energies

Article

Higher Electrical Conductivity of Functionalized Graphene
Oxide Doped with Silver and Copper (II) Ions

Nelson Gustavo Alves Pereira
Adhimar Flavio Oliveira L*t

check for
updates

Citation: Pereira, N.G.A.; Gonzalez,
M.E.L.; Queiroz, A.A.A.d.; Oliveira,
AF; Tavares Wanderley Neto, E.
Higher Electrical Conductivity of
Functionalized Graphene Oxide
Doped with Silver and Copper (II)
Ions. Energies 2023, 16,7019. https://
doi.org/10.3390/en16207019

Academic Editor: Vladislav A.
Sadykov

Received: 11 September 2023
Revised: 4 October 2023
Accepted: 8 October 2023
Published: 10 October 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Lt + 2,1

, Maria Elena Leyva Gonzaléz Lt(, Alvaro Antonio Alencar de Queiroz y

and Esticio Tavares Wanderley Neto 3

1 Instituto de Fisica e Quimica, Universidade Federal de Itajubd, Av BPS, 1303, Pinheirinho,

Itajuba 37500-903, Brazil; gustavoallves@hotmail.com (N.G.A.P.); mariae@unifei.edu.br (M.E.L.G.)
Instituto de Pesquisas Energéticas e Nucleares (IPEN), University of Sdo Paulo, Cidade Universitdria
Armando de Salles Oliveira, Sao Paulo 05508-000, Brazil; profaaaqueiroz@gmail.com

Instituto de Sistemas Elétricos e Energia, Universidade Federal de Itajubd, Av BPS, 1303, Pinheirinho,
Itajubé 37500-903, Brazil; estacio@unifei.edu.br

*  Correspondence: adhimarflavio@unifei.edu.br

These authors contributed equally to this work.

Abstract: This study presents a new methodology for graphene oxide (GO) synthesis through electro-
chemical exfoliation of graphite, followed by phthalic anhydride functionalization (PhA-GO) and
doping with Cu?* and Ag" ions. The synthesis of GO involved the use of an electrochemical cell
with HpSOy as the electrolyte, with a gradual increase in potential from 2.3 V to 10 V. Extensive
characterization techniques confirmed the successful incorporation of oxygen-containing functional
groups, verifying the oxidation of graphite. PhA-GO functionalization was confirmed by thermogravi-
metric analysis, Differential Scanning Calorimetry, Fourier-transform infrared spectroscopy (FTIR),
UV-Vis spectroscopy, X-ray diffraction, scanning electron microscopy (SEM), and energy-dispersive
spectroscopy (EDX), which confirmed the presence of Cu?>* and Ag™ ions. The Scherrer equation
determined a grain size of 75.85 nm for GO. The electrical properties exhibited semiconductor and
semimetal behavior, particularly in PhA-GO/Ag™ composites, making them suitable for electronic
devices over a wide temperature range, presenting a promising pathway for advanced materials in
electronic applications.

Keywords: graphene oxide; electrochemical exfoliation; functionalization; doping; electric conductivity

1. Introduction

Graphene, the first stable two-dimensional crystal to be isolated [1], possesses excep-
tional properties due to its long conjugated 7t system, confining electrons in two dimensions.
These properties include high electronic mobility, thermal conductivity, and mechanical
resistance, like relativistic particles with zero mass [2,3]. The term “graphene” encompasses
compounds ranging from a single monoatomic sheet to organized stacks of two, three, four,
or even ten graphene sheets [4].

Graphene’s remarkable physicochemical, mechanical, thermal, electrical, and optical
properties render it applicable in diverse fields [5,6]. Its electrical and optical characteristics
make it suitable for optoelectronic devices, electronics, solar cells, and batteries. Particu-
larly in rechargeable batteries, graphene shows great promise as an electrode material for
electrochemical capacitors (ECs). Beyond its diverse applications, another advantage of
graphene lies in its raw material, graphite, which is abundant and cost-effective [7,8].

