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Introduction

Nitrogen-doped reduced graphene oxide-
polyaniline composite materials: hydrothermal
treatment, characterisation and supercapacitive
propertiest

Edwin T. Mombeshora,® Edigar Muchuweni, (2 §* Matthew L. Davies, (2 *2°
Bice S. Martincigh ()¢ and Vincent O. Nyamori (2 *

Among other factors, the electrochemical capacitor (EC) properties of graphene oxide (GO) are limited
by conductivity issues emanating from high oxygen concentrations. Hence, innovative GO modifications,
such as derivatisation and synthesising composites with conducting polymers, are required to boost the
EC properties. This allows the exploitation of the low material cost associated with carbonaceous
materials. Herein, the effect of temperature (70, 130 and 190 °C) on the hydrothermal treatment of a
GO/urea mixture (to form nitrogen-doped reduced GO samples U70, U130 and U190 (N-RGO),
respectively) was investigated in order to study the resulting physicochemical and EC properties of
N-RGO in a K,SO,4 electrolyte. Subsequently, the EC properties of the N-RGO obtained from the
optimum temperature were investigated in composites with polyaniline (PANI). The functionality of the
composites in the electrolytes, namely, K>SO, (SO42~ radius: 258 pm) versus KOH (OH™ radius: 133 pm),
was compared. The nitrogen at% in GO and N-RGO (U190) was 0.39 and 6.74%, respectively, with
corresponding conductivities of 4.61 x 1077 and 4.17 x 107 S cm™. Compared with GO, U130
achieved the highest increase in specific capacitance (Cs) of 200 times at 10 mV s™. The 5 wt% PANI
composite displayed the highest enhancement of C of 14032% at 50 mV st and 4749% at 5 mV s~!
relative to N-RGO and PANI in K,SO,, respectively. The highest Cg values for NRGO-PANI composites in
KOH were more than double those of K,;SO4. This work demonstrates that the hydrothermal treatment
temperature tailors the physicochemical properties of the doped GO and, together with the anion size
of the electrolyte and PANI wt%, synergistically tunes the EC properties of the ultimate PANI-N-RGO
composite.

However, renewables as alternative energy resources still need
effective energy storage technologies. Hence, electrical energy

Energy-related problems, such as depletion of non-renewable
resources, pollution, supply and demand, have been growing
global concerns for decades. This has driven researchers to
devote their focus to strategies that mitigate these energy-
related concerns. Developing alternative clean and renewable
energy resources to replace fossil fuels is central to this cause.
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storage is fundamental in shifting to clean, sustainable and
dependable renewable energy resources.

Of all the electrical energy storage systems, capacitors have
achieved higher power densities (~5 kW kg~ ") and longer cycle
lives (>10° charge-discharge cycles) than batteries and fuel
cells. On the other hand, electrochemical capacitors (ECs)
are lightweight and have higher energy densities than conven-
tional capacitors.””* Hence, ECs are attractive for further devel-
opments toward high energy densities since they can be viewed
as the bridge between high energy density devices (Li-ion
batteries ~300 W h kg™ ')* and high-power density devices
(conventional capacitors).

One key aspect influencing the performance of ECs is their
electrode materials. Owing to high surface area and mechanical
strength, ease of manufacturing, non-toxicity, relatively low
costs, and abundance; carbonaceous materials are promising
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contenders for electrode materials.>>®

Among the carbonac-
eous materials, graphene-based materials have been widely
studied in constructing EC electrodes because of their large
ion-accessible surface areas. Graphene forms the backbone of
most carbonaceous materials and consists of a one-carbon
atom thick sheet of hexagonally arranged sp>-hybridised car-
bon atoms.” However, it tends to agglomerate, resulting in poor
dispersion in liquid media. In such cases, its derivative gra-
phene oxide (GO) is preferred. GO with randomly distributed
sp>-hybridised carbons contains a high concentration of oxygen
functionalities attached to the sp®> framework and instils a
highly exfoliated state.®® However, GO on its own is a poor
electrode material for ECs due to limited electro-active sites and
its insulating nature.'®'" For example, a high amount of GO in
a Ni-metal-organic framework-GO-graphene nanoplatelet EC
electrode was reported to lower electric energy storage capabil-
ities due to the increased insulating effect from GO.'” The
conducting properties of graphene can be restored in GO by
reducing it through chemical, thermal, and other methods.
In this alternative form of GO, known as reduced graphene
oxide (RGO), the oxygen content is decreased, and the aromatic
structure of graphene is restored. This process does not entirely
convert GO to graphene since some oxygen content remains,
but these defects can be utilised for functionalisation to
enhance the properties of RGO.

A wide range of studies involving graphene derivatives, such
as GO and RGO in particular, in ECs have been reported.>*""
Some current research efforts aim to further enhance their
performance through composite synthesis,"® surface functionali-
sation,”” and heteroatom doping.'®* Chemical doping with effec-
tive atoms, such as nitrogen, phosphorus, sulfur, and boron,
improves the charge density and electrical conductivity.'”'*!
Incorporating nitrogen moieties into/onto the graphitic carbon
framework has been reported to enhance several physicochemical
properties, such as carrier concentrations, conductivity, and
chemical reactivity, as detected by content and species. Muangrat
et al.”* synthesised a composite of nitrogen-doped graphene and
double-walled carbon nanotubes through a chemical vapour
deposition method and reported a 162% improvement in the
specific capacitance (Cs) due to N-doping. Among other methods
used to incorporate nitrogen moieties, hydrothermal treatment
is a suitable nitrogen doping method because it facilitates
the retention of substantial oxygen functionalities that can aid
wettability in ECs. From a study undertaken to improve under-
standing of the effect of N-doping levels in RGO, done by employ-
ing the hydrothermal method at 150 °C, a higher amount of urea
dopant raised the nitrogen content and lowered oxygen moieties,
and the resulting Cs decline was attributed to aggregation of
sheets."” Studies have also deduced the dependency of electric
charge storage processes on the electronic structure of the elec-
trode materials, which is, in turn, influenced by their bond
characteristics.>® For example, from a study of the effect of the
type of nitrogen species in N-RGO on C,, measured in Na,SO,
electrolyte, EC electrodes with pyrrolic-N-doped RGO were
deduced to be more effective than those with pyridinic-N-doped-
RGO."™ Hence, since doping and reduction of GO introduce
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heteroatoms and lower oxygen concentrations of GO, methodical
approaches are needed that can suitably alter the electronic
characteristics and tune the electrochemical energy storage
characteristics for EC applications.

