_ Journal of the
Published by R . .
NIGERIAN SOCIETY OF PHYSICAL SCIENCES Nigerian Society
Available online @ https://journalnsps.org.ng/index.php/jnsps o
of Physical

Effects of different electrolytes on the structure and yield of
graphene oxide produced via electrochemical exfoliation
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Abstract

The most suitable electrolyte for graphene oxide synthesis, in terms of both production efficiency and quality, using the electrochemical exfo-
liation technique has been investigated and reported in this study. Simultaneous anodic and cathodic graphene oxide production using ten (10)
different electrolytes, including acids (H,SO,4, HCI, HNO3), bases (KOH, Ca(OH),, Mg(OH),, NaOH), and salts (NaCl, (NH4),SO,, K,SO,),
was studied under the same experimental conditions of bias voltage, graphite nature, exfoliation time, electrolyte molarity, and post-exfoliation
treatments. Assessment of the graphene oxide structures and production rates was supported using Raman spectroscopy, high-resolution scanning
electron microscopy (HRSEM), and EDS (energy dispersive x-ray spectroscopy), attached to the scanning electron microscope. Analysis of the
results obtained reveals that H,SO, showed the highest graphene oxide yield (86%) but with comparably low graphene oxide quality in terms of
defect concentration, presence of oxygen functional group contamination, and crystallite properties. The aqueous NaCl, Ca(OH), and Mg(OH),
electrolytes did not show any graphene oxide exfoliation effect. However, from the series of electrolytes examined, aqueous (NH4),SO4 exhibited
an excellent combination of efficient graphene oxide yield and high-quality characteristics due to its relatively high yield of 74% and superior
quality of the produced graphene oxide with the comparatively lowest defect density, 1p, and highest C/O (carbon-to-oxygen) ratio. The tortuous,
agglomerated, and planar layers of the distinct 2D graphene oxide sheets were also clearly revealed by the SEM images. In essence, the roles
played by dissociated sulfate (SO,27), nitrate (NO327), chlorides (Cl7), and hydroxides (OH~) ions in the series of complex electrochemical reac-
tions toward the intercalation, exfoliation, yield, and properties of graphene oxide produced are discussed. From the series of electrolytes tested,
aqueous (NH4),SO, emerged as the most relatively suitable electrolyte for the synthesis of graphene oxide because it combines both high yield
and fine quality.
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1. Introduction structure stacked in monolayers of carbon atoms [1]. It has ex-
ceptional mechanical [2], electrical/electronic [3], optical [4],
and thermal [5] properties that give it vast opportunities (both
as a free building block or additive) as an outstanding candi-
date for the next generation of state-of-the-art technologies in
various areas, including medical [6], energy storage [7, 8], sen-

Graphene is a recent and famous nanomaterial of carbon
origin with a two-dimensional hexagonal (honeycomb) lattice
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sors, e.g., microelectromechanical systems (MEMS) [9], civil
construction [10], etc.

However, one of the current challenges with the execution
of its benefits in end-use applications is related to the diffi-
culty of its mass production. In essence, due to the relevance
of graphene-containing materials to future technological revo-
lutions in various fields, the growing need to improve on the
current state of its production has been on the rise in recent
years, and attempts to overcome the challenges aimed at devis-
ing a cost-effective approach for the synthesis of high-quality
graphene capable of high yield have been a subject of discus-
sion over time [11, 12]. Among the various protocols through
which graphene can be synthesized, the electrochemical exfoli-
ation method has been identified as capable of mass production
[13].

The mechanism behind the electrochemical exfoliation of
graphite for graphene synthesis depends on the effective inter-
calation of the electrolyte ions in between the tiny interlayers
and the ensuing gas-inflated scaling off of the flakes [14]. The
electrolyte ions preferentially bombard the hybridized carbon
atoms at the edge sites and grain boundaries to intrude between
and weaken the lattice sequence, creating room for the gas-
enabled exfoliation of the graphite sheets for further treatments
into graphene [15]. Hence, while the radical and ionic species
intercalate the graphite electrodes through the edge sites and
grain boundary, the gaseous species promote volume expansion
that leads to flaking. For systems where the cathode and an-
ode are both graphite, intercalation and exfoliation may occur
simultaneously at both electrodes [16].

