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Abstract:-

N-doped graphene nanosheets (N-doped GNS) were obtained using single step supercritical
fluid assisted reaction of N-containing organic compounds with graphene oxide (GO)
solution. N-doped GNS sample shows a capacitance of 280 F/g in aqueous 1M H,SO4 (0.8 V)
and 104 F/g in ionic liquid EMI-TFSA (3.6V). NE-GNS electrode shows an energy density of
8 Wh/Kg and 40 Wh/Kg in 1M H,SO4 and EMI-TFSA, respectively. The nature of chemical
bonding and amount of N doping in the graphene samples was estimated using XPS
spectroscopy. The amount of N-doping varies with nature of the N-containing organic
compounds and the supercapacitance behaviour depends on the amount of N-doping as well
as nature of N-doping in the graphene. TEM, FE-SEM images and Raman spectroscopic
characterization reveals the presence of few layer N-doped GNS. FT-IR spectra exhibits the
presence of various functional groups on N-doped GNS XRD diffraction analysis showed the
weakly stacked N-doped GNS due to the N-doping and the presence of N-containing
functional groups on N-doped GNS. The cyclic voltammetry studies showed the capacitance
behaviour of N-doped GNS electrodes at high potential window of 4.25 V in ionic liquids.
The charge-discharge profile showed the stable charge-discharge behaviour of the N-doped
GNS electrodes.
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Introduction

Supercritical fluid assisted material synthesis has emerging as a potential synthesis protocol
for various inorganic materials owing to its unique properties such as gas-like diffusivity, low
viscosity and density [1, 2]. Recently, the supercritical fluids with these physico-chemical
properties are explored in materials chemistry to design novel synthetic strategies for various
materials [3, 4]. Various inorganic materials and composites have been synthesized at
reduced temperature and time [5-8]. Graphene, a mono/few layer carbon sheet of graphite has
attracted much attention in recent days due to their peculiar physico-chemical properties
compared to graphite. However, the preparation and isolation of single layer (or) few layer
graphene is still challenging issue. Hence, many synthetic strategies have been reported and
attempts are in progress to prepare few layer graphene sheets [9-13]. Very recently, our group
has reported supercritical fluid assisted synthesis of various inorganic materials, graphene
exfoliation and chemical modification of graphene [14-16]. Recently, N-doped GNS
materials have gathered much attention due to the possible amendment in electronic
properties of graphene nanosheets. Thus, various attempts have been made to synthesis the
N-doped GNS [17-37]. However, synthesis of N-doped GNS with desired amount of nitrogen
and its site in the carbon network is still a challenging issue. Also, synthesis of large quantity
of N-doped GNS with above feature is highly warranted towards commercial application.
Here, we report the N-doped GNS synthesis via the supercritical fluid assisted method using
graphene oxide and N-containing organic compounds as starting materials, and water and
ethanol as solvent. And, the supercapacitor performance of N-doped GNS was examined in

aqueous and ionic liquid electrolytes.

Experimental section

Supercritical fluid assisted preparation of N doped GNS

N-containing organic compounds, FEthylene diammine, melamine, hexa-methylene
tetrammine and ethanol were used as received from Wako, Japan. GO solution (~35mg/mL)
was prepared by modified Hummers method reported elsewhere [38, 39]. In a typical
synthesis, N-containing organic compounds (Ethylenediamine or Melamine or
hexamethylenetetramine) dissolved in ethanol solution was added into GO solution (~35
mg/mL), stirred for 30 min followed by ultrasonication for 30 min at room temperature. The
ratio of GO and N-containing organic compound is maintained as 1:1 wt % for the all the
experiments. Then, the above mixture was loaded into stainless steel reactors and the reactors

were placed into pre-heated (400 °C) furnace with constant shaking (within a specifically
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designed tubular furnace, AKICO, Japan). After 30 min, the reactors were quenched in an
ice—water tank and the product was collected after several washings with distilled water and
ethanol, and dried at 70 °C in a vacuum oven for 12 h (See supporting information for
detailed synthesis processors). Since, the reactant solution contains water-ethanol mixture,
the experiments were carried out at 400 °C and a pressure of 20 ~ 25 MPa (slightly above the
supercritical temperature and pressure of water). After the supercritical treatment, the
samples were reduced using hydrazine hydrate solution to ensure the reduction of GO

nanosheets (See supporting information).

