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Abstract

Microporous zeolite templated carbon (ZTC) was kgsized by impregnation method
using zeolite Y (Na—form) as a template, and fuyifualcohol as a carbon precursor. The
characterization was carried out by X-ray diffranceiry, Raman spectroscopy, scanning electron
microscopy, nitrogen physisorption, elemental asialy and electrochemical methods.
Physisorption measurements evidenced high micropaiteme of obtained material (~ 0.43 tm
gl). The charge storage ability in aqueous KOLS®, and NaSQ, solutions was systematically
studied by cyclic voltammetry, galvanostatic chaggilischarging and complex impedance
measurements. Specific coulombic capacitance, §ltrogen storage, H-ZTC bonding and
relaxation time of adsorption were found to be aejlemt on the type of electrolyte. Neutral
NaSO, aqueous solution was found to be the best forrsapacitor application, thanks to: i) the
highest available voltage window ii) lowest cormsiand iii) highest capacitance amounting to
123 Fgatl1Ag.

Keywords: microporous carbon, zeolite template, pseudoctpagqueous neutral electrolyte,

hydrogen storage

1. Introduction

Since Chmiola et al. [1, 2] found anomalous inceea$ double layer capacitance of
porous carbons when pore diameter became lesshteatiameter of solvated electrolyte ions, an
expansion of investigation of microporous carbortemals as electrochemical supercapacitors
happened [3-9]. The importance of micropores (diammelow 2 nm) in charge storage was also

confirmed [6, 10]. The oxygen functional groupsials/ presented in the micropores of carbon



surface, boosted the capacitance either througHatfaglaic reactions [11, 12] or through the
enhancement of wettability [9, 11, 13]. The influerof mesopores was also emphasized, due to
their role as the transporting channels for adsbrbes [14, 15].

Different methods of synthesis of carbon matenaése applied in order to adapt the
porosity of carbon materials [16—20]. The templatadoonization method belongs to the most
elegant methods [21-27]. Mesoporous silicates ancroporous zeolites were the most
commonly used as templates [28]. The first attetapbbtain carbon obeying the zeolite pore
structure was described by Kyotani et al [29]. Byaducing the furfuryl alcohol into the cannels
of zeolite Y, followed by polymerization and carlmation, these authors obtained microporous
carbons with very high specific surface area ofQLid g* [29, 30] and 2260 fng” [31], but
with a significant fraction of mesopores, as wklhny authors followed this synthesis method
[32—-35]. Kyotani's group [35] succeeded to prepareroporous carbon whose structure
completely reflected the one of original zeoliter fhe porous carbon obtained, abbreviated as
ZTC, very high specific surface area of 360Dgh and micropore volume up to 1.5 toit, with
a negligible mesopore fraction were reported [Ible theoretical prediction of specific surface
area for carbon materials, derived under assumpgtah all C—atoms are spread within an
idealized graphene layer structure [37] amountsyever to 2630 g™ Highly structure
ordered ZTC’s were successfully synthesized usinly emall group of zeolites as hard
templates: Y(X) zeolite [35, 38, 39], zeold38, 40] and EMT [41]. It was shown that various
carbonaceous materials, ranging from pure micraporcarbons (highly long-range ordering
structure) to carbons with different fractions oésopores (poor ordering structure), can be
obtained by an adequate selection of the syntipescedure [36].

In comparison to activated carbons [42] and carbigiéved carbons (CDS) [43, 44] the
investigations of zeolite—templated carbons (ZT€)sapercapacitors are much less numerous.
High charge storage capability in both aqueous 49%-and organic [46, 50, 51] electrolyte
solutions were found for high surface area ZTC’sjds et al. [47] reported high charge storage
pseudocapacitance of zeolite Y—templated carboruatimg to 300 F g in H,SO, solution. For
N—containing microporous zeolite—templated carbaith specific surface of 1680 ng”,
specific capacitance of 340 F'git 0.1 A ¢ in H,SO, was measured [45]. The microporous
carbon with created fraction of mesopores, prepasedsing a zeolite 13X template, displayed

also the high capacitance of 259 Fig 6 mol dm® KOH and 176 F g in organic electrolyte, at



the current density of 0.25 A'gj46]. The combined effects of N— and O— containsugface
functional groups were considered in explanationspécific coulombic capacity in various
solutions [45, 46]. The carbon texture having theepzeolite structural regularity and a very high
surface area of 3689°g*, obtained by two-step impregnation method, accgrdo Itoi et al.
[49], displayed also an extremely high capacitasfce 470 F ¢ at 1 A ¢, in H,SO, solution.
This specific capacitance is the highest ever tedaamong carbon materials.

Electrochemical oxidation of ZTC was found to beedfective way to generate a large
number of surface oxygen groups [49, 52].

The solutions of KOH and %0, are the most commonly used aqueous electrolytes in
carbon capacitors examination. Low decompositioltage of water in comparison to organic
electrolytes is obstacle for commercialization [58} however, better environmental
friendliness, low cost and simpler handling arengigant advantages of aqueous electrolytes.
Recently, neutral sulphate solution was demonstratethe best choice of aqueous electrolytes,
providing higher potential window (even up to 2.3 [84-56] and slower corrosion than both
acidic and alkaline solutions [53]. However, bettenductivity [57] and pseudofaradaic (surface)
reactions enable somewhat higher capacitancesdic and alkaline solutions [58].

To contribute to the knowledge of carbon supercémabehavior in aqueous solutions,
we used zeolite Y (Na—form, Si@l,03; = 5.6) as a template and furfuryl alcohol (FA)aas
carbon precursor, to prepare preferably micropordU€, with specific surface area ranging
1000 nf g It's charge storage behavior was examined irouaraqueous electrolytes: 6 mol
dm? KOH, 0.5 mol dn? Na&SQ,, and 0.5 mol di H,SO,. The difference in capacity was
correlated to surface texture and difference ifeser functionalities.