Studies have shown that the rate of shearing is faster at the
anode than at the cathode due to the role played by the anions as
well as oxygen-based free radicals [17]. While the anodic pro-
cess involves a fast, high yield, and highly crystalline graphene
product with mono- to few-layer structure, cathodic exfoliation
is associated with drawbacks such as: i) an extremely low and
slow exfoliation yield. ii) small lateral sizes of the flake; and
iii) post-treatment of the flake requires a longer sonication time
in order to ensure complete exfoliation [18]. As a result of this,
some studies are based only on the anodic exfoliation process
[11]. However, a system consisting of both cathodic and anodic
processes may retain a higher overall yield over the sole anodic
exfoliation approach. Moreover, intercalation and exfoliation
yield efficiency also depend on factors like the redox poten-
tial and activities of the free radicals or ionic species present
[14, 19, 20].

The high yield associated with the use of aqueous H,SO4
as an electrolyte in the electrochemical exfoliation of graphene
has been revealed and identified as instrumental to the mass
production of graphene [21, 22]. However, the drawback of the
use of sulfuric acid (H,SO4) comes from the associated high
O/C (oxygen to carbon) ratio and low structural quality of the
graphene [23], and the use of sulfate salts in lieu of the acid
has been studied by researchers with different outcomes [24].
Likewise, halide electrolytes were recently proposed as a way
out of the high oxygen contamination, but intercalation by the
halide ions resulted in a very low yield [25].

Current developments have also devised a means to reduce

the high O/C ratio generated by the oxygen functional group
released from the sulfate radical (SO4™) by the addition of ad-
ditives, but the resulting structure of the produced graphene
needs to be further investigated [14, 26, 27]. Consequently, no
single method is currently available that could simultaneously
produce a high yield of graphene oxide with good quality and
at a low cost [25]. In a bid to optimize the electrochemical ex-
foliation process of graphene oxide production, various studies
have erupted with the use of different electrolytes, with various
levels of success [24]. But these were achieved under differ-
ent experimental conditions that make an effective comparison
of the yield and structure of the produced graphene oxide less
accurate.

Some of these inconsistent experimental conditions include:
exfoliation time, applied voltage, nature of graphite electrodes
employed (i.e., foil, sheet, rod, HOPG-highly oriented pyrolytic
graphite, etc.), sonication time, volume of graphite electrode
immersed in the electrolyte, molarity, etc. [28-30]. This may
have led to conflicting reports over the years. In spite of the
achievements so far recorded, recommendations on the finest
combination of electrolytes and synthetic parameters for an ef-
ficient rate of production, a good graphene oxide finish, and
process walkability are still missing. Yet, the need to converge
the available progress in order to work out a definite selection
of the relatively most suitable electrolyte that could combine
cost effectiveness with efficient yield and structural stability is
hampered by the different experimental conditions in which the
various studies have so far been carried out.

Apparently, no accurate convergence of the currently avail-
able information can be made without a panoramic investiga-
tion that could subject the series of electrolytes to the same ex-
perimental conditions for a prolific correlation of their strengths
and weaknesses towards a reasonable recommendation of the
most suitable electrolyte capable of optimum capacity that
could combine effective cost with competent yield and the fine
quality of the produced graphene oxide.

