. R.; J00, S. H.; Jun, S. Phys. Chem. B999 103 7743

templates for the preparation of ordered, highly porous 7323. , , .
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500 a) Experimental Section
50 400 - " 1. Preparation and Characterization of Carbon Samples.
“g Details of the preparation procedure of the EFM template melamine-
g 300 1 - based carbons were presented elsewkdreshort, melamine was
8 200 4 ¢ mixed with formaldehyde and EFM and subjected to polymerization
g at 80°C for 30 min. The samples were then carbonized at 750,
» 100 4 © Y 850, and 1000C, and pure nitrogen-enriched carbon specimens
0 0 were obtained after mica removal with HCI/HF treatment. These
700 750 800 850 900 950 1000 1050 samples are denoted as Me750, M§850, and Mel000 hereafter.
Joc Another group of samples was obtained when the sample after
HTT polymerization was subjected to stabilization at 260n air prior
30 b) to carbonization. The following carbonization proceeded at the same
° temperatures, and these samples are labeled Me750s, Me850s, and
< 25 4 O
z Me1000s.
5 201 & CO, adsorption isotherms at 298 K were recorded using
g 15 | * Belsorp18, a Bel Japan Inc. instrument. The microporosity volumes
g 101 o were obtaingd from Cg‘.adsprption data py applying the ngiﬁin
£ 5 ° Radushkevich (DR) equation and considering the density of CO
z to be 1.56 g/ch
0 ‘ ' ' ‘ ' ' 2. Electrochemical MeasurementsPellets for the electrochemi-
700 750 800 850 900 950 1000 1050

cal measurements were prepared by mixing the carbonized sample
HTT/°C with carbon black (Mitsubishi Chemicals Inc.) and a poly-
Figure 2. (a) Relation between the surface area and heat-treatment (tetrafluoroethylene) binder (PTFE, Mitsui Dupont Fluorochemicals,
temperature _HTT; (b) relation between tl_'le nitrogen content evaluated by 7A-J, Inc.). The sample:CB:PTFE ratio was kept at 80:10:10 wt
the combustion method and HTT. Solid and open symbols represento/ Th . hvd b dded i 11 ‘NH
nonstabilized and stabilized samples, respectively. o. 1he ?mmon'l{m ydrocarbonate added in a 1: sampLe.
HCO; ratio by weight was expected to form small pores in a pellet
more or less in the range of double-layer capacitance, i.e.,during its decomposition in the drying process (110 in a
74.29 Flg and 0.17 FAnrespectively, for the same sample. vacuum); these pores should promote electrolyte diffusion. The
We also found that the stabilized samples possessed bettef@MPle was pressed at 40 MPa for 15 min and afterward rolled to
capacitive behavior in 50, despite smaller surface areas. the thickness of ca. 100m. The final pellet d_lameterwas setat 1
Importantly, the nitrogen contents of these samples were & and the mass was ca. 8 mg. Cyclic voltammetry (CV),
L0 . . o galvanostatic charge/discharge cycling (GC), and electrochemical
much higher compared with their nonstabilized counterparts

X ; impedance spectroscopy (EIS) were employed in the evaluation of
from the XPS study, we understood that they contained moregjectrochemical behavior of each sample. The electrochemical

pyridinic nitrogen located at the periphery of the graphene performances of samples were evaluated in two electrolytes, i.e., 6
sheets, which is in agreement with the studies of Pinero etm potassium hydroxide (KOH) ah1 M tetraethylammonium
al*8 Similarly, they noticed an enrichment of nitrogen species tetrafluoroborate in propylene carbonate (TEABF4/PC). All experi-
in the surface of melamine-based carbons after stabilization.ments were carried out at room temperature in a standard three-
This fact is very beneficial for electrochemical applications, compartment cell. Platinum foil and platinum mesh were used as
because the surface of the electrode material is the mostthe counter electrode and current collector, respectively, for both
accessible to the electrolyte and therefore is the mos,[electrolytes. Hg/HgO and Ag/AgCl were chosen as the reference
electrochemically active electrodes for KOH and TEABF4/PC, respectively.