By using the less surface developed ZTC, one ottimeern of this work was to provide
the higher potential stability window compared hiattobtained with others highly ordered ZTCs
[45, 46, 49]. We also intended to prove whetherZim€ obtained by the simplified, one step,
soaked polymer carbonization procedure, may prosatisfactory high capacitance, having in

mind that the capacitance is not uniquely correladethe specific surface area [8, 9].
2. Experimental

2.1. Synthesis of ZTC sample



Zeolite templated carbon (ZTC) was synthesizedguzéevlite Y (Na—form, SigAl 03 =
5.6) according to the procedure previously descibgdZ. Ma et al. [36]. 10 ml of furfuryl
alcohol (FA) was added into the flask containg @.6f zeolite Y under inert atmosphere. The
polymerization of FA was carried out by heating sispension at 80 °C for 24 h and then at 150
°C for 8 h under Pflows. The resultant zeolite/polyfurfuryl alcon@FA) composite was heat—
treated in a vertical quartz reactor under arildlv at a heating rate of 5 °C/min up to 800 °@ an
treated isothermally at this temperature for 4 he Tprepared zeolite/carbon composite was
treated with 46 % HF for 24 h to dissolve zeolitatrnx, and upon separation of carbon from the
solvent by filtration and washing to disappearaoiceineral traces, it was subsequently dried at
120 °C in air for 3 h.

2.2. Physicechemical charaterization

Textural characteristics of ZTC powder were detaediby the nitrogen sorption method
at -196°C using a Sorptomatic 1990 Thermo Finnigan. Befomasurement, the sample was
degassed for 4 h at room temperature and for 1835@°C under vacuum. The resulting N
adsorption isotherms were analyzed by Software Meksion 5.17 CE Instruments. According
to the recommendations for carbon materials [5P§cHic surface area £5r) was calculated
using BET (Brunauer, Emmet, Teller) equation fréma best linear fit in the region p49.01 (p
and p represent the equilibrium and saturation pressafestrogen at fixed temperature). To
determine microporosity, several methods were agdpincluding Dubinine—Radushkevich [60],
Horvath—Kawazoe (HK) [61] ands—plot methods [62]. Fo#s—plot method, standard isotherm
proposed by Kruk at al. [63] was applied. Mesopsuigface areaSnesosss Was also evaluated
using as—method, while the mesopore volumegedhsin and mesopore size distribution was
estimated by the Barrett, Joyner and Halenda (Bdéthod [64].

XRPD measurement was carried out using Ultima I'gaRu diffractometer, equipped
with Cu K, » radiation source. The voltage of 40.0 kV and aentrof 40.0 mA were used. A
continuous scan mode in the range of 4—70 Was performed with a step size of 0.02 ° and scan
rate of 2 °/min.

By a diode pumped solid state high—brightness 18882 nm), excited Raman spectra

was collected in the spectral range 600-1800' @an a DXR Raman microscope (Thermo



Scientific, USA) equipped with an Olympus opticatroscope and a CCD detector. Analysis of
the scattered light was made by the spectrogragfhangrating 900 lines/mm.

The microstructural and morphological analysis wasformed by scanning electron
microscope (SEM) VEGA TS 5130MM (Tescan SEM) Thernfcal analysis was performed by
an Energy Dispersive Spectrometer (EDS) at invasieetron energy of 30 keV by means of QX
2000S (Company Oxford Microanalysis Group), whicasveonnected to the device VEGA TS
5130MM (Tescan SEM).

The elemental analysis was performed by an indelgtisoupled plasma—atomic emission
spectrometry (ICP—AES) on an ICP spectrometer &p&tame (Spectro Analytical Instruments,
Germany). The sample was prepared as follows: tanaount of 53.7 mg of sample in a Teflon
vessel 5 cthHNO; (65 %) + 2 cm H,SO, was added. After 10 min vessel was closed and put
into microwave oven, together with the blank santiThe microwave digestion was performed
at 206C for 45min. After cooling, the sample solution wasnsferred into 25 cincalibrated
flask and diluted to its volume with deionized wafehe ICP—AES chemical analysis was carried
to check the difference between nominal and fieahgosition of solutions.

X-ray photoelectron spectroscopy (XPS) measuremerte carried out on a SPECS
customized UHV surface analysis system containingl dnode Al/Ag monochromatic source,
PHOIBOS 100 spectrometer for energy analysis, mectiood gun and sputter ion gun. XPS
spectra were obtained using monochromatic cAlkcitation source (1486.74 eV) in FAT 40
mode. The energy step size was 0.1 eV. The spadiadysis was determined using Shirley
background subtraction. The best fits of C1ls wdatained by applying the Gaussian-Lorentzian
function (70:30) for all peaks with the exceptidnome positioned at 291.3 eV, which is wider
than others component peaks. The Gaussian-Lorarfizntion (30:70) was used for fitting the

291.3 eV peak as well as for all O1s component peak

2.3 Electrode preparation and electrochemical megsuents

Working electrode was prepared by mixing ZTC, carlidack (Vulcan XC72) and
poly(vinylidene fluoride) (PVDF) binder in the wdéig ratio 80:10:10. This mixture was
suspended in N—methyl-2—pyrollidone, homogenizednrultrasonic bath for 0.5 h and then a
part of this slurry was transferred onto the glasmyon disc. By drying in vacuum oven at 130 °

C for several hours, pyrollidone was removed. Adiccochemical measurements including the



cyclic voltammetry (CV), galvanostatic measuremeantsl impedance were done in a three—
electrode electrochemical cell at (25+1) °C usirag®/ PCI4/750 potentiostat/galvanostat, with
wide Pt foil as a counter electrode and a saturatddmel electrode (SCE) as a reference
electrode. The electrolytic solutions were 6 mol*dkOH, 0.5 mol dn¥ N&SO, and 0.5 mol
dm?® H,SO,. Since preliminary CV experiments showed thatehare no differences in the
capacitance performance in air and ind&imosphere, presented measurements were cartied ou
in the electrolytes equilibrated with air. The irdpace measurements were conducted at various
potentials by applying AC voltage amplitude of 1¥ m the frequency range from 10 mHz to
100 kHz.

The specific capacitance, C (F')gobtained from CV results, was evaluated by the

integration of the area under charge/discharge @Ves according to the equation 1:
C=(1-vV-dV)/ (m v -AV) 1)

where | is the measured current response, V ipohential, m is the mass of electroactive ZTC

layer on the electrode diskjs the applied scan rate an¥ is the used potential window.
3. Results and discussion

3.1. Characterization of ZTC sample
This section presents the results physad@mical characterization of ZTC.

3.1.1. N—physisorption measurements

The nitrogen adsorption/desorption isotherm measate-196°C, is shown on Fig. 1a,
while the corresponding calculated textural paransetre presented on Table 1.

It is worth mentioning that the isotherm was meaduunder conditions different from
routine measurements, as discussed below.

