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Abstract

Nitrogen- and oxygen-containing activated carbons have been synthesized from sucrose
and ammonium nitrate (AN) by carbonization at different temperatures (600 - 900 °C) under a
flow of nitrogen gas with steam. A set of carbons have been synthesized without AN. The
carbons have been characterized by using X-ray diffractometry (XRD), elemental analysis, solid-
state  “carbon nuclear magnetic resonance (NMR) spectroscopy, X-ray photoelectron
spectroscopy (XPS), thermo-gravimetric analysis (TGA), di-nitrogen adsorption-desorption,
Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) techniques. Nitrogen from AN has been found to be
incorporated into carbon samples. Electrochemical performances of the carbons have been
studied in 1 M sulphuric acid using cyclic voltammetry and galvanostatic charge-discharge
cycling. The use of AN favors the formation of carbons with higher surface areas and graphitic
nature. One of the carbons with a BET surface area of 518 m” g”', a nitrogen content of 3 % and
an oxygen content of 20.4 % shows a specific capacitance of 277 F g'. Carbons obtained using
AN show better capacitance than the ones obtained without AN. Higher carbonization
temperatures favor the formation of carbon with the higher capacitance values.
Keywords: Nitrogen-containing carbon; activated carbon; sucrose; ammonium nitrate; steam

activation; supercapacitor
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1. Introduction

In recent years, supercapacitor has become one of the most important charge storage
devices with the advantages of exhibiting high power density (10 kW-kg™), high charge/recharge
rate (seconds) and long cycle life (>10°)." > There are two types of capacitance known thus far
and those are electric double layer capacitance (EDLC) involving the charge storage by simple
electrostatic attraction between surface of the charged electrode and electrolyte ions, a non-
faradaic process, and pseudocapacitance involving the fast and reversible reduction or oxidation,
a faradaic process, of the bulk or surface of electrode.” * In general, carbon materials are known
to exhibit EDLC characteristics as they show fairly good electric conductivity, inertness, high
surface area and suitable porosity.” Nevertheless, the presence of certain oxidizable/reducible
functional groups in carbon is responsible for it to show pseudocapacitance characteristics besides
EDLC.® Carbon materials are suitable candidates for capacitor applications due to the abundance,
significant to high electrical conductivity, chemical (both in acid and alkali) and electrochemical
(high operational window of potential) stabilities and light weight due to the low atomic weight
of 12 (to show high gravimetric capacity). >’ Among different types of carbons known, activated
carbons have advantages such as low cost, higher surface area and tunability of their pore sizes by
activation processes. Moreover, in the case of composite electrodes based on metal oxide or
conducting polymer with activated carbons, activated carbons are used as conductive-additive for
improving the rate performance or as matrix for improving cycling ability by buffering volume
changes, respectively.” The activation processes employed to improve the surface areas and pore
sizes of carbons are classified into chemical and physical activations. The chemical activation
process deals with the use of main activating agents such as KOH, ZnCl, and H;PO, whereas
physical activation deals with mainly the use of activating agents such as steam, CO, and air.?
Although the chemical activation leads to higher surface area, the residues (ash) left behind in the

resulting carbon demand tedious post-synthesis work-ups. In contrast, steam activation does not
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cause the incorporation of any residues into carbon, except for oxygen, so post-synthesis cleaning
is not necessary in this case.

Sucrose is one of the carbon sources, because it, being a carbohydrate, can be carbonized
by dehydration to get carbon in a facile manner.” Carbons obtained from sucrose are free from
impurities and inexpensive.'’ Presence of nitrogen and oxygen in the lattice or nitrogen- and
oxygen-based functional groups in carbon shows many advantages such as enhanced
conductivity'', offering pseudocapacitance™ > and increased wettability towards aqueous
electrolytes.” In order to make a N-containing carbon, N-containing precursors such as
melamine-formaldehyde,” polypyrrole, polyaniline '* or waste coffee '° have been carbonized,
carbon has been impregnated with the N-containing compounds such as melamine or urea before
a heat-treatment ', or using NH; '’ or NH;-air mixture (for ammoxidation) during carbonization.”
' Incorporation of oxygen in the carbon materials is performed by using O-containing precursors
such as sucrose,'” activation with steam, KOH or air,® treatment with HNO;,* oxygen plasma21 or
electro-oxidation.”” A combustion method dealing with synthetizing nanoparticles of different
oxides using sucrose as the fuel, polyvinyl alcohol (PVA) as matrix and nitrate salt of the metal or
non-metal, whose oxide is of interest, as the combusting agent has been reported.” Upon
evaporation of water from the mixture, formation of a fluffy material was observed, which later
was heated in air atmosphere to obtain nanoparticles of the metal oxide by removing the
carbonaceous matters from sucrose and other impurities. Herein, we report the synthesis of
activated carbons using sucrose as the carbon source and fuel and ammonium nitrate as the
combusting agent and nitrogen source. The fluffy material obtained was carbonized under the
flow of nitrogen gas with steam to obtain activated carbons. For the best of authors’ knowledge,
synthesis of nitrogen (N)-containing carbon from the mixture of sucrose and ammonium nitrate
has not been reported yet. Ammonium nitrate is used here, because it decomposes completely
into gaseous products at temperatures as low as 210 °C.” So, the unreacted ammonium nitrate

can be removed easily during the carbonization process.
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2. Experimental section
2.1 Methods
2.1.1. Synthesis of activated carbons

