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Abstract: The properties of y-ray-reduced graphene oxide samples (GRGOs) were compared with those of hydrazine hydrate-reduced
graphene oxide (HRGO). Fourier transform infrared spectroscopy, X-ray diffractometry, Raman spectroscopy, Brunauer—-Emmett—Teller sur-
face area analysis, thermogravimetric analysis, electrometry, and cyclic voltammetry were carried out to verify the reduction process, structural
changes, and defects of the samples, as well as to measure their thermal, electrical, and electrochemical properties. Irradiation with y-rays dis-
torted the structure of GRGOs and generated massive defects through the extensive formation of new smaller sp*-hybridized domains com-
pared with those of HRGO. The thermal stability of GRGOs was higher than that of HRGO, indicating the highly efficient removal of
thermally-labile oxygen species by y-rays. RRGO prepared at 80 kGy showed a pseudocapacitive behavior comparable with the electrical
double-layer capacitance behavior of HRGO. Interestingly, the specific capacitance of GRGO was enhanced by nearly three times compared

with that of HRGO. These results reflect the advantages of radiation reduction in energy storage applications.
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1. Introduction

The unique physical properties of graphene render it an in-
teresting material for many research fields, especially in en-
ergy storage applications, such as supercapacitors [1], Li-ion
batteries [2], and solar cells [3]. Graphene may be prepared
from a number of synthetic methods, including epitaxial
growth [4], chemical vapor deposition [5], and mechanical
exfoliation [6]. Graphite oxide (GO) reduction is a common
method used for the scalable production of graphene;
however, the product obtained is often of low quality [7]. The
reduction of GO may be carried out through thermal means,
during which water and oxygen functional groups are elimin-
ated by high temperature [7-8], or by using chemical agents
such as hydrazine, hydroiodic, and hydrobromic [8—9]. Nat-
ural products, such as vitamins, amino acids, and Lycium
barbarum extract, have also been used for GO reduction
[10-11]. Different types of radiation (e.g., ionizing and non-
ionizing) from UV light [8], microwaves [12], laser [13],
plasma [14], and X-rays [15] were employed to achieve GO
reduction. In 2012, Zhang ef al. [16] used y-rays to reduce
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GO in a water/alcohol system for the first time. The total ab-
sorbed dose was 35.3 kGy and the dose rate was 0.88
kGy-h™'. Compared to chemical and thermal reduction, radi-
ation reduction is more environment-friendly, non-toxic,
temperature-independent, and inexpensive [17].

The reduction of GO by y-rays is based on the radiolysis
of water to create reductive (H) and oxidative (OH) radical
species. Addition of alcohol is necessary to complete the re-
duction process; in this case, the alcohol suppresses oxidat-
ive radicals from further GO oxidation. Oxygen-free (deoxy-
genation) has been reported to be crucial for the radiation re-
duction of GO in alcohol/water systems [16]; thus, this tech-
nique has been used by many researchers to synthesize
graphene and graphene-based materials. For example, three
dimensional (3D) graphene aerogels with porous honey-
comb-like structures could be prepared by applying an ab-
sorbed dose 200 kGy and nitrogen bubbling deoxygenation
for 10 min [18]. Reduced graphene oxide (RGO)-Ni nano-
composites with enhanced electromagnetic absorption abil-
ity could be successfully prepared by y-ray irradiation [19]. A
3D graphene—Pt nanoparticle-based aerogel composite has
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been synthesized by y-ray irradiation in an ethanol/water sys-
tem under N, protection [20]. Similarly, TiO,-decorated
RGO has been synthesized by using y-ray irradiation for 16 h
at a dose rate of 5 kGy-h™' [21]. Composites of RGO/carbon
nanotubes have been prepared via y-rays by applying an ab-
sorbed dose of 30200 kGy and deoxygenation by Ar bub-
bling for 30 min [22]. Composites of RGO/ organic inhibitor
have offered high corrosion protection efficiency for AISI
316 in 0.5 M sulfuric acid solutions [23]. Composites of dif-
ferent noble metal (e.g., Ag, Au, and Pt) nanoparticles and
GO have been successfully prepared via y-ray irradiation
without a scavenger. Here, aqueous solutions of AgNO;,
HAuCl,-4H,0, and H,PtCl,-6H,O were added to GO solu-
tion, and the mixtures were purged with Ar for 30 min and ir-
radiated by a “’Co y-ray irradiation source with a dose rate of
2.7 kGy-h™" and absorbed dose of 150 kGy [24].