Materials Characterization

X-ray diffraction (XRD) patterns were collected on a RIGAKU (RINT2000 Tokyo, Japan)
diffractometer using Ni-filtered Cu-K, radiation (A = 1.5418 A). Thermogravimetry (TG)
experiments (SII, TG/DTA 6300) were conducted in the temperature range of 25-800 °C in
air using ~5-10 mg of the sample at the heating rate of 10 °C/min. The morphology of the
nanocomposites was observed using a Hitachi-4800 field-emission scanning electron
microscope (FE-SEM). Scanning and high-resolution transmission electron micrographs
(STEM and HR-TEM) were recorded with a JEOL JEM-2100F microscope, working at an
accelerating voltage of 200 kV. Fourier Transform Infrared (FT-IR) spectra were recorded in
TENSOR 27 spectrometer (Bruker) using KBr pellet technique from 400 to 4000 cm™. The
X-ray photoelectron spectra were recorded using a PHI5S600, ESCA system with
monochromated Al X-rays. Nitrogen adsorption and desorption isotherms were measured
using Quantachrome Autosorb 1 sorption analyzer. All samples were outgassed for 2 h at 160
°C under vacuum in the degas port of the adsorption analyzer. The specific surface area was
calculated using the BET model. The structure of the obtained nanocomposites was
characterized using a micro-Raman system (HORIBA Scientific, Japan) equipped with a

semiconducting laser with a wavelength of 532 nm.

Electrochemical Tests

The electrochemical performances of the prepared electrodes were characterized by cyclic
voltammetry and galvanostatic charge-discharge measurements (Solartron 1260, USA) at
different scan rates and current densities, respectively. The working electrodes were
fabricated by mixing 85 wt% active material, 10 wt % conducting carbon black, and 5 wt %

polytetrafluoroethylene (used as a binder, PTFE, Sigma Aldrich). The electrodes were dried
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in a vacuum oven at 160 °C overnight before the electrochemical measurements. For cyclic
voltammetry measurements, a conventional three electrode beaker type cell was used and the
working electrode was fabricated by pressing the above paste on stainless steel mesh. Counter
electrode was prepared by pressing the mixture of 80 wt % activated carbon (10 times higher
than working electrode weight), 10 wt% aceyletene black and 10 wt% PTFE on stainless steel
mesh. Ag/AgCl was used as reference electrode in aqueous electrolyte (1 M H;SOj). For
voltammetry measurements in Ionic liquid medium, 1-ethyl-3-methylimidazoliumbis
(trifluoromethane-sulfonyl) amide (EMI-TFSA) was used as electrolyte and silver wire in
0.01M Ag-TFSA/EMI-TFSA was used for the reference electrode. Galvanostatic charge-
discharge measurements were carried out using two electrodes system at various current
densities. The specific capacitance of the electrode materials was calculated from the
galvanostatic discharge process according to the following equation [17] Csingle = 4 x I XAt/
(AV x m). Where, I is the discharge current (A), At is the discharge time (s), AV is the
voltage change during the discharge process (excluding the IR drop), and m is the total mass
of the active material in both side of the electrodes (g). The samples synthesized from
supercritical reaction with GO and N-containing organic compounds such as
ethylenediamine, melamine and hexamethylenetetramine are described as NE-GNE, NM-

GNS and NH-GNS, respectively, in subsequent discussions.