This study investigated the productive capacity and struc-
ture of electrochemically exfoliated graphene oxide using
different electrolytes, including nitric acid (HNO;), sulfuric
acid (H,SOy), hydrochloric acid (HCI), potassium hydroxide
(KOH), calcium hydroxide (Ca(OH);), magnesium hydrox-
ide (Mg(OH),), sodium hydroxide (NaOH), sodium chloride
(NaCl), ammonium sulfate (NH4)>SO4), and potassium sul-
fate K,SOy4. Structure, morphology, and defect characteriza-
tion of the graphene oxide synthesized from the different elec-
trolytes were determined using Raman spectroscopy, a high-
resolution scanning electron microscope (HR-SEM), and EDS
(energy dispersive x-ray spectroscopy) attached to the scanning
electron microscope. The roles of the associated oxide and
non-oxide radicals and ionic species towards the intercalation
and exfoliation of the produced graphene oxide were evaluated
with a view to assessing their influence on both yield efficiency
and the overall graphene oxide structure. These were corrobo-
rated with the analysis of the morphology and chemical compo-
sition of the synthesized graphene oxides. The study provides
a wider scope of evaluation made up of a selection of ten elec-
trolytes subjected to the same graphene oxide synthesis method
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and uniform experimental conditions in order to ensure effi-
cient optimization of the electrolyte-selection process towards
the finest combination of both yield and quality of the produced
graphene oxide. Therefore, the series of synthesises were sub-
jected to the same experimental conditions of exfoliation time
(100 minutes), applied voltage (12 V), nature of graphite elec-
trodes employed (graphite rod), sonication time (120 minutes),
and molarity (0.2 M). In order to maximize the graphene ox-
ide flake yield, the anodic/cathodic exfoliation route has been
adopted, using graphite as both the anode and the cathode elec-
trodes, and the yield of graphene oxide is examined from the
mass of delaminated flakes at the cathode and anode. The pref-
erential roles played by the dissociated sulfate (SO427), nitrate
(NO327), chlorides (C17), and hydroxides (OH"~) ions; the oxy-
gen radicals (HO™, SO42~ and NO,"); associated gases; as well
as the non-oxide radicals (NH3, NH,, and NH) in the aque-
ous electrolyte solutions towards the intercalation, exfoliation,
yield, and properties of graphene oxide produced were investi-
gated and presented.

2. Experiment and Method

Graphite rods that were collected from waste lithium ion
batteries were used as both the anode and cathode in the electro-
chemical set-up. Aqueous solutions of the bases and salt elec-
trolytes were prepared in a beaker by dissolving the weighted
solute in distilled water and making up the solution to the mark
in a volumetric flask via the addition of distilled water to obtain
the desired concentration of 0.2 M. For the acid electrolytes, the
calculated volume of stock solution is measured using a mea-
suring cylinder before being transferred into a volumetric flask
containing an amount of distilled water and being made up to
the desired concentration of 0.2 M by the addition of more dis-
tilled water. The graphite rods were thoroughly cleaned with
distilled water and air-dried before taking their initial dimen-
sions and weight. The electrochemical set-up is made using a
jumper cable connected to a DC supply, a 250-ml beaker, and
an alligator clip in the presence of individual electrolytes and
the graphite electrodes.

A potential difference of 12 V is simultaneously applied to
each set-up for 100 minutes to achieve the electrochemical de-
lamination of the flake before the post-exfoliation treatments.
Meanwhile, the experimental conditions were kept constant,
and only the electrolytes were different. For the electrolytes that
showed exfoliation effects, the delaminated flake could be seen
moving randomly within the solution, while the electrolytes
with no visible exfoliation effects remained still throughout the
exfoliation time.

Afterwards, the flake-electrolyte mixture is transferred to a
20-ml tube for separation using a centrifuge machine (Model
800D: 6 x 20-ml holes). Washing with acetone and collection
in the designated sample bottles are also done before drying
in the laboratory oven at 50 °C. The dried flake is then sub-
jected to the post-exfoliation treatments by dissolution in a so-
lution of distilled water combined with acetone in the ratio 4:1
and sonication for 2 hours in an ultrasonic bath holding deion-
ized water (Sororex Super RK 514 BH, Bandelin). The mix-

ture is then dried using a hot, air-circulating laboratory oven
at 100 °C for 2 hours. The characterization of the produced
materials is buttressed using a high-resolution scanning elec-
tron microscope, HR-SEM (Philips XL.30 FEG, USA), Raman
spectroscopy (HR Raman Spectroscope HR800, Horiba Jobin
Yvon GmbH) and energy dispersive x-ray spectroscopy (EDS)
attached to the scanning electron microscope.