GO has been successfully reduced in N,N-dimethylform-
amide (DMF) by using high absorbed doses of y-rays
[17,25]. The same concept has been applied to reduce GO
through electron beam irradiation, instead of y-ray irradi-
ation. For instance, RGO could be successfully obtained by
electron beam irradiation of a GO suspension/isopropanol
solution placed in a sealed bag filled with N, gas [26]. The re-
duction degree of RGO could be controlled by varying the
electron beam dose from 0 to 40 kGy. In another report [27],
GO in a water/ethanol system purged with N, gas was re-
duced by electron beam absorbed doses ranging from 50 to
200 kGy. N,-doped graphene could be obtained by irradiat-
ing a GO aqueous solution containing isopropyl alcohol and
aqueous NH; with electron beams with absorbed doses of
100, 200, and 300 kGy [28].

The physical properties and quality of graphene are af-
fected by its synthesis method and, in turn, influence the
quality and efficiency of their resulting applications. Thus, in
this work, we compare the structural, electrical, thermal, and
electrochemical properties of hydrazine-reduced graphene
oxide (HRGO) with those of y-ray-reduced graphene oxide
(GRGO) prepared at different absorbed doses. Compared
with previous studies [16], the GRGOs in the present work
were obtained at a relatively higher dose rate of 2 kGy-h™*
and without deoxygenation. We found that radiation reduc-
tion is an ideal method for RGO preparation, especially when
the resulting RGO is to be applied in devices such as super-
capacitors and thermal resistors.

2. Experimental
2.1. Materials

Fine graphite powder (<50 um) was purchased from Merk
(Germany). H,SO, (98%), H;PO, (85%), polytetrafluoro-
ethylene, carbon black, and hydrazine hydrate were pur-
chased from Sigma—Aldrich (USA). KMnO,, H,O, (35%),
DMF, ethanol (96%), and HCI were purchased from EI Nasr

Pharmaceutical Chemicals Company (Egypt).
2.2. Sample preparation

(1) Graphite oxide preparation.

GO was synthesized from graphite according to an im-
proved Hummer’s method [29]. This method yields GO with
a more oxidized and regular structure compared with those
obtained from the original and other modified Hummer’s
methods [29].

(2) y-ray-reduced graphene oxide preparation.

Exactly 100 mg of GO was exfoliated in 50 mL of dis-
tilled water by a sonication probe for approximately 30 min.
After exfoliation, 50 mL of ethanol was added to the above
mixture, which was subsequently irradiated by y-rays from a
%Co source at the National Center for Radiation Research
and Technology—Egyptian Atomic Energy Authority. Total
absorbed doses of 20, 40, and 80 kGy and a dose rate of 2
kGy-h™" were used to obtain three different samples. The ob-
tained mixtures were precipitated, washed with distilled wa-
ter, and dried at 60°C in a vacuum oven for approximately12 h.

(3) Hydrazine-reduced graphene oxide preparation.

Exactly 300 mg of GO was exfoliated in 100 mL of dis-
tilled water by a sonication probe for approximately 30 min.
Next, 0.3 mL of hydrazine hydrate was added to the GO
solution, which was subsequently heated in an oil bath at
80°C with continuous stirring for approximately 24 h. Fi-
nally, the obtained mixture was precipitated, washed with
distilled water, and dried at 60°C in a vacuum oven.

