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Abstract: This paper aimed to improve the electrochemical activity of a pitch-derived open-pore
graphite foam (GF) by an electrochemical coating of reduced graphene oxide (RGO) and platinum
particles without significantly affecting its 3D-structure. RGO was synthesized using cyclic
voltammetry (CV) from a 3 g L™! GO and 0.1 M LiClOy solution. For the electrodeposition of
Pt particles, an alternating current method based on electrochemical impedance spectroscopy (EIS)
was used. A sinusoidal voltage from a fixed potential Ei was varied following a selected amplitude
(AE;c = £ 0.35 V) in a frequency range of 8 Hz < f; < 10Hz, where i = 500. This method proved its
efficiency when compared to the traditional CV by obtaining more highly electroactive coatings in
less synthesis time. For samples’ characterization, physical measures included permeability, pressure
drop, and nitrogen adsorption isotherms. The electrochemical characterization was performed by
CV. The surface morphology and chemical composition were examined using field emission electron
microscopy (FESEM) and energy-dispersive X-ray spectroscopy (EDX), respectively. RGO improved
the electron transfer rate constant of GF, and a more homogeneous coating distribution of reduced
size Pt particles was obtained.

Keywords: graphene oxide; graphitized foam; 3D porous electrodes; sinusoidal potential; platinum coating

1. Introduction

Success in the application of the replication technique, extensively used in the fabrication of
metal foams, has led to the manufacture of pitch-derived open-pore foams with a high degree of
graphitization. With the application of this technique, precise control of the volume fraction of pores,
shape, size, and distribution of pores has also been possible [1,2]. In addition, due to high electronic
conductivity, strong resistance to acidic/alkaline environments, and enhanced accessibility of active
sites, 3D porous carbonaceous materials have attracted attention as electrodes for electrocatalytic
applications [3]. Graphene is a material with unique properties, such as high electrical and thermal
conductivity, high electron mobility (~200,000 cm? V~! s71), excellent mechanical/thermal stability,
prominent stability for chemical agents, and a high surface area (2630 m? g~!) [4~7]. Graphene oxide
(GO) is the most common precursor for graphene and its derivatives. To recover the graphitic structure
and electrical conductivity of graphene, GO has to be reduced [8-12]. In the present work, the reduction
of GO was carried out by cyclic voltammetry (CV). The electrochemical reduction of GO has the
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advantage of being eco-friendly and provides accurate control of the synthesis parameters [8]. Besides its
good electrical properties, RGO possesses a large conjugated aromatic ring structure that can physically
interact with porous carbon materials [13]. Given its high surface area, graphene is also a good substrate
for dispersing metal particles and producing metal-carbon hybrids with improved electrocatalytic
activity. In this regard, electrochemical studies based on graphene/platinum materials have been
widely reported [14-20]. In the present work, an open-pore graphite foam electrode (GFE) was
electrochemically modified with RGO and Pt particles to improve its electrochemical properties
while maintaining the 3D structure of the graphite foam. The evolution of cyclic voltammograms
with a number of scans was used to optimize the RGO synthesis. An alternating current method
based on electrochemical impedance spectroscopy (EIS) was used to perform the Pt particle synthesis.
This technique has already been used by Lupu et al. [21] and Molina et al. [22]. It was reported
that this method is of interest to minimize the synthesis time and obtain coatings with greater
electroactivity in comparison with the best results obtained under potentiostatic conditions. In the
present work, the results were compared with those obtained by CV in accordance with the range
of potentials established for Pt electrodeposition. The different surface materials were characterized
physically and electrochemically. For physical characterization, measurements of permeability, pressure
drop, and nitrogen adsorption isotherms were carried out. The surface morphology was examined
using field emission electron microscopy (FESEM, Valencia, Spain). The electrochemical activity of
different