Results and discussion

Figure 1 shows the FE-SEM images of N-doped GNS obtained from the supercritical
fluid assisted reaction of N-containing organic compounds and GO. The transparent and
loosly packed nature of the N-doped GNS indicates the formation of few layered N-doped
GNS during the supercritical process. Also, it can be clearly seen from the images that the
physical structure nature of the N-doped graphene nanosheets are does not affected by the
supercritical fluid treatment. At high magnification (Fig 1b), the assembly of graphene
nanosheets could be seen clearly, that enables the electrolyte to permeate through the
electrode materials and access all the available electrode surface for the electrochemical
charge storage. Only sheets like morphology is observed throughout the N-doped graphene
samples that clearly indicates the decomposition of N-containing organic compounds during
the supercritical treatment does not leave any other carbonaceous impurities such as
nanospheres, nanocables, nanofibers, and submicrotubes. To ensure that there is no adsorbed

N-containing organic compounds on the graphene sheets, TG analysis were performed from
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room temperature to 800 °C in air. TG profile of all there N-doped samples shows (Fig S1)
almost a similar decomposition pattern. The insignificant weight loss up to 400 °C indicates
the absence of physisorbed and chemisorbed N-containing organic compounds on N-doped
GNS. At above 400 °C, the decomposition of N-doped GNS starts and complete
decomposition was observed at 620 °C, there was no residue after 620 °C indicating the

absence of any other impurities in the N-doped GNS. BET surface area analysis were carried

out to estimate the specific surface area of N-doped GNS, it shows a specific surface area of

230 m%/g, 182 m?/g and 216 m*/g for NE-GNS, NM-GNS and NH-GNS, respectively.

Fig. 1 FE-SEM images of (a & b) NE-GNS, (¢) NM-GNS and (d) NH-GNS.

Figure 2 shows the representative TEM images of GO nanosheets and N-doped GNS
prepared by the supercritical fluid assisted synthesis. N-doped GNS exhibit very similar

appearance like GO sheets, it clearly indicates that the fluid treatment does not affect the
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physical structure of the GNS significantly. Indeed, a few layers of N-doped GNS formation
could be clearly seen from the highly transparent GNS.

Fig. 2 TEM images of (a) as-prepared GO nanosheets, (b) NE-GNS, (c) NM-GNS and (d)
NH-GNS.

To wunderstand the chemical nature of the prepared N-doped GNS, Raman
spectroscopic characterization was carried out. Raman spectroscopy is a powerful analytical
tool to distinguish different kind of bonding nature in carbon materials [40-42]. It has been
widely accepted that, it can preciously distinguish sp” and sp’ hybridized bonding of carbon
atoms in GNS and extensively used to estimate graphene layer thickness [42-44]. The G band
and the D band intensity are assigned to the E», phonon of sp® carbon atoms and the extent of
defects in the graphene, respectively [42-45]. In Figure 3, the intensity of the D band (Ip) at
1336 cm™ of NE-GNS and NM-GNS are almost equal to the G band intensities (Ig) or
slightly lower than G band, that is the Ip/Ig ratio is less than 1, indicating the low level defect
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structure. Whereas, the Ip/Ig ratio of NH-GNS is higher than 1, indicating the more defects in
the graphene structure due to the strong oxidation during the supercritical fluid treatment. In
addition, the G band position is slightly shifted to lower frequency than the other two N-
doped GNS. It is reported that the shift in G band towards lower frequency is proportional to
graphene layer thickness. The slight shift observed for the NH-GNS might be the indication
of few layers GNS than other two samples. FT-IR spectrum of GO and N-doped graphene
nanosheets are compared in Fig S2. For GO nanosheets, the observed peaks at 1726 cm™,
1616 cm™, 1251 cm™, 1081 cm™ and 800 cm™ are assignable to C=O stretching of COOH,
aromatic C=C groups, C-O stretching of epoxy, C-O stretching of alkoxy and C=C bending
in GO nanosheets, respectively [46]. For N-doped graphene nonosheets, the O-containing
functional groups such as C=0 stretching of COOH, C-O stretching of epoxy and C-O
stretching of alkoxy peaks are drastically reduced/completely disappeared. And, few
additional vibration peaks corresponding to C=N stretching and C-N stretching in
benzenenoid ring are observed at 1555 em” and 1204 cm™, for the N-doped graphene
nanosheets, respectively [46, 47]. NM-GNS shows two additional peaks at 1515 cm™ and
1345 cm™ corresponding to N-O stretching. The NE-GNS shows a strong peak corresponding
to presence of C-O stretching of alkoxy groups at 1068 cm™, however the peak corresponding
to C-O stretching of epoxy groups at 1251 is completely disappeared. It clearly indicates that
the decomposition of N-containing organic compounds during the supercritical treatment
introduces N-doping in the GNS and the nature of N-doping in the GNS various with nature