2.3. Characterization

Structural explorations were carried out by X-ray dif-
fractometry (XRD, Shimadzu) with Cu K, radiation (4 =
0.15405 nm) at 260 of 4°-90°. The generator voltage was 40
kV, and the generator current was 30 mA. All measurements
were carried out in continuous scan mode, the scan speed was
8°-min ', and the sampling pitch was 0.02°. The chemical
structure of the samples was investigated using Fourier trans-
form infrared spectroscopy (FTIR; Prestige-21; Shimadzu).
The FT-IR spectra were recorded using KBr as the mulling
agent in the region of 4004000 cm'. A Witec Alpha 300 R
confocal Raman spectroscope with a Nd : Yag laser excita-
tion source (532 nm) was employed to evaluate the structural
defects of the samples in the range of 400-2500 cm ™" at room
temperature. The bulk electrical conductivity of the samples
was measured using the two-probe method at room temper-
ature. Here, dry powdered samples were pressed into pellets
of ~1 mm thickness and ~10 mm diameter using a stainless
steel die in a hydraulic press at 300 MPa. A Keithley 2400 in-
strument was used as a DC power source, and a Keithley
6517 instrument was used as an electrometer. The surface
area of the samples was determined from N, adsorption—de-
sorption isotherms obtained from a NOVA 4200e Series sur-
face area and pore size analyzer at liquid N, temperature. Pri-
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or to the measurements, samples of approximately 200 mg
were degassed under vacuum at 350°C for 24 h. The thermal
stability of the samples was tested via thermogravimetric
analysis (TGA; Shimadzu 50). The samples were heated at a
rate of 10°C-min "' in the temperature range of 25-700°C un-
der a N, atmosphere. An SP-300 potentiostat (Bio-Logic)
was used to investigate the electrochemical properties of the
GRGOs and HRGO. The electrochemical cell consisted of a
glassy carbon electrode (3 mm diameter) modified with
GRGO or HRGO powders as the working electrode, a graph-
ite rod as the counter electrode, and a KCl electrode as the
reference electrode. The working electrode was fabricated by
dispersing 1 mg of each GRGO or HRGO sample in 1 mL of
DMF under sonication for approximately 2 h. Exactly 50 pL
of each solution was then drop-cast on a pre-cleaned GC,
which was subsequently dried under a vacuum at 50°C.

3. Results and discussion
3.1. X-ray diffraction analysis

XRD provides essential information on the structural
changes occurring in GO during reduction. Fig. 1 presents the
XRD patterns of graphite, GO, HRGO, and the GRGO
powders. The XRD pattern of graphite shows a sharp diffrac-
tion peak at 26.32°, which corresponds to a d-spacing of
0.338 nm and reflects a tightly packed monolayer of carbon
atoms. The XRD pattern of GO shows a sharp peak at 8.5°
with a d-spacing of 1.036 nm; this peak corresponds to the
(002) plane and reflects the presence of rich oxygen func-
tional groups held between graphitic layers during the oxida-
tion process [30]. The XRD pattern of GRGO prepared at 20
kGy shows the splitting of the (002) peak into three major
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Fig. 1. XRD pattern of graphite, graphene oxide (GO), hy-

drazine hydrate reduced graphene oxide (HRGO), and y-rays-

reduced graphene oxide samples (GRGOs) prepared at differ-

ent absorbed doses.
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broad peaks: the first one is located at 10.6° with a d-spacing
of 0.83 nm, the second one is located at 13.9° with a d-spa-
cing of 0.635 nm, and the third one is located at 22.7° with a
d-spacing of 0.39 nm. The existence of these peaks with re-
duced interlayer spacing values compared with that of GO is
ascribed to the partial elimination of oxidized species in GO
during irradiation [16]. In other words, GO is partially re-
duced by irradiation at 20 kGy.