In order to provide both physical and chemical charging
storage mechanisms in one electrode, carbonaceous materials
are often combined with another carbon-based material, a
metal oxide or a conducting polymer, to form a nanocomposite.
In particular, adding conducting polymers, such as polythio-
phene, polypyrrole, polyethylene or polyaniline (PANI) in
composites, can play an important role in improving the
performance of carbonaceous-based EC electrodes through
the delivery of high specific energy (E;) from faradaic
processes.”**?® Among these, PANI has high potential in
ECs because of its low relative costs, elongated conjugated
chain structure, high electrical conductivity, variable oxidation
state and excellent doping/de-doping nature.”” Despite being a
promising polymer material for ECs, the poor cycle stability and
rate capability of PANI restrict its applicability in ECs.2%2%2°
However, the synthesis of graphene derivative-PANI composites
that proved to be functional EC materials has been reported.*®
For illustration, a PANI-MnO,-GO ternary composite enhanced
the electrochemical properties and achieved the highest Cg of
~150 F g~ .* Thus, creating hybrid materials can enhance the
synergistic properties of the individual components, but at an
extra cost.

In this work, we investigated the suitability of a PANI-N-RGO
composite for use as an EC electrode material. The rationale for
developing this composite was to positively enhance the capa-
citive properties of GO by augmenting the favourable effects of
reduction, N-doping and composite synthesis with PANI. The
N-RGO was produced by hydrothermal treatment of GO in urea.
Since the synthesis method can alter the energy storage charac-
teristics of the resulting material, the effect of three doping
temperatures, namely, 70, 130 and 190 °C, on the physico-
chemical properties of the resulting N-RGO was studied. The
material with the best storage characteristics was then formed
into a hybrid material with different amounts of PANI and
further characterised. In addition, the effect of the size of the
electrolyte anion on the performance of the PANI-N-RGO com-
posites was elucidated by changing the electrolyte from K,SO,
to KOH. This research illustrates that systematic tailoring of the
physicochemical properties of the hybrid PANI-N-RGO material
can boost the electrochemical energy storage capabilities of the
individual components through synergistic effects and arrive at
an optimum choice of EC electrode material.

Experimental section

The N-RGO samples were synthesised and first characterised by
various physicochemical and electrochemical techniques.

Synthesis of GO and nitrogen-doped reduced GO

The GO was synthesized using a modified Tour’s method.*'**
In short, 3 g of graphite (Sigma Aldrich, <150 pm, 99.9%) was
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added to 400 mL of an orthophosphoric acid (Labchem, 85%
AR) and sulfuric acid (Promark Chemicals, 98%) mixture in a
1:9 (v/v) ratio. Thereafter, 9 g of potassium permanganate
(Promark Chemicals, 99.4%) was added to the mixture con-
tained in an ice water bath to ensure a temperature of <10 °C
throughout the addition. Subsequently, the reaction tempera-
ture was increased to 50 °C and maintained for 3 h. A volume of
30 mL of hydrogen peroxide (Promark Chemicals, 30-35%) was
added to terminate the reaction. The sample was decanted, and
the supernatant was discarded. Decanting was repeated, and
washing was done consecutively with 240 mL of each double-
distilled water (DI, Glass chem water distiller model Ws4lcd),
hydrochloric acid (Sigma Aldrich, 32%) and ethanol (crude).
The sample was then dialysed through a dialysis tubing cellu-
lose membrane (Merck, D9652-100FT) until the pH of the
dialysate was neutral. The resulting GO was dried to constant
mass in an oven at 50 °C.

The GO was simultaneously reduced and doped with nitro-
gen by hydrothermal treatment in urea (CO(NH,),, Saarchem,
99%). In brief, a mass of 0.1 g of GO was added to 10 g of urea
dissolved in 44 mL DI (GO:urea weight ratio of 1:100).
The reagents were loaded into an autoclave, and the thermal
treatment was carried out at three different temperatures in an
oven at 70, 130 and 190 °C for 8 h to synthesise the samples
named as U70, U130 and U190, respectively. After cooling, the
supernatant was decanted, and the samples were washed
several times with DI before they were dried at 60 °C in an
oven for 48 h.

