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Facile preparation of covalently functionalized
graphene with 2,4-dinitrophenylhydrazine and

investigation of its characteristics
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This article reports a fast and easy method for simultaneously in situ reducing and functionalizing graphene
oxide. 2,4-Dinitrophenylhydrazine hydrate salt molecules are reduced by graphene oxide by reacting with
oxide groups on the surface and removing these groups, and 2,4-dinitrophenylhydrazone groups are
replaced with oxide groups. The synthesized materials have been investigated using Fourier transform

infrared spectroscopy (FTIR), Raman spectroscopy, X-ray diffraction (XRD), thermogravimetric analysis

(TGA), X-ray photoelectron spectroscopy (XPS), and UV absorption. Also, the morphology has been
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examined with a scanning electron microscope (SEM) and Brunauer—Emmett—Teller (BET) analysis. The

result of the photocurrent response and electrochemical behavior of the samples through cyclic
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1. Introduction

Graphene is a two-dimensional monolayer of carbon atoms with
a hexagonal honeycomb-like structure in which the carbon
bonds have sp* hybridization, and the out-of-plane 7 bond
creates a network of decentralized electrons that is responsible
for electron conduction and also causes a weak interaction
between graphene layers or between graphene and a substrate.
Due to its unique structural features, graphene has shown
exceptional physical properties, which has attracted the atten-
tion of many researchers in various sciences.™

Various methods have been used to synthesize graphene and
its derivatives. Due to weak van der Waals forces among the
layers in graphite, pristine graphene can be obtained from the
mechanical exfoliation of graphite.>® The growth of graphene
sheets using bottom-up techniques such as chemical vapor
deposition (CVD) has been used to grow single-layer and multi-
layer graphene sheets on metal surfaces.”” However, these
methods are not suitable for large-scale production. Therefore,
oxidation and exfoliation of graphite oxide, followed by
a reduction process, have been widely used and considered to
prepare reduced graphene oxide (R-GO).'*** However, the
precursor of R-GO, graphite needs to be exfoliated through the
reaction with a mixture of oxidants to create graphene oxide
(GO) sheets.™ Therefore, GO sheets are strongly oxidized and
characterized by oxygen-containing groups.''® To remove these
groups and prepare R-GO, various reducing agents; such as
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voltammetry, galvanostatic charge/discharge, and electrochemical impedance spectroscopy (EIS) have
been analyzed to investigate the effect of physical and chemical changes compared to graphene.

hydrazine,"”** strong alkaline environments,*® vitamin C,**
and bovine serum albumin (BSA);**** and various methods;
such as electrochemical,>** photochemical,>**” and thermal
reduction®®* procedures; have been used.

Reduced graphene oxide has a wide range of applications,
including its use in energy storage devices,***" electronic
devices,* biomedical applications,* sensors,*® membranes,*
catalysts,***” water purification,® etc. However, the presence of
these functional groups in GO and R-GO compared to pristine
graphene allows the ability to adjust the electrical and optical
properties through chemical reactions. However, unfortunately,
due to the incomplete reduction and the presence of multiple
defects, which disrupt the sp® lattice, R-GO exhibits lower
electrical conductivity than pristine graphene.*®*° In addition,
the solubility of R-GO in water is minimal, so the direct
dispersion of graphene sheets in water is impossible without
the help of dispersing agents.* To improve these properties,
various functional groups have been attached to the graphene
structure by chemical modification,**** covalent,**** or non-
covalent*~? functionalization.

The functional groups covalently attached to the carbon
atoms on the graphene convert the triangular sp> orbital to
a tetragonal sp’ orbital. Such transformations drastically
change the electronic properties of pristine graphene.>*® In
like manner, by functionalizing graphene, the specific capacity
increases by increasing the quantum capacity of these sheets
due to the formation of new levels in the vicinity of the Fermi
level.>”* Also, due to the creation of steric repulsion caused by
the presence of functional groups, the graphene sheets’
recombination rate decreases, which leads to an increase in the
available surface in functionalized graphene.”*®*® Recent
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experimental studies have shown that the covalent functional-
ization of graphene using a nitrophenyl group directly affects
the magnetic properties of the graphene surface.**"** During the
functionalization process, converting the carbon centers from
sp® to sp® saturates the carbon atoms. It opens a barrier band
gap for electrons, which enables the production of insulating
and semiconducting regions in graphene wafers.*>°