3. Results and Discussion

3.1. The role of electrolytes’ ionic species towards the
graphene oxide yield

Among the various aqueous solutions of acid, base, and
salt electrolytes investigated, the sulfate electrolytes showed the
best graphene oxide exfoliation yield, with H,SO,4 exhibiting
the highest yield (86%), followed by (NH4),SO4 and K,;SOy4
with 74% yield each, before the other electrolytes. The tested
sulfate electrolytes are aqueous forms of HySOy4, (NH4),SOy,
and K, SOy, but it is the aqueous (NHy4),SOy4 electrolyte that dis-
played the finest quality of the graphene oxide produced among
all the tested electrolytes (in terms of crystallite structure, de-
fect concentration, and inter-defect distance).

The mechanism for graphene oxide delamination during the
electrochemical exfoliation involves intercalation (which re-
sults in soaking and expansion of the layered structure of the
graphite), oxidation (for the anodic exfoliation), reduction (for
the cathodic exfoliation), gaseous emission, and subsequent ex-
foliation [31]. The higher intercalation efficiency shown by
the sulfate-containing electrolytes has been linked to the larger
ionic size of the SO4%~ ion (0.46 nm) than the interlayer dis-
tance between stacked graphite sheets (0.34 nm) that helps pro-
pel initial expansion [32]. In addition, the higher oxidation po-
tential of the sulfate radical (SO, = +2.6 V) that is triggered
by the water-to-graphite interface over the applied voltage may
have assisted the intercalation process. Similarly, the oxida-
tion potential of the hydroxyl radical HO is +2.8 V [1]. The
combined strength of the oxidation potentials of the HO and
SOy radicals generates a high propensity for electron loss and
oxidation that attack the graphite anode at the grain boundary
or edges, and this is crucial to the intercalation of the graphite
d-spacing [33-35]. Consequently, large streams of gas bub-
bles such as SO,, H,, CO,, CO, and O, were generated at
the anode/cathode -electrolyte interface by the sophisticated
electrochemical reactions that exerted pressure in-between the
graphite layers to propel exfoliation of the graphene oxide
sheets [36].

Information about the detection and flow rate of these gases
has been reported in a different study [37]. As the exfoliation
proceeds, the generated gas bubbles can be visibly observed
at the electrode-electrolyte interface, and the evolution of the
gases causes a noticeable reduction in the volume of the elec-
trolyte in accordance with the law of conservation of mass.
Also, the dispersion of the delaminated graphene oxide sheets
in the electrolyte is perceived by the random movement of the
exfoliated particles in the solution. While attack by the oxygen-
containing radicals could be beneficial to intercalation and in-
variably graphene oxide yield, the synthesized products were
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contaminated by the allied oxygen functional groups, and this
affected the ensuing quality of the graphene oxide [27]. How-
ever, the problem of high O/C ratios associated with sulfate-
ion-containing electrolytes has been contained by the use of ad-
ditives and anti-oxidation agents, as revealed in recent publica-
tions [14, 26, 27]. Moreover, a thermal post-exfoliation treat-
ment could be employed to decompose the oxygen functional
groups in order to release the corresponding oxygen gases for
better graphene quality.

Similar to the sulfate electrolytes, the aqueous nitric acid
HNOj; showed a yield of 70%, which could be attributed to
the activities of the generated nitrogen dioxide radical, NO;,
that aided the anodic intercalation process while the associated
gases (NO,, Hp, CO,, CO, and O,) enabled the delamination
of the graphene oxide flake. Also, the NO radical has been re-
ported to produce O functional groups that equally affect the
quality of graphene oxide [24].