The current research on obtaining graphene involves extensive procedures, with a
prominent method being the graphite exfoliation process [9]. Graphite exfoliation can be
achieved either chemically or electrochemically [10]. The chemical approach is the most
widely used to disperse graphene from graphite, but it is environmentally complex and
involves three steps [11]. Initially, graphite undergoes chemical oxidation using oxidizing
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agents (KMnO, and KClO3) and intercalating agents (H2SO4, HNO3; and H3POy). This
step introduces oxygen functional groups (alcohols, epoxy, ketone, and carboxylic acid)
into the hexagonal network structure of graphite. In the second step, graphite oxide is
exfoliated into graphene oxide (GO) by increasing the pressure between two-dimensional
graphene sheets. Finally, in the third step, GO is thermally or chemically reduced to form
graphene (r-GO) [12,13]. On the other hand, the electrochemical route simplifies the process,
combining the intercalation and oxidation of graphite and final exfoliation to obtain GO in
a single step, with the second step involving the final reduction of GO to r-GO [14-16].

Electrochemical exfoliation of graphite can be achieved using either the anodic (posi-
tive potential) or cathodic (negative potential) method. During anodic exfoliation, anions
from the electrolyte and hydroxyl anions from water electrolysis reach the positive graphite
electrode and act as intercalants. The diffusion of these intercalant anions through graphite
aids in expanding the graphite layers and enables the attachment of hydroxyl groups to
graphite. The stronger oxidant effect of oxygen produced during anodic water electrolysis
further enhances the functionalization of graphite with epoxy, ketone, and carboxylic acid
groups. Therefore, the electrochemical exfoliation occurs due to the simultaneous presence
of intercalant anions, functional groups linked to the basal graphite plane, and the force
generated by gases released during the water electrolysis process [17].

The GO obtained through electrochemical exfoliation exhibits a low concentration
of oxygen functional groups attached to the basal graphite plane. This hinders the sep-
aration between graphene sheets, thereby challenging the electrochemical exfoliation of
graphite. Additionally, the lower oxidation degree decreases the hydrophilic nature of GO,
consequently reducing its solubility in water and organic solvents. Therefore, employing a
higher concentration of acid electrolyte and a high current density is crucial for achieving
successful electrochemical exfoliation of graphite [18].

Graphene oxide demonstrates improved properties and applications in its reduced
form (r-GO), exhibiting a high theoretical specific surface area and electronic conductivity.
These properties are of utmost importance for utilizing graphene as an electrode material
in the fabrication of electrochemical capacitors (ECs) for rechargeable batteries [19].

However, r-GO tends to exhibit a higher tendency to stack due to Van der Waals
interactions between GO sheets. This stacking impedes the effective utilization of graphene
as a capacitive electrode. To address this issue, several strategies are being explored, such
as incorporating spacers between the sheets using carbon materials, employing intercalated
molecules (functionalized or not), creating crumpled GO paper balls from flat GO sheets,
and introducing pores in graphene sheets [19].

In this study, we have opted to functionalize graphene oxide to achieve a high spe-
cific surface area and electronic conductivity. For this purpose, we have chosen phthalic
anhydride (PhA) as a functionalized intercalated molecule. The condensation reaction
takes place between the anhydride groups of PhA and the hydroxyl groups of GO sheets,
effectively acting as a spacer between the graphene sheets. The free carboxylic group of
PhA, linked to GO, actively participates in the formation of a complex with metal ions,
leading to an increase in electronic conductivity [20]. Previous research has utilized p-
phthalic acid as coverage on the graphite electrode to control the electrochemical exfoliation
process’s speed and prevent thus allowing considerable oxidation of graphite. Additionally,
maleic anhydride (MA) has been employed as a modifier molecule of graphene through a
condensation reaction between the anhydride group of MA and the hydroxyl groups of
GO [21].

The concept of doped graphene refers to graphene linked to a heteroatom, such as
oxygen (O), or other heteroatoms with a similar size and valence electron numbers as
carbon, such as boron (B) and nitrogen (N) [22]. Doped graphene can also be formed
through complexation reactions between functional groups of GO and transition metal ions.
These materials are known as nanocomposites, where metal ions are anchored to GO sheets
through the functional groups acting as ligands for the metal cations. Recent papers show
that the interaction between the negative moieties of graphene oxide and Cu?* and Ag™
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ions can be utilized to improve the electrical properties in the fabrication of electrochemical
electrodes and fibrous strain sensors, respectively [22-24]. In our study, we have achieved
doping of GO by complexing metal ions onto the GO surface [25]. The presence of the
functionalized carboxylic acid group of PhA on GO has contributed to an increased level
of doping.