Physicochemical characterisation

The materials were imaged with a JEOL JEM 2100 transmission
electron microscope. Elemental analyses were conducted with
an Elementar vario El cube elemental analyser on two replicates
for each sample. X-ray photoelectron spectroscopy (XPS) analy-
sis was performed by means of a Kratos Axis Supra instrument
with a charge neutralizer and monochromatic Al Ko source. The
data was collected with a pass energy of 20 eV, and the peaks
were deconvoluted using the Casa XPS software. For Fourier
transform infrared spectroscopy (FTIR) analysis, samples were
diluted 300 times with KBr before pelletising with a 10 ton
press and left to dry overnight in an oven. FTIR spectra were
acquired with a PerkinElmer Spectrum RXI spectrophotometer.
Raman spectra were acquired with a 100 mW Delta Nu
Advantage 532™ spectrometer at a resolution of 10 cm ™" and
excitation wavelength of 532 nm from a Nd: YAG laser with a 2D
CCD detector and grating lines of 1800 mm™". The powder
X-ray diffraction data were collected with a Bruker D8-Advance
multi-purpose X-ray diffractometer operated in a continuous
J-J scan in locked coupled mode with Cu Ka radiation (4 =
1.5406 A). The EVA software from Bruker was used for data
evaluation. A position-sensitive detector, Lyn-Eye, was used to
record diffraction data at a typical speed of 0.5 s per step
(equivalent to an effective time of 92 s per step for a scintilla-
tion counter). For nitrogen sorption analysis, samples were
degassed at 160 °C for 18 h in a Micromeritics Vacprep 061
sample degassing system. Thereafter, analyses were done using
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a Micromeritics TriStar 3020 (V1.03) surface area and porosity
analyser at 77 K with nitrogen as the sorbent. Thermal stability
studies were carried out with a TA Instruments SDT Q600
thermal analyser in air flowing at 100 mL min~" from 25 to
1000 °C at a heating rate of 10 °C min . The electrical
conductivity characterisations were performed on 0.02 mm
pellets of samples by means of a Jandel four-point probe
connected to a Keithley 2450 source-meter. The Hall effect
measurements were done using a DHE-21 Hall effect set-up
connected to a DPS-50 constant power supply and DGM-202
digital gaussmeter at a constant magnetic field of 1377 G
(all from Scientific Equipment, Roorkee).

Electrochemical measurements

The N-RGO samples were mixed thoroughly with Nafion per-
fluorinated resin (Sigma, ion-exchange resin, 20 wt%) in a
95:5 wt% ratio, respectively, to form a uniform slurry. The slurry
was then drop-cast onto a clean, glassy carbon electrode and dried
under a sodium lamp. The mass loading was determined by
subtracting the mass of the glassy carbon electrode from the mass
of the dried casted electrode. All electrochemical tests were carried
out with a Princeton Applied Research VersaSTAT 3F, model-500,
potentiostat/galvanostat, electrochemical workstation, while the
VersaStudio software (version 2.60.6.0) was used for data acquisi-
tion. The three-electrode cyclic voltammetry (CV) system utilised in
the current work consisted of the test material, Pt wire, Ag/AgCl and
0.5 M K,SO, as the active electrode, counter electrode, reference
electrode and electrolyte system, respectively. The CV scan speeds
(v) were from 5 to 200 mV s ' in the potential range (AV) of 0 to
0.8 V. Electrochemical properties were also investigated by means
of the electrochemical impedance spectroscopy (EIS) technique
with an amplitude of 5 mV in the 100 000-1 Hz frequency range.

After optimisation, to establish the N-RGO sample with the
best Cs, a second set of electrochemical analyses was carried
out with the addition of PANI (synthesised via oxidative poly-
merisation of aniline (Merck, 98%), as reported elsewhere)*® at
wt% ratios of 5, 10, 20, 50, 80 and 100% in 0.5 M K,SO, with
samples drop-cast as discussed earlier. This step was repeated
using 0.5 M KOH as the electrolyte (as opposed to 0.5 M K,SO,)
to study the effect of different electrolytes and the anion size.

Given the current, 7, and mass, m, the specific capacitance
(Cs) was calculated from eqn (1):*7**

idV

- 2I{1VAV )

S

Results and discussion

Firstly, the effects of temperature on the simultaneous
reduction and N-doping of GO in a urea solution using a
hydrothermal method are discussed. Secondly, details of the
electrochemical energy storage capabilities of N-RGO samples
to establish the optimum sample are presented. Hence, the
third section discusses the effect of different wt% of PANI in the
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PANI-N-RGO composites (PANI-U130 since U130 was the opti-
mum) when either K,SO, or KOH are used as electrolytes.

Effect of hydrothermal temperature on physicochemical and
electronic properties of N-RGO

Exfoliation studies. The HRTEM for the N-RGO samples
showed wrinkled microstructures (ESL+ Fig. Sla). The TEM
micrographs displayed high transparency of GO and U70,
though with some small dark spots due to localised poor sheet
separations (Fig. 1(a) and (b)). This indicates highly exfoliated
sheets and no substantial effect of hydrothermal treatment at
70 °C on agglomeration. The darker regions increased in size at
higher hydrothermal temperatures of 130 and 190 °C (Fig. 1(c)
and (d)), suggesting an increase in agglomeration as the
temperature was raised. This could be rationalised by restora-
tion of the pristine graphene structure and restacking at higher
temperatures. This rationale was supported by the illustrated
decline in lattice spacing between graphene sheets in the
representative N-RGO sample relative to that of GO (ESL+
Fig. S1b and c).

Elemental composition and surface functional group analysis

To establish the effect of temperature of the hydrothermal
treatment in urea solution on the chemical composition of
N-RGO, elemental (EA) and X-ray photoelectron spectroscopy
(XPS) analyses were carried out (Table 1 and ESI,{ Table S1).
Both EA and XPS showed the presence of N and S atoms. The
XPS binding energies at ca. 532, 401, 399 and 168 eV were
assigned to oxygen-containing moieties (O1s), pyrrolic N1s (N2),
pyridinic N1s (N1) and S2p, respectively (Fig. 2(a)-(c)).>**>*® The
small component of sulfur found in the samples was attributed to

Fig.1 TEM micrographs of (a) GO, (b) U70, (c) U130 and (d) U190 for
pristine and hydrothermally treated graphene oxide at 70, 130 and 190 °C,
respectively.
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Table1l Elemental composition of GO and urea-treated RGO as obtained
from elemental analysis and X-ray photoelectron spectroscopy

Elemental composition  X-ray photoelectron spectroscopy

sample S (%) N (%) C/N  S(%) N(%) CN /o
GO 0.33 0.00 — 0.59 0.39 180.28 2.48
U770 0.32 3.46 15.79 0.14 2.70 26.93 2.97
U130 0.32 2.52 22.48 0.15 1.73 42.03 2.86
U190 0.21 6.89 7.99 0.00 6.74 12.39 8.55