According to that, we logically assigned the improved GC measurements with a current loading of 20 mA/g were
capacitance behavi(;r of stabilized samples i@ to the conducted on a multichannel VMP potentiostat/galvanostat (mul-

. . tichannel potentiostats/galvanostat VMP-80, Princeton Applied
extent of nitrogen species at the edges of graphene Shemﬁ?esearch). A potential range froml to 0 V vs Hg/HgO was
In this report, we further evaluated the electrochemical

A ) ! applied in KOH. In the case of TEABF4/PC, galvanostatic charge/
properties of these carbons in a base electrolyte of potassiunyischarge curves were recorded in a potential range betwées
hydroxide (KOH) and a nonaqueous or so-called aprotic and 0.5 V vs Ag/AgCI.

electrolyte of tetraethlyammonium tetrafluoroborate in pro-  The specific gravimetric capacitances were calculated from the
pylene carbonate (TEABF4/PC) using three-electrode-cell discharge process of the 10th cycle on the basis of eq 1
layouts. Cyclic voltammetry, galvanostatic charge/discharge
techniques, and electrochemical impedance spectroscopy
were used for this purpose. Our previous communication
discusses the XPS, FE-SEM, nitrogen adsorption/desorption,where Cq is the specific gravimetric capacitance (F/¢)is the
and elemental analysis of melamine-based carbons. Here, tgurrent loadedAt is the discharge time (s), ardV is the potential
characterize the porous structure further, we also performedchange during the discharge process.

CO, adsorption/desorption measurements. In addition, the Specific capacitances per surface a@a(F/n?) were also
resistance of each pellet to electrochemical measurement$alculated using eq 2

in the dry state was measured by a four-probe technique.

C, = IAVAV (1)

C,=CySA )

(18) Raymundo-Pinero, E.; Cazorla-Amoros, D.; Linares-Solano, A.; Find,

J.; Wild, U.; Schlogl, RCarbon2002 40, 597. where SA is a total surface areaqg) calculated fromos plots.
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Table 1. Micropore Volumes Evaluated from CQ, and N2 Table 2. Resistance of Dry Pellets for Electrochemical Measurements
Adsorption/Desorption Techniques Evaluated with a Four-Probe Technique
sample Vimicro CO2 (CmMP/g) Vimicro N2 (CmP/g) sample Roelletpress&roll € cm) Roelletpress §2 cm)
Me750 0.29 0.13 Me750 59.99 208.81
Me850 0.08 0.06 Me850 4.02 5.88
Me1000 0.06 0.01 Me1000 0.49 0.53
Me750s 0.12 0.07 Me750s 90.79 274.83
Me850s 0.04 0.02 Me850s 19.09 22.84
Me1000s 0.04 0.01 Me1000s 0.93 4.42

CV measurements in both electrolytes were performed using thetion measurements. However, they can still be considered
same cell layouts and potential ranges, with a potential scan rateas being poorly porous carbons, and their high values of
of 1 mVis. capacitances obtained in an acidic medium can be attributed

Impedance measurements were conducted in KOH over atg the presence of nitrogen atoms and resultant pseudoca-
frequency range from 100 kHz to 10 mHz, and a polarization pacitance rather than the underestimated double-layer ca-

potential of—0.4Vwas applied. pacitance from the ion electrosorption on these narrow
The resistance of dry pellets was measured by a four-probe

- . . . .. micropores.
tech Loresta-GP MCP-T600 equipment (Mitsubishi . .
gﬁerr:iqcl;? (;)s:ggud ) autp ( The resistance values of dry pellets are shown in Table 2.
T To investigate the effectiveness of rolling process on the
Results and Discussion electrical conductivity, we also measured the resistances of