This article presents a method for preparing graphene
functionalized with nitrophenyl groups, in which graphene
oxide is in situ and simultaneously reduced and functionalized
with 2,4-dinitrophenylhydrazone groups. Also, this method
was performed at a pH close to neutral and without dispersing
agents, while for the synthesis of reduced graphene oxide (R-
GO), to avoid re-adhesion of the layers and obtain the lowest
number of layers as well as the lowest amount of defects, the
PH is usually set at about 10, and a scattering agent is used.®”
The structural and chemical differences of the material
synthesized with graphene were studied. Also, the electro-
chemical behavior of this material with graphene was inves-
tigated to check the effectiveness of the changes made, due to
the high sensitivity of electrochemical techniques to changes
in the structure.

2. Materials and procedures

2.1. Materials

Graphite powder (<45 pm), sulfuric acid (H,SO,, 98%), potas-
sium persulfate (K,S,0g, 99%), sodium nitrate (NaNO,), potas-
sium permanganate (KMnO,, 98%), hydrochloric acid (HCI,
37%) and hydrogen peroxide (H,O,, 30 wt%) were used to
synthesize GO. To prepare graphene, hydrazine was used to
reduce graphene oxide. Likewise, 2,4-dinitrophenylhydrazine
was used to reduce and functionalize graphene oxide. Sodium
sulfate was used to make electrolytes. Graphite powder, hydra-
zine, and 2,4-dinitrophenyl hydrazine were bought from Merck,
and the rest of the materials from Sigma-Aldrich.

2.2. Preparing graphene oxide (GO)

The Hummers method was used to synthesize the graphene
oxide. Concisely, K,S,05 (5 g), P,Os (5 g), and concentrated
H,S0, (50 mL) were mixed at 90 °C, and then the temperature
was lowered to 80 °C. Then, graphite powder (10 g) was added to
this mixture and stirred for 5 hours. After that, distilled water
(1000 mL) was added to the mixture and after 24 hours, the
suspension was filtered and dried at ambient temperature.
Afterward, using an ice bath, concentrated H,SO, (200 mL) was
cooled to 0 °C and the obtained deposit was added. KMnO, (20
g) was slowly added while the temperature was kept below 10 °
C. The suspension was stirred for 2 hours at a temperature of
35 °C, and then distilled water (460 mL) was added. After 2
hours, distilled water (140 mL) and 30% H,0, (25 mL) were
added. Then the suspension was left at rest for 24 hours, and
the clear liquid was drained. The remaining sediment was
washed using a centrifuge with 10% HCI solution and distilled
water.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.3. Reduction and functionalization of graphene oxide with
DNPH (NP-GO)

200 mg of the graphene oxide obtained from the previous
procedure was dispersed in distilled water (200 mL) using an
ultrasonic bath model ELEMA-P30H for 1 h. The pH was
adjusted to 8 by 1 M NaOH (using Istek pH meter model 240L).
Then 2,4-dinitrophenylhydrazine salt (2 g) was added to the
suspension and stirred for 2 hours at 80 °C. Afterward, the
suspension was filtered using PTFE filter paper (0.22 pm), and
the obtained product was washed with ethanol, acetone, as well
as a mixture of acetonitrile/water and, finally, dried for 24 hours
at 70 °C.

2.4. Synthesize of graphene (R-GO)

200 mL of GO suspension (1 mg/1 mL) was prepared to prepare
graphene, and 1 w% sodium dodecyl sulfate (SDS) as
a dispersing agent was added. Subsequently, the suspension
was put in the ultrasonic bath for 1 h. Then, the pH of the
solution was adjusted to 10 via 1 M NaOH. Afterward, hydrazine
hydrate 60% (2 mL) was added and the suspension was stirred
for 2 h at 90 °C.

3. Investigation of structure and
properties

3.1. Characterization of the samples

FTIR (SHIMADZU company, model 8400S), Raman spectroscopy
(TEKSAN company model Takram), and thermogravimetric
analysis (Bahr device model STA 540) were used to investigate
the effect of reducing and functionalizing procedures. XRD
(Bruker D8 advance) at 40 kV using Cu Ko radiation (A = 1.54 A)
was used to identify phases presented in the samples. UV
absorption (spectral absorption measurements) was measured
with Shimadzu model UV-160 A. X-ray photoelectron spectros-
copy (XPS) was carried out via an ESCA2000 under the vacuum
pressure of ~10'° torr with an X-ray source of Al Ka (1486.6 eV).
The surface features of powders were studied according to the
Brunauer-Emmett-Teller (BET) method (Micrometric company
model ASAP 2020). The morphology of synthesized materials
was also studied by SEM (Scanning electron microscopy, TES-
CAN model VEGA 2).