H,S0, used in the oxidation reaction of graphite to produce GO.
This agrees with previous reports on the formation of sulfur
functionalities/adsorbed species under similar experimental
conditions.***” The poor signal-to-noise ratios in the spectra for
N1s and S2p were due to respective low elemental concentrations
and inelastic electron scattering in the samples causing a related
rise in the background (Fig. 2(b) and (c)).*®

U190 contained the largest amount of N (smallest C/N ratio)
and the least O content (highest C/O ratio) (Table 1). The lowest
O content at the highest temperature investigated (190 °C) is an
indication of the highest degree of reduction of GO at this
temperature (loss of gaseous COy). Reduction causes a decline
in repulsions between oxygen functionalities on sheet surfaces;
hence, restacking of sheets was observed in the TEM micro-
graphs (Fig. 1). Since N could either be incorporated on surface
functionalities or doped in the carbon framework, the decline
observed between U70 and U130 can be attributed to the
decomposition of unstable surface nitrogen species to form
NO, gases due to a higher temperature.® The fact that U190
contains the highest N at% (XPS) and elemental composition
(~7%) probably infer N-doping since considerably more energy
is required to force the replacement of carbon with nitrogen,
and this would have been provided by the higher temperature
(Table 1 and Fig. 2(b)).

In addition, the increase of the strong and sharp peak at
284.5 eV and decline of the weaker peak at 286.5 eV, ascribed to
sp> C-C and C-O-C/C-OH interactions,**>?*° respectively,
upon raising the temperature of solvothermal treatment up to
190 °C relative to lower temperatures (70 and 130 °C) illustrate
the increase in graphitisation and reduction, respectively
(Fig. 2(d)). The subtle “bumps” (blue arrows in Fig. 2(d)) that
are often described as ‘plasmon loss features’ emanate from the
transitions to © anti-bonding orbitals (electrons in the highest
occupied molecular orbitals are promoted into the lowest
unoccupied molecular orbitals)."’ This indicates a high degree
of sp® hybridisation in U190.

To study the chemical functionalities present, FTIR analysis
was performed over the 500-3500 cm™ ' range (Fig. 3). The
peaks at ca. 3220, 2912, 2346, 1704, 1600, 1450, 1250 and
1060 cm™ ' were assigned to the O-H vibrations of hydroxyl
and carboxyl, dangling C-H vibrations, dangling C=N
bonds, C=0 of carbonyl, in-plane C=C, C-N (sp> N) stretching
vibrations, C-O-C of carbonyl and C-O stretching,
respectively.'#*"**> Relative to GO, for the thermally treated
samples, the C-H and C-OH (also less broad) bond vibrations
were red-shifted, while the C—=C bond intensity increased

New J. Chem., 2023, 47, 3502-3515 | 3505
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Fig. 2 The (a) Ols, (b) N1s and (c) S2p spectra from X-ray photoelectron spectroscopy, and (d) illustration of removal of oxygen through Cls upon raising

the solvothermal temperature.

(Fig. 3), which may infer modified chemical interactions and an
increase in the graphitic carbon lattice upon hydrothermal
treatment from reduction/N-doping. The presence of C-N and
C—N peaks after the urea hydrothermal treatment indicates N-
doping/N functionalities in the samples. As in the work of
Ombaka et al.,* the broadening of the peak at ca. 1600 cm™*
can also be interpreted to indicate that C—C and C—N (due to
the introduction and incorporation of nitrogen in the carbon
backbone) peaks overlap in this absorption region. Also, the
peak at 1060 cm ' increased after hydrothermal treatment,
possibly due to peak overlap due to C-N bonds in the carbon
framework. These results corroborate previous work that sug-
gests that oxygen functionalities are active sites for nitration.®

Vibrational and crystallinity studies

Raman spectroscopy was used to determine crystallinity and
structural properties. The peaks at ca. 1350 and 1600 cm™* were
attributed to the D- and G-bands, respectively (Fig. 4 and
Table 2)."*** Whilst the D-band implies the existence of sp*-
hybridized carbon and disordered carbon structures, the
G-band signals the presence of a graphitic structure from sp>
carbon stretching vibrations. The decreased intensity of both
peaks as the reduction temperature was raised agrees with work
reported by Kavinkumar et al.*> upon GO reduction. The red
shifting of both peaks, relative to GO, indicates an n-type

3506 | New J. Chem., 2023, 47, 3502-3515

doping phenomenon that induces a strong electron-donating
character (Fig. 4 and Table 2).>” The defect intensity was
calculated by dividing the area under the D-band by that under
the G-band.

The increase in defect intensity in the RGO samples relative
to GO agreed with earlier reports'”*®*” and was ascribed to the
generation of more local defects and structural disorders from
the hydrothermal reduction/N-doping process (Table 2). Unlike
the rest of the samples that contained more sp® than sp°
carbons, it is noteworthy that the concentration of sp* hybri-
dized carbons in U70 is almost equal to that of the sp” species
(In/ls ~ 1).***® The Ip/Is trend was independent of the reaction
temperature and was most likely influenced by the nitrogen
composition in two ways (Tables 1 and 2). Firstly, at 130 °C,
most of the unstable surface nitrogen species had been
removed without substantial N-doping, hence, a decline in Ip/Ig
(relative to 70 °C). Secondly, N-doping in the carbon framework
was enhanced at 190 °C leading to an increase in Ip/I; (relative to
130 °C), and this is also a possible reason for the poor crystallinity
of U190.

The RGO domain size (L,) was calculated from eqn (2):*>*°

L,(nm) = (2.4 x 10719)3* G—D)l (2)

G

where /1 (in nm) is the Raman excitation wavelength.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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The GO nanosheets were cut into smaller sizes during the
reduction/N-doping process, and the least tearing effect was
observed on U130 (Table 2). The sheet disintegration during
reduction can be attributed to the eradication of bridged
oxygen molecules during reduction.”® The tearing effect on
the sheets is a probable reason for the defect intensifica-
tion traits since the ascending order of defect intensities
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Table 2 Raman peak position and defect intensity

Sample D-band position (cm™") G-band position (ecm™") Ip/lg L, (nm)

GO 1351 1597 0.64 30.20
U70 1347 1586 1.05 18.31
U130 1342 1588 0.86 22.35
U190 1345 1586 0.98 19.62

(GO < U130 < U190 < U70) was supported by the descending
order of sheet sizes (GO > U130 > U190 > U70).*?