The XRD pattern of GRGO prepared at 40 kGy, which is
shown in the inset of Fig.1, reveals a broad peak at 23° with a
d-spacing of 0.368 nm; this result confirms the removal most
of the oxygen functional groups and successful reduction of
GO [16]. The XRD pattern of the GRGO sample prepared at
an irradiation dose of 80 kGy is similar to that of the sample
prepared at 40 kGy but presents lower intensities and a slight
shift of the main peak at 23° to 23.1°, thereby indicating a
slight decrease in d-spacing to 0.383 nm. In addition, a small
peak develops at 26.34° (d-spacing, 0.0338 nm). This result
indicates that the sample prepared at 80 kGy has a higher re-
duction degree than the sample prepared at 40 kGy. Simil-
arly, the broad peak of HRGO at 26 = 23.7° with low intens-
ity and d-spacing of 0.370 nm reveal that this sample has a
higher reduction degree compared with the GRGOs prepared
at 40 and 80 kGy [31].

3.2. Fourier transform infrared spectroscopic analysis

FTIR provides essential information on the oxygen func-
tional groups of GO and could help verify the different re-
duction processes in our samples.

Fig. 2 shows the FTIR spectra of GO, HRGO, and GR-
GOs prepared at different doses. GO shows a strong and
broadband at approximately 3350 cm™', which is attributed to
the O—H stretching vibrations of water and C—-OH groups.
Strong bands at 1735 and 1620 cm™ respectively correspond
to the stretching vibrations of carbonyl (C=0) groups and the
skeletal vibrations of unoxidized graphitic domains (C=C)
[32]. Epoxide (C-O) stretching vibrations are evidenced by
peaks at approximately 1210 and 1030 cm . The band loc-
ated at ~1400 cm™' corresponds to the carboxyl (C-OH)
group [33]. These bands reflect the abundance of water and
oxygen functional groups in graphite during the oxidation
process and are consistent with XRD data. The intensity of
most of the GO bands in the spectrum of GRGO prepared at
20 kGy weakened or decreased, especially those at 3350,
1735, and 1030 cm™'. The decreased intensity of these oxy-
gen-containing groups reflects the deoxygenation of GO dur-
ing y-ray irradiation [34]. The band located at 1200 cm™' is
the only peak that exhibits increased intensity after irradi-
ation, which is attributed to the reconstruction of some oxy-
gen functional groups. The band at 2950-2850 cm ' is attrib-
uted to stretching vibrations of C—H groups, thereby indicat-
ing that some alkyl groups could attach to the graphene
sheets under y-ray irradiation [25]. The residual intensities of
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the bands of oxygen-containing functionalities indicate that
the GRGO sample prepared at 20 kGy retains oxygen spe-
cies; in other words, the sample is only partially reduced.
This result is consistent with the XRD data. The elimination
of GO bands from the spectra of GRGOs prepared at 40 and
80 kGy and HRGO reflects the removal of residual oxygen
functional groups and efficient reduction of GO by y-ray irra-
diation and hydrazine [34]. The red-shifting of the C=C band
to ~1560 cm™' indicates the reconstruction of aromatic skel-
etons [25].
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Fig. 2. FTIR spectra of GO, HRGO, and GRGOs prepared at
different absorbed doses.
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3.3. Raman spectroscopic analysis

Raman spectroscopy, a non-destructive tool widely used
to study carbon-related materials, was employed in the
present research to confirm the reduction of the samples and
assess structural changes in graphite and GO during oxida-
tion and reduction. The Raman spectra of graphite, GO, GR-
GOs, and HRGO are presented in Fig. 3. The spectra of the
bulk graphite display two strong bands at ~1578 and ~1350
cm'. The first peak is called the G band corresponds to a
doubly degenerate E,, mode at the zone center. The second
peak is called the D band and generally Raman inactive for
pristine graphene; the detection of this peak indicates broken
symmetry at edges or defective samples [35-36]. The D and
G bands of GO, GRGOs, and HRGO show changes similar
to those observed in the transition of graphite to amorphous
carbon [37]. Higher disorder in graphite has been reported
lead to the broadening of G and D bands and increased D
band intensity [37]. This finding and our observation of nar-
rower D and G bands in the Raman spectra of the GRGOs re-
veal that our samples have a more regular structure than
HRGO [31]. The shortening and broadening of the G and D
bands of GO, GRGOs, and HRGO with increasing D band
intensity indicates the higher defect level of these samples
compared with that of graphite. The G band position of GO,
GRGOs, and HRGO is ~2-8 cm™" higher than that of bulk
graphite because of chemical doping [35]. The red-shifting of
the D band to ~1340 cm™' confirms the successful reduction