of the N-containing compounds.
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Fig 3. Raman spectra of (a) NE-GNS, (b) NM-GNS and (c) NH-GNS
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XPS is a powerful and highly reliable tool to identify the elements’ states and its
concentration in the sample by analysis of binding energy (BE) values and the peak intensity,
respectively. The XPS spectra of N-doped GNS samples are shown in Figure 4. The XPS
survey spectra of N-doped GNS shows three distinguished peaks at 284.6, 399.6 and 532.3
eV corresponding to Cls of sp2 C, Nls of the doped N, and Ols, respectively [24]. The
intensity of the N1s peak varies with nature of the starting materials used for the N-doped
GNS. The XPS survey spectra of RGO prepared using supercritical fluid treatment was
shown in Fig S3. The Ols peak looks similar in all the three N-doped GNS samples
indicating the existence of certain amount of unreduced or oxygen containing functional
groups on N-doped GNS surface. The broad XRD line observed at 20=10° for the N-doped

GNS strongly supports to the above conclusion.

To understand the binding nature of the N in the GNS, the Cls and Nls binding
energy value were investigated in detail. On deconvolution, the high resolution Cls peak can
be fitted into four peaks at 284.5, 285.9, 288 and 289 eV [S4-S6, supporting information].
The sharp peak at 284.5 eV with 74% intensity was attributed to the sp2 carbon atoms in the
N-doped GNS [26]. The other small peaks observed at 285.9 and 288 ascribed to the
existence of different N-sp>C, N-sp°C originating from the substitutional doping of N atom in
GNS [27-30]. Another small peak observed at 289 eV was ascribed to the C-O bonding
configurations in the N-doped GNS [30, 32], indicates the existence of unreduced oxygen
containing functional groups on the N-doped GNS. Similarly, the deconvolution of high
resolution N1s peak [Figure 4d-f] indicates the presence of three peaks at 398.5, 399.8 and
401.2 corresponding to the presence of pyridinic N, pyrrolic N and quaternary N in the N-
doped GNS, respectively [26,28-32, 33, 35]. The above observed binding energy values are
in good correspondence with the literature reported values [37]. Thus, the supercritical fluid
assisted syntheses of N-doped GNS by reacting GO and N-containing organic compounds
successfully introduce N-atoms in the graphene backbone. The amount of N-atom doping
(atomic %) is estimated using XPS for the N-doped GNS obtained different N-containing
organic compounds and it is estimated that 4.71, 2.02 and 5.31% for NE-GNS, NM-GNS and
NH-GNS, respectively. It could be clearly seen that the order of N-doping in GNS is NH-
GNS > NE-GNS > NM-GNS. Similarly, the CHN analysis also shows same order of N-
doping in the N-doped GNS samples.
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Fig.4. XPS spectra of (a) N-doped GNS, (b) Nls, (c) Ols, (d) N1s of NE-GNS, (e) Nl1s of
NM-GNS and (f) N1s of NH-GNS