3.2. Photoelectrochemical measurements

A homemade system was used to measure the photo-
electrochemical behavior. As a source of radiation, a Xe lamp
(500 W) with a cut-off filter (1 > 325 nm) was employed. The
powder of the samples (20 mg) was dissolved in acetone and
ultrasonicated for 30 minutes, then a grain of iodine was added
to the suspension. The ultrasonication continued for another 30
minutes. Afterward, the prepared samples were electroplated
(15 volts for 10 minutes) on the surface of ITO glass with an area
of 1 cm?. The photocurrent response was measured in a 0.5 M
Na,SO, (sodium sulfate solution) in a three-electrode configu-
ration system containing indium tin oxide (ITO) as the working
electrode, platinum wire as the counter electrode, and saturated
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Ag/AgCl as the reference electrode. The interval between turning
on and off the light was 4 seconds. Electrochemical impedance
spectroscopy (EIS) was conducted at 100 kHz to 100 mHz in an
open circuit potential (OCP).

3.3. Electrochemical measurements

The electrochemical behavior of the samples was investigated
by cyclic voltammetry and galvanostatic charge/discharge
methods, KIMIA STAT device model 126. Electrochemical
impedance spectroscopy (EIS) was studied by the Autolab device
model PGSTAT204. A three-electrode system including prepared
samples (working electrode), a platinum electrode (counter
electrode), Ag/AgCl (reference electrode), and sodium sulfate
solution (0.5 M) as the electrolyte was used.

To make electrode materials for electrochemical analyses,
prepared material, black acetylene and polytetrafluoroethylene
(PTFE) were mixed with a weight ratio of 80:15:5, and by
adding ethanol and then 15 min ultrasonication, a grout was
prepared with an appropriate concentration. The prepared
material for the electrode was deposited on nickel foam with an
area of 1 cm” by the painting method. In the end, the prepared
electrodes were dried for 24 h at 70 °C. EIS measurement was
conducted in OCP at a frequency range between 100 kHz to 10
mHz. Capacities of the materials were obtained from the gal-
vanostatic charge/discharge method by the following formula:

i Xt
V xm

C=
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In this equation, 7 is the applied current, ¢ is the discharge time,
V is the potential window and m is the weight of materials
deposited on the electrode (0.8 mg).

4. Result and discussions

4.1. Structural investigation

Fig. 1a illustrates the results of FTIR spectra corresponding to
GO, R-GO, and NP-GO. The existence of oxygen-containing
groups; C-O groups (at 1050 cm™ '), ketone C=O (at
1620 cm '), carboxyl C=0 (at 1720 cm '), O-H and CO-OH
groups, as well as water molecules in GO layers (at 3500 cm™");
can be verified in the spectrum of GO. In the graphene (R-GO)
sample, carboxyl, ketone, ether, and O-H peaks disappeared,
indicating that most of the oxygen groups were removed due to
the reaction with hydrazine. In addition, 2850 to 2920 cm ™"
peaks are associated with asymmetric C-H stretching. After
reducing and functionalizing graphene oxide with 2,4-dini-
trophenylhydrazine, peaks that appeared at 1345 and
1515 cm™ ' are connected to the asymmetric and symmetric
stretching vibration related to NO, groups. The peak appearing
at 1590 cm ' assumes to be associated with the aromatic
stretch. Likewise, the peak corresponding to stretching vibra-
tions due to the presence of C-N nitrobenzene groups appears
at 850 cm~'. The broad peak in the 3300-3500 cm ™" region
seems to correspond to the N-H group of 24-
dinitrophenylhydrazone.