of the GRGO and HRGO samples [22]. Changes in the D and
G band intensities of GO under different reduction condi-
tions reveal changes in the degree of conjugation and func-
tionalization in the obtained GRGOs and HRGO [31]. The
ratio of the intensities of the D and G bands (/p/Is) of the
graphitic materials is often used as an indicator of their de-
gree of structural defects and disorders or graphitic quality.
According to the Tuinstra—Koenig relation [38], I/l in-
creases with increasing disorder at a fixed wavelength. The
I/I; of graphite increased from 0.38 to 1.02 in GO because
of the presence of oxygen groups on the basal planes or edges
of graphene sheets [39]. As shown in Fig. 4, the I/I; ratios of
the GRGOs and HRGO are consistently higher than that of
GO due to the decrease in average size of sp> domains upon
reduction of GO [40]. These results confirm the restoration of
the sp’-hybridized carbon network of GO through y-ray irra-
diation and chemical reduction [41].
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Fig. 3. Raman spectra of graphite, GO, HRGO, and GRGOs
prepared at different absorbed doses.
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Fig. 4. Ip/I; ratios of GO (0 kGy), GRGOs, and HRGO.

The I/l ratio generally increased with increasing ab-
sorbed dose, which means radiation reduction alters the GO
structure to generate massive defects. Such behavior indic-
ates that the reduction degree (or the recovery of sp’ do-
mains) of GRGOs increases with increasing radiation ab-
sorbed dose. This result is consistent with the XRD findings.
The higher I/l ratios of GRGOs compared with that of
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HRGO may be explained by the extensive formation of new
smaller sp>-hybridized domains by y-ray irradiation in the lat-
ter [42].

3.4. Thermogravimetric analysis

TGA is an effective tool to study the thermal stability of
different samples and confirm the occurrence of reduction.
Fig. 5 shows the TGA curves of GO, HRGO, and GRGOs
prepared at different absorbed doses. The TGA curve of GO
shows four distinct weight-loss segments. The first occurs
from ambient temperature to ~150°C (20%) and is attributed
to the loss of loosely bound or adsorbed water and gas mo-
lecules. The second weight loss segment occurs at
150-260°C (~23%) and is caused by the decomposition of
labile oxygen groups, such as carboxylic, anhydride, or lac-
tone groups. The third weight loss segment occurs at
250-560°C (~20%) and is attributed to the presence of more
thermally-stable oxygen functionalities. Finally, the fourth
weight-loss segment occurs at 600—700°C and is due to the
bulk pyrolysis of the carbon skeleton [43]. The TGA curves
of the GRGOs reveal more gradual weight losses in the first
three segments with increasing irradiation dose, which indic-
ates that the reduction degree of these samples increases with
increasing y-ray dose. Moreover, the RRGOs prepared at 40
and 80 kGy are more thermally-stable than CRGO at these
temperature ranges, thereby indicating more effective remov-
al of thermally-labile oxygen species by y-ray irradiation re-
duction compared with chemical reduction [41,44]; this res-
ult is highly similar to previous reports [45]. The higher re-
sidual weight of HRGO compared with those of the GRGO
samples at temperatures above 560°C indicates its higher re-
duction degree. Taken together, the TGA results are consist-
ent with the XRD and Raman results.
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Fig. 5. TGA curves of GO, HRGO, and GRGO samples pre-
pared at different absorbed doses.