The X-ray diffraction peaks at 20 values of 11.5°, 25° (broad) and
43° were due to the (002) plane of GO, shifted (002) plane in RGO
and (001) crystal plane of GO/RGO, respectively (Fig. 5).*>*%"

The disappearance/shifting of the peak at 26 of 11.5° upon
hydrothermal treatment is an indication of crystallinity trans-
formation due to the doping effect and reduction process.'®
In addition, the intensity of the peak due to the (001) crystal
plane of GO decreased as the oxidation/reduction temperature
was raised (Fig. 5), and this was ascribed to structural trans-
formations due to the increased reduction effect (Table 1). The
broad peak from reduction/N-doping at 26 of 25° for U190
(Fig. 5) suggests a large number of structural transformations
on the N-RGO surface, possibly from the most effective removal
of oxygen-containing moieties.®*>*° The most intense 002 peak
of U190 is a signal for improved crystallinity and agrees with
XPS data (Fig. 2(d) and 5).> Significant structural transforma-
tions among the N-RGO samples were possible since the
difference in hydrothermal treatment temperature was 60 °C
in each case (Fig. 5). Hence, different hydrothermal tempera-
tures induced different reduction/doping efficacy that culmi-
nated in various levels of oxygen vacancies and lattice
fragmentation, among others (Fig. 2, 3 and Table 2).

Textural characterization

All the samples displayed type IV nitrogen adsorption isotherms
with H3 type hysteresis loops (ESLt Fig. S2). This signifies a

\ —GO

" - = U70
g - - - U130

S NG

Intensity (a.u.)

20 ()

Fig. 5 The effect of hydrothermal treatment in urea at different tempera-
tures on crystallinity.
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Table 3 Textural properties of GO and hydrothermally treated GO at
varied temperatures

Specific surface Pore volume Pore
Sample area (m* g™ ") (em® g™ size (nm)
GO 302 1.25 19.84
u70 82 0.42 7.14
U130 20 0.04 8.75
U190 66 0.23 7.05

mesoporous character that could aid the rapid infiltration of
electrolyte ions into the electrode.**>** The N, sorption studies
show that the hydrothermal reduction/N-doping process in urea
solution negatively affected the textural properties (Table 3). This
agrees with agglomerated morphologies, as observed on TEM
micrographs (Fig. 1), which limits exposed surfaces and the
participation of graphene sheet interspaces in N, sorption. Since
the order for surface area, pore volume, and Ip/I; are the same:
U130 < U190 < U70, while for L,, it is the inverse U130 > U190
> U70 (Tables 2 and 3), the trends probably mean that the relative
higher defect intensities, large pore volume and surface area, were
caused by disintegration of sheets.

Thermal stability and compositional studies

The thermograms obtained for GO and the three N-RGO
samples in air are shown in Fig. 6. Similar to earlier reports,***’
the weight loss at 200 °C was assigned to the loss due to the
decomposition of labile oxygen-containing moieties (Fig. 5). The
thermograms show that the descending order of the losses at
ca. 200 °C were GO (~74%), U70 (~20%), U130 (~14%) and
U190 (~4%), and this agreed with the ascending weight loss
order due to the carbon framework at temperatures >600 °C
(U70, U130 and U190 losses were 33, 38 and 66%, respectively)
(Fig. 6(a)). This probably infers that the large surface area and
high oxygen concentration of GO (Tables 1 and 3) facilitated
with ease the thermal decomposition of the carbon framework
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Fig. 6 The thermograms of GO and N-RGO samples recorded in an
atmosphere of air.
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to CO, at 200 °C,*>”® unlike in the rest of the samples, and that
the composition of the oxygen-containing moieties decreased
as the reduction/N-doping temperature (in the hydrothermal
treatment) was raised (Fig. 6). A low content of oxygen-
containing moieties lowers hydrophilicity; hence, the descend-
ing order of weight loss due to adsorbed water at <100 °C for
RGO was U70 (~40%), U130 (~34%) and U190 (~12%)
(Fig. 6). Thus, the thermal analysis infers that the increased
reduction that occurs at higher reduction/N-doping tempera-
tures in the hydrothermal treatment lowers the wettability/
hydrophilicity of the materials.

Electrical conductivity and Hall measurements

The simultaneous reduction and N-doping process improved
the conductivity of GO due to changes in bond configurations
and the availability of a lone pair of electrons from the N atom;
also, the conductivity increased as the reduction temperature
was raised (Table 4). A further rise of reduction/N-doping
temperature beyond 200 °C to establish the limit was not
feasible due to the thermal stability limit of the autoclave.
These conductivity traits are attributed to the synergistic effect
of both the restoration of aromaticity arising from reduction
and N-doping of pristine GO that increased the graphitic
carbon lattice content (decrease in C/N and increase in C/O
ratios in Table 1 and increase in C=C peak intensity in Fig. 3).®
Possibly, this is through the graphitic-N species, which adopt
the sp® planar structure of the carbon framework to facilitate
electron transfer (enhanced carrier mobility) and improve
electrical conductivity and reduce bulk resistivity (Tables 4
and 5).>%>?° The rationale for the decrease in sheet resistance
with an increase in reduction/N-doping temperature is possibly
the increase in the C/O ratios (Tables 1 and 4).