Figure 5 shows the XRD pattern of N-doped GNS and RGO nanosheets prepared in
supercritical fluid treatment and GO nanosheets. The XRD pattern of the N-doped GNS
shows a broad peak at 13.6° corresponding to (002) plane of GO and a sharp peaks at 25.6°
and 43.8° corresponding to graphite like structure [28, 29]. The XRD line corresponding to
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the GO (002) plane is shifted to slightly higher 26 values compared to pristine GO. This
indicates that the functional group on the GO surface was reduced or removed significantly
by N-containing organic compounds during the N-doping process at supercritical condition
[48, 49]. Besides, the observed 20 values for graphite like structure are slightly lower than
pristine graphite. It hints that the graphene sheets in the N-doped GNS are stacked weakly
due to the N-doping or the presence of N-containing functional groups on N-GNS. Among
the all the three samples, NH-GNS shows strong line corresponding to GO and weak line
corresponding to graphite. NM-GNS shows relatively higher graphitic nature than other two

samples.
b ——NM-GNS e —— GO
a NE-GNS
5
s
= ()
7]
&
£/ \\\\/]\\ —~_ ()
. N (a)
(d)
ﬁ—/(e)\ s
1'0 ' 2'0 ' 3'0 ' 4'0 ' 5'0 ‘ 60

26 (degrees)
Fig 5. X-ray diffraction patterns of (a) NE-GNS, (b) NM-GNS, (c) NH-GNS, (d) RGO and
(e) GO nanosheets

To evaluate the potential of the N-doped GNS as an electrode in supercapacitors, the
EDLC behaviour was measured in aqueous and ionic liquid electrolyte. Figure 6a shows the
cyclic voltammetry curves of N-doped GNS in 1M H,SOy electrolyte at 10 mV/s scan rate. It
could be clearly seen that the N-doped GNS shows pure EDLC behaviour in the studied
potential range. Figure 6b shows the galvanostatic charge-discharge profile of the N-doped
samples in 1M H,SO4 electrolyte at 0.5A current rate. Among the three N-doped samples,
NE-GNS shows a specific capacity of 280 F/g. And, NM-GNs and NH-GNS show a specific
capacity of 176F/g and 132F/g, respectively. For comparison purpose, pure GNS was also

10
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prepared using the similar supercritical fluid assisted treatment (without N-doping) and it
shows a specific capacitance of 127 F/g (Fig S7). It clearly indicates that the N-doping on
GNS has significant influence in the specific capacitance. The observed specific capacitance
(both in aqueous and ionic electrolytes) for the N-doped GNS is in good correspondence with
their specific surface area of 230 m*/g (NE-GNS), 182 m?*/g (NM-GNS) and 216 m*/g (NH-
GNS). Though, the order of specific surface area and specific capacitance of N-doped
samples are same in this case, the change in specific capacitances with specific surface area is
highly asymmetrical. Thus, it is believed that the amount of N-doping and chemical nature
has major role on the specific capacitance. The electrode stability was measured for 100
cycles for the N doped GNS electrodes, the results shows that there is no significant change
in the specific capacitance during the charge-discharge (Figure 8a). The NH-GNS shows a
very slight increase in the specific capacity whereas the other two electrodes a slight decrease

in specific capacity with charge-discharge cycling.

1.0

—— NEGNS
'] = NMGNS (a) (b) ——NE-GNS
——NHGNS ilR = NM-GNS
44 0.8 —— NH-GNS
132 Fig
. 0.6 =

280F/g
0.4

Current (mA)
o
Potential (V)

0.2+

0.0 0.2 0.4 0.6 0.8 0 50 100 150 200 250 300
Potential (V) Time (S)

Fig 6. CV profiles of N-doped GNS (a) and charge-discharge profile of N-doped GNS in 1M
H,S0, electrolyte

The electrochemical performance of the N-doped GNS was evaluated using ionic liquid
(EMI-TFSA) as electrolyte. The CV studies were performed between -2.25 to +0.2.0 V, a
4.25V potential window and the corresponding profile are shown in Figure 7a. Figure 7b
shows the galvanostatic charge-discharge profile of the N-doped samples from 0 to 3.6 V in
EMI-TFSA electrolyte at 0.05A current rate and the specific capacitance was calculated using
the equation 1. NE-GNS shows higher specific capacitance of 104 F/g which is much higher
than the NH-GNS (56 F/g) and NM-GNS (25F/g). Though, the CV shows a stable profile at