Fig. 1b displays the results of the X-ray diffraction (XRD)
analysis of the samples. In GO, bonding with groups that
contain oxygen increases the spacing between the layers of
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(a) FTIR, (b) XRD, (c) Raman spectra, and (d) TGA plots of GO, R-GO, and NP-GO.
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graphite. Therefore, the position of the peak indicates the
oxidation level of graphite.®® Accordingly, the peak at 11.6°
denotes the 7.57 A d-spacing in graphene oxide. After GO
reduction, R-GO sheets approach together and result in a peak
at 23.8° (3.73 A d-spacing) with low intensity. In NP-GO, the
reaction of GO with DNPH leads to the removal of oxygen
groups in GO and the elimination of the sharp, strong peak
related to GO. Furthermore, it yields a broad peak at 22.7° (3.89
A d-spacing). Based on the results of the FTIR analysis that show
the functional groups' existence and by comparing the d-
spacing value for R-GO and NP-GO, it seems that the difference

View Article Online
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in the distance of the layer is caused by the reduction and
functionalizing of graphene oxide.

Fig. 1c shows the results of the Raman spectra of samples.
The Raman device was equipped with a 532 nm laser and
a thermoelectrically cooled CCD detector. A 60x-objective
microscope lens was used to focus on the surface, and the
exposure time was 5 s. As it is apparent, there are two bands.
The first one relates to band D which signifies the graphene
flakes' defect and irregularity, and the second corresponds to
the G band that represents the first scattering of E*® phonon
associated with carbon-carbon bonds with the hybridization of
sp®. The 2D band is derived from the second-order double-
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(a) XPS spectra of GO, R-GO, and NP-GO, (b) high-resolution C 1s spectra for GO, (c) high-resolution O 1s spectra for GO, (d) high-

resolution C 1s spectra for R-GO, (e) high-resolution C 1s spectra for NP-GO, (f) high-resolution N 1s spectra for NP-GO, and (g) high-resolution

O 1s spectra for NP-GO.
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resonant process between the K and K points in the BZ
involving two iTO phonons. The 2D band is highly sensitive to
the Fermi velocity and iTO phonon band slope due to the
unique electronic band structure of graphene.® The increased
intensity of the D and 2D bands after functionalization indi-
cates the attachment of functional groups.” The level of
reduction and defect is determined through the ratio between
Iy and Ig which in GO, R-GO, and NP-GO are 0.89, 1.32, and
1.02, respectively. After the reduction of graphene oxide, the
band D intensity increases due to the formation of defects in
graphene sheets due to the reaction with hydrazine.” It has
been shown that the I,p/Ig ratio of the Raman spectra can
indicate the number of layers in graphene materials.” This ratio
for GO, R-GO, and NP-GO are 0.81, 0.75, and 0.94, respectively,
which indicates that these materials are multilayered. Consid-
ering these increases in the ratio of I,p/Ig and Ip/I; after the
reaction of GO with DNPH, it can be concluded that these
changes are attributable to the reduction and replacing oxygen-
containing groups in GO with 2,4-dinitrophenylhydrazone
groups. In addition, the lower ratio of I,/I; compared to the
graphene suggests that there are fewer irregularities and defects
in the NP-GO structure.

Fig. 1d exhibits the thermogravimetric analysis (TGA) of the
samples. During this process, the samples were heated to
a temperature of 850 °C at a rate of 10 °C min~ ' in an Ar
atmosphere, and the weight changes of the samples were for the
temperature. The initial weight loss of graphene oxide (GO) at
100 to 200 °C is associated with water and residual decompo-
sition. The gradual weight loss from 200 to 650 °C is due to the
decomposition of oxygen-containing groups on the surface and
edge of GO sheets. Graphene (R-GO) shows a much lower
reduction than GO, which may be related to removing a high
percentage of oxidizing groups during reduction by hydrazine.
In the sample of NP-GO, reducing 5% of the original weight
under 200 °C indicates that there are no more than 5% unstable
oxide groups in this sample. The lower weight loss of NP-GO
compared to GO and R-GO can be a confirmation of reducing
and functionalizing of graphene oxide with 2,4-
dinitrophenylhydrazone.