The high oxygen concentration of GO was the main cause of
the high sheet resistance and low electrical conductivity (Tables 1
and 4);'*> hence, the current driven through the sheets was
below the limit of detection (LOD), and this made it impossible
to carry out Hall measurements (the instrument required
current >mA range). The increase in carrier mobility for
N-RGO was ascribed to the decrease in bulk resistivity as the
synthesis temperature was raised, due to reduction/N-doping of
the graphene framework since reduction restores the conju-
gated structure and nitrogen has an electron-donating nature
(n-type). These results corroborate the Raman analysis and EA
and XPS data (Tables 1, 2 and 5). The carrier mobility and carrier
density in the current work were comparable to 1.61 cm* V' s "
and 3.90 x 10*° cm™® for N-doped graphene from a chemical
vapour deposition method.?*

Table 4 Effect of hydrothermal temperature on electrical conductivity
and sheet resistance

Sample  Sheet resistance (2 sq~')  Electrical conductivity (S cm ™)
GO 2.15 x 10’ 4.61 x 1077
U70 5.90 x 10” 3.85 x 10~*
U130 1.30 x 10? 1.70 x 1073
U190 6.00 x 10” 417 x 1071

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Table 5 Hall effect measurements for hydrothermally treated GO at various temperatures
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Sample Bulk resistivity (Q cm) Hall coefficient (cm® C™) Carrier density (em ) Carrier mobility (cm® V™' s71)
GO <LOD <LOD <LOD <LOD

U70 2.60 x 10° —18.17 3.44 x 10" 0.03

U130 5.90 x 10? —1.21 5.16 x 10'® 0.50

U190 2.40 —3.24 1.93 x 108 1.35

LOD - limit of detection

Electrochemical characterization

CV and EIS were used to investigate the effect of hydrothermal
temperature on the electrochemical properties of N-RGO in

0.5 M K,SO,. Changes in local acidity due to the removal

of oxygen-containing moieties, such as carboxylic acid and

hydroxyl groups, on the electrode materials (induced by
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Fig. 7 Cyclic voltammograms of GO and N-doped RGO at different v (a) 10, (b) 25, (c) 50, (d) 100, (e) 200 mV s~ and (f) C in 0.5 M K,SO, electrolyte.
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hydrothermal treatment), caused slight variations in the opera-
tional voltage window in the K,SO, electrolyte (Fig. 7).>***°” On
the one hand, the CV technique showed that the C; of U130 was
the highest, followed by U190, at low v of 10 and 25 mV s *
(Fig. 7(a)-(f)). On the other hand, U190 was highest at higher v,
whilst the U130 was second (Fig. 7(a)-(f)). The improved electro-
chemical properties of U130 and U190, relative to GO, can be
attributed to the decrease in bulk resistivity and improved conduc-
tivity, carrier density and mobility (Fig. 7(a)-(e) and Table 5).
Another possible reason is the tailored lattice electronic and
physicochemical properties emanating from the pyridinic- and
pyrrolic-N doping effect that induced pseudocapacitive contri-
butions and enhanced electron transfer from graphitic-N.>**”
Despite lower bulk resistivity, and higher electrical conductivity,
carrier mobility, elemental N and N at% (Tables 1 and 5), U190 had
lower Cs than U130 at slower v. This could be because of greater
wettability (deductions from Fig. 6(a)) and higher carrier density
effects of U130 (Table 5)."” Additionally, the decrease in C, as v was
raised was ascribed to the minimal contributions from the electro-
active area of the inner pores at higher v (Fig. 7(f)).

The curve inclination exhibited by GO and U70 in the low-
frequency region of the Nyquist plot (Fig. 8) supported their
more quasi-rectangular cyclic voltammograms (Fig. 7(a)-(e));
hence, the data suggest that the electric double layer capacitor
(EDLC) quality deteriorated with hydrothermal treatment tem-
perature. In addition, Fig. 7(a)-(e) shows that U130 exhibited a
better EDLC character (a more rectangular CV curve) than
U190. This possibly arises because nitrogen functionalities
introduce some pseudocapacitive characteristics on carbonac-
eous materials that can cause deviations from EDLC behaviour.
The EIS spectra were analysed with the aid of a modelled
equivalent circuit, which comprised R; (intrinsic material
strength, mass of the electrolyte, and the electrolyte ionic
impedance between electrodes), EDLC at the electrode/electro-
lyte interface, Rcr (electrode/electrolyte contact impedance),
and W (Warburg impedance) (inset in Fig. 8).%%%°

Tailoring of electrochemical properties by altering the
reduction/N-doping temperature was displayed by the EIS
spectra, which showed clear semi-circles in the high-frequency
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region for U130 and U190, and linear lines in the low-frequency
region for the pristine GO and U70 samples (Fig. 8). The
x-intercept and diameter of the semi-circle in the high-
frequency region of a Nyquist plot are reported methods to
determine Rs and Rcr, respectively.*>*>®" The Rg for GO, U70,
U130 and U190 were estimated to be 88, 63, 32 and 38 Q,
respectively (Fig. 8). Possibly, an increase in graphitisation via
the presence/content of graphitic-N is a suitable justification for
the decrease in Rg with the increase in reduction/oxidation
temperature. Since the electrolyte factor was constant, the Rg
declining trend agreed with the increase in carrier density of
the electrode materials (Table 5), hence, ultimately enhancing the
electrochemical energy storage of U130 and U190 in K,SO,
(Fig. 7(f)). In addition, the highest current responses for U190
can be associated with the higher conductivity (Fig. 7(b)-(e) and
Table 4). On the other hand, the Rcy of GO, U70, U130 and U190
was estimated to be 0 (absence of small circle), 10, 269 and 231 Q,
respectively (Fig. 8). This data shows that samples with higher R¢r
are associated with higher electric energy storage capabilities
(Fig. 8 and 7(e)). This occurrence concurs with an earlier report
by Muangrat et al.>* that higher Ry implies slow charge transfer
at the electrode/electrolyte interface® and, hence, instils good
electrochemical energy storage. Also, since the length of the
Warburg curve in the Nyquist plot signifies the diffusion path-
length,***® the ascending diffusion path-length of U130 < U190
< U70 < GO (Fig. 8) is a feasible contributing factor to the Cj
trend in the samples (Fig. 7(f)).