Furthermore, by assessing the suitability of aqueous solu-
tions of some common bases (KOH, Ca(OH),, Mg(OH),, and
NaOH) as electrolytes for the simultaneous anodic and cathodic
exfoliation of graphene oxide from the graphite rods, it is ob-
served that only KOH and NaOH show exfoliation effects with
approximately 25% yield each, while Ca(OH), and Mg(OH),
showed no exfoliation effect at the electrodes. It is also ob-
served that no gas bubbles were generated within the set-ups
containing the aqueous Ca(OH), and Mg(OH), electrolytes, as
they remained still throughout the exfoliation time. The behav-
ior of these strong and weak bases could be described by their
tendencies to ionize in water.

Both KOH and NaOH are strong bases that ionize com-
pletely in water to completely disengage their ions in the so-
lution for the electrochemical reactions, while Ca(OH), and
Mg(OH), are weak bases that are made up of a large number
of base molecules that remain undissociated. The uniformly
adopted molarity of 0.2 M for the series of tested electrolytes
may also be too low to propel dissociation of the Ca(OH), and
Mg(OH), solutions for any possible exfoliation effect. There-
fore, it is the OH™ ions of the strong base that get dissociated for
the intercalation and exfoliation of the graphite flakes. Hence,
both KOH and NaOH show a 25% exfoliation yield, while the
weak bases (i.e., Ca(OH), and Mg(OH),) show no traces of in-
tercalation or exfoliation of the graphite electrodes. As much as
the weak bases may be ruled out for electrochemical exfoliation
of graphene oxide purposes, the strong bases may not be better
off due to their relatively low exfoliation yield tendencies.

For the halide electrolytes examined (i.e. HCl and NaCl),
a 40% exfoliation yield was noticed for the dilute HCI solu-
tion, while NaCl showed no exfoliation effect. Halide salt elec-
trolytes (including NaCl) have been recently linked with the
anodic exfoliated production of single- to few-layer graphene
oxide with a lower O/C ratio than that obtained from frequently
used electrolytes like H,SO4 [25]. However, the ease with
which the aqueous halide salts yielded the graphene oxide flake
using a graphite foil electrode in the study by Munuera (2017)
may be distinctly different from the situation with a graphite
rod electrode (this work) that is ab initio produced by the com-
pression of natural graphite under high pressure, as this could

retard the ease with which delamination of the graphene oxide
flakes may occur [25].

Over time, the tendency of halide ions to intercalate or ex-
foliate graphite for graphene oxide synthesis has been greased
with mixed reactions. While some studies reveal that halide salt
electrolytes do not show any exfoliation results [23, 29, 37], a
few others report the capability of halide electrolytes to exfo-
liate graphene oxide [1, 25]. Experimental conditions such as
the nature of the graphite employed, the long exfoliation time,
the use of high voltage bias, etc. may have contributed to the
disparities in the results. In essence, further investigation of
the exfoliation effects of halide electrolytes is still required in
order to explain the contradictions in their reported exfoliation
outcomes.

3.2. Structure and defect concentration of the graphene oxides
produced by the electrolytes

The structure of graphene oxide produced by the different
electrolytes is investigated using Raman spectroscopy, achieved
by the adoption of a uniform excitation laser of 514.5 nm across
all the samples. Raman spectroscopy is a non-destructive vi-
brational technique that is almost indispensable in the study of
macro, micro, or nano carbon materials because it reveals the
bonding, defects, and geometric structure [38, 39]. The Raman
spectra of graphene oxide show characteristic principal bands
denoted as 2D, G, and D bands with significant differences in
their relative intensities and shape profiles (see Figure 1).

The G band is an in-plane mode associated with the sp? hy-
bridized carbon network of the graphene oxide material; the D
band is a resonated ring breathing mode that represents disorder
or defect proportion from the edge-position of the sp?> carbon
rings; and the 2D band is a two-phonon lattice vibrational mode
that represents a second-order overtone of the D band devoid of
associated defects [38]. Over the years, analysis of these bands
has provided useful insights into the structure of graphene ox-
ide materials. Also, there are possibilities of associated Raman
spectra such as the 2D’, D+G, and D’ bands that supply useful
complementary information [40]. For the tested electrolytes,
the D bands were observed at ~1356-1361 cm™!, the G bands
at ~1585-1595 cm™', and the 2D bands are shown at ~2700 -
2717 cm™! as shown in Figure 1. These observations conform
with the literature’s Raman shifts for the respective D, G, and
2D bands of graphitic materials [41—43].