In this context, we have introduced several key innovations in this work. Firstly, we
have developed a straightforward approach to functionalize GO with phthalic anhydride
(PhA), a critical step that effectively mitigates the stacking tendency of GO sheets. Addition-
ally, we have skillfully orchestrated the coordination of Cu?>* and Ag™ ions, forming charge
transfer complexes between these metallic ions and the carboxylic acid groups of PhA
located on the GO surface. This pioneering methodology not only lays the foundation for
the creation of electrode materials but also holds significant promise for their application
in electrochemical capacitors (ECs) designed for rechargeable batteries. Furthermore, this
study encompasses a comprehensive presentation of physicochemical characterization
results for the materials obtained, alongside a thorough investigation of their electrical
behavior across varying temperature ranges.

2. Materials and Methods

Commercial graphite Faber-Castell 2.0 mm HB OF/9020HB, sulfuric acid (H,SO4)
95-97%, silver nitrate (AgNO3) 99.0%, and copper (II) sulfate pentahydrate (CuSO4-5H,0)
of >98.0% purity was purchased from Sigma-Aldrich (Sdo Paulo, Brazil). Phthalic anhy-
dride, ethyl alcohol anhydrous, >99.5%, N, N, dimethylformamide and benzene, were all
from Sigma Aldrich.

Electrochemical exfoliation was performed using an electrolysis cell, following estab-
lished methods [9,26-28]. The cell consisted of two electrodes, a commercial pure graphite
anode, and a silver cathode plate (10 x 20 mm). The electrodes were immersed in a 0.1 M
sulfuric acid electrolyte solution. Exfoliation was achieved by applying a direct current
voltage of +2.3 V for 5 min, using a Power Supply Mod. FA-3005 1-channel digital, with a
voltage capacity of up to 32 V and a current capacity of up to 5 A (Instrutherm brand). The
voltage was then gradually increased to +3 V for 5 min and further increased up to +10V,
with 5 min at each voltage level. After the gradual exfoliation of graphite, the collected
graphene foam was thoroughly washed with distilled water and filtered under vacuum
at room temperature (25 °C). The foam was subsequently dried in an oven of forced air
circulation at 60 °C for 24 h (Venticell brand).

The chemical functionalization of GO with phthalic anhydride (PhA-GO) was carried
out by adding GO, phthalic anhydride, and benzene in a round bottom flask with a reflux
condenser at a weight ratio of 1:2:9. A 2% wt/wt phosphoric acid catalyst (based on the
weight of PhA) was added, along with glass beads. The system was refluxed at 100 °C for
3 h. After this period, the mixture was allowed to decant, to remove the benzene phase.
Next, ethyl alcohol (in a weight proportion of 10:1 with respect to GO) was added to remove
any remaining benzene, phosphoric acid, and phthalic anhydride that did not functionalize
the GO. The ethyl alcohol dispersion was then magnetically stirred at 450 rpm for 1 h,
followed by filtration to recover the pure PhA-GO. The PhA-GO was dried in an oven at
80 °C for 24 h.

To dope PhA-GO with Cu?* and Ag*, 0.20 g of dry PhA-GO was weighed and added
to separate aqueous solutions of 1 M CuSO, and 1 M AgNOs, respectively. The PhA-GO
dispersions in the metal solutions were subjected to ultrasound bath treatment (42 kHz)
for 24 h at room temperature (25 °C). The organometallic GO was then vacuum filtered,
thoroughly washed with distilled water, and dried at 60 °C for 24 h.

Thermogravimetric analysis (TGA) was employed to characterize the thermal behavior
of GO by assessing its main thermal degradation temperatures and corresponding mass
losses. The analysis was conducted using Shimadzu TGA-50 equipment (Carlsbad, CA,
USA). Each sample weighed approximately 5 mg and was subjected to a temperature range
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of 25-1000 °C at a heating rate of 10 °C/min, under a nitrogen atmosphere with a flow rate
of 30 mL/min.

Differential Scanning Calorimetry (DSC) was performed to evaluate the oxidation
behavior and thermal stability of the GO sample. The DSC analysis was conducted using a
Shimadzu Calorimeter, model DSC 60 Plus, with a hermetically sealed aluminum crucible.
Approximately 4 mg of GO sample was heated from 25 °C to 150 °C, then cooled back
to 25 °C, and further heated to 300 °C at a heating rate of 20 °C/min, under a nitrogen
atmosphere with a flow rate of 25 mL/min.