Electrochemical properties of PANI-N-RGO hybrid materials

Since hydrothermal treatment of GO at 130 °C achieved the
highest energy density (11.57 W h kg ') and power density
(41.67 kW kg ") (ESI,t Table S2) and Cj (Fig. 7(f)), the sample
U130 was thereafter used to investigate the influence of PANI
wt% in the functionality of N-RGO as electrodes for ECs in
0.5 M K,SO,. In addition to the highest C; at all v (uppermost%
improvement, ESI,T Table S3), the C; of 5 wt% PANI PANI-U130
composite increased with a raised v (Fig. 9(a)). Also, the
composites with smaller amounts of PANI (5-20 wt%) recorded
higher C; values than both pristine U130 and PANI; hence, this
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Fig. 8 The influence of hydrothermal temperature on the electrochemical impedance of N-RGO.
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implies that the synergistic effect of the composite components
is dependent on the mixing ratio, and the composite synthesis
is a potential route to boost the Cs of both N-RGO (highest Cj
boost of 14032% at 50 mV s ' for 5 wt% PANI composite) and
PANI (highest C; boost of 4749% at 5 mV s~ ' for 5 wt% PANI
composite) (ESI, T Table S3). Interestingly, the highest C; boost
relative to U130 was at higher v, while with reference to PANI, it
occurred at lower v for all PANI-U130 composites (ESI, T Table S3).
In addition, the Cs improvement with reference to U130 was
relatively more than that of PANI (Fig. 9(a) and ESL} Table S3).
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The EDLC capacitive quality of electrodes from all compo-
sites was similar (Fig. 9(b)-(f)); this could be because this
phenomenon depends mostly on the carbonaceous framework,
which was a constant factor in the current study. Similar to
current work, Lee et al.'’ attributed the absence of redox peaks
and quasi-rectangular shapes from N-RGO, doped from urea as
the nitrogen source, to the predominant contributions of
nitrogen functionalities to Cs. This can further be understood
to mean that N-doping of RGO may indirectly affect Cs by
altering conductivity and Hall effect parameters (Tables 4 and 5).
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Fig. 9 The (a) C; and cyclic voltammograms for PANI-U130 composites at a v of (b) 5, (c) 25, (d) 50 and (e) 100 mV s7%, and (f) electrochemical

impedance spectroscopy studies in K;SO4 electrolyte.
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All the composites exhibited good rate capability since the quasi-
rectangular shape of the cyclic voltammograms was still retained at
a high v of 100 mv s~ (Fig. 9(b)-(e)).****

The Rg values were approximated as 32, 76, 108, 136, 185,

143 and 114 Q for 0 (U130); 5, 10, 20, 50, 80 and 100 (PANI) wt%
of PANI, respectively, and only 0 (269 Q) and 5 (9924 Q) wt% of
PANI displayed Rcr. Hence, these traits support the observed
electrochemical energy storage capabilities of the composites,
as discussed earlier. The highest C; from 5 wt% PANI composites
could also be attributed to the shortest diffusion path-length;
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therefore, C, increased as v was raised because time limitations of
the electrolyte diffusion process into electrode pores were mini-
mal at higher v (Fig. 9(a) and (f)).

The electrolyte in the cell was changed from 0.5 M K,SO, to
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0.5 M KOH to investigate the effect of a smaller anionic size of
133 pm for the OH,* relative to 258 pm for SO,>",% on the
electrochemical properties of the PANI-U130 composites. The
narrower potential windows of the PANI-U130 composites
relative to that of U130 (widest) and pristine PANI were simi-
larly ascribed to changes in the local acidity of composites

(b) ;

o

£
..--..‘P—“r"""'"-"‘ ""I""'"“
et G et)
e Vi

-
———

0.2 0.4 0.6 0.8
Potential (V)
!
@ '
0 wt.% ;
- - S5wt.% :
== 10 wWt.% :
—- 20 wt.% 4
—- 50 Wt.% ”’"’
—=== 80 Wt.% Iy"
......... 100 wt.% i
s
e ,;/ et
v STy ORI
,,z:‘_','w“"'{ 7
O ki g

ar

Rv.d

¥
ad
“A
i,
PP
<

P

P

’A S
15 ’_.,?"" ———0wt.%
-é g - 5wt.%

> - A 10 W%

» —v 20Wt.%

—+ 50Wt.%

ey, - - 80 Wt.%

epee 100 Wt %
L) L) L L] L} 1
5000 10000 15000 20000 25000 30000
Z,, (Ohms)

Fig. 10 Cyclic voltammograms for PANI-U130 composites at v of (a) 5, (b) 25, (c) 50 and (d) 100 mV s™%, (e) C, and (f) electrochemical impedance
spectroscopy study in KOH electrolyte.
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(Fig. 10(a)-(d)). Again, in KOH, the quasi-rectangular cyclic
voltammograms (Fig. 10(a)-(d)) and the curve inclinations in
the low-frequency region of the Nyquist plot (Fig. 10(f)) for
PANI-U130 composites imply a similar EDLC capacitive quality
due to reasons elaborated in the K,SO, study. Unlike the earlier
deductions from the K,SO, study, the 10 wt% PANI composites
displayed the best electrochemical activities and highest Cj
(Fig. 10(a)-(e)). Similar to the electrochemical studies in K,SO,,
the composite materials in the 5-20 wt% range of PANI were
highly enhanced than both U130 (17733% Cs boost for the
10 wt% PANI composite at 5 mV s~ ') and PANI (1248% C;
improvement for the 10 wt% PANI composite at 50 mV s ')
(ESL Table S4). Notably, the Cs from the 5-20 wt% range of
PANI composites approach a constant value at higher v
(Fig. 10(e)). This could be attributed to the relative declining
contribution of the inner pores to electrochemical processes;
hence, the physicochemical variations due to wt% ratios
become less significant. The 50 and 80 wt% PANI loadings
were not beneficial to the electrical energy storage capabilities
of U130.