Having in mind IUPAC classification [65], the isetim presented in Fig. 1a is similar to
BET isotherm type |, characteristic of microporaasnples. High adsorption volume in a short
p/po <0.1 region, confirms highly developed micropotgsiike to many other zeolite—templated

carbons [36, 35-39]. However, the existence ofhlixsteresis loop in almost entire region of



relative pressures, including that below 0.4 pifpdicates uncommon behavior, although the loop
can undoubtedly be noticed only under higher magatibn (insert in Fig. 1a). The hysteresis in
the region of relative pressure rangeop#.4 is otherwise not uncommon, in fact it expdbt
occurs in most of the materials characterized lhypgéen physisorption. The existence of loop in
this region indicates the presence of pore systeside the particles (intraparticles porosity)
and/or voids between the weakly bound particle @ggkates (interparticles porosity). According
to the theory, the closure point of hysteresis lagpends on the nature of the gas and for
nitrogen it is expected at p/p 0.42 [59, 65]. However, in the range 0.4 hysteresis is less
common (sometimes called low pressure hysteresi®)lldnd was reported preferably for
microporous materials, e.g. zeolites or carbons §868]. The literature explanations for LHP
are very different, and among them, the most comar@s include: i) a flexible transition in the
matrix structure upon gas uptake; ii) an irrevdesihtercalation of adsorptive molecules in pore
structures of molecular dimensions and distortibthe porous material which may lead to the
rearrangement of adsorbed molecules; iii) a lackdgorbent/adsorbent equilibrium during the
experiment and iv) an insufficient sample degasfig69].

Although this was not the main topics of the préseaper, due to the uncommon
desorption branch of the adsorption isotherm, wstete the last two of above mentioned
explanations of LPH. As already presented in theedrmental section, the synthesis procedure
we used followed that published by Ma et al [3Gje3e authors presented the nitrogen isotherm
of appropriate ZTC sample, denoted PFAS8 in Fig3@,[which displayed significant slope in the
region of relative pressures 0.1-0.9 and more pmoed hysteresis, which relates to the low
pressure region (p/p0 < 0.4), too. Our initial meaments, conducted at common equilibrium
times and pressure deviations (used otherwise utine® measurements), resulted indeed in an
isotherm similar to the one shown in the paper ey & al [36]. In order to reveal probable
influence of the degassing pretreatment procedardPH appearance, we varied maximum
degassing temperaturel) and holding time ff.) on Tnax This enabled us to detect that the
heating treatment at low temperature, less than °ClOespecially in combination with short
degassing time < 10 h), leads to a significant reduction of teatyrarameters (Ms Vmic and
Sger), compared to those presented in Table 1. Thigcateld suppressed access to nitrogen

molecules, due to the blocking effect of the predasd molecules on the ZTC surface. At the



same time, at Jfax < 110 °C andqh< 10 h, the shape of the isotherm and hysteregisaapnce
remained qualitatively unaffected.

The rise in both degassing temperature and hedtmg, above 350 °C and 18 h,
respectively, caused gradual change of the cabullixtural parameters. The equilibrium time
and pressure deviation were measured for pretreatoomditions Ta= 350 °C andyf,= 18 h,
using several pairsertequ in €ach p/p sector separately, to maximize total analysis tiiree
experiments finished with total analysis time clése48 h (i.e., more than 2.6 times longer in
comparison to the routine equilibrium parameter sneaments). The equilibrium parameters
became close to the ones presented in Table 1g wiglshape of the isotherm remained the same
as that published by Ma et al. [36], i.e. with wigjgen hysteresis in the entire pfpgion, as one
may see in Fig.1.

These results can be summarized as follows. The memanding value of equilibrium
pressure deviation and the increase in equilibrinme, even 5 times higher than used in routine
analysis, in the region p/g: 0.1, did not affect the resulting surface par@nse This is obviously
from the value W, and Set, which practically do not change on equilibrattone prolongation.
On the other hand, in the sector pfp 0.2 more demanding value of equilibrium pressure
deviation and prolonged equilibrium time affect gtepe of isotherm, decreasing its slope and
making adsorption—desorption hysteresis substdptharower.

Although we did not success to obtain the isoth&xoking in LPH, it is obvious that
longer equilibrium time reduces the LPH, as welltles hysteresis observed aboveyp#p0.4.
This supports the idea of Reichenbach et al. (8} stated that the reason of LPH can be found
in "extremely slow gas uptake by the narrow nanepsystem, failing to equilibrate within
experimental time scales". Further analysis oftéxture of ZTC sample will be made based on
the results presented in Table 1.

It is not surprising that the obtained value gfSexceeds 1000 fij>. However it seems
this value is significantly overestimated, sinc@itary condensation in the micropores begins
before the formation of Nmonolayer, what in general corrupts the assessafe®$A by means
of BET equation (as we already noted in Introductsection, sometimes it is larger than the
theoretical value). Therefore, we usegplot method and found significantly lower value of
SSA, close to 500 fg™. This means that the amount of nitrogen packetiiwian adsorbed

monolayer is twice as small as estimated by BETatgun. Since various methods<{plot



methods, DR—-method and HK method) gave mutuallyparable, high values of micropore
volume of ZTC, in the range of 0.4 to 0.45%g1, we concluded that the sample is dominantly
microporous. Also, pore size distribution (PSDYGTIC in the micropore region, obtained by the
Horvath—Kawazoe (HK) method (Fig. 1b), shows a gheak centered at about 0.51 nm, which
corresponds to the width of the filled zeolite ahan[70], and confirms that capillary
condensation takes place far ahead of BET region.

Specific surface area of ZTC we determined is irdt low compared to the highly
microporous materials prepared from the same re@ctéurfural alcohol and zeolite Y, but via
two—step impregnation process [36]. This indicatest during synthesis we did not achieve
complete filling of zeolite channels, causing ateax of mesoporosity. The fraction of specific
surface area related to mesoporesssds, Which includes the external surface area, comtetd
about 10 % to the total specific surface area.lresopore size distribution, calculated according
to BJH method, no prevalent pore diameter was fo@tidl, the role of mesopores in carbon

materials, together with micropores, is very impaottin charge storage ability [14, 15].

3.1.2 Structural characterization and elemental cposition

The results of structural characterization of sa{plray diffraction analysis and Raman
spectroscopy), that has already known for such tfpeeolite-templated carbons, were analyzed
by using references [71-75] and shown in Suppleargntinformation. The elemental
composition of the ZTC powder obtained by both gpedispersive X-ray (EDX) and
inductively coupled plasma—atomic emission specttoyn(ICP—AES) analysis was presented in

the Supplementary Information, too.