The functionalization of GO with PhA was characterized using Fourier Transform
Infrared Spectroscopy (FTIR). FTIR analyses were performed with a Shimadzu spectrometer,
model IR Tracer 100, in the region of 600-4000 cm ! and with a resolution of 4 cm ™. The
samples were mixed with carefully dried potassium bromide (KBr) in a 1:100 ratio, ground
in an agate mortar, and compressed to form KBr pellets. The spectra were obtained at room
temperature (25 °C).

To characterize the absorption spectrum of GO in the UV-Vis region, two dispersions
of GO were analyzed. One dispersion of GO was dissolved in an aqueous medium,
while the other was dissolved in dimethylformamide (DMF). The concentrations of GO
in the dispersions were 0.01 mg/mL in distilled water and 0.1 mg/mL in DMEFE. The
UV-Vis spectrum of an aqueous solution of AgNO3 and CuSO,4-5H,0 salts and an aqueous
dispersion of PhA-GO doped with Cu?* and Ag™ were comparatively studied. UV-Vis
spectra of the solutions were obtained using a Varian spectrometer (Cary 50 Bio) in the
wavelength range between 200 and 700 nm. A quartz cuvette with a width of 10 mm was
used for the measurements.

The X-ray spectra of GO deposited on SiO, from the DMF dispersion were obtained
using a Rigaku Japan diffractometer, equipped with CuKa radiation (A = 1.5406 A) and
a graphite monochromator. The diffractograms were collected in the 5.00 to 90.00° angle
(20) range, with a step size of 0.02° and a sweep speed of 5.0 s/step. The grain size L was
calculated using the Scherrer equation [29,30].

For electrical characterization, the samples were compressed into cylindrical shapes,
with 13.0 mm in diameter and 1.0 mm in thickness. The study of electrical resistivity
as a function of temperature was conducted in a cryostat (Oxford brand), which uses a
flow of helium to lower the temperature, while a temperature sensor records the sample’s
temperature. Electrical resistance measurements were recorded using a current source
(Keithley brand-Model 2612). To perform the measurements, the samples were securely
attached to the cryostat’s contacts (gold wires) using conductive glue (composed of a
polymeric base and graphite). The electrical resistance measurements were conducted over
a temperature range from 310 K to 10 K, with a cooling rate of 1 K/min.

To analyze the morphology of GO and PhA-GO doped with Cu?>* and Ag", scanning
electron microscopy (SEM) was employed using a Superscan SSX-550 SEM-EDX equipment
(Superscan SSX-550 SEM-EDX, Shimadzu (New Castle, DE, USA). An electron beam of
15 kV was used, and the equipment was coupled to an energy-dispersive spectroscopy
(EDX) analyzer. The samples were analyzed in powder form, fixed to support using double-
sided carbon tape, and were previously metalized with gold using an IC-50 ion coater
equipment (Shimadzu).

3. Result and Discussion

Figure 1 illustrates the thermal analysis curves, including thermogravimetric (TGA)
and differential thermogravimetric (DTG) analyses. The observed degradation profile
closely resembles that reported in the literature for GO [31]. In the TGA curve (Figure 1),
three distinct stages of mass loss with increasing temperature are evident. Notably, GO
obtained by exfoliating graphite initiates degradation before reaching 100 °C, which can
be attributed to the removal of adsorbed water. The DTG curve exhibits two weight loss
peaks in the second stage of degradation, with peak temperatures (Tm) around 196 °C and
268 °C. This double weight loss (17%) is ascribed to the loss of labile functional groups.
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Subsequently, the third weight loss (58.5%) occurs at Tm near 596 °C and 747 °C, involving
the pyrolysis of unstable carbon linked to oxygen residues within the GO structure [32].
Studies of the thermal decomposition mechanism of GO indicate that functional groups
(hydroxyl and carboxylic acid) are eliminated at lower temperatures, resulting in the release
of Hy and H>O. However, oxygen atoms from epoxy, carbonyl, or oxygen linked to hetero
rings with carbon atoms, formed during the decomposition mechanism, persist in GO and
are subsequently eliminated at higher temperatures in the form of CO and CO, [33].
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Figure 1. Thermogravimetric analysis of GO. For this measurement, a heating rate of 10 °C/min was
used, the mass used = 5.2402 mg, and a nitrogen atmosphere was used.

The substantial presence of functional groups (hydroxyl, carboxylic acid, epoxy, and
carbonyl) observed in the mass loss of the TGA curve provides evidence of a higher
oxidation level in GO obtained via electrochemical exfoliation. This heightened oxidation
level is crucial for the successful exfoliation of graphite into GO.