The integrated intensity ratio of the D and G bands (Ap/Ag)
of the Raman spectra is used to investigate the structure of the
synthesized graphene oxide materials via Eqgs. (1)—(4). Evalua-
tion of the lateral crystallite size, L,, is done using Eq. (1) [44],
where A is the laser line wavelength used (5.14.5 nm).

(24 x 107921

a= )]
Ap/AG
A
Loy = 33.6343=2 )
Ag

Figure 2a shows the lateral crystallite size, L,, for the synthe-
sized graphene oxide materials from the different electrolytes.
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Figure 1. Raman spectra of electrochemically exfoliated graphene oxide syn-
thesized using different electrolytes under the same experimental conditions
(NaCl, Ca(OH),, and Mg(OH), show no exfoliation effect)

Accordingly, the electrolytes that did not show any exfoliation
effect (i.e., NaCl, Ca(OH),, and Mg(OH),) were excluded from
the chart. It can be seen from Figure 2a that the graphene ox-
ide synthesized using (NH,4),SOy4 revealed superior structural
stability in terms of the comparatively largest lateral crystal-
lite size, L,. Generally, a small L, size may be attributed
to structural disorder and flaws traceable to: the presence of
edges in the stacking layers of the synthesized graphene oxide;
nonconformity of the graphene oxide layer planarity; and the
presence of amorphous carbon species in sp* hybridized form
[45]. Moreover, in a study by Parvez and his colleagues [29],
the graphene oxide produced using aqueous (NHy4),SO4 equally
showed superior quality among the three electrolytes tested (i.e.
aqueous (NH4),SOy4, K;SO,4 and Na;SO,4). Besides, Larouch
and Stansfield reported that a parameter called the average con-
tinuous graphene length including tortuosity, L., is a better
measure for the investigation of the nanostructure in graphitic
carbons than the lateral crystallite size, L, [46]. Therefore, the
continuous graphene length, including tortuosity, L.,, of the
synthesized samples is determined by the product of tortuos-
ity ratio (Ry,, = 2A>p/A¢) and L,, and can be calculated as
presented in Eq. (2).

Figure 2b reports the average continuous graphene length,
including tortuosity, L.,, of the synthesized samples. It has
also been reported that a higher L., is proportional to a higher
crystalline quality. The synergy between L, and L., is such
that: L., > L, is an indication of the presence of curved and
lengthy layers (tortuosity), and the small planar units can be
well connected within the structure; and L., = L, indicates that
the graphene layers are short and planar. Among the graphene
oxide materials synthesized using the various electrolytes, the
presence of tortuosity in the graphene oxide synthesized by the
aqueous (NH4),SOy4 could be clearly deduced, as supported by

Figures 2a and 2b. Also, the samples synthesized from the
other tested electrolytes show various levels of the presence of
small and planar graphene layers (samples synthesized using
HNOj;, K,;SO4, and NaOH) to the absence of tortuosity (for
samples synthesized using H,SO,4, HCl, and KOH). The effi-
ciency of aqueous (NH4),SOy electrolyte for the mass produc-
tion of high-quality graphene could, therefore, be possible con-
sidering its recorded promising yield (74%). Consequently, the
larger lateral crystallite size as well as the presence of tortuosity
in the graphene oxide synthesized using an aqueous (NHy4),SOy4
electrolyte are promising for exceptional electrical, optical, and
mechanical properties [47]. Furthermore, the superior struc-
tural qualities displayed by the graphene oxide synthesized us-
ing aqueous (NHy4),SOy4 can be attributed to the nitrogen dop-
ing tendency of the electrolyte. Hetero or monoatomic dop-
ing of graphene oxide may simultaneously occur during elec-
trochemical exfoliation of graphite. Using aqueous (NH4),SO4
as the electrolyte, the electrochemical exfoliation process in a
series of complex reactions generated a series of nitrogen-based
radicals such as NH3, NH, and NH that reacted with the pro-
duced flake to form N-doped graphene oxide [24]. Meanwhile,
N-doped graphene oxide exhibits a more excellent electrocat-
alytic tendency towards oxygen reduction that helps modulate
the structure of the materials, besides other fascinating features
like better catalytic properties, improved conductivity, higher
photoelectrochemical characteristics, etc. [48, 49].