3.1.3. Morphology

Fig. 1c,d shows the SEM images of ZTC powder uhaerdifferent magnifications. At a
first glance, ZTC obeys the morphology of zeolitd36, 72]. The particles have quite uniform
sizes and irregular shapes, with somewhat smoatiac&s. Some roughness on the surface
originates probably from the excess of carbon dé&gbst the outer surface of zeolite particles
[72]. Furthermore, the ZTC particles of uniformesiaf about 0.3 um are smaller than those of
the template. This is due to the shrinkage of meqlarticles, as well as shrinkage of the carbon

itself, upon high temperature carbonization. Suclapse of the zeolite/carbon particles, after
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removal of template, can produce the fracture cautie decrease of micropore fraction, and the

creation of slit like mesopores [73].

3.1.4. Analysis of surface oxygen groups by XPS

Surface oxygen-containing groups of ZTC were aralyby XPS. The Cls and O1ls
spectra of ZTC were shown in Fig. 2. The C1ls spettwas deconvoluted into five individual
peaks positioned at 284.6eV, 286.5 eV, 287.7 e\R.2&V and 291.3 eV (Fig. S.l1la)
corresponding to Spcarbon, carbon in alcohol or ether groups (C-Ol/@nC-O-C), carbonyl
groups (C=0), carboxyl groups (OH-C=0) and shaksatpllite peaks due tor transitions in
aromatic rings, respectively [76]. The ratio of lkeagroup was found to be 87.1%, 2%, 2.8%,
2.5% and 5.6%, respectively. The Ols spectrum esaslved in three component peaks located
at 531.3 eV, 533.1 and 535.4 eV corresponding t® @ainone groups, C-OH phenol and/or C-
O-C ether groups, and chemisorbed oxygen and/cerywegspectively [76]. Their relative ratio

was amounted 38.6%, 42.9% and 18.4%, respectively.

3.2. Electrochemical investigation
3.2.1. Charge storage by cyclic voltammetry

The charge storage behavior of ZTC was examingarée different aqueous electrolytes:
6 mol dm® KOH, 0.5 mol dif N&SO, and 0.5 mol dm H,SO. Corresponding
cyclovoltammograms, measured at different scansyrat@ere presented in Fig.3. On
potendiodinamic cycling, within the potential regiof water stability, in all aqueous electrolytes,
ZTC behaves as a non-ideal capacitor (i.e. the GkEse non-rectangular in shape). This
indicates that the charging of ZTC surface inclutleth the formation of electrical double layer,
(responsible for cathodic-anodic current distartggodentials where no redox reactions occur) as
well as the pseudo—faradaic contribution of thefamar functional groups (responsible for
cathodic/anodic peaks).

Pseudo—capacitance behavior of ZTC, evidenced byafipearance of pairs of redox
peaks, is a consequence of pseudo—faradaic resatiothe surface oxygen functional groups.
Unlike some carbon materials [9], whose CV curvhape is independent on the type of
electrolyte, the CV curves of ZTC are affected g thoice of electrolytic solution. Comparison

of the CVs (Fig. 4a), in measured electrolytes ebrmmon scan rate, clearly shows that pseudo—
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capacitance contribution increases with the deereagpH, following the order KOH, N8O,
H,SO,. Namely, small current bulge at both anodic anthadic branch of C\8, measured in
KOH, rises to well pronounced pair of redox peak€i5 mol drit H,SOs. Reversible redox
peaks in acidic medium have been already well-dected in literatur¢3, 54, 77,78] and were
attributed to the fast redox reactions of surfagggen functional groups including reversible
oxidation/reduction of quinone to hydroquinone (X§fctra provide evidence for the presence

of quinone groups at the surface of ZTC), accordinipe equation 2:
O=Ph=0 + 2H+2€ <> HO—Ph—OH (2)

Andreas et al. reported [58] that the redox reastiof quinone/hydroquinone are not
active in an alkaline solution due to an insufficient hyglen concentration but these authors
showed that other groups, such as pyron groupspeaactivated in the solutions of high pH.
Therefore, the appearance of humps in KOH (Fig.caa)be attributed to pyron—like functional
groups. Although the same authors suggested thadrg/hydroquinone reactions are not active
in neutral solutions as well, the potentiodynamjcling of ZTC in 0.5 mol diif N&,SQ, (Fig.
3b) showed opposite results. Two pair of redox pdabksitioned at —0.33 V/-0.67 V and —0.42
V/0.11 V vs. SCE for 20 mV§ were evidenced in CV's of ZTC in &, solution. Beguin et
al. [54] have already reported the redox activity0i5 mol dnf N&SO, but these authors
measured one pair of redox peaks positioned atWV0Ql1 V vs. NHE. Having in mind the CVs
reported in ref. [79], it can be confirmed thattbgieaks of ZTC in sodium sulphate originate
from two electron quinone/hydroquinone redox reactiEven though the concentration of
hydrogen ions into 0.5 mol diiN&SQ; is low, it is still sufficient to activate the atuee transfer
of quinone groups in two steps.

Interestingly, when the ZTC electrode was cyclecither NaSO, or KOH solution to
the same vertex cathodic potential, similar chatgeage capacity was obtained (Fig. 4a). It can
be attributed to the similar radius of adsorbingiphly desolvated K and N& cations as well as
OH and S, anions [80]. Therefore, the positive—going scantidoutes to the significantly
pronounced redox processes even at negative paseniine reason for that is an additional
oxidation of ZTC surface which includes formatiohtioe surface oxygen groups under anodic

polarization. The differences between cathodicesus were observed, if two successive cycles

12



were measured in the narrow potential intervalsnffr-0.3 V to —1.1 V vs. SCE and from 0 V to
—1.4 V vs. SCE) in N&O,, immediately after scanning in wide potential &g (from 0.9 to —
1.3V vs. SCE), Fig. 4b. Namely, the CV curves, redrlas dashed and dotted curves (Fig. 4b),
show that the cathodic current in the first negatoing scan (3 or 6 cycle) is significantly
higher when compared to that measured in the ngle 4 or 7 cycle, respectively) due to
reduction of oxygen groups formed upon previoustp@s-going scan.