In a typical synthesis, 15 g of sucrose (C;;H»0;,) and 5 g of ammonium nitrate
(NH4NOs) (AN) were dissolved in 80 ml volume of DI water and aged in an air oven at 120 °C
for 24 h. A fluffy material was observed and it was carbonized in a horizontal tubular furnace
using a quartz boat at temperatures, viz., 600, 700, 800, and 900 °C, for 6 h in a stream of
nitrogen gas containing water vapors. Nitrogen gas was passed through a water bubbler
(cylindrical; 120 mL volume; 50 % filled with DI H,O) at 29 °C at a flow rate of 50 ml min™.
Heating ramp of the furnace was 25 °C min™. After carbonization, samples were naturally cooled
to room temperature under nitrogen gas flow. Another set of samples with 2:1 wt. ratio of
sucrose and AN was synthesized. For comparison, a set of carbon samples was synthesized from
sucrose in the absence of AN under the similar conditions. In this case, no fluffy but a hard and
pasty stuff was observed. The carbon samples synthesized using 3:1 and 2:1 wt. ratios of sucrose
and AN are denoted as ‘CN,’ and ‘CNg’. Carbons obtained from sucrose alone are marked as ‘C’.
Temperature (in °C) of the carbonization is suffixed with the code of sample without unit. The as-
synthesized samples were ground well with a mortar-pestle before characterization.
2.2 Characterization

Powder X-ray diffraction (XRD) patterns of the carbon samples were recorded using
Rigaku MiniFlex2 diffractometer at a scan rate of 0.1° s with Ni-filtered Cu K, radiation (A
=1.5406 A) as the X-ray source. CHN elemental analyses of the samples were carried out with a
Perkin-Elmer 2400 II series CHNS/O analyzer. Solid-state °C NMR studies were carried out
using a Bruker Avance'" 400 MHz instrument of probe head with a zirconium rotor of 4 mm
diameter. The entire spectrum was recorded at a spinning speed of 12 kHz. X-ray photoelectron

spectra (XPS) were recorded using an Omicron NanoTechnology instrument with Mg Ka

Page 4 of 31



Page 5 of 31

RSC Advances

radiation. The base pressure of the analysis chamber during the scan was 2 x 10™'° mbar. The
spectra were recorded with a step width of 0.05 eV. The pass energies for individual and survey
scans were 20 and 100 eV, respectively. Data were processed using the CasaXPS program (Casa
Software Ltd., UK). Thermo-gravimetric analysis (TGA) was performed with Perkin-Elmer TGA
(Delta series TGA7) instrument at a heating rate of 10 °C min" in air atmosphere. Nitrogen
adsorption-desorption experiments were carried out at -196 °C using a Carlo-Erba Sorptomatic
(model 1990) sorpometer and a Micrometrics ASAP 2010 accelerated surface area systems after
degassing samples at 150 °C for 12 h. Specific surface areas of the samples were determined
based on the Brunauer-Emmett-Teller (BET) method. The total pore volume was calculated from
the amount of nitrogen adsorbed at a relative pressure of P/Py = 0.99. Micropore and mesopore
size distributions were calculated by Horvath-Kawazoe (HK) and Barrett-Joyner-Halenda (BJH)
methods respectively. FTIR spectra of the samples were recorded using Perkin-Elmer spectrum 1
instrument in the range 400-4000 cm™ at room temperature. The powdered samples were ground
with KBr and pressed into pellets for recording the FTIR spectra. Scanning electron micrographs
were recorded using FEI Quanta FEG 200 scanning electron microscope working at 30 kV.
Transmission electron micrographs (TEM) were collected using a Philips CM12 microscope
operating at 100 kV accelerating voltage. Sample for TEM imaging was prepared by dispersing
the sample in ethanol by sonication followed by drop-drying on copper grids coated with carbon
film.
2.3. Electrode fabrication and electrochemical measurements

Electrochemical performance of carbon samples was studied using cyclic voltammetry
curves and charge-discharge cycling. Fabrication of electrodes for electrochemical studies was
done as follows. In a typical procedure, 10 mg of carbon samples was dispersed in 0.25 ml of

doubly distilled water in a vial by ultrasonication. From the colloid, a volume of 10 ul was

transferred on to polished glassy carbon surface, dried at 60 °C to get the semisolid and 5 pul of
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Nafion solution (5 wt.% in lower aliphatic alcohol and water) was coated on the sample as the
binder.** Electrochemical studies were performed in 50 ml of 1 M sulphuric acid solution. Cyclic
voltammograms were recorded at a scan rate of 10 mV s™ in the potential window of 0 to 1 V (vs
Ag/AgCl) and galvanostatic charge-discharge curves were collected with a current of 0.5 mA.
Cyclic voltammetric and galvanostatic charge-discharge experiments were carried out using a
CHI 660A (CH Instruments, USA) electrochemical work station. For the electrochemical studies,
a conventional three-electrode cell composing a polished glassy carbon (GC) (0.07 cm?) working
electrode, a Ag/AgCl (Satd. KCI) reference electrode and a Pt foil (5 cm?) counter electrode was
used. Nitrogen gas was purged through the electrolyte solution for removing dissolved oxygen
before and during the electrochemical measurements.
3. Results and Discussion
3.1. Yields and elemental analysis of carbons