Using XPS, the chemical composition of the samples was
investigated more closely. Fig. 2a represents the XPS spectra of
GO, R-GO, and NP-GO. In addition, the binding energy and
percentage of compounds from C 1s, O 1s, and N 1s are listed in
Table 1. The results showed carbon, oxygen, and nitrogen,
which shows that the nitrophenyl groups are present on the
surface of the NP-GO. In Fig. 2b it is obvious that the C 1s
spectrum of graphene oxide consists of peaks at 284.6 €V (sp”
carbon), 286.6 eV (epoxide), and 288.5 eV (carboxyl groups).”
From the O 1s spectrum of GO (Fig. 2c), the oxygen-containing
groups are evident as C-O, C=0, C-O-C, O-H, and H,O groups.
The C 1s spectrum of R-GO (Fig. 2d) shows a band at 284.6. The
intensity of epoxide, carboxyl, or other bands is greatly reduced
compared to graphene oxide, which means that the C=C bonds
relative percentage increased and it decreased for C-O bonds.
The XPS spectrum of R-GO results shows that this sample only
contains C and O, which designates that there are no impurities
in the sample. The spectrum of C 1s related to NP-GO (Fig. 2e)

562 | RSC Adv,, 2023, 13, 558-569
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shows the presence of the C=C peak related to graphene, the
C=C bond corresponds to nitrophenyl groups (284.8 eV), the
graphene C-C defect (at the site of bonding, 285 eV), and the
peak related to C-NO, (285.6 eV). The ratio of O/C in GO, R-GO,
and NP-GO samples is 1.8, 0.04, and 0.2, respectively, showing
that most oxygen-containing groups are removed and GO is
reduced. The N 1s spectrum of the NP-GO (Fig. 2f) indicates that
some nitro groups were reduced to other groups such as
amines, and protonated amines due to the reduction by the
irradiation of X-ray.”* The O 1s spectrum of NP-GO (Fig. 2g)
shows three peaks at 531.3 eV (carboxyl groups), 532.7 (nitro
groups), and 533.1 eV (epoxy groups) in the NP-GO sample. The
nitro groups come from 2,4 dinitrophenylhydrazien, while the
carboxyl and epoxy groups come from non-reduced groups in
GO.

UV-vis spectroscopy was used to probe the interactions on
the surface of the samples. As can be seen in Fig. 3, graphene
oxide shows a peak at 235 nm, corresponding to 7w—mt* transi-
tions related to the presence of the remaining C=C bonds with
sp> hybridization,”® which were shifted to 265 nm (longer
wavelengths) after reduction, rebuilding the 7t-bond network.”
With the increase in m-bonding, the absorption peak shifts to
a longer wavelength because less energy is needed for transi-
tion. The UV-visible spectrum of 2,4-dinitrophenylhydrazine
showed two peaks at 222 nm related to the m-m* and 360 nm
corresponding to n-m* transitions related to the aromatic

Tablel The binding energy and percentage of compounds from C 1s,
O 1s, and N 1s were obtained from the XPS spectra of the samples

Binding
Sample  Peak  Assignment energy (eV)  Atomic (%)
GO C1s C=C 284.5 11.41
C-C 285.4 24.58
C-0 286.6 9.64
C=0 287.9 48.48
COOH 289.2 5.89
O 1s C=0 530.1 4.34
C=0, O-H, C-0-C 532.3 13.87
Cc-0 533.8 74.14
H,0 535.2 7.65
R-GO C1s C=C graphene 284.5 90.62
C-0 286.4 3.75
T — T 291.3 5.63
NP-GO C1s C=C graphene 284.1 42.84
C=C nitrophenyl 284.7 25.89
C-C 285.3 5.26
C-NO, 285.8 4.76
C-0 286.4 8.55
C=0, C-NH;" 287.8 1.87
O0-C=0 288.7 1.25
T — ¥ 290.7 9.94
N1s NH, 399.9 19.54
NH;" 401.3 12.13
NO 403.5 4.92
NO, 406.1 63.41
O1s O0-C=0 531.4 14.28
NO, 532.8 74.35
C-0 533.4 11.37

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 UV spectra of GO, R-GO, DNPH, and NP-GO.

compound.”” The absorption band of NP-GO species corre-
sponding to the t—m* transition becomes broad and also shows
a redshift from 222 to 229 nm, while the n-mt* transition peak
shifts from 360 to 354 nm. Also, the peak of GO had a redshift to
247 nm, indicating the recovery of the m™ bond network as
a result of the reduction. However, due to the presence of

SEMHV. 3000k WO 50738 mm
SEMMAG 1000kx  Det SE
Viewfiedd 1445um  PC. 14

SEMHV. 30,00 W
SEMMAG 1000k« Det S
Viewtield 1445um  PC. 14

WO 50457 men

Performance in nanospace ’l Viewtedd 4815pum  PC. 17

VEGALTESCAN SEM HV. 3000 WV
MAG

Performance in nanospace n

View Article Online

RSC Advances

functional groups, this displacement is lower than that of the R-
GO sample. These changes and shifts in absorption peaks
indicate the existence of w—m* interactions, electronic connec-
tions among the functional groups, and reduced graphene
oxide sheets.