pellets after pressing and before rolling. The resistance

The basic characteristics of all samples, such as surfacedecreases markedly with HTT; for example, the values for
areas and nitrogen contents, have been reported alfeady Me750 and Me1000 are 59.99 and 0Q%m, respectively.
and are therefore not discussed here in detail. The resultlt is well-known that the structure of carbon becomes more
summary is shown in Figure 2. Figure 2a represents the ordered at higher temperatures, which leads to the improved
relation between the heat-treatment temperature (HTT) andelectrical conductivity. Hence, the obtained data are reason-
the surface area of each sample. One can see that the surfacgble. It was also found that the stabilized samples were less
area decreases with the HTT and that the stabilized samplegonductive, as the resistances of Me750s and Me1000s are
are less porous than the nonstabilized ones. In contrast, the0.79 and 0.9%2 cm, respectively. The reason for this may
nitrogen contents, evaluated by the CHN combustion method,be the presence of more nitrogen species on the surface of
are higher in stabilized samples (Figure 2b). In conclusion, these samples than on the nonstabilized ones. From the data
the stabilized samples were found to be less porous but richerof pressed-only pellets, we can conclude that the rolling
in nitrogen residues compared to their nonstabilized coun- process improved the electrical conductivity of all samples.
terparts. Particularly, the intraparticle resistance is expected to be

Table 1 displays the micropore volumes estimated from lowered, which is a very important factor in capacitor
DR plots of CQ adsorption at 298 K. They are compared performance. Another benefit of the rolling procedure was
with the micropore volumes obtained fromy, dsorption/ the possibility of preparing very thin pellets, ca-7000um.
desorption isotherms at 77 K, presented eatfiéris clear By simple pressing, the average thickness of pellets was ca.
that the values resulting from GOmeasurements are 400 um.
noticeably higher than those from ldsorption/desorption. To further demonstrate the interesting electrochemical
Such a discrepancy can be attributed to the presence of ultrepehavior of melamine-based template carbon, we present
micropores that cannot be detected by nitrogen moleculesresults on the capacitive performance in an aqueous media
because of their diffusional problems into the narrow of KOH.
micropores of less than 0.7 nm and the density problems of Nyquist plots, which represent the frequency responses
the adsorptive. C® molecules, on the other hand, are of the samples and are commonly used to present and analyze
adsorbed at higher temperatures and therefore their kineticEIS data, reflect the conductive properties of carbons (Figure
energies are larger, which allows them to enter the narrow 3). Generally, the high-frequency region represents the sum
pores, and the volumes of these micropores can be calculatedof the internal resistance of the carbon material, electrolyte
Comprehensive studies made especially by the Linares-resistance, and contact resistance between the working
Solano group demonstrated that in order to well-characterizeelectrode and the current collector. Although it is almost
the microporous structure of less-porous carbons and to avoidimpossible to prepare identical cell layouts, we used the same
the underestimation of microporosity, it is highly recom- technique in assembling each cell. In addition, the same
mended to perform both the nitrogen and carbon dioxide electrolyte was used, and it may therefore be considered that
adsorption/desorption measuremelit¥. This fact appears  the high-frequency region more or less reflects the conductive
to be relevant for our samples. Therefore, it can be said thatproperties of the carbon electrode material.
all samples contain larger fractions of narrow micropores  From the intensity of semicircle, it is clear that the intrinsic
than estimated initially with the nitrogen adsorption/desorp- resistance of carbon changes with HTT. Very large internal
resistance is observed in Me750 and Me750s. It becomes

(19) 'aarigdg,_l; Lingre_S—Solar;o,TA.; Martin—MaREtinez,J_.lhgéé\llglir;eé—Sabio, smaller with increased HTT for both the nonstabilized and
.; Rodriguez-Reinoso, F.; Torregrosa, Rangmuir 3, 76. e . .
(20) Lozano-Castello, D.; Cazorla-Amoros, D.; Linares-Soland&;#&bon stabilized samples, suggesting a Iowerlng of the carbon

2004 42, 1233. intrinsic resistance. Because the semicircle is also associated
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Figure 3. Nyquist plots of nonstabilized and stabilized samples recond&d\! KOH, three-electrode cell, applied voltag®.4 V vs Hg/HgO, frequency
range of 100 kHz to 10 mHz. Detailed plots of Me850, Me1000, Me850s, and Me1000s are also shown separately.