This result constitutes the first evidence of graphite exfoliation and successful GO
production, as both graphite and graphite oxide exhibit significantly different thermal
degradation profiles from those observed in Figure 1. Graphite remains thermally stable,
not degrading within the studied temperature range, whereas graphite oxide demonstrates
relative loss of labile oxygen from the different functional groups, thus maintaining thermal
stability [34]. The analysis of the degradation stages of GO is summarized in Table 1.

Table 1. Analysis of degradation stages of GO.

Characteristics Stages of Degradation

25-100 °C 100-488 °C 488-1000 °C
Weight loss (%) 1.40 17.00 58.5
Residue (%) at 1000 °C 23.1

Figure 2 shows the DSC analysis curve for GO. The curve exhibits a prominent
exothermic peak centered at approximately 196 °C, with a heat release of 172.36 J/g. This
peak corresponds to the degradation of GO, involving the loss of labile functional groups
during the decomposition process at lower temperatures. As previously discussed, this
event corresponds to the second stage of degradation observed in the TGA curve.

Figure 3 displays the comparative FTIR spectrum of GO and functionalized GO with
phthalic anhydride (PhA-GO). In the FTIR spectrum of GO, characteristic absorption bands
are observed at 1018/806 cm ™!, corresponding to the stretching vibration C-O-C of the
epoxy ring. Another band at 1084 cm ™! is related to the stretching vibration C-O. The
bending vibration of the C-H bond is represented by the absorption band at 1398 cm .
Additionally, the absorption band at 1647 cm ! corresponds to the C=C stretching vibration
of the aromatic rings, while the band at 1741 cm ! is attributed to C=0 stretching vibrations.
The elongation vibrations of C-H bonds are observed at 2924 cm~! and 2853 cm~!. The
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broad band at 3450 cm ! represents the O-H stretch vibration [26,35]. The FTIR analysis of
GO demonstrates the presence of various oxygen functional groups.
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Figure 2. Differential exploratory calorimetry analysis of GO.
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Figure 3. FTIR comparison between GO and PhA-GO.

There are no significant differences observed between the FTIR spectra of GO and
PhA-GO. The condensation reaction between the anhydride groups of PhA and hydroxyl
groups of GO sheets (Figure 4) suggests a decrease in the concentration of hydroxyl groups.
The area ratio between the -OH and C=C vibration bands was calculated using Origin
software, resulting in values of 24.24 and 19.64 for GO and PhA-GO, respectively. This
decrease in the area ratio between the OH band and the C=C vibrations band may indicate
the functionalization of GO by PhA.
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Graphene oxide Phthalic anhydride %COOH
[s]

,.J::::O GO functionalized with
.| phthalic anhydride

S PhA-GO
OH

Figure 4. Scheme of the condensation reaction between PhA and hydroxyl groups of GO sheets.

The results from UV-Vis spectroscopy (Figure 5) show the HOMO-LUMO electronic
transitions relative to the absorption of the energy between molecular orbitals. Figure 5a
presents a band with a maximum at 272 nm, which is characteristic of GO in DMF and
is attributed to the electronic transition of the molecular orbitals 77 — 7*, present in the
C=C aromatic group. Another band of lesser intensity appears as a shoulder at 350 nm,
attributed to the electronic transition n — 7* of the carbonyl group (C=0).

In Figure 5b, where GO was dispersed in distilled water, both characteristic bands
of the electronic transition = — 7r* of the C=C bond and n — 7* of the C=0 group are
observed. These bands are observed at shorter wavelengths, specifically 231 nm and
292 nm, respectively [36]. The shift to shorter wavelengths is attributed to the greater
interaction of the groups (C=C, C=0) with the more polar water, which stabilizes the lower
energy orbital and consequently increases the energy of the electronic transition, leading to
a decrease in wavelength [37].
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Figure 5. UV-Vis of GO (a) dispersion in DMF, (b) dispersion in distilled water.

The UV-Vis spectroscopy of aqueous dispersion of PhA-GO doped with Cu?* and Ag™
ions is shown in Figure 6. Figure 6a shows the shift of the maximum absorption wavelength,
Amax= 811 nm of CuSO,-5H,0, towards higher wavelengths in the Ph-GO/Cu?* complex,
Amax 845 nm. Red shifted off the absorption band of the d—d transition of Cu?* [38], which
implies that the Ph-GO/Cu complex has lower d-orbital splitting energy than the aqueous
Cu®* complex.
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Figure 6. UV-Vis of Ph-GO/Cu?* and CuSO,4-5H,0 (a); Ph-GO/Ag™ and AgNO; (b).