4.2. Morphological characterizations

Fig. 4 shows the SEM images of R-GO and NP-GO. It is obvious
from Fig. 4a and b that the morphology of R-GO is wrinkled and
crumpled, due to agglomeration through van der Waals forces
and - interactions among sheets. As can be seen, the flakes
of R-GO are in layers. Small R-GO flakes aggregate adjacent to
each other and seem to have a bigger mass. The obtained layer
structure seems to have formed during the filtering of the
suspension.

Fig. 4c and d shows the morphology of NP-GO. Due to the
presence of 2,4-dinitrophenylhydrazine groups and, as a result,
reducing van der Waals forces and forming spatial repulse
among functionalized sheets, aggregation is reduced in
comparison to the R-GO, thus there is a more accessible active
surface in this sample.

The binding effect of organic molecules on the surface of NP-
GO can be measured and compared with graphene through the
specific surface area (Fig. 5a) and the distribution of pore size
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Fig. 4 SEM images related to the morphology and structure of (a and b) R-GO and (c and d) NP-GO in different magnifications.
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(Fig. 5b). Fig. 5a show that the specific surface area of R-GO is
near to 500 m”> g~ . It contains small mesoporous (2-50 nm),
indicating that the reduction of graphene oxide by hydrazine
with the loss of oxygen functional groups causes porosity.
However, the value lower than the theoretical specific surface
area for a single graphene sheet (2600 m”> g~ ') is due to the
sheets' accumulation and overlying after the drying process.”
After the grafting of 2,4-dinitrophenylhydrazine groups, the
surface area for NP-GO increased to 650 m” g~ . This increase
indirectly suggests the binding 2,4-dinitrophenylhydrazine on
the surface of NP-GO. The removal of oxygen-containing groups
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Fig. 5 (a) Surface area versus pore width in R-GO and NP-GO, (b) the
distribution of pore size of R-GO and NP-GO, and (c) N, adsorption
isotherms in R-GO and NP-GO.
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and the replacement of functional groups causes the creation of
pores in the NP-GO sheets and as a result, causes a significant
increase in the surface area and a significant difference in the
distribution of pore size. Interestingly, the attachment of
groups in NP-GO, which may be caused by the decarboxylation
of groups in graphene oxide,” leads to smaller pores than
graphene.

Fig. 5c displays the results of the N, adsorption and
desorption isotherm for R-GO and NP-GO at 77 K. Both samples
show type I and II mixing isotherms of relative pressure (P/P,) in
low and high regions.*® Low absorption volume at low P/P, (0-
0.5) for samples is representative of mesoporous materials,
confirmed by an H3 hysteresis loop and a plateau.®* As it is
apparent, absorb volume increases after the reduction and
functionalization of graphene oxide with DNPH.

4.3. Photoelectrochemical descriptions

The efficiency of charge transfer/separation is very important in
optical nonlinearity. Therefore, Photoelectrochemical investi-
gations were conducted to study the electronic interactions on
the samples. Fig. 6a shows the photocurrent performances of
GO, R-GO, and NP-GO versus the time of the virtual on-and-off
cycles of sunlight. For each on/off cycle, increases and
decreases in photocurrent are obvious. When simulated
sunlight irradiation is employed, photocurrent is produced via
transferring and separating light charges to the working elec-
trodes.® At off cycle, the working electrode's responses are weak
and keep their dark current state. However, when the switch is
on, the photocurrent's intensity increases due to the rapid
separation of charge carriers that are sensitive to light.** Obvi-
ously, GO and R-GO exhibit weak photocurrent responses under
simulated radiation of sunlight. At the same time, NP-GO,
owing to the creation of paths for direct conduction through
covalent bonds originating between 2,4-dinitrophenylhydrazine
and reduced graphene oxide sheets, shows better performance.
As a result, the separation and transportation of light-generated
carriers were enhanced by removing oxygen-containing groups
and introducing 2,4-dinitrophenylhydrazine groups on the GO
surface.®*