with the pseudocapacitive interactioftsye can conclude  mathematical model for a series of activated carbons with
that the stabilized samples with higher nitrogen contents andno faradaic interactions in which the pore size distribution
larger loops show the presence of faradaic pseudocapacitivevas responsible for this phenomenon. In other words, in the
interaction to a greater extent than the nonstabilized ones.carbon electrode materials with uniform pore size distribu-
The imaginary part of the impedance spectra at low tion, the in-a-pore dispersion claims responsibility for the
frequencies represents the capacitive behavior of the electrodeleviation from the ideal response at high-frequency region,
and approaches a 9@ertical line in an ideal capacitdt. but as penetrability increases with lowering frequency, the
Obviously, the supercapacitors manufactured from melamine-impedance approaches®9®owever, the samples with the
based carbons are not ideal and, therefore, the low-frequencywide pore distribution differ from the ideal performance in
parts of Nyquist plots incline. The differences between the the low-frequency region. The reason is that the penetration
ideal and experimental capacitors were also observed inof the ac signal is different at the same frequency because
pseudocapacitance-free samples. Song €tdadscribed the  of the pore size variations, i.e., the large pores are easily
accessible by the electrolyte, whereas the narrow micropores

(21) Gamby, J.; Taberna, P. L.; Simon, P.; Fauvarque, J. F.; Chesneau, M.are not. The resulting impedance spectrum is characterized
J. Power Source2001, 101, 109.

(22) Conway, B. EElectrochemical Supercapacitors: Scientific Funda-
mentals and Technological Applicatigiduwer-Plenum Press: New (23) Song, H. K.; Hwang, H. Y.; Lee, K. H.; Dao, L. Hlectrochim. Acta
York, 1999. 200Q 45, 2241.
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Figure 4. Cyclic voltammograms of all samples recordadsi M KOH, potential range-1 to 0 V vsHg/HgO, sweep rate= 1 mV/s, three-electrode cell.
The thickness and mass of the electrode were caub®@nd 8 mg, respectively.

by the inclined Nyquist curve. Considering the porous nature  Table 3. Grafvimetric Capacitéfmclflls Co) élmd ,Capacitaances per
of the presented samples, all consist of a mixture of micro-, Surface Area Csa) of All Samples in KOH

meso-, and macropores. Hence, the pore size distribution role KOH H2SQP
seems to be accurate in our case. Additionally, one can easily sample Cy(F/g)  Csa(F/mP) Cq(Flg)  Csa(F/m)
notice the propensity of samples carbonized at 130DQo Me750 208.15 0.47 204.8 0.46
respond toward J0in the low-frequency region. This may =~ Me850 174.31 0.70 157.4 0.63
be due 1o th ial eliminati f the effect of - Me1000 84.61 0.98 47.92 0.55
e due to the partial elimination of the effect of pore size  \e750s 126.01 0.49 200.1 0.78
distribution because these samples are poorly porous. Me850s 119.43 0.59 195.9 1.63
The cycling voltammograms of all samples in KOH  Me1000s 49.86 2.93 62.24 3.66
recorded in the potential range betweeh and 0 V vs Hg/ a Galvanostatic conditions: current densiy20 mA/g, potential range

HGO are shown n Figure 4. Interestingy,the nonvectangular _L 1.0 Y sHglise Tor lusvator pupoees e caaotancss fsame
shapes, similar to those in the cyclic voltammograms of same

samples recorded in sulfuric acid, were observed. Clearly of electrode material calculated from galvanostatic charge/
enhanced capacitance can be observed in the negativaelischarge measurements are summarized in Table 3. Ca-
potentials of adsorption/desorption of positively charged ions. pacitances of same samples inS@y, reported earlier are
The same phenomenon was observed i8®, for which also shown for comparison purposes. Regarding the theory
protons were preferably adsorbed on the carbon electrodeof strong pseudocapacitive interactions between the protons
surface!® The capacitances per mass and per surface areand the nitrogen atoms of the carbon electrode i8®j,
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one would expect capacity loss in a proton-free electrolyte.  Table 4. Gravimetric Capacitances Cg) and Capacitances per

However, a high capacitance value of 208 F/g for Me750 Surface Area (Csa) of Samples Heat‘yr%ated at 750 and 100€C in
’ . A 1 M TEABF4/PCa

was obtained in KOH. This is almost the same value as the

one obtained in sulfuric acid. Furthermore, Me1000 per- sample S (Flg) Con (F/re)
formed remarkably better in KOH compared te340,, as m:zggo %-jg g-gg
the obtained capacitance is 84.61 F/g versus 47.92 F/g. Me750s 26.23 0.10
Taking into account the sloped shape of the cathodic branch Me1000s 20.61 121

of the cycling voltammograms, we found that the presence agGalvanostatic conditions: current density20 mA/g, potential range

of pseudocapacitive interactions between the positively —1.5t0 0.5V vs Ag/AgCI.