The presence of defects is considered detrimental to useful
intrinsic properties in graphene and graphene-based materials
[50]. Structural flaws in the synthesized graphene oxide ma-
terials are further inferred by the defect density, np and inter-
defect distance using Egs. (3) and (4), respectively, in line with
the submission of Cancado et al. [40].

24x10% (Ap
Mp = —U‘i (A_G)’ 3)
Lp= \/(1.8 X 10—9)7;1(@). 4)
Ap

Structural defects in graphene oxide are created during the elec-
trochemical exfoliation process by chemical functionalization
through the inherent functional groups [51]. The concentra-
tion of the defect density and the inter-defect distance of the
graphene oxide produced by the selected series of electrolytes
are presented in Figures 2c and 2d, respectively. Among the
tested samples, the results reveal that the graphene oxide syn-
thesized using an aqueous solution of H,SO, has compara-
tively the poorest defect structure by showing the relatively
highest defect density, np, of 5.2 x 10"'cm™ (see Figure 2c)
and the lowest inter-defect distance, Lp, of 9.1 nm (see Fig-
ure 2d). Note that the value of the worst-case defect density,
np, shown by the graphene oxide produced using the aque-
ous H,SOy4 (in this work) is however better than that shown
by a totally disordered graphene with 1 value of ~x 10 cm™
[19]. On the other hand, the finest defect structure is displayed
by the graphene oxide produced using the aqueous solution of
(NH4),SO4 with the combination of the relatively lowest and
highest defect density and inter-defect distance, respectively.
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Figure 2. Analysis of the structure and defects of the graphene oxide produced by the different electrolytes: a) Analysis of the lateral crystallite size, L,; b) Analysis
of the average continuous graphene length including totuosity, L,: ¢) Analysis of the defect density, np d) Analysis of the inter-defect distance, Lp

3.3. Morphology and chemical composition of the produced
graphene oxides

A high-resolution scanning electron microscope (HR-SEM)
was used to study the morphology of the synthesized graphene
oxides. SEM images of the graphene oxides generally indicate
a layered structure, where the edges of the layers look crumpled
or folded. The morphology of graphene oxide varies slightly
with the electrolytes employed in the electrochemical exfolia-
tion process, and this may be attributed to the varying degrees
of oxidation and C/O ratios. The morphology equally shows the
presence of wrinkles and folds in the graphene sheets (see Fig-
ure 3a-c). The graphene oxide structure assessed using Raman
spectroscopy as described in Section 3.2 is corroborated from
the SEM images by the irregular folding, wrinkles, planar, and
stretching layers of the sheets. Consequently, the highly tortu-

ous graphene oxide produced using (NH4),SO4, as character-
ized by the average continuous graphene length including tor-
tuosity, L, is supported from the SEM images by the wrinkles
and stretching appearance (see Figure 3a).

Energy dispersive x-ray spectroscopy (EDS) attached to the
high-resolution scanning electron microscope (SEM) was used
to investigate the chemical composition of the graphene oxides
exfoliated by the different electrolytes and presented in Table
1. A very close margin of C/O ratio is observed among the
graphene oxide samples. The graphene oxide samples synthe-
sized using (NH4),SO4 showed the comparatively highest C/O
ratio, while those synthesized using H,SO4 presented the low-
est C/O ratio. Basically, the performance of graphene oxide
is retarded by the oxygen functional group [51]. In essence,
the functional stability of the graphene oxide is propelled by in-
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Wrinkled and rippled
appearance

Figure 3. Figure 3: SEM images of some of the synthesized graphene oxides: a)
SEM image of the graphene oxide synthesized using the aqueous (NH4)>SO4;
b) SEM image of the graphene oxide synthesized using the aqueous HSOy; c)
SEM image of the graphene oxide synthesized using the aqueous HNO3.