A photograph of precursors corresponding to C and CNg samples is shown in Fig. 1. It is
clear that formation of fluffy materials is observed only in the case of using NH,;NO; with sucrose
due to the combustion that occurs. The fluffy material forms due to the sudden evolution of gases,
taking place due to combustion. The precursor from sucrose alone is highly sticky whereas the
fluffy material is crispy and deliquescent. It was observed that higher the AN content, the higher
would be the volume of fluffy material. The yields of the synthesized carbons are provided in
Table 1. The C samples show the highest yield of 84.2 % and increase in the temperature of
synthesis consistently reduces the yield. CN, and CNg samples show lower yields than C
samples. Between CN, and CNp samples CN, analogues show higher yield than CNg. The loss of
carbon is expected to take place due to the decomposition of sucrose, the precursor, during the
initial treatment with AN and during the carbonization at higher temperatures, and burning-off of
the carbon occurring due to steam activation. The lower yields shown by CN, and CNg are due to
the loss of carbon into escaping gaseous products, which in turn due to the high degree of

decomposition of precursor.
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C, H, N and O elemental composition of the carbon samples are given in Table 1. The
oxygen content (wt %) of the carbon samples have been calculated by subtracting the sum wt %
of C, H and N elements from hundred. The C, H and O content of sucrose is 42.11, 6.43 and
51.46 respectively. The carbon content of the synthesized samples range from 73.5 to 80.1 %.
This implies that carbon content has increased due to the carbonization at the expense of
hydrogen and oxygen (i.e., dehydration). Hydrogen content of the carbon samples ranges from 2
to 3.7 %. Hydrogen content of C samples is found to be higher than that of CN, and CNp
samples, implying that the combustion might be reason for the observed high degree of hydrogen
removal and/or that C sample might have smaller and more polynuclear aromatic hydrocarbons
(PAHs). Also, presence of lower content of H indicates the presence of bigger and lesser
condensed polynuclear aromatic hydrocarbons in carbon because H content arises mainly from
the periphery of the PAHs.” Presence of nitrogen in the carbons (CN, and CNg) obtained via
combustion route by using AN is evidenced. And, it is notable that C samples are nitrogen-free.
These observations reveal that nitrogen in CN, and CNp is from AN that was used as the
combustion agent, but not from the nitrogen gas stream used for carbonization. Although the N
content is as high as 8.8 % in the case of CNg600, it is only 3 % for CNg900. This observation
indicates that amount of nitrogen incorporated in the carbon decrease when the temperature of
carbonization increases. Oxygen content of the carbons is in the range of 12.1 to 22.8 %. Except
for C samples, O content of the carbons is found to increase with the increase in the carbonization
temperature. This increase might be due to degree of reactivity between steam and carbon, which
probably increases with the raise in the temperature from 600 °C to 900 °C.

3.2. Powder XRD studies
XRD powder patterns of C, CN, and CNg samples obtained at different temperatures are given in
Fig. 2. The broad peaks in the 20 range of 22.7° to 25.5° and 43.7° to 43.8° respectively

correspond to the (002) planes and (101) planes of amorphous carbon with hexagonal phase
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(JCPDS file no 41-1487) *°. The inter planar distances, d , of (002) peaks correspond to inter
layers(graphene) distance of carbon and are provided in Table 1.%° The d(ooz) of graphite is 3.35 A
and the d(p) values of the synthesized carbons deviate from that of graphite by different
magnitudes. For the set of C, CN, and CNg samples, the minimum d(g,, value are 3.71, 3.54 and
3.50 A respectively. This observation reveals that CN, and CNg samples show d(goy) value closer
to that of graphite, meaning CN, and CNg samples are more graphitic than C samples. Moreover,
increase in the carbonization temperature shrinks the inter layer distance (d(g)) or increases the
degree of graphitization in all samples. Average crystallite size, L., of carbons calculated using
Scherer’s equation from XRD peaks corresponding to (002) planes is attributed to the size of the
crystallites along the ‘c’ axis of the hexagonal lattice and given in Table 1. The Scherer’s
equation used for the calculation is L. =0.89A\/fcos 8, where, < A’ is wavelength of X-rays, ‘4’ is
full width at the half maximum of a diffraction peak and ‘@ is Bragg angle of the peak.”’ The
highest L. shown by C samples is found to be 7.42 A, which is lower than that of CN, (9.38 A)
and CNj (9.72 A) samples. Calculation of L, using (10) peak has not been done due to that (10)
peaks of carbons studied here are too small and also merged with that of (101) peaks. Average
number of layers ‘N,” of carbons along the ‘c’ axis of their hexagonal lattice is calculated by
dividing their L. value by their do,, value and given in Table 1. The N. values show that highest
N, of C samples is 2 while those of CN, and CNg are 2.61 and 2.78 respectively. This implies
that CN, and CNj samples possess more carbon layers in ‘c’ axis.”® These observations imply
that the combustion route followed to synthesize carbon samples might be responsible for the
lower d values and the higher L. of the CN, and CNy carbons.