3.5. Electrical conductivity

Fig. 6 shows the current-voltage (/~V) characteristics
curves of graphite, GO, HRGO, and GRGO powders with the
corresponding fitting lines. The graphite shows a strong linear
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[~V dependency. A drastic drop in / of GO indicated its insu-
lating nature compared with the graphite, and the current re-
stored greatly in GRGOs and HRGO approaching to that of
the pristine graphite. Fig. 7 illustrates the calculated 3D bulk
electrical conductivities (o) of the GRGO powders in com-
parison with that of HRGO.
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Fig. 6. -V characteristics of graphite, GO, HRGO, and GR-
GOs prepared at different irradiation doses.
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Fig. 7. Electrical conductivities of GO (0 kGy), GRGOs, and
HRGO.

The poor conductivity of GO (5.04 x 10° S'‘m™") com-
pared with that of graphite (~0.97 S'm ™) is strongly correl-
ated with the presence of sp>-hybridized carbons, which rep-
resent transport barriers and lead to the absence or disturb-
ance of percolating pathways among sp” carbon clusters, in
the sample. The electrical conductivity of the GRGO
powders improved with the y-ray dose. The increased con-
ductivity of GRGOs compared with that of GO may be at-
tributed to the restoration of conjugated sp*-hybridized car-
bons during the reduction process; moreover, the observed
increase in conductivity with increasing irradiation dose is
consistent with previous results [46]. The electrical conduct-
ivity of GRGO prepared at 80 kGy (0.170 S-m™") is higher
than that prepared at 40 kGy (0.160 S-m™") because of differ-
ences in their reduction degrees, as described earlier. The
higher conductivity of HRGO (0.192 S‘m™") compared with
that of GRGO may be attributed to the lower d-spacing of the
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former, as confirmed previously by XRD, and the high de-
fect level of the GRGOs, as deduced from the Raman spectra.
Defects act as scattering sites and limit charge transport by
limiting the electron mean free path and decreasing conduct-
ivity [47]. High defect ratios of the GRGO and HRGO
powders lead to lower conductivities compared with that of
pristine graphite, which is consistent with previous studies
[48-51]

3.6. Brunauer—-Emmett—Teller surface area analysis

Brunauer-Emmett—Teller (BET) surface area analysis was
conducted to estimate the specific surface areas of HRGO
and GRGO prepared at 80 kGy.

Fig. 8 shows the typical N, adsorption—desorption iso-
therms of GRGO and HRGO samples. The adsorption curves
clearly show type-1V isotherms, thus confirming the meso-
porous nature of both samples. The BET specific surface
areas of GRGO and HRGO were calculated to be 382.2 and
306.3 m*g !, respectively. The larger surface area of GRGO
in comparison with that of HRGO may be attributed to the
use of irradiation reduction as a mild method that restrains the
aggregation of GRGO with more regular structure sheets
than HRGO as confirmed by Raman results [22]. The BET
surface areas of GRGO and HRGO are lower than the theor-
etical limit of graphene (2630 m*-g ). This finding indicates
that both samples are incompletely exfoliated and retain
some stacked graphitic layers [52-53].
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Fig. 8. N, adsorption and desorption isotherms of HRGO and

GRGO prepared at 80 kGy.

The pore size distribution curves of GRGO and HRGO are
derived from the corresponding desorption branches via the
Barret-Joyner—Halenda method and shown in Fig. 9. The
samples show similar pore size distributions and mesopores.
The predominant pore diameter of GRGO, at 3.71 nm, is
similar to that of HRGO (3.70 nm).

3.7. Comparison of the electrochemical behaviors of
GRGO and HRGO

Because of its low cost, wet-chemical properties, scalable
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Fig. 9. Pore size distributions of HRGO and GRGO pre-
pared at 80 kGy.

production, and high-density active defect sites, RGO is
commonly used as an active material in conventional super-
capacitors and micro-supercapacitor construction [54]. In this
section, the electrochemical behaviors of GRGO and HRGO
are compared to assess their performance as supercapacitor
materials.