Table 1. Structure and chemical composition of the synthesized graphene oxide
materials

Electrolytes  Stacking of the graphene oxide = C/O ratio
I/Trq Number of layer

(NH4),SO4 0.584 1-3 layer 391
H,S04 0.588 1-3 layer 2.62
K,SO4 0.587 1-3 layer 3.55
HNO; 0.587 1-3 layer 3.55
HCl1 0.588 1-3 layer 3.89
NaOH 0.588 1-3 layer 3.89
KOH 0.587 1-3 layer 3.26

creasing the C/O ratio, and a higher C/O ratio could give a better
quality. The relatively high C/O ratio observed in the graphene
oxide produced using the aqueous (NH,4),SO, solution may be
attributed to the dissociation of the ionic species during the
electrochemical reaction that causes nitrogen doping of the ex-
foliated graphene oxide and the evolution or replacement of
some oxygen functionalities. On the other hand, different stud-
ies confirmed the associated high oxygen content in graphene
oxide synthesized using H,SO,4 [27]. The dissociated ionic
species in the aqueous solutions apparently influenced the C/O
ratio in the graphene oxide produced by each of the electrolytes
and subsequently the functional stabilities.

4. Conclusion

The efficiency of different electrolytes for the electrochem-
ical exfoliation of graphene oxide in terms of both yield and
quality from a selected series of aqueous sulfates, nitrates, chlo-
rides, and hydroxides comprising acids, bases, and salts has
been investigated in this study. The tested electrolytes, i.e.,
H,S0,4, HCI, HNO3, KOH, Ca(OH),, Mg(OH),, NaOH, NaCl,

(NH4),S0Oy, and K;SOy, were examined under the same exper-
imental conditions of voltage bias, exfoliation time, sonication
time, molar concentration, etc., for the graphene oxide synthe-
sis and the characterization done using Raman spectroscopy,
high-resolution scanning electron microscopy (HR-SEM), and
energy dispersive x-ray spectroscopy (EDS) attached to the
scanning electron microscope. Among the various aqueous so-
lutions of acids, bases, and salt electrolytes investigated, sulfate
electrolytes showed the best graphene oxide exfoliation yield,
with H,SO,4 exhibiting the highest yield (86%), followed by
(NH4),SOy4, and K;SO4 with 74% yield each, but Ca(OH),,
Mg(OH),, and NaCl showed no exfoliation effect, i.e., without
any graphene oxide yield. Consequently, the graphene oxide
produced using (NH4),SOy displayed the finest structural qual-
ity among all the tested ten (10) electrolytes in terms of struc-
tural stability and level of imperfections or defects. The com-
plex physicochemical changes that led to the very high yield of
the aqueous sulfate electrolytes and the superior quality shown
by the graphene oxide material produced using the (NHy),SO4
is attributed to:

e the combined force of the oxidation potentials of the HO
and SO, radicals that generated a very high propensity
for electron loss and oxidation to intercalate the graphite
electrode at the grain boundaries or edges;

e the large stream of gas bubbles (SO,, H,, CO,, CO, O,)
generated at the electrode -electrolyte interface by the so-
phisticated electrochemical reactions that exerts pressure
in-between the graphite layers to propel delamination of
the graphene oxide sheets;

o the nitrogen doping tendency of the aqueous (NH4),SO4
electrolyte to simultaneously produce N-doped graphene
oxide during the electrochemical exfoliation process with
the help of associated nitrogen-based radicals such as
NHj3, NH; and NH; that facilitates the fascinating prop-
erties exhibited by the N-doped graphene materials in-
cluding low defect concentration and the removal of the
oxygen functional groups, leading to a higher value of the
C/O ratio.

On account of the high yield and exceptional quality in terms of
structural stability and defect level, aqueous (NH4),SO4 may be
preferentially considered for the mass production of graphene
using the electrochemical exfoliation technique.
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