3.3. °C NMR and FT-IR studies

In order to understand the changes in the nature of carbons present in the synthesized carbon
samples, solid-state °C NMR spectra of sucrose, fluffy material of CN, and carbon samples

synthesized at 800 °C were recorded, and the spectra are provided in Fig. 3. The six peaks
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observed for sucrose are in the range of 63 - 106 ppm, which correspond to the aliphatic carbons
of carbohydrates.”?' The intense peak centered at 76 ppm corresponds to hydroxylated
methylene carbon.”’ Moving onto the fluffy material, a single broad peak centered at 76 ppm is
observed, corresponding to hydroxylated methylene carbon as in the case of sucrose. However,
merging of six peaks to a single peak has taken place during the treatment of sucrose with AN,
indicating that the nature of sucrose has changed due to its reaction with AN. In the case of C800,
there are three predominant peaks seen and their positions are at 124, 158 and 198 ppm. And, the
peak at 124 ppm indicates the presence of the sp” carbon which corresponds to polynuclear
aromatic hydrocarbons or graphite-like carbon while the one at 158 ppm belongs to the aromatic
carbon with oxygen functionalities such as hydroxyl (phenolic). The peak present at 198 ppm
corresponds to aromatic carbon attached to carbonyl carbons such as aldehyde and ketones.*' The
peak at 158 ppm is more intense, indicating that phenolic carbon is present in higher amount than
normal aromatic carbon and also that more of oxygen functionalities is present in C800. As for
CNA800 and CNg800, only the broad single peaks centered respectively at 127 ppm and 131 ppm
are observed. These peaks are attributed to the graphite-like carbons. Thus, °C NMR spectral
studies show that aliphatic carbons from sucrose or fluffy materials are converted into graphite-
like aromatic carbons.

FTIR spectra of sucrose, fluffy material of C, CN,, and CNg carbons are given in Fig. 4.
Sucrose shows the absorption bands at 3385, 2948, and 1434 cm™ corresponding to O-H
stretching, C-H stretching and CH, scissoring vibrations respectively. And, peaks observed at
1060 and 991cm™ are attributed to C-O stretching and deformation vibrations respectively. The
band at 572 cm™ is due to C-O-C deformation vibrations.”>** C600 shows a weak band for O-H
stretching along with C-H stretching vibration in addition to weak bands located at 1718 cm™,
which corresponds to C=0 vibrations. The band at 1585 cm’' is probably a collective band that is
contributed by the aromatic ring mode, conjugated systems such as ketoester, diketone, and
carboxylate structures.”® The broad band observed between 1500 and 1060 cm™ is owing to C-O

9
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stretching and O-H bending (in-plane) vibrations. The weak bands observed at 878 and 800 cm™
are due to C-H bending vibrations.’> ** Strong and more intense bands observed for sucrose
become weak while moving on to carbons due to the formation of the rigid, extended network of
carbon from the molecular species, i.e., sucrose. This observation confirms that, during
carbonization, aromatic C=C bond is generated from aliphatic carbons of sucrose and that
removal O-H groups have occurred by dehydration. On increase in the carbonization temperature
to 800 and 900 °C, C-H bonds disappear and free O-H groups are generated as evidenced by the
weak bands seen at 3835 and 3740 cm™ ¥’

Moving onto the fluffy material, a pair of new bands is observed at 1712 and 1630 cm™.
These bands might be because of C=O stretching vibrations and these carbonyl functional groups
might have been created due to the oxidation of sucrose, which probably takes place due to the
combustion. However, bands pertaining to C=O stretching are absent in the case of CNA600,
implying that carbonyl groups are removed during carbonization process at 600 °C or the peak
shifted to low frequencies due to the formation of extended carbon network. The tiny bands
observed below 900 cm™ are probably due to O-H bending (out-of-plane) and C-H bending
vibrations. As for CNA700, a small band at 1566 cm™ is probably a collective band that is
contributed by the aromatic ring mode, conjugated systems such as ketoester, diketone, and
carboxylate structures.’® The band covering 1450 to 1000 cm™ corresponding to C-O stretching
as in ether or phenol.*® *° Possibility of phenolic C-O bond is low or ruled out due to the absence
O-H band in the IR spectra. Further increase of carbonization temperature to 800 and 900 °C has
caused C=C stretching vibration to shift bathochromically to 1534 and 1542 cm™ respectively.
The rationale for these shifts is that extension of carbon network (i.e., increase in conjugation)
might have occurred due to the carbonization performed at higher temperatures. On the other
hand, CNp600 shows the only bands of aromatic ring (C=C) of conjugated systems with

ketoester, diketone, and carboxylate structures and C-O stretching, implying that, as compared to

10
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C and CN, analogues, CNy samples underwent a higher degree of carbonization.’® This higher
degree of carbonization shown by CNg is probably due to the use of more AN. So, there are
definite differences between the carbons obtained with and without the use of AN. There is a
possibility that some C=N stretching bands might be present in the spectra of CN, and CNg but
they might have been merged with aromatic ring (C=C) stretching bands, as the content of N is
evidenced by CHNO and XPS results.

3.4. XPS analysis

In order to understand the chemical state of carbon, oxygen and nitrogen elements, XPS were
recorded for C900 and CNg900 samples and the results are presented in Fig. 5. The Cls spectra
of C900 show a peak which is resolvable by deconvolution into 3 peaks, namely, C-I, C-II and C-
II1, with the binding energy values of 284.7, 286.4 and 287.5 eV and with the peak areas (%) of
54.1, 33 and 12.9, respectively. The peak C-I corresponds to graphitic carbon while C-II
corresponds to carbon in phenol, and/or ether groups.” *** And, the peak C-III is attributed to
carbonyl and/or quinone functionalities. In the case of C900, there was no peak observed for
nitrogen in the N1s region (data not given). The resolved Ols spectra of C900 shows two peaks
(O-IT and O-III) centered at 533.3 and 535.7 eV with the peak areas of 91.1 and 8.9 %,
respectively. The peak O-II is due to oxygen in phenol, and/or in ether while the peak O-III is due

to chemisorbed oxygen (carboxylic group) and/or water, respectively. > 3% 40424443