According to the FTIR, XRD, and TGA results, among
GRGOs samples, that obtained at 80 kGy has the highest re-
duction degree and thermal stability; thus, this sample was
selected for further electrochemical studies in comparison
with HRGO. The electrochemical performances and capacit-
ive behaviors of HRGO and GRGO prepared at 80 kGy were
analyzed using cyclic voltammetry (CV) in 1 mol of KOH
over the potential range of 0.6—1.4 V versus Ag/AgCL

Figs. 10 and 11 respectively show the CV curves of
HRGO and GRGO at different scan rates of 100-500 mV-s .
The CV curves of HRGO exhibit approximately the same
rectangular shape at various scan rates, indicating a charac-
teristic electrical double-layer capacitance (EDLC) behavior.
By contrast, the CV curves of GRGO show deviations from a
rectangular shape, indicating pseudocapacitive characterist-
ics. This behavior may be attributed to the higher ratio of re-
sidual oxygen groups (i.e., lower reduction degree) in GRGO
compared with that in HRGO, as deduced from the XRD and
TGA results [55]. Besides improving the surface efficiency of
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Fig.10. CYV curves of HRGO sample at different scan rates.
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graphene during electrochemical cycling, oxygen functional
groups also confer the material with a high pseudocapacit-
ance [55-56].
80
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Fig. 11. CV curves of GRGO sample prepared at 80 kGy at

different scan rates.

The specific capacitance of the two electrodes was calcu-
lated from the CV curves according to the general equation
described in a previous report [57].

Plots of the calculated specific capacitance versus scan
rate of GRGO and HRGO are provided in Fig. 12. The spe-
cific capacitance of GRGO is nearly three times higher than
that of HRGO. The capacitance performance of carbon ma-
terials is strongly dependent on their specific surface area and
pore size [58]. The structural defects and surface chemistry
(i.e., nature and amount of oxygen groups) of carbon materi-
als are known to improve their capacitive performance. De-
fects, heteroatom doping, and residual oxygen vary the elec-
tro-neutrality of graphene and allow ions and electrolytes fa-
cile access to the electrode, thereby resulting in increased
pseudocapacitance, high charge storage capacity, and fast
charge—discharge rates [59-64].
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Fig. 12.  Specific capacitance versus scan rate plots of HRGO
and GRGO prepared at 80 kGy.

The enhanced specific capacitance of GRGO compared
with that of HRGO could be explained by the combined ef-
fects of increased surface area, residual oxygen functionalit-
ies, and a high defective level, as confirmed by the XRD, Ra-
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man spectroscopy, and BET specific surface area results [65].
The decrease in specific capacitance of GRGO and HRGO
with increasing scan rate could be attributed to the limited
ionic penetration of electrolyte ions in the pores of the elec-
trode surface.

4. Conclusion

XRD, FTIR, Raman spectroscopy, and TGA confirmed
the removal of most oxygen functional groups and the suc-
cessful formation of HRGO and GRGOs without deoxygen-
ation. Raman spectroscopy also revealed that irradiation re-
duction alters the structure of GO and confers it with massive
defects, interpreted by the extensive formation of new smal-
ler sp’-hybridized domains compared with those obtained
through chemical reduction. The calculated BET-specific
surface area of GRGO prepared at 80 kGy was larger than
that of HRGO because irradiation restrains GRGO aggrega-
tion. Because of its lower defect level, HRGO showed a
higher calculated electrical conductivity compared with the
GRGOs. Although defects lowered the electrical conductiv-
ity of GRGOs, they also improved the electrochemical per-
formance of the material compared with HRGO. The CV
curves of GRGO prepared at 80 kGy exhibited a pseudoca-
pacitive behavior compared with the EDLC performance of
HRGO. The maximum specific capacitance of GRGO pre-
pared at 80 kGy was ~174 F-g”', which is higher than that of
HRGO (~58 F-g ') at the same scan rate. The enhanced spe-
cific capacitance of GRGO prepared at 80 kGy was mainly
due to its higher defect level and surface area than HRGO.
Moreover, y-ray reduction showed excellent efficiency for
removing thermally-labile oxygen species, thereby enhan-
cing the thermal stability of GRGOs compared with HRGO
over a definite temperature range. The above results high-
light the potential applications of GRGOs in devices such as
supercapacitors and thermos-resistors.
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