The shape of cyclovoltammetric curves of ZTC issipendent on the scan rate (Fig. 3) in
each of electrolytes, indicating stable and repcdde capacitance behavior, which is also
evidenced by overlapping of CV curves during firge cycles (Fig. 4a). The values of specific
capacitance, calculated according to the equati@nelshown in the Table 2. The increase in the
scan rate results in the decrease of capacitancehwh general characteristic of all real
capacitors.

The specific capacitance in various electrolytesseoved at a common sweep rate,
increases in the order: KOH<p&0O,<H,SO,. Higher capacitance of ZTC in,HO, acidic
solution than in Ng8Qy and especially in KOH, can be due to i) highercemtration of HO"
ions in acidic electrolyte and their stronger iatgion with surface oxygen atoms compared to
analogous interaction of 'Kand N4 ions ii) better mobility and penetration of hydmtHO"
ions into micropores relative to hydrated Nad K ions [53], iii) additional oxidation of carbon
surface at positive potentials. Still, the capacitgp with the scan rate increases in the same
trend, KOH<NaSOy<H,SO,. The main reason for that behavior is the increzfsthe double
layer participation relative to pseudocapacitandé the increase of pH. With regard to stability
potential interval, the use of neutral sulphateisoh allows much higher operating voltage (~2.3
V at 20 mV &) than acidic or alkaline solution (~0.8 V and ~V.4respectively, at 20 mV'53.
Strong solvation of S§ with H,O molecules [55], together with reversible hydrogen
electrosorption, could be responsible for the sifibvervoltage of hydrogen evolution, allowing
the achievement of high operating voltage.

In order to explain quantitatively the differencethe retention of measured capacitances
with the increase in scan rate, we consideredatistribution of charge in the "outer" and "irine
part of carbon surface, calculated by the procedieeeloped by Trassati [81]. The whole
amount of charge that could be stored in ZTC, dated from the intercept of the linear plot 1/q
versus V2, amounted to 77 Fy 132 F ¢ and 226 F g in KOH, NaSO, and HSO,,
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respectively. The charge stored in the "innert pacarbon surface, representing the difference
between the whole charge and the charge storedeatouter" surface ggouter charge was
calculated as intercept of linear part q Vé)\amounted to 32 Fi§ 63 F " and 168 F g. Upon
cycling at high scan rates only the outer surfeae loe utilized for charge accumulation due to
limited ability of ions to penetrate into micropereTlherefore, the capacity decrease on rising
scan rate, observed in all electrolytes, follonestitend of charge accumulated in the inner part of
surface, in an order KOH, MaO,, HySOx.

3.2.2. H-ZTC bonding

By testing different carbon materials in variousi@ous electrolytes, Beguin at al. [54]
investigated the influence of pH and/or electroigies radii, on the double layer capacitance, as
well as on the hydrogen storage, pointing out tffeedity in understanding these processes. The
situation may even be more complex when the carbaterial behaves as a pseudocapacitor
since the redox reactions are very sensitive tahi@mge in pH. Incited by their publications [54,
82], we measured the dependence of hydrogen staradyéi—C bonding in ZTC on the type of
agueous electrolyte solution.

The cyclic voltammograms of ZTC, in three electrog#, with 6 mol dri KOH, 0.5 mol
dm* N&SQ, and 0.5 mol dm H,SO, solutions, were also measured in an extended imegat
voltage interval (Fig. 5). When the negative "aft-potential was shifted in steps of 100 mV, in
each consecutive cycle, below the onset potenfidlydrogen evolution, (the vertical dashed
lines indicates the approximate value of hydrogguildrium potential at 25C), the reduction
current of hydrogen evolution was observed as wslithe corresponding hump of stored
hydrogen oxidation. Generally, a deep cathodic nation of some carbon material [83-84],
which leads to the water reduction, causes thalvedohydrogen adsorbs on carbon surface,
whereas the anodic polarization result in the afgme® of the hydrogen oxidation peak. The
efficiency of this process i.e. hydrogen diffusiato carbon pores, depends not only on the type
of carbon but also on the nature of the electrolJige more hydrogen atoms penetrate into
micropores during cathodic water reduction, thenbrghydrogen oxidation peak is observed.

According to the increase of anodic current of aoksd nascent hydrogen (insets in Fig.

5) upon each enlargement of vertex cathodic patkntican be clearly seen that the hydrogen
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storage in ZTC is possible even at relatively hégreep rate of 20 mV’s This is due to the
developed ZTC microporosity. One can see that lgehostorage capacity follows the order
KOH<N&SO<H,SQ,. The cathodic current of HER in,80y is the highest, but the increase of
anodic peak with the potential shifting below theset potential of hydrogen evolution is almost
negligible. This indicates a very poor hydrogenrage based capacity of ZTC in acidic
electrolyte, at high scan rate, since hydrogenmixdoes quickly into the molecular hydrogen, by
Tafel or Heyrovski process, rather than it incogtes into material [84]. Unlike this, HER of
ZTC in neutral and alkaline solution is significgnslower, which allows hydrogen atoms to
diffuse into micropores of carbon surface, everigh scan rates, and to be oxidized during
anodic sweep, according to the equation ZTGsHZTC + H + €.

The peak corresponding to the oxidation of theestdrydrogen is observed at ~ -0.6 V
vs. SCE in KOH and ~ +0.5 V vs. SCE in J8&,. Comparison of this voltage with the
thermodynamic value of hydrogen evolution (~ —1.laMl ~ —-0.6 V vs. SCE, respectively
indicates a strong bonding between ZTC and incatpdrhydrogen in both alkaline and neutral
electrolytes. The higher overvoltage for hydrogerdation in NaSQO, than in KOH shows the
stronger ZTC—Kysbond in NaSO, relative to KOH solution. This is in agreementiwibhe study
of Beguin et al [82] who has recently demonstratied, double layer carbon capacitor, that
hydrogen may be stored in strongly (S@y) and weakly bonded state (KOH), depending on the
nature of the electrolyte. The potential of oxidatpeak of nascent hydrogen, which occurs as a
consequence of deep negative polarizations, appeigly corresponds to the potential of
pseudo—faradaic processes, with a small shiftimgatds more negative values in KOH, or
towards more positive values in }2, solution. This indicates that microporous siteghw
attached oxygen atoms, are responsible for hydradgsarption.

The more pronounced hydrogen storage in micropofedTC in alkaline and neutral
solution, relative to the one in acidic solutioande clearly seen in Fig. 6, where the discharge
capacitance of ZTC, obtained from anodic part aflicywoltammograms, is presented (Fig. 5).
The increase of discharge capacitance with shifiregpotential towards more negative values
was observed in N8O, and particularly in KOH, while the corresponding@ctease of
capacitance was measured is58).