The Cls spectrum of CNg900 exhibit three resolved peaks (C-I, C-II and C-III), centered at
284.5, 285.9 and 287.5 eV respectively. The percentages of relative peak areas are 68.2, 22.4 and
9.4. Similar to C900, C-I is attributed to graphitic, C-II is attributed to phenolic, and/or ether
groups and C-III peak is attributed to carbonyl and/or quinone functionalities.”” *** Tt is
interesting to note that the relative area of graphitic carbon is higher for CNg900 (68.2 %) than

C900 (54.1 %). The Nls spectrum shows two resolved peaks located at 398.6 (area: 33.7 %) and

400.9 eV (area: 66.3 %), corresponding to pyridinic (N-6) and quaternary (N-Q) nitrogens
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respectively.'> 2 ** % As there is nitrogen in the sample, C-N bond might have also contributed
to peaks C-II and C-III in Cls spectrum of CN900.** The N1s spectra imply that N atom has
substituted some C atoms in the carbon lattice. The Ols spectrum of CNg900 yields the three
resolved peaks (O-I, O-II and O-III) positioned at 531.3, 533 and 535.8 eV with the relative peak
areas of 45.9, 47 and 7.1 % respectively. The peaks O-I is indexed to quinonic and/or carbonyl
oxygen and O-II is indexed to oxygens in phenol and/or ether. And, O-III corresponds to
chemisorbed oxygen (carboxylic group) and/or water, respectively.’® ¥ !

3.5. BET surface area and TG-DTG analyses

BET surface areas and total pore volumes of the carbon samples are given in Table 1. All the
three sets of carbon samples show increase in the surface area with the increase in the
carbonization temperature. This increase of surface area is due to the generation of new pores
which is, in turn, due to the burning off of the carbon occurring by the reaction of carbon with
steam.” High temperatures are found to be effective to burn carbon so that more pores are
created. In the current work, sintering and burning of carbon take place simultaneously because
the carbonization and the activation are performed simultaneously. The C samples show surface
area values in the range of 11-205 m” g"'. On the other hand, CN, samples show higher surface
area values, ranging from 105-489 m” g”'. Surface area of CNA900 is more than twice as high as
that of C900. This implies that fluffy material obtained by the combustion of the mixture has
yielded the carbon samples of greater surface area than the C samples. In the case of CNg900,
surface area of as high as 518 m” g' is observed. However, surface area of CNz900 is only 29 m’
g higher than CN,900, even though the ratio of AN to sucrose used is higher in the case of
CN3g900. This implies that after a certain amount of AN, its quantity may not have a considerable
effect on surface area of the resulting carbon. The total pore volumes of the all carbon samples lie
between 0.01 and 0.32 cm’ g'. Similar to surface area, pore volumes also increase with the
increase in the temperature. These lower pore volumes (< 0.32 cm® g"') observed for the materials
with high surface areas indicate that the carbon samples are microporous.” '

12
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Nitrogen adsorption—desorption isotherm, BJH and Horvath-Kawazoe pore size distributions of
CN3R900 are provided in Fig. 6. Fig. 6a shows the type I isotherm of IUPAC classification for
CNg900, which is characteristic of microporous material.”> BJH pore size distribution in the inset
of Fig. 6a shows that average pore diameter lies below 2 nm and confirms that CNg900 is mainly
microporous. Horvath-Kawazoe pore size distribution of CNg900 in Fig. 6b shows the sharp peak
centered in the region of micropores show that the average pore width of CNg900 is 0.5 nm. Also,
t-plot surface area and the external surface area of CN900 are 458 m’ g' and 60 m* g’
respectively. This implies that 88.4 % of the total surface area of CNg900 is contributed by its
micropores. Three dimensionally porous graphene balls obtained from coal tar pitch by KOH
activation has shown SSA up to 1947 m’g".>* An animal cellulose precursor has yielded an O-
rich activated carbon with a SSA of 3442 m® g"' with KOH activation.® N-carbon nanosheets
derived from the Typha orientalis plant exhibit a SSA of 1498 m”> g'.* A bean dregs-derived
activated carbon activated with KOH shows a SSA of 2876 m’ g '.>> A sucrose-derived
hydrochar, by the activation with steam and KOH, has yielded activated carbons with SSAs of
814 and 2431 m’ g respectively.' According to another report, KOH activation of sucrose-
derived carbon spheres yields a carbon with a SSA of 2823 m* g"'.*® A sucrose-derived activated
carbon obtained by phosphoric acid activation has been reported to show a SSA of 460 m* g, ¥/
A carbon derived from sucrose with ZnCl, activation shows a SSA of 1434 m? g'l.58 Activated
carbons synthesized from sucrose with CO, activation show SSA up to 2953 m* g'.* These
reports imply that KOH and CO, activations offer better SSAs for activated carbons obtained
from sucrose than the other activation methods.