The Figure 6b shows a negligible shift of maximum absorption wavelength,
Amax =301 nm of AgNOj3 to Ayay = 299 nm in the Ph-GO/Ag™ complex. This transition
electronic is assigned to intraionic electronic transition of the Ag™ ion [39].

Figure 7 displays the XRD spectrum of GO obtained from the electrochemical exfo-
liation of graphite. The result reveals the presence of three forms of carbon: GO with
higher and lower concentrations of functional groups and graphite. GO with a higher
concentration of functional groups exhibits the [002] crystal plane at 9.1°. On the other
hand, GO with a lower concentration of functional groups shows a broad diffraction hump
ranging from 15° to 30°, centered at 24.5°, indicating a smaller interlayer distance between
graphene sheets [20]. By applying Bragg’s law, we determined that the interplanar spacing
is 0.96 nm at 26 = 9.1°, a value similar to that reported in the literature [40]. For GO
with a lower concentration of functional groups, the XRD pattern centered at 24.5° has an
interplanar spacing of 0.36 nm. Finally, graphite presents the [002] crystalline plane at 30°,
with an interplanar spacing of 0.29 nm. The intense peak of the graphite crystalline plane
corresponds to the hexagonal arrangement and stacking of the highly oriented carbon
atomic layers [41,42]. The grain size obtained by the Scherrer equation for GO with a higher
concentration of functional groups was L = 75.85 nm.

[002] Graphite

Intensity (a.u.)

[002] Graphene

[002] GO

1 1 1 ) | 1 1 I i
10 20 30 40 50 60 70 80 90

20(°)

Figure 7. XRD of GO measured at room temperature (25 °C).

The increase in the interplanar spacing from graphite < GO with few functional
groups < GO is explained by the introduction of oxygen-containing groups at the edge
of each layer, causing their distance to be increased. GO with few functional groups
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still retains some oxygen functional groups in its structure, resulting in an intermediate
interplanar distance [41,42].

Figure 8 presents SEM images at different magnifications of GO obtained by exfoliating
graphite. In the micrograph of Figure 8a, with a magnification of 100 KX, GO appears
in the form of aggregates of different dimensions. The morphology of these aggregates
is defined in micrographs of Figure 8b,c, showing two different aggregates at 500 KX
magnification. These aggregates consist of superimposed sheets or layers of GO without
regular organization, exhibiting heterogeneous sizes. The micrograph of Figure 8d, at a
greater magnification than Figure 8c, confirms that GO’s morphology is characterized by
superimposed sheets or layers with heterogeneous sizes, oriented parallel to each other in
both transverse and longitudinal directions. Based on the scale of the micrograph, it appears
that the GO sheets have different sizes, but their thickness seems to be homogeneous,
measuring approximately 200 nm. Similar morphology for GO has been reported in
the literature [21,43]. In contrast, Figure 9 shows micrographs of graphite at the same
magnification as the micrographs of the GO samples presented in Figure 8, allowing the
visualization of the difference in morphology between graphite and GO.

‘Signal A = SE1

Mig= S00KX = 65mm Mag= 1000KX

(c) (d)

Figure 8. SEM micrograph of GO obtained by exfoliation of graphite, at different magnifications:
(a) 100 KX, (b) 500 KX, (c) 500 KX, (d) 1000 KX.

To perform the doping of the functionalized GO, copper and silver metal ions were
chosen. It is common to use GO to absorb metal ions to purify aqueous systems. The
functionalization of GO with phthalic anhydride serves two purposes: first, it establishes
spacing between the GO layers, facilitating the intercalation of metal ions. Second, it forms
a chemical complex with metal ions, allowing the fixation of ions in the GO network and,
thereby, increasing the electrical conductivity of the material. The morphology observed in
the PhA-GO micrograph (Figure 10a,b,e,f) is slightly different from that of graphene oxide.
The surfaces of the samples exhibit a large number of edges and surface defects. In the
morphology of functionalized GO, the graphene layers appear as wrinkled sheets. The
morphology is composed of 3D structures formed by interspersed thin sheet corrugations,
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with spacing between them. This spacing between the graphene sheets allows for obtaining
a more porous material and, therefore, a greater contact area compared to that observed in
GO. EDX analysis has confirmed the existence of a 15% composition of copper, as depicted
in Figure 10c,d, as well as silver, as shown in Figure 10g,h. As demonstrated in Figure 10d,
the copper distribution appears uniform across the entire surface presented in the image.
Similarly, the presence of silver exhibits uniform distribution over the complete image
surface, as illustrated in Figure 10h.