charged ions, in this case the potassium cations and the ) . ) )
nitrogen atoms of carbon, are highly liable. The improved SiZes, their nonfaradaic electrosorption should theoretically
capacitance in KOH was observed for nonstabilized samples,esult in similar capacitances at cathodic branches of cyclic
whereas the capacitance loss was measured in stabilizeyoltammograms. Experimentally obtained different values
samples. must therefore result in the presence of different faradaic

Apart from the pseudocapacitive contribution of nitrogen [Ntéractions between the ions and the nitrogen atoms.
atoms, a very important factor, which is the different ion Considering the capacitive performances of all samples in
size of KOH and HSO, should be considered when KOH and SO, some conclusions can be made.
interpreting the capacitive performance of nitrogenous First, the Signiﬁcant presence of pseudocapacitive interac-
carbon. It is well-known that in the aqueous electrolytes, the tions is clear in HSO, as well as in KOH. Second, despite
positively charged ions are presented and thus adsorbed ithe difficulties of SQ*~ ions in penetrating the pores,
the hydrated form. Eliad et al. reported the size of potassiumespecially in poorly porous stabilized samples, very high
ion K* to be similar to that of protic ion D", i.e., within capacitances were obtained. Same samples showed worse
the range 3.624.2 A 24 Because the size of bare'ks 2.66 ~ capacitive behavior in KOH even though the Oléns are
A, the dimensional importance of the hydration shell is quite Smaller than SE~ and thus more easily electroadsorbed on
significant. The negatively charged ions, on the other hand, the pores. This suggests that the faradaic interactions between
are adsorbed in the bare state in most cases, except foHsO" and the nitrogen functionalities are stronger than those
bivalent sulfate S@~ ions. Endo et al. used the COSMO of K* and that they determine the overall capacitive
method to compute the possible structure of hydrateggSO  performance.
and found out that the most likely number of hydrates was The remaining question is why no faradaic interactions
12.16 molecules of water per one SO ion and the were observed in a neutral medium of NaCl reported eaflier.
calculated size of S (H,0O);» was estimated to be 5.33  More research has to be done to clarify this, but at this stage,
A.%5 The hydroxide anions OHare adsorbed in the bare the acidity and/or the basicity of the electrolyte seem to play
state and thus their size is smaller than that of?’S@nd an important role.

also K. The electrochemical properties of samples heat-treated at
In conclusion, the dimensional order of ions of aqueous 750 and 1000°C were further investigated in nonagqueous
electrolytes used in this experiment is as follows (aprotic) electrolyte TEABFPC. The use of aprotic elec-
trolytes is in high demand because of their large potential
OH < K"~ H,0" (3.62— 4.2 A < SO (5.33 AF° windows (2-2.7 V). Because the energy density is equal to