TG-DTG profiles of C, CN, and CNg sample synthesized at 900 °C, performed in air atmosphere
are given in Fig. 7. TGA and DTG of C900 indicates that there are three different events of

weight loss occurring. According to DTG, those events are centered at 314, 538 and 616 °C and

the corresponding weight losses are 8.9, 57.7 and 29.9 %. In the cases of CN,900 and CNp900,
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only two weight losses are observed and the major weight losses occur at 590 and 597 °C
respectively. As for CN,900and CNg900, the starting point of the major weight loss is 438 and
448 °C respectively and major weight losses are 89.9 and 90.4 % respectively. Their initial steady
weight losses occurring up to 438 and 448 °C correspond to 8.4 and 8.3 % respectively. The
initial weight loss occurring below 448 °C is due to the removal water molecules and volatile
matter present on the carbon.’> ® The major weight loss of the carbon occurs due to the burning
of the carbon by reacting with oxygen present in the air. The low temperature burning of the
C900 happens due to the possession of functional groups and /or its low degree of graphitic
nature. Among three samples under study, CNg900 shows the best thermal stability. The higher
thermal stability shown by the CN,900 and CNg900 might be due to that they may not possess
easily-oxidizable functional groups and/or their high degrees of graphitic nature.®'
3.6. Electron microscopic studies

SEM images of carbon samples synthesized at 900 °C are given in Fig. 8. SEM images of
all carbons show particles of non-spherical morphologies including sheet and of polydispersity.
C900 in Fig. 8a shows the particles of size in the range of ~ 250 nm to ~ 9 um. CNA900 shows
particles of size between ~ 200 nm and ~ 18 um (Fig. 8b). As for CNz900 (in Fig. 8c) , the size
ranges from ~ 200 nm to ~ 21 um. SEM analysis reveals that the synthesized carbons are of wide
particles size distribution. Similar morphologies for carbons derived from sucrose have already
been reported.” * XRD and SEM analyses prove that the fine carbon crystallites (sheets) are
randomly arranged in carbon particles of size in the range of several nanometers to several
micrometers. In other words, the carbon particles are polycrystalline in nature.”” TEM image of
CN3900 shown in Fig. 8d shows the presence of particles of different shapes and sizes. There are
several sheet-like particles seen in the TEM. These sheets must be made of several graphene

layers. The relatively higher transparency (to electron beam) shown by these sheets is due to their

14
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lower thicknesses and the electrons can penetrate these sheets. In addition to sheets, there are
aggregates of small particles whose average size lies below 10 nm.

3.7. Mechanism of formation of carbons

According to >C NMR and FTIR results, carbons from gummy material and fluffy materials are
different in terms of graphitic nature and textural properties. Due to the decomposition of AN
after the evaporation of water from the aqueous mixture of sucrose and AN, a lot of heat and
gases such as N,, H,0, O,, OH, HNO, NO; might evolve. It is because decomposition of AN is
exothermic.” Charring of sucrose occurs due to the heat generated, and the foamy, voluminous
appearance of fluffy precursor is given rise to due to the sudden evolution of gases. There is a
possibility that sucrose might react with AN and its decomposition products, which is evident
from the presence of nitrogen revealed by CHN elemental and XPS analyses. As for both gummy
and flufty precursors, the carbons are aliphatic in nature. In the case of precursor formed with the
use of sucrose alone, caramel, a polymer of sucrose, is only formed.”” ® Further, upon
carbonization process of both precursors at high temperatures, subsequent polymerization by
condensation reactions and aromatization by dehydration and dehydrogenation reactions to form
polynuclear aromatic hydrocarbons (PAHs) occur.® * Subsequently, formation of graphene layers
and their ordering (graphitization) to certain extent might take place.* ® In general, the degree of
graphitization is found to be low in sucrose-derived carbons even if the treatment temperature is

as high as 1400 °C.** Steam activation also has been known to favor the graphitization process. *’

3.8. Electrochemical studies

Cyclic voltammograms (CVs) of carbon samples synthesized at different temperatures were
collected in order to understand the nature of the capacitance operating in the case of carbon
materials under study. Shape of the CV indicates the nature of the capacitance operating as to
whether it is EDLC, pseudocapacitance or both. CVs of C, CN, and CNg samples synthesized at

900 °C are given in Fig. 9a and of C and CNj synthesized at 600 - 800 °C are given in Fig. Sla
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and Fig. S2b of supplementary data. The observed shapes of CVs are attributed uniquely to
carbon materials, revealing that both EDLC (non-Faradaic) and pseudocapacitance (Faradaic)
take roles here.”® The CVs are not rectangular due to that some redox events taking place in the
potential range of 0-0.5 V. These redox reactions occur due to the presence of some functional
groups in the carbons.” Not only activated carbons but also CNTs and graphenes having
functional groups (generated by oxidation with air, acid or by electro oxidation) exhibit this type
of CV shape.*® Moreover, carbons having quinonic, phenolic, carboxylic oxygen groups and
pyridinic (N-6) and pyrrolic (N-5) nitrogen groups can undergo redox reactions and hence show

12, 69, 70,65

peaks in their CVs. Since the area of the CV is directly proportional to specific
capacitance (C;) of the electrode material, the C; of the carbons obtained at 900 °C should be in
the following order; CNg900 > CN,900 > C900. For C samples obtained at < 900 °C, the order of
Cs should be C800 > C700 > C600. The same should be the order for CNp samples. However,
there is a high degree of decline in the area of the CV for C samples while moving to lower

carbonization temperature from 800 °C. Moreover, the arecas of CV for C800, C700 and C600

samples are much lower than that of their CNy analogues.