In all CVs given in Fig. 5, the current registeredanodic scan between the lowest

negative cut-off potential and onset potential glirbgen evolution, shows strong negative
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value, indicating domination of pseudocapacitivedriogen current over the double layer
charging one. Domination of current of hydrogendation over the capacitive current was also
confirmed by the differences in the response ofdanpeaks of ZTC in N&O, during HER
reaction: the increase of nascent hydrogen oxidgiegak at positive potential and the saturation
of the pseudofaradaic peak height at negative pateBischarge capacitance of ZTC at 20 mV
s' decreases when the negative potential cut-ofhiarged in HSO, due to the prolonged
voltage increase, which is followed by neither gssof charging of double layer nor hydrogen
storage.

It may be concluded that electrochemically intraetloxygen groups upon ZTC cycling
may affect the hydrogen storage capacity, sincetygen groups block the access of hydrogen
atoms into micropores [86]. Their formation at Z$@face under anodic polarization in an acid
electrolyte contributes to a poor hydrogen storagd,SO, while the absence of these groups at
the surface of ZTC, upon its cycling in KOH, fatates the hydrogen storage in ZTC.

In some literature reports related to the aqueoedian it has been shown that a decrease
of surface area of ZTC causes an increase of thageointerval of electrochemical stability [45,
49]. By comparing the CVs of here studied ZTGg(S= 1075 mi g*) with those reported in the
literature [45, 49], in an acidic solution of commoomposition, it can be seen that the here
studied ZTC provides higher potential window ofctlechemical stability. Namely, the trend of
specific surface areagS) changing from 3689 frg™ [49] over 1680 rhg” [45] to 1075 Mg™
[this work], is accompanied by the increasing trehdoltage window of stability in the order 0.8
V, 1.2 Vand 1.4V, respectively. Furthermore, loghn evolution on the surface of here studied
ZTC in neutral and acidic solution was shifted muetore cathodically relative to the
theoretically expected potential value. The reasbrthis shift could be the introduction of
oxygen surface groups at positive potentials, wigigh further block the active surface sites for
electrolyte decomposition. Therefore, the mateniglh a less developed surface area, which can
be additionally deactivated by electrochemicaltlydduced oxygen groups, may be characterized
as desirable in achieving high operating voltagedaw.

3. 2. 3. Chronopotentiometry
Considering the values of capacitance measuredMsy @e may conclude that ZTC may

be applied as an electrochemical capacitor in akuaind acidic electrolyte. Therefore,
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capacitance measurements of ZTC were performed Hygnopotentiometry in these two
electrolytes. Galvanostatic curves of ZTC, measiméi5 mol dri¥ Na,SO, and 0.5 mol diii M
H,SO, at various current densities, are shown in FigChHarge capacitance (cathodic direction)
amounted to 162 Fig(1 AgY), 129 F ¢ (2 Agh), 98 F g (5 A g) and 69 F g (10 A g") for
NaSO; and 153 F§ (1 A gY), 138 F g (2 A g'), 104 (5 A ¢) and 66.5 F ¢ (10 A ¢*) for
H,SO, while discharge capacitance (anodic direction) amteuito 123 Fg (1 A g, 116 F ¢
(2Agh, 104 Fg (5A¢g") and 91 Fg (10 A g*) for N&SQ, and 152.5 F§(1 A %), 140 F g
Y2Agh, 121 F g (5 A ¢gh) and 108.5 F§(10 A g*) for H,SO.

Although the discharge capacitance of ZTC in®@, is little lower than one in 80,
the use of neutral-pH aqueous electrolyte would meore promising choice from commercial
point of view. Firstly the energy of supercapacitors is proportional godtpjuare of the operating
voltage. Therefore, the lower capacitance of ZTN&SO, than in HSO, is compensated by
broader available voltage limit caused by watectebdysis. Second, the use of neutral solution
for handling the capacitor is more friendly andieashan the use of more corrosive acidic
solution.

Additionally, according to the CV and galvanostatieasurements in MNaQ,, ZTC has
been recognized as a promising anode materiabftiusy aqueous rechargeable batteries.

Through a short literature survey, the above oedinapacitance values are compared to
the corresponding literature values for variousonaceous materials in aqueous solutions of
sodium salts.

The capacitance of carbons inJS&, solutions mainly arises from the electric double
layer [87, 88]. Namely, the redox processes of maalbeous materials, which are clearly
evidenced in the acidic electrolyte, were foundéanactive in Na—containing aqueous solution.
Hu et al. [88] demonstrated that pistachio shelivée carbons, activated with KOH+GO
deliver the higher capacitance in30, than in aqueous electrolytes of sodium salts;90g or
NaNQG;) due to the absence of redox transition of elective surface functional groups in
neutral media. The highest measured capacitanthest activated carbons was 112 Fing
H.SO, and 80 F g in NaNQ; at 25 mV & with the capacitance loss of 69 % for acidic
electrolyte and 61 % for neutral electrolyte whia scan rate was increased up to 300 iV s
Konno et al. [87] found that B/C/N composite, sywdized by carbonization of a mixture of

polyacrylamide and boric acid, delivered very higipacitance of 300 F'gat 2 mV & in 1 mol
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dm? H,SO, which originates from redox reactions of C(=O)Okbup. They also measured
significantly lower capacitance values in 1 mol diNaS0O, (~ 130 F ¢ at 2 mV §) due to
inactivity of these processes in neutral mediumulie layer capacitance of AC in 0.5 mol dm
NaSOy, without noticeable redox peaks, was also showrQhyet al [89] who obtained the
specific capacitance of ~90 F'@nd ~55 F g at 20 mV & and 100 mV 3§, respectively.
Subramanian et al [90] reported double layer capace of carbons prepared from banana fibers
treated with ZnGlin 1 mol dm® Na,SO, estimating the specific capacitance as high a8 g4at
500 mA gl. Double layer specific capacitance of hierarchicplyous carbons (HPCs) in 2 mol dm
NaSO; [57] was amounted to 45g at 1 mV § or 33 at 1 A &.