‘Signal A= SEL
H WD = 6.0 mm Mig= LO0KX H WD = 9.0 mm Mag= S00KX

@) (b)

(c) (d)
Figure 9. SEM micrograph of graphite, at different magnifications: (a) 100 KX, (b) 500 KX, (c) 500 KX,

(d) 1000 KX.

2 pm T - 14,00 KV ‘Signal A= SE1

‘Signal A = SE1
H WD = 65 mm Mig= S00KX Mag= 1000KX

ECL - UNIFEL

(a) (b)

Figure 10. Cont.
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Figure 10. SEM micrograph of PhA-GO doped with Cu?* ions. (a) 500 KX, (b) 1000 KX. SEM-EDX
micrograph of PhA-GO doped with Cu?t ions. (c) SEM (5000 X), (d) SEM-EDX (5000 X). SEM
micrograph of PhA-GO doped with Ag™ ions. (e) 500 KX, (f) 1000 KX. SEM-EDX micrograph of
PhA-GO doped with Ag™" ions. (g) SEM (5000 X), (h) SEM-EDX (5000 X).

Figure 11 shows the electrical behavior of the GO sample with temperature, covering
the range from 100 K to 300 K. As the temperature increases, the resistance of the GO
sample also increases, leading to a decrease in conductivity. This behavior indicates that
the GO sample exhibits metallic conductor characteristics, where its electrical conductivity
diminishes with rising temperatures [44].



Energies 2023, 16, 7019

12 of 16

lodine/GO
180.0
004
1775
175.0 A 1045
_ 1725 .
=] 044
= 1700 -
167.5 A 043
165.0 A
01042
162.5

125 150 175 200 225 250 275 300
TiK)

Figure 11. The behavior of resistance and electrical conductivity with temperature for GO.

According to prior research, pure and uncharged graphene exhibits characteristics of a
zero-gap semiconductor, positioned at the boundary between metallic and semiconductor
behavior. As a consequence, the electronic band structure of graphene displays highly
unusual features, with the dispersion (energy) relationships of the two bands intersecting
at the Fermi level. This implies that electrons in graphene are accurately described by the
Dirac equation, not the Schroeder equation [45]. Studies have indicated that the electrical
conductivity and high electron mobility of graphene monolayers lead to a small effective
mass for the charge carriers. As per the literature, the electronic structure of a graphene
monolayer allows the charge carriers to be interpreted as “mass-less” electrons or Dirac
fermions. Consequently, the charge carriers, i.e., the electrons in the graphene layer, behave
akin to massless particles, resulting in their rapid motion [46]. According to Liang et al. [47],
the electrical conductivity of graphene exhibits a decrease with increasing temperature in
the range of 300 K to 480 K, which is consistent with previous findings suggesting that
elevated temperatures favor lattice vibration over electronic conductivity. In the study
conducted by Poyato et al. [48], they observed that the graph of electrical conductivity
as a function of temperature did not conform to the fit of the Variable Range Hopping
(VRH) model, with an R-squared value of 0.93. This outcome has also been reported by
other researchers when analyzing polymeric composites with a high graphene content. The
deviation from the VRH model is attributed to the metallic behavior of graphene in charge
transport [48].

Figure 12a,b show the resistance and electrical conductivity behaviors of graphene
oxide (GO) samples functionalized and doped with metal ions. Both samples exhibit
similar behavior below a critical temperature (TC) and act as semiconductors, displaying a
decrease in resistance (increase in conductivity) as the temperature rises. However, above
this critical temperature, both materials demonstrate metallic behavior, characterized by
an increase in resistance (decrease in conductivity) with increasing temperature. Notably,
the critical temperature is observed to be lower for the PhA-GO/Ag™ sample, which also
exhibits higher conductivity values. Table 2 summarizes the resistance and conductivity
values at TC and at 298 K.