Charge-discharge curves of the carbon samples collected for estimating specific capacitance are
shown in Fig. 9b, Fig. S1b and Fig. S2b. The charge-discharge curves are linear and symmetrical,
indicating the ideal capacitive characteristics. As for the plot, CNg900 and C900 take the longest
and the shortest times respectively for charging and discharging, revealing that CNg900 and C900
hold the highest and the lowest charge-storage capacity among the three sets of carbons
synthesized at 900 °C. As for the C and CNp samples made at 600 - 800 °C, the charging capacity
is found to be higher for 800 °C analogues than their low temperature counterparts. Specific
capacitance (C,) of the carbon is calculated from galvanostatic discharge curves using the

following relationship. C; = IA#/AVm, where, ‘I’ is the current,’At’ is discharge time of cycle,
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‘AV” is potential window and ‘m’ is mass of carbon.* The C; values of C900, CNA900 and
CNg900 are 62, 259, and 277 F g respectively. The order of the C; of the carbons is as follows;
CN3900 > CNA900 > C900. The trend observed among the C, values of carbons is consistent with
their trend with surface areas. The Cs values of CN, 900 and CNg900 are due to effect of the
precursors used. In order to ignore the effect of specific surface area (SSA) and understand the
effect of other factors, ratio of C, and SSA can be considered. The C/SSA values for C900,
CN4900 and CN900 are 0.30, 0.53 and 0.53 F m™. The difference of 0.23 F m™ observed
between CNg900 and C900 may be due to the difference in conductivities, functional groups,
wettability in electrolyte and diffusion barrier arising from the pore size, among these carbons.'>
20, 34, 71

Activated carbon synthesized from sucrose with CO, activation at 900 °C for 4 h and having a
SSA of 2102 m” g, showed a C, value of 165 F g in 1 M sulphuric acid (C/SSA = 0.08).”’
Activated microporous carbon nanofibers with the surface area of 597 m’ g'1 showed a C, value of
256 F g in 6 M KOH electrolyte (C/SSA = 0.43).”" Activated carbon synthesized from sucrose-
derived carbon spheres with a SSA of 2823 m’ g' shows a Cs of 316 F g’ in 6 M KOH
electrolyte (Cy/SSA = 0.11).”° This implies that CN, and CNj carbons of the current work show
superior performances even though they show lower SSAs. The Cs values and Cs/SSA ratio of
the C600, C700 and C800 are 2, 3 and 35 F g and 0.18, 0.19 and 0.25 F m™ respectively. This
reveals that Cs values decrease drastically while reducing the carbonization temperature from 800
°C to lower temperatures. This decrease might be due to the drastic reduction in SSA values. This
proves the dependency of capacitance on surface area of the samples. It is worth to note that the
Cs/SSA does not reduce considerably like Cs does. CNg600, CN5700 and CNp800 exhibit the Cs
values of 18, 124 and 213 F g and Cs/SSA of 0.38, 0.39 and 0.45 F m™ respectively. As for the
Cs value of CNp, it decreases with the decrease in the carbonization temperature. However,

Cs/SSA value relatively stays as high as 0.38 F m™ for CNg600 whereas it is only 0.18 for C600.
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The poor Cs/SSA values shown by these C samples are probably due to their lower conductivities
owing to the low degree of graphitic nature. This clearly indicates that the use of AN in the
synthesis has a great role in the positive features of resulting carbons. Also, there is no
considerable difference observed in the amount and nature of the observed the functional groups
as per the XPS and CHN results, except for the presence of N functional groups (N-6 and N-Q) in
CNp samples.

Regarding the effect of N content on the capacitance of carbon samples, the effect is not
pronounced between CN,900 and CNg900. It is because their Cs values are the same (i.e., 0.53 F
m™) while having the N content of 2.3 and 3 % respectively. Among all samples, the sum of N
(%) and O (%) contents does not differ considerably. However, Cs/SSA values decrease with the
reduction in the carbonization temperature. According to XPS analysis, CNg900 shows the
presence of quinone, phenol and/or ether and chemisorbed oxygen (carboxylic acid) along with
pyridinic (N-6) and quaternary (N-Q) nitrogen groups in it. Some reports reveal that besides
quinone groups, phenolic, carboxylic, pyridinic (N-6) and pyrrolic (N-5) groups can undergo
redox reactions to show pseudocapacitance.'> "> Moreover, phenolic, carboxylic and quaternary
(N-Q) nitrogen groups can improve the electron transfer and wettability of the electrode.””
Thus, the presence of hetero atoms in the carbon improves the capacitance. However, it is
realized that the high temperature carbonization is primarily important for enhanced capacitance
of the carbons synthesized by the current method. In other words, the benefits of functional

groups are realized only in the carbons of higher carbonization temperatures.

Stability of the capacitance of carbons obtained at 900 °C studied up to 2000 cycles using
galvanostatic charge-discharge curves is given in Fig. 9c. Losses of capacitance of C900, CN,900
and CNg900 are 8.2, 9.1 and 7.6 % respectively. The initial loss observed with the carbons might
probably due to the loss of some amount of functional groups which are contributing to

capacitance in terms of redox reactions. Further losses of capacitance observed might be due to
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peeling off of the electrode materials from current collector. The good stability shown by the

carbon materials prove that they are promising ones for capacitor application.