The Nyquist diagram of electrochemical impedance spec-
troscopy (EIS) was studied to further describe the charge
carrier migration of the prepared samples. The results are
shown in Fig. 6b. Subsequently, the proposed Ry(R..Q.;) model
is used to study the resistance behavior of the oxide layer in
terms of applied potential at a constant frequency range. In
the resultant equivalent model, Ry, R, and Q. are the solution
resistance, charge transfer resistance, and constant phase
element (CPE), correspondingly. Since the EIS capacitor
element does not designate steady and regular behavior owing
to the concurrent complex corrosion procedure at the border,
the constant phase element (CPE) as an expressive deviation
from the ideal capacitor-based circuit was used.?* The best-
fitted parameters for the reached equivalent circuit are listed
in Table 2. As can be seen, NP-GO shows a smaller charge
transfer resistance than GO and R-GO, which indicates the
reduction of the resistance of the solid-state interface layer

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) The photocurrent performances of GO, R-GO, and NP-GO and (b) EIS spectra of GO, R-GO, and NP-GO under simulated sunlight.

Table 2 Obtained EIS parameters by the model of R (RQc) for
samples

Qct
Samples R, (Q cm?) Ret (KQ cm?) Y, (LF cm ™ ?) n
GO 82.54 56.43 0.132 0.8952
R-GO 108.51 49.28 0.205 0.9601
NP-GO 89.68 39.78 0.263 0.9522
and charge transfer through the electrode/electrolyte

boundary by forming covalent bonds among 2,4-dini-
trophenylhydrazine groups and reduced graphene oxide

sheets. These results are in good agreement with the
measurements of photocurrent. They indicate that photo-
induced carriers become separate and more effective, and
charges transfer more rapidly on the surface of NP-GO.

4.4. Electrochemical measurements

Fig. 7a displays the cyclic voltammetry of the electrodes made of
R-GO and NP-GO at a scan rate of 5 mV s~ '. For R-GO, an almost
rectangular curve which is a characteristic of carbon materials,
and a very small peak at —400 mVg/a0c related to the reduction
of unreduced oxide groups, can be seen.

In the curve related to NP-GO, there is an anodic peak in the
range of —100 MVag/agc1 and a cathodic one in —300 mVg/agci-
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(a) Cyclic voltammetry of electrodes made of R-GO and NP-GO at the scan rate of 5mV's

~1 (b) the mechanism of the reduction of 2,4-

dinitrophenylhydrazone presented on the surface of NP-GO in an aqueous environment and the redox reaction of the nitroso group, (c) First and
1000th galvanostatic charge/discharge of R-GO and NP-GO at 0.5 A g%
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Table 3 The reported capacitance of some graphene and nitrophenyl-functionalized graphene electrodes in neutral electrolytes
Current density
Electrode materials Electrolyte or scan rate Capacitance Reference
R-GO, CNT, MnO, Na,SO, 50 mvV s ! 275F g ! 88
R-GO, CNT, PVDF Na,S0, 0.1Ag" 129F g " 89
R-GO, CNT, MnO,, PTFE, acetylene black Na,SO, 1Ag! 120F g " 90
R-GO, CNT, MnO,, PTFE, carbon black Na,SO, 05Ag"! 202Fg! 91
Graphene foil produced by exfoliating graphite Na,S0, 0.1Ag" 106 Fg ' 92
R-GO, PTFE, carbon black Na,SO, 0.5A¢g" 144 F g ' This work
NP-R-GO (diazonium salt) NP-GO K,S0, 0.1Ag"! 315F g ! 93
0.1Ag™" 290F g!
NP-GO Na,S0, 05Ag" 310 Fg ! This work

At the potential close to the initial reduction of NO, groups from
the 4-position of the 2,4-dinitrophenylhydrazine and before the
reduction at the 2-position, reduction of the azo bond occurs,
separating 1-amino-2-nitro-4-nitrophenyl and forming arylni-
troso group on NP-GO®* (Fig. 7b). The redox peak observed in
the cyclic voltammetry of the NP-GO sample is related to the
arylnitroso groups' redox reaction.