4.25V in three electrode system, the galvanostatic charge-discharge measurement was unable

11
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to carry out up to 4.25 V in two electrode system. Even in 3.6 V charge-discharge profile, it
could be clearly seen that a large IR drop was observed in the ionic liquid. It may be ascribed
to high internal resistance due to the poor conductivity and high viscosity of the ionic liquids
compared to aqueous electrolytes [50] that results higher resistance between the electrode and
electrolyte interface. The electrode stability was measured for 100 cycles for the NE-GNS
electrode and the observed results shows that there is a drastic decrease in the specific
capacitance up to 35 then it increase slightly and become stable at 40~50 F/g for 100 cycles.
(Figure 8b)
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Fig 7. CV profiles of N-doped GNS (a) and charge-discharge profile of N-doped GNS in
EMI-TFSA electrolyte

NE-GNS electrode shows an energy density of 8 Wh/Kg and 40 Wh/Kg in 1M H,SO, and
EMI-TFSA, respectively. However, the energy density observed in the ionic liquid medium is
not stable as the capacitance values are decreasing with cycling. Certainly, an energy density
of 16 Wh/Kg was retained after 100 cycles of charge-discharge. Optimization of various
parameters such as N-content, electrolyte, quality of graphene sheets etc may improve the
electrode performance and stability in the ionic electrolyte medium. Thus, it is believed that

N-doped GNS are promising electrode materials for high energy supercapacitors applications.
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Fig 8. Cycle performance of (a) N-doped GNS in 1M H,SO;, electrolyte at 1A/g current rate
(b) NE-GNS electrode in EMI-TFSA electrolyte at 0.05A/g current rate

Conclusions

Supercritical fluid assisted reaction of N-containing organic compounds with GO solution
results the formation of N-doped GNS. The amount of N-doping depends on the nature of N-
containing organic compound. XPS reveals the presence of pyridinic N, pyrrolic N and
quaternary N in the N-doped GNS samples. The amount of N-doping varies with nature of
the N-containing organic compounds. FE-SEM and TEM images show the presence of
loosely packed few layer N-doped GNS. And Raman spectroscopic characterization confirms
the presence of few layer N-doped GNS. FT-IR spectroscopic analysis revealed the presence
of various N-containing functional groups on N-doped GNS surface. XRD diffraction
analysis reveals the weakly stacked N-doped GNS due to the N-doping or the presence of N-
containing functional groups on N-doped GNS. Among, the N-doped GNS, NE-GNS show a
high specific capacitance of 280 F/g and 104 F/g in aqueous 1M H,SO, and inionic liquid
EMI-TFSA, respectively. It shows an energy density of 8§ Wh/Kg and 40 Wh/Kg in 1M
H,SO,4 and EMI-TFSA, respectively. The cyclic voltammetry and charge-discharge studies
show the capacitance behaviour and stability of N-doped GNS electrodes in aqueous and
ionic liquids. The supercapacitance performance of the N-doped GNS samples depends on

the amount of N-doping as well as nature of N-doping in the graphene.
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Graphical abstract:-

Supercritical Fluid Assisted Synthesis of N-doped Graphene Nanosheets

and Its Capacitance Behavior in Ionic liquid and Aqueous Electrolyte

M. Sathish*, S. Mitani, T. Tomai, and I. Honma*

Exfoliation

N-doping

\.—‘—-———/

l Organic molecule containing
\ - supercritical fluid @® N- doping s

N-doped GNS have been prepared using single step supercritical fluid assisted reaction of N-
containing organic compounds with graphene oxide (GO) solution. It shows a specific
capacitance of 280 F/g in aqueous 1M H,SO4 (0.8 V) and 104 F/g in ionic liquid EMI-TFSA
(3.6V) with an energy density of 8 Wh/Kg and 40 Wh/Kg, respectively.