4. Conclusions

Nitrogen- and oxygen-containing activated carbons have been synthesized using sucrose
and ammonium nitrate. Use of ammonium nitrate has not only caused the nitrogen incorporation
in carbon but also the formation of carbons with high surface area. N-content of the carbons has
increased with the increase in AN to sucrose ratio. One of the carbons obtained at 900 °C from
sucrose and AN of 2:1 wt. ratio retains 3 wt. % of nitrogen in it. The carbons obtained using AN
are found to be more graphitic and exhibit greater crystallite size (L.) than the carbons from
sucrose alone. The surface areas of carbons obtained using AN are as high as more than twice as
that of carbons from sucrose alone. The steam activation employed here yields the microporous
carbons. *C NMR analysis proved that the carbons derived using AN show only the carbons of
aromatic nature whereas non-N-containing carbon shows the presence of carbons with other
functionalities including phenol and carbonyl carbons. Thermal stability of the N-containing
carbons in air is found to be higher than non-N-containing carbons.

SEM and TEM results show that carbons particles synthesized are of size in the range of
several nanometers to several micrometers with irregular shapes and they are proved to be
polycrystalline in nature in complementary with XRD results. The presence of some graphene
sheets also are identified along with 3 D particles of carbon by TEM imaging. Electrochemical
studies indicate the synthesized carbons show EDLC besides pseudocapacitance due to the
presence of oxygen and nitrogen functional groups. One of the N- and O-containing carbons with
the highest BET surface area of 518 m* g shows a specific capacitance of 277 F g"'. Reason for
the higher SSA/Cs values shown by N- and O-containing carbons (900 °C) is believed to be due

to higher surface area and higher graphitic nature along with the presence of functional groups.
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Also, these carbons show excellent stability of capacitance over 2000 cycles. Thus, this synthetic
method can be a promising for the synthesis of N- and O-containing carbons and the synthesized
N- and O-containing carbons can be potential candidates for supercapacitor application.
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Table
Table 1 Yield, inter planar distance, crystallite size, average number of layers, elemental

composition and textural properties of carbon samples

Sample Yield | dgo) | L N, C H N (0] BET Total
(%) A | A %) | (%) | (%) | (%) | surface | pore

area volume

(SSA) | (em’ g

(m’g") )

C600 842 392 [596 [152 | 735 | 3.7 0 22.8 11 0.01
C700 814 [392 [573 | 146 | 80.1 | 24 0 17.5 16 0.03
C800 774 371 | 725 195 | 788 | 22 0 19 138 0.11
C900 75.1 | 371 [742 200 | 772 | 24 0 20.4 205 0.13
CNA600 | 682 [366 |740 [202 | 785 | 23 | 7.1 12.1 105 0.07
CN,700 | 650 [3.64 |78 [215 | 775 | 20 | 56 | 149 277 0.21
CN,800 | 61.1 [359 [938 [261 | 790 | 2.0 | 4.0 15 370 0.22
CNA900 | 584 |[3.54 |88 [249 | 744 | 23 | 23 21 489 0.32
CNg600 | 636 |3.66 |7.60 [207 | 757 | 23 | 88 | 132 47 0.06
CNp700 | 592 [3.59 [852 [238 | 777 | 20 | 7.1 13.2 320 0.18
CNp800 | 56.8 [3.50 |9.72 |278 | 765 | 2.0 | 4.1 17.4 477 0.25
CNp900 | 537 |350 [9.09 [260 | 746 | 20 | 3.0 | 204 518 0.28

List of figures captions

Fig. 1 Photograph of precursors used for the synthesis of C and CNg carbon samples. The
precursors were obtained from aqueous sucrose (C) and aqueous mixture of sucrose and
ammonium nitrate (CNp).

Fig. 2 Powder XRD patterns of carbon samples synthesized at different temperatures.

Fig. 3 Solid-state >C NMR spectra of carbon samples synthesized at 800 °C, fluffy material and
sucrose.

Fig. 4 FTIR spectra of carbon samples synthesized at different temperatures.

Fig. 5 XPS of C900 and CNg900 samples. Cls and Ols core level spectra of C900 and Cls, N1s
and Ols core level spectra of CN900.

Fig. 6 Nitrogen adsorption-desorption isotherm (a), BJH pore size distribution (inset of a) and
Horvath-Kawazoe pore size distribution (b) of CN900.

Fig. 7 TG-DTG profiles of carbon samples synthesized at 900 °C, recorded in air atmosphere.

Fig. 8 SEM images of C900 (a), CN,900 (b) and CNg900 (¢) and TEM image of CN900 (d).
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Fig. 9 (a) Cyclic voltammograms of carbons, recorded in 1 M H,SOj at the scan rate of 10 mV s™
, (b) galvanostatic charge-discharge curves collected with a current of 0.5 mA and (c¢) plot of

variation of specific capacitance with cycle number of galvanostatic charge-discharge.

Figures

Fig. 1 Photograph of precursors used for the synthesis of C and CNp carbon samples. The
precursors were obtained from aqueous sucrose (C) and aqueous mixture of sucrose and

ammonium nitrate (CNp).
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Fig. 6 Nitrogen adsorption-desorption isotherm (a), BJH pore size distribution (inset of a) and

Horvath-Kawazoe pore size distribution (b) of CN900
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Fig. 7 TG-DTG profiles of carbon samples synthesized at 900 °C, recorded in air atmosphere.

29



RSC Advances Page 30 of 31

Fig. 8 SEM images of C900 (a), CN,900 (b) and CNp900 (¢) and TEM image of CNg900 (d).
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Fig. 9 (a) Cyclic voltammograms of carbons, recorded in 1 M H,SO, at the scan rate of 10 mV s™

, (b) galvanostatic charge-discharge curves collected with a current of 0.5 mA and (c) plot of

variation of specific capacitance with cycle number of galvanostatic charge-discharge.
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