Béguin and coauthors [54, 91] have demonstratechitje stability potential window,
(even up to 2.4 V), for carbon in p&0, aqueous electrolyte by means of cyclic voltammdtry
opened the door for development a new generatioengfronmental friendly carbon/carbon
capacitors. However, as showed by these autharsyghrating voltage is little lower in the real
two electrode arrangement. Namely, the AC/AC symimeatapacitor [91] in 0.5 mol dih
Na,SO;, could operate up to 1.6 V with a specific capaci&of 135 F §. Wang et al. [92]
assembled symmetric capacitor, composed from thmeeensional flower like and hierarchical
porous carbon material (FHPC), with 1mol 8iiia,SO, as aqueous electrolyte which operated in
the voltage range from 0 to 1.8 V with maximal higergy density of 15.9 Wh Kgand a power
density of 317.5 W Kk§ The charge storage of FHPC in,88; was found to arise from double
layer capacitance.

Fic et al [55] have demonstrated the operatingagaltof real two—electrode capacitor as
high as 2.2 V by using the 4SO, as aqueous electrolytic solution. They measurdteibe
capacitance of carbon in49Q, (170 F ¢') then in NaSQy (105 F ), especially at high current
rates.

Apart from high voltage, Begusigroups [54] reported the pseudofaradaic reactibns
seaweed carbon in neutral electrolyte as was aswdstrated for the ZTC material. Thanks to
the pseudocapacitance behavior in®@,, these authors reported the specific capacitaht2lo
F g* (600 °C) and 115 Fg(750°C) with a very high stability potential window up 2.4 V.
However, the real symmetric capacitor composed filoese seaweed carbons could operate up
to 1.6 V in NaSQ,. It was shown that carbon with a higher capaceasttowed lower specific

surface area and higher amount of all functionaligs particularly quinone groups.
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The measured capacitance values of ZTC igSl@g fall within the range of those (from
70 to 130 F §) reported for different carbonaceous materialaentral electrolytes. Due to the
less developed surface area, the specific capaeitanboth acidic and neutral electrolytes was
significantly lower than the ones measured for lyigirdered ZTCs in acidic [45, 47, 49] and
alkaline solution [46]. However, in N80, solution, almost twice as much voltage window of
stability was found as that provided by highly omte ZTCs [45-47, 49]. Therefore, from the
aspect of capacitor energy density, the here exainimaterial could be comparable to the other
ZTCs. Also, in addition to a simpler and shortenthgsis of here studied ZTC, }D, as a
neutral electrolyte, is environmentally more frigndhan either acidic or alkaline solution.
Furthermore, confirmation of carbon faradaic reawdiin neutral medium opens new directions
in regard of increasing the capacitance of "néutiarbon capacitors through the improvement of

activity of redox processes.

3.2.4. Impedance analysis

In order to get deeper understanding of complexugsecapacitance processes at the
ZTCl/electrolyte interface, impedance measuremamistlae complex capacitance analysis, were
performed. Since double layer and charge transésed charge storage have different time
constants, and consequently display impedance mespat different frequency intervals, the
impedance measurement within wide frequency rasge very useful tool for their separate
analysis.

The Nyquist plots of ZTC in 6 mol diKOH, 0.5 mol dr? N&S0O, and 0.5 mol dm
H,SO,, measured within common frequency range from 02018l 1¢ Hz at different
polarization potentials, are presented in Fig. 8ae sum consisted of ohmic electrolyte
resistance and internal resistance of electrodenmagtmarked as Ris determined as a high
frequency intercept on the real axis in Nyquist@land amounted to ~ X5 3.1Q and 5.2 in
KOH, H,SO, and NaSO,, respectively. These values are controlled by tb&anconductivity of
all electrolyte ions (the best is for highly mob@¢f and H ions) [57].

Three characteristic parts in the Nyquist diagrasth&ZTC were observed: depressed
semicircle at high frequency which indicates th& faseuodofaradaic processes, small diffusion
limited porous region with slope ~ 45° slope anich@ar part in the region of the low frequencies.

Generally, the vertical line of the Nyquist plottire low frequency region as well as the value of
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phase angle close to 90°, indicates an ideal dapael behavior. Deviation of the low frequency
Nyqist plot from the vertical line (Fig. 8a) or datron of phase angle from the 90° value (Fig.
8b) can be attributed to the interaction of theboarsurface with the ions, depending on the
applied potential, as also confirmed by CVs.

The impedance behavior of ZTC was further studisthgithe complex capacitance
model [93] according to the equations presenteslipp. Information.

Fig. 8c and Fig. 8d show the dependence of redl gfathe capacitanceC{(w)) and
imaginary part of capacitanc€"(w)) with frequency for ZTC, in all aqueous electrolyt€%$w )
andC"(w) increase when the frequency is decreased, in depeadf used aqueous electrolyte
and polarization potential.

The dependence @'(w) on frequency for all capacitors can generally be deedras
follows: C'(w) sharply increases as the frequency decreases, vgharthe low frequency region
C'(w) tends to become frequency independent due to wataessibility of pores to electrolyte
ions [93-95]. The absence of such low-frequencyabien of C'(w) for ZTC indicates that
material is not fully accessible at 0.01 Hz becahseions, in spite of low frequencies, may not
still penetrated into all micropores. The reasantifiat could be the existence of ultramicropores
in ZTC which are less from 0.7 nm [83, 96] and vhaan be also responsible for the strong
hydrogen storage in ZTC in alkaline and neutraliSoh. The value of capacitance, determined at
the lowest frequency (), at the potentials where the redox activity is thost pronounced (—
0.7 V vs. SCE for KOH, —0.4 V. vs. SCE for 188, and 0.6 V vs. SCE for $30y), follows the
capacitance trend measured by both cyclic voltamnaetd constant current measurements. The
similar G values of ZTC in KOH and N8O, was obtained at common negative potential of —
0.7 V vs. SCE, which is also in agreement with tlyelic voltammetric measurements. The
sharper increase @f(w) curves in NaSOs (-0.4 V vs. SCE) and 430, (0.4 V vs. SCE) than in
KOH is due to more pronounced pseudofaradaic @actt these potentials.