The noise observed in EIS spectra may be due to the low
alternating current amplitude used in the current study, defects
(instability), surface area, and formation of gas bubbles on the
electrode surface (Fig. 9(f) and 10(f)).***® The approximate Rg
values of PANI-U130 composites in KOH were 133, 102, 69, 95,
148,191 and 118 Q for 0 (U130), 5, 10, 20, 50, 80 and 100 (PANI)
wt% of PANI, respectively. It was only possible to estimate
Rcr for the 5 and 10 wt% of PANI composites as 3532 and
3898 Q, respectively. The noisier EIS spectra for the PANI-U130
composite-based electrodes studied in KOH than those in the
K,SO, electrolyte possibly arise due to the observed higher
impedance in the KOH electrolyte (Fig. 9(f) and 10(f)).%
Furthermore, the shorter diffusion path-length in the 5-20 wt%
range of PANI of the PANI-U130 composites implies an effec-
tive diffusion process (Fig. 10(f)). Therefore, the high C, values
from electrodes of the 5-20 wt% PANI range of composites in
KOH electrolyte was attributed to synergistic contributions
from effective diffusion, shorter diffusion path-length, lower
Rs and higher Rcr than the rest of the samples (Fig. 10(e) and
(£)). In addition, the steeper curve in the high-frequency region
of the Nyquist plot for 0 wt% of PANI composite suggests that
PANI induces a deviation from the EDLC capacitive character
(Fig. 10(f)). This is because PANI induces pseudocapacitive
characteristics through the benzenoid/quinoid rings intercon-
version induced by an electron transfer.>**’

From Fig. 9(a) and 10(e), it can be deduced that the compo-
site materials had better electrochemical energy storage cap-
abilities in KOH (anionic radius: 133 pm and champion C:
76.25 F g ') than in K,SO, (anionic radius: 258 pm and
champion C,: 31.84 F g ') electrolyte. The maximum Cs
enhancement from PANI addition to U130, was 14 032% and
17733% in K,SO, and KOH electrolytes, respectively (ESL
Tables S3 and S4). Since Ry is the sum of the internal resistance
of the electrode material, the electrolyte resistance, and the
interfacial contact resistance between the electrode and current
collector materials,**®° it means that the internal resistance
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contributions of the electrode material per given PANI wt%
were constant. Hence, the Rg and Cj variations can be assigned
to the electrolyte and interfacial contact resistances, originating
from differences in the chemical nature and size of the
electrolyte anion.

The current response (i) depends on either diffusion of ions
into electrode pores or electrochemical adsorption/desorption
according to eqn (3):">7*

i=a’ (3)

where v is the sweep rate in mV s~ ', and a and b are constants.
The value of b is the gradient from the plot of logi against
logv at a fixed potential. If b is 0.5, 1 and 0.5 < b < 1, then
the electrochemical charge storage will be characterised by a
battery-like and diffusion-controlled process, a surface-
controlled kinetics process (capacitive mechanism), and mixed
processes, respectively.”® From the values of b (ESI,T Table S5),
it is clear that the electrochemical energy storage processes in
the K,SO, electrolyte for both U70 and U130 were based on
surface-controlled kinetics. The mixed electrochemical energy
storage processes in both GO and U190 (ESI,} Table S5)
originate from the high content of oxygen and nitrogen,
respectively (Table 1). The oxygen- and nitrogen-containing
species induce pseudocapacitive characteristics in addition to
the intrinsic EDLC traits.

The values of b agree with the EIS data in that adding PANI
in the PANI-U130 composites transformed the electrochemical
energy storage processes from capacitive to battery-like and
diffusion-controlled nature processes in both electrolytes (ESL, T
Table S5, Fig. 8(f) and 9(f)). This is also a possible reason for the
improved electrochemical energy storage capabilities of the
composites induced by PANI. For example, the C trends of
the composites can be interpreted to mean that at lower PANI
wt%, diffusion-controlled electrochemical processes allowed
participation of both inner and outer pores as v was raised
(Fig. 8(a) and 9(e)).

Conclusion

The study highlighted that the temperature of hydrothermal
treatment of GO in urea positively tuned physicochemical
properties, such as lowering the oxygen concentration, diffu-
sion path-length, sheet resistance, Rg, and bulk resistivity, and
increasing the nitrogen content, electrical conductivity, carrier
density and mobility towards improved Cs. The highest N at%
of 6.74% was achieved at 190 °C. From Hall measurements,
the highest carrier mobility of 1.35 cm® V™' s~ " and lowest bulk
resistivity of 2.40 Q cm was displayed by U190; hence,
reduction/N-doping positively tuned the electrical properties.
In this study, the optimum reduction/N-doping temperature of
GO with synergistic properties, from a GO : urea ratio of 1:100,
towards a high Cs was 130 °C.

Synergistic properties induced by the anionic size of the
electrolytes used and low PANI wt% (5-20 wt%) in PANI-U130,
together with the intrinsically tailored physicochemical and
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electronic properties of U130, improved the capacitive proper-
ties of composites relative to that of the individual components.
PANI transformed the electrochemical energy storage processes
of U130 from capacitive to battery-like and diffusion-controlled
activities. The highest Cs of the PANI-U130 composite was
almost double that of an electrolyte with an anionic radius of
258 pm (Cg: 31.84 F g7 ') in an electrolyte with approximately
half the anionic radius of 133 pm (Cs: 76.25 F g~ '). The current
work validates that the hydrothermal treatment temperature
controls the physicochemical and electrochemical properties
of nitrogen-doped GO, the anion size of the electrolyte influ-
ences the electrochemical capacitance, and the synthesis of
composite materials from N-RGO and PANI can enhance the
electrochemical energy storage capabilities of both individual
components through synergistic effects.
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