In Table 2, it is evident that the highest conductivity values were achieved for the
functionalized GO samples doped with metal ions. These samples exhibited conductivity
values ranging from 1 to 30 S/m. This level of conductivity is notably higher when
compared to reduced GO, as reported in other works [49].
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Figure 12. The behavior of resistance and electrical conductivity with temperature for (a) PhA-GO

doped with Cu* ions and (b) PhA-GO doped with Ag™" ions.

Table 2. Resistance and conductivity values at T¢ and at 298 K.

Sample Rr—208x (Q) oT=208K (S/m) Tc (K) R1.(Q)) o1, (S/m)
GO 167.16 449 x 1073 298.30 167.16 449 x 1073
PhA-GO/Cu?t 158.26 477 x 1073 255.13 156.05 481 x 1073
PhA-GO/Ag" 68.11 1.10 x 1072 174.47 63.3 11.87 x 1073

The regions demonstrating semiconductor behavior were subjected to analysis using
the Varied Range Hopping (VRH) model [50-53]. In VRH conduction, electrons undergo
hopping between energy levels in close proximity to the Fermi level, irrespective of their
spatial distribution. During this hopping process, the distance between hops is not constant.
The VRH mechanism is mathematically described by Equation (1) [54],

0 = 0p exp {*(EA/kBT)l/(dJ'_l)}

)

where d = 2 is the number of dimensions, ¢ is the conductivity, o is a constant, kg is the
Boltzmann constant, E 4 is the Activation energy, and T is the temperature.

Figure 13 shows that both samples conform to the VRH transport mechanism. The
activation energy values obtained through the VRH model are presented in Table 3.
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Figure 13. Fitting the dependence of conductivity with temperature to the VRH model in samples
(a) PhA-GO/Cu?* and (b) PhA-GO/Ag™.

Table 3. The values obtained for the activation energy, through the VRH model.

Sample

EA (meV)

PhA-GO/Cu?t
PhA-GO/Ag™

0.0330 = 0.002
(2.040.9) x 10°
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Table 3 reveals that following the transition from metal to semiconductor behavior,
the activation energy of the PhA-GO/Ag™ sample is considerably higher than that of the
PhA-GO/Cu?* sample. Additionally, during the transition from metal to semiconductor,
the PhA-GO/Ag™ sample exhibits this change at a much higher temperature compared to
the PhA-GO/Cu?* sample. The reduction in conductivity due to the presence of Cu is also
reported in recent research [23]. These distinct characteristics of the samples hold promise
for potential applications in electronic devices in the future.

4. Conclusions

The successful preparation of GO through the electrochemical exfoliation of graphite
was confirmed by various physicochemical analyses. Firstly, thermal analysis techniques,
TGA, and DSC confirmed the presence of GO. TGA revealed the relative mass loss of the
oxygen functional groups, while DSC evidenced the decarboxylation process on the GO
surface. XRD analysis further confirmed the GO structure by the appearance of a diffraction
peak at approximately 26 = 9.1°. Additionally, SEM micrographs displayed the morphology
of multiple layers of graphene superimposed, providing evidence of graphite exfoliation.
The behavior of electrical conductivity with temperature for GO also corroborated the
exfoliation process, as the samples exhibited a semimetal behavior and displayed decreased
electrical conductivity with increasing temperature within the studied temperature range.

The functionalization of GO with phthalic anhydride was verified through FTIR
analysis by the decrease in the area ratio between the vibration’s bands of groups OH and
C=C in relation to GO.

Furthermore, the doping of PhA-GO was confirmed through SEM-EDX analysis.
The SEM micrographs of PhA-GO/Cu?" and PhA-GO/Ag™ samples exhibited distinct
characteristics compared to GO. In these samples, the GO layers appeared as corrugated
sheets, showcasing a morphology with greater porosity and surface area.

The doped samples, PhA-GO/Cu?* and PhA-GO/Ag", exhibited higher electrical
conductivity values, with the value being higher for PhA-GO doped with Ag™. The
study of electrical conductivity with temperature revealed a semiconductor character at
temperatures below 259 K for PhA-GO/Cu?* and below 174 K for PhA-GO/Ag™. Between
259 K and 300 K, PhA-GO/Cu?* exhibited a semimetallic behavior similar to that observed
in GO, and the same behavior was observed for PhA-GO/Ag™ at temperatures between
174 K and 300 K. These unique electrical properties are promising for potential applications
in electronic devices that can operate in different temperature ranges.
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