Regarding the dependence @f(w) versus frequency, the common behavior of carbon
capacitors is that th€"(w) curve passes through the maximum. The frequeatyevt) at the
C"(w) maximum corresponds to the relaxation time congta This is point where the system
changes behavior from resistor to capacitor amgerally regarded as a quantitative measure of
the rate capability. Namely, as characteristic of the whole system is defined./g and its
lower value (higherd) generally indicates the higher power densitytéiaslelivery of stored
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energy). Although the maximum of tl@&'(w) curves in both KOH and N&0O, solutions is not
well defined the relaxation time constant, expressed,ad/f, can be estimated to be 6.25 s (-
0.7 V) for KOH, 10 s (-0.4 V) or 13.7 s (-0.7 VY fN&SO, and 31 s (0.4 V) for p8Oy. The
lower value oft, measured for ZTC in KOH compared to the ones inS8k and HSO,
solutions, indicates a faster charging/discharggh@TC, in spite of its the lowest capacity in
KOH. One can conclude that the trend of the timestant increase follows the trend of the
pseudocapacitance increase. Namely, the increatiee afapacitance, due to more pronounced
redox reactions, results in the higher relaxatioretconstant i.e. longer time needed to achieve
complete capacity.

In summary, the results of cyclic voltammety anghétance measurements show that the
charge storage mechanism of ZTC, in different agseelectrolytes, originates from both
double-layer capacitance and pseudocapacitance. rélsive contribution can vary, depending
on the type of electrolyte which controls the degoé pseudofaradaic reactions activity. Double
layer capacitance plays the dominant role in thargihg of ZTC in KOH while the
pseudocapacitance, expressed through quinone aescis dominant in }$0;,. It was shown
that the capacitance behavior of ZTC in neutrgl9@ solution was balanced between behavior
in both acid and alkaline solutions. Actually, treapacitance of ZTC follows trend
H,SO>NaSO,>KOH while its drop with scan rates follows the opjte trend. Therefore, the
use of NaSQ, as an aqueous electrolyte for operating the ZTCapsacitor can be regarded as an
optimum choice. Furthermore, the highest stabiiyential window of ZTC in the N&O, made

this neutral electrolyte the most perspective torstructing the ZTC aqueous—type capacitor.

4. Conclusions

A highly microporous zeolite-templated carbon (ZM&s prepared using zeolite Y (Na—
form) as a template and furfuryl alcohol as a carprecursor. Structural characterization of the
carbon powder indicates that the complete structagelarity of the template has not been
achieved by simple impregnation method, which iovkm obstacle of zeolite templating
procedure. Namely, ZTC has a quite high volume igfopores but also a certain fraction of the
mesopores. The pseudocapacitance behavior of ZTCfoumd to be typical for each aqueous
solution even for the neutral one. It was shownt fhseudo—faradaic contribution, specific

capacitance, hydrogen storage capacity, streng@ bbnd and relaxation time constant of ZTC
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are affected by the type of electrolytic solutidhe decrease in electrolyte pH makes the oxygen
groups at the surface more active, resulting innarease in ZTC capacitance. The capacitance
loss at a high scan rate of 100 mVfsllows the same trend: KOH < hBO; < H,SO;. This was
explained by the differences in the redistributadrthe charge in the "inner" and "outer" pért o
carbon surface versus scan rate in different aquelactrolytes. Furthermore, besides the porous
carbon texture, the oxygen surface groups, createdoositive potentials under anodic
polarization, are another important factor in tffeative utilization of ZTC surface for hydrogen
storage as well as in the voltage limits settingalfy, thanks to both high stability potential
window (2.3 V at 20 mV§) and relatively high capacitance utilization ostmaterial (123 F§

at 1 A g') in an aqueous N8Oj solution, neutral electrolyte was found to be mpremising
electrolyte for the ZTC capacitor, being cost—dffer; non—corrosive and environment—friendly

and enabling broadest voltage window limited byawalectrolysis.
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Figure captions:

Figure 1. a) N—physorption isotherms{adsorptionp—desorption); inset gives enlarged part of
their low pressure region; b) the pore size distidn curves (PSD) of the ZTC in the micropore
region obtained by HK method; c) and d) SEM imagesvestigated ZTC sample under two
different magnifications.

Figure2. Cls (a) and O1ls (b) spectra of ZTC sample and fitteag curves.

Figure 3. The cyclic voltammograms of ZTC measured at diffierscan rates in 6 mol dn
KOH a), 0.5 mol dnf Na,SO, b) and 0.5 mol diH,SO, ¢), normalized by scan rate.

Figure 4. Cyclic voltamograms of ZTC measured in differegqi@ous electrolytes within various
potential regions. The scan rate was 20 MV s

Figure 5. Cyclic voltammograms (CV's) of ZTC measured in & ani® KOH (a), 0.5 mol dii
Na,SO; (b) and 0.5 mol difi H,SO;, (c) at a common 20 mV'sscan rate with a stepwise shift
(steps of 100 mV) of negative potential cut—offsdh shows the enlarged part of nascent
oxidation peak. The vertical line corresponds te thydrogen equilibrium potential in
corresponding electrolyte at 26.

Figure 6. Discharge capacitances obtained by integratidd\6$ presented in Figure 5.

Figure 7. Galvanostatic curves of ZTC measured at diffeemtent densities in 0.5 mol dm
Na,SQ; (a) and 0.5 mol difH,SO; (b).

Figure 8. Impedance analysis of ZTC sample at various piadervs. SCE, in different aqueous
electrolytes: a) Nyquist plots (inset shows its mfigation in high frequency region), b) phase
angle vs. frequency plot, c) real part of the cdapace vs. frequency plot, and d) imaginary
capacitance vs. frequency plot.



Tables:

Table 1. Textural parameters of ZTC sample

ZTC sample

Sger/ N gr 1075
Sus / Nt g* 509

Smescas | NP gt 51.4
Vmeseaar / €Nt gt 0.165
Vmicae / cnt gt 0.438
Vmic_tik / cnt gt 0.441
Vmicor / cnt g* 0.400

Table 2. Specific capacitance (F'jof ZTC in the aqueous electrolytic solutions calculated
from cyclic voltammograms measured at various sates.

Aqueous Electrolyte Potential sweep rate/ mvs™

Specific capacitance Fg™* 10 20 30 40 50 100

6 mol dni* KOH 80 65 62 59 57 50
64 60 58 56 54 47

0.5 mol dn?® Na,SOy 127 111 104 99 94 78
104 101 97 93 89 75

0.5 mo ldnT H,SO, 150 131 118 110 101 82

143 126 115 106 100 77
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Highlights

* Microporous carbon (ZTC) was synthesized by zeMi{®la—form) as a template.
» The charge storage ability of ZTC was detailedistlith various aqueous solutions.
» Pseudo—faradaic reactions of ZTC were observeéutral electrolytic medium.

* Na&SQ,appears as the best choice of aqueous electréiyt&3 C capacitor.