Fig. 7c shows the results of the galvanostatic charge and
discharge test related to R-GO and NP-GO electrodes in the
initial cycle and after 1000 cycles at a current density of
0.5 A g~ ". The discharging time of the electrodes made of R-GO
and NP-GO are 290 and 620 seconds, respectively, and their
respective specific capacities are 145 and 310 F g~'. Table 3
presents the reported capacities of some graphene-based elec-
trodes and those made of functionalized graphene by nitro-
phenyl in neutral electrolytes. It can be seen that the prepared
electrode materials show suitable performances compared to
the literature. The results of this test show that R-GO has better
stability than NP-GO so that after 1000 charge and discharge
cycles, its capacity remains almost constant and equals 144 F
g~', while in the functionalized sample, the capacity has
decreased by about 8% and reaches 291 F g~ '. It should be
noted that the high stability of carbon materials is one of the
most important reasons for their use as an electrode material.
For this reason, the higher stability of the R-GO electrode is not
unconventional. However, the reduction in the capacity of the
NP-GO electrode can be attributed to the reduction of the active

Fig. 8a shows the Nyquist diagram of R-GO and NP-GO
electrodes. The obtained data were fitted using the Randles
model as an equivalent electric circuit and their values are
presented in Table 4. In this equivalent circuit, Rs represents the
electrolyte resistance, Ry is the charge transfer resistance, Cy, is
the electric double-layer capacitance, Zy is the Warburg
impedance, and C, is the electrode's pseud-capacitance. It
should be noted that lower R, and Zyw indicate lower charge
transfer resistance and higher ion transfer rate.”* The electrolyte
resistance (R.) in R-GO and NP-GO is 2.23, and 1.07 Q,
respectively, which suggests that the functionalization process
leads to improved electrical conductivity and easy electron
transfer. Establishing internal connections between the plain
and functional groups in NP-GO can be the reason for that. In
addition, the presence of Zy with a higher slope in NP-GO than
R-GO specifies better ion diffusion, and it can be the result of
the existence of more active are in the morphology in this
sample. It can also be seen in the Bod-phase diagrams (Fig. 8b)
that the maximum value for phase changes is —73 and —84 for
R-GO and NP-GO, respectively. Therefore, it can be concluded
that NP-GO shows better capacitive features than R-GO due to
its morphology and the presence of functional groups. The

Table 4 The obtained values of Rs, Re, and Zyw from the electrical
equivalent circuit

1 —1
surface or electrical conductivity due to the loss of layers or the Sample  Rs(?) Ra(®) Ca(Fg') Zw Coe (Fg™)
breaking of the bond of the functional groups during the charge 1 g0 4.46 2.46 397 x10-* 0016  0.0167
and discharge cycles.®” NP-GO 3.43 1.84 653 x 107" 0.021  0.0639
10 100 1000 =
700 4 - -G - -GO
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Fig. 8
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(@) Nyquist plots of R-GO, NP-GO, and the electrical equivalent circuit, (b) Bode-phase diagrams, and (c) Bode-magnetite diagrams.
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lower resistance of NP-GO compared to R-GO can be seen in the
Bode-magnetite diagrams (Fig. 8c).

5. Conclusion

Graphene oxide was synthesized by the hummer method and in
situ and simultaneously reduced and functionalized with 2,4-
dinitrophenylhydrazine. Also, graphene is synthesized through
the reaction of GO with hydrazine for comparing it with the
functionalized sample. FTIR, Raman, TGA, and XRD of the
samples were conducted to investigate the presence and effect
of functional groups in samples. In addition, for further study,
XPS of the samples was employed. According to the obtained
results, due to the reaction with 2,4-dinitrophenylhydrazine,
groups containing oxygen in GO are reduced and replaced with
2,4-dinitrophenylhydrazone groups. SEM and BET results
display that the morphology of NP-GO has less agglomeration
and, as a result, a more accessible active surface compared to
graphene. The results of UV absorption show that shifts in
absorption peaks of the NP-GO sample indicate the existence of
electronic connections and m-m* interactions among the
functional groups and reduced graphene oxide sheets. The
photocurrent response of the sample exhibits that the
separation/transportation of light-induced carriers was
enhanced by replacing oxygen-containing groups with 2,4-
dinitrophenylhydrazine groups. Galvanostatic charge and
discharge show that the electrode made of NP-GO has a much
higher capacity but lower stability compared to the electrode
made of reduced graphene oxide. Based on the EIS results, the
NP-GO electrode has a lower charge transfer resistance and
better electrochemical performance than R-GO.
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