the square of the applied potential, larger energy densities
For all these reasons, very narrow micropores demonstrateccompared to those of the aqueous electrolyte$ ¥) can
by CO, adsorption/desorption could accommodate tinyOH be obtained from capacitors containing these electrolytes.
in contrast to large S® and therefore the double-layer Corresponding capacitances calculated from the galvano-
contribution of OH electroadsorption to the overall capaci- static charge/discharge technique between5 and 0.5 V
tance in KOH is more significant than that of $Oin Hy- vs Ag/AgCl are shown in Table 4. Compared to the aqueous
SO electrolytes, significant capacitance loss is observed in
High capacitances per surface areas in KOH ranging from samples carbonized at 758G, i.e., 37.49 F/g for Me750 and
ca. 0.47 F/m for Me750 to 0.98 F/rh for Mel1000 also 26.23 F/g for Me750s. These are the samples with the largest
clearly prove the presence of pseudocapacitive contributionsurface areas among tested specimens and they provide the
to the overall capacitance. Similar to the performance;n H maximum gravimetric capacitances in aqueous media. In-
SQ,, large values for stabilized samples (between 0.4 F/m terestingly, high values of capacitances are obtained from
for Me750s and 2.93 F/trfor Me1000s) suggest a more- samples carbonized at 100G, i.e., 30.48 F/g for Me1000
significant pseudocapacitive contribution to the overall and 20.61 F/g for Me1000s. These are even slightly greater
capacitance in these samples than in the nonstabilized oneshan the values obtained from the same samples in a neutral
On the basis of the fact that positively charged hydrated aqueous electrolyte of NaCl (20.85 F/g for Me1000 and 15.74
ions of both electrolytes, i.e., Kand HO*, have similar F/g for Me1000s}?
Like the ion hydration effect in aqueous electrolyte, the
(24) f(;iadésl'é;o Sallitra, G.; Soffer, A.; Aurbach, IJ. Phys. Chem 2001, solvation of ion in nonaqueous electrolyte must be consid-
(25) En5d0’ M.: Maeda, T.: Takeda, T. Kim, Y. J.: Koshiba, K. Hara, H.: ered. The ionic radii of TEA and BR~ in PC have been
Dresselhaus, M. Sl. Electrochem. So@001, 148 (8), A910. reported to be 3.43 and 2.29 A, respectively and hence the
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Me750 (a) and Me750s (b) The cycling voltammograms are displayed in Figure 6.
. 82 ] b a The boxlike shapes suggest the electrosorption of ions on a
< 011 double layer with no significant faradaic interactions, similar
< o to KOH and/or HSO,. However, taking into account the
Z 05 fact that capacitors manufactured from highly porous acti-
3 071 vated carbons with surface areas of more than 108@ m
5 :?:?: possess gravimetric capacitances of about BID F/g in
£ 13 an aprotic medium, we observed values between ca. 20 and
15 ' ; ' 30 F/g in Me1000s and Me1000. This suggests that even in
0 2000 4000 6000 8000 a nonaqgueous electrolyte, some kind of faradaic interactions
Time/ sec may occur between the nitrogen species and the ions. These
05 Me1000 (c) and Me1000s (d) do, however, contribute less to the overall capacitance than
1, 031 d c the ones present in KOH and,$0,.
< 0.1
< 011 Conclusions
2 -0.3 A
z 8‘;’ i The preparation of nitrogen-enriched carbons from melamine
£ 09 resins and their electrochemical performances48® and
fo: 1; 1 NaCl were reported in our previous communicatidhlere,
15 : : ‘ we further described the evaluation of these electrochemically
0 1500 3000 4500 6000 interesting materials in KOH and TEABIPC.
Time/ sec Using cyclic voltammetry and a galvanostatic charge/

Figure 5. Galvanostatic charge/discharge curves of (a) Me750, (b) Me750s, discharge technique, we measured higher capacitances of

(c) Me1000, and (d) Me1000s. Galvanostatic conditions: 1 M TEABF  nonstabilized samples in KOH compared to those i8®),
PC, current loading= 20 mA/g, potential range-1.5 to 0.5 V vs Ag/

AgCl. i.e., for Me1000, it was 84.61 F/g in KOH vs 47.92 F/g in
H,SO.. On the other hand, less-porous but more nitrogen-

effective ion size can be estimated to be abdnA for rich stabilized samples gave better performances, B

TEA' and 4.6 A for BR~.2° i.e., 62.24 F/g in SO, compared to 49.86 F/g in KOH for

Including the hydrated ions of agqueous electrolytes, the Me1000s. We concluded that it is essential to consider the
following scale of effective ion size used in this work can effective size of ions when comparing the capacitances in
be created both electrolytes. The positively charged hydratet aad
OH < K ~ H,0" (3.62— 4.2 A < H;O" are similar in size, whereas the negatively charged

s ' ' ions differ significantly. Sulfate ion S@ is electroadsorbed
BF, (4.6 4.2 AY° < SO (5.33 Af° < TEA" (7 A)*®° in a hydrated form, in contrast to the hydroxide ion Obf

. . KOH, which is adsorbed in a bare state. Therefore, the
Obviously, the ions of nonaqueous electrolytes are larger tha”double-layer contribution of OHelectrosorption on pores

the alkali ions, especially the positively charged TEA s greater than that of S®. This becomes more significant
therefore, it is very interesting that the less-porous samplesiy nonstabilized samples, which are more porous than their
serve as more-effective electrode materials in nonaqueoussiapilized counterparts, and this phenomenon is thought to
supercapacitors than do the porous samples. From the porge yesponsible for their higher capacitances in KOH,CO
parameters evaluated with the, Ndsorption/desorption  54sorption/desorption measurements also supported  this
technique at 77 K reported earliérjt is clear that all  555,mption when the presence of ultramicropores, which are
samples, except for Me1000s, possess enough wide Mi-gpie to accommodate small OHons, was confirmed. We

cropores to accommodate the largest TEMowever, the 5156 concluded that despite the improved electrosorption of
dominant micropore fraction of Me750 seems to be ineffec- OH-, high overall capacitances could not result from only

tive in sorption of these ions (surface area442 nt/g, the nonfaradaic electrosorption of ions on the pores. The

gravimetric capacitance: 37.49 F/g). On the other hand, enpanced capacitances in the cathodic branches of cyclic
Me1000s, which has a surface area of only Ffgrand thus  \,ojtammograms clearly showed the presence of the faradaic
a negligible micropore fraction, provides a capacitance of jneraction between the and nitrogen atoms. In addition,

20'(.51 Flg. ) ) obtained capacitances per surface areas ranging from 0.45
Figure 5 shows the galvanostatic charge/discharge char 2 93 F/m support this conclusion, as they are much higher

acteristics of tested samples. It is interesting that samplesinan the typical values for activated carbongd(2 F/n?).

carbonized at 750C show good electric conductivities 8 gectrochemical impedance spectroscopy revealed that the

the IR drops are minimal (Figure 5a). As expected, the IR jninsic resistance of the carbon electrode material decreases
drops of Me1000 and Me1000s are also very small (Figure \yith heat-treatment temperature. The inclined character of

5b). In addition, the triangular shapes reflect good capacitive Nyquist plots in the low-frequency region was concluded to
performance. be the consequence of pore size distribution.

The capacitive performances in nonaqueous electrolytes
(26) Ue, M.J. Electrochem. So2004 141, 3336.

(27) Arulepp, M.. Permann, L.: Leis, J.. Perkson, A.: Rumma, K.; Janes, WeTe also investigated. In general, remarkab!y lower capaci-
A.; Lust, E.J. Power Sourceg004 133 (2), 320. tances were measured compared to those in aqueous elec-
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Figure 6. Cyclic voltammograms of samples heat-treated at 750 and 1000 1 M TEABF4/PC, potential range-1.5 to 0.5 V vs Ag/Ag-, sweep rate
= 1 mVJs, three-electrode cell. The thickness and mass of the electrode were ganHi®l 8 mg, respectively.

trolytes. For instance, the value for Me750 was 37.49 F/g, honaqueous medium, some interesting results were obtained.
which corresponds to 0.08 Ffninterestingly, however, less-  All these data put a new insight into the capacitive behavior
porous samples carbonized at higher temperatures showeaf poorly porous carbon with a significantly high content of
good capacitive behavior, i.e., 20.61 F/g (1.21 H/fior nitrogen atoms. We believe it will be possible to clarify the
Me1000s. Considering the poor surface area of this sampleexact mechanism of pseudocapacitive interactions between
(17 n¥g), itis clear that the contribution of the double-layer  the jons and nitrogen atoms through the selective modifica-
capacitance to the overall capacitance is negligible. There-tjo of the carbon electrode surface and subsequent careful
fore, the faradaic interactions, although much less significant g, 41,ation of their capacitive behavior in various electrolytes.
than those in K5O, and KOH, were suggested. Work on this issue is being conducted.

From the obtained results, we can conclude that the
nitrogen-enriched carbons prepared from melamine resins _ _
showed good capacitive behavior in KOH despite the absence_ ~cknowledgment. D.H. is grateful to the Japan Society for
of protons that were initially thought to be responsible for Prometion of Science (JSPS) for the financial support.
the high capacitance in an acidic electrolyte. Even in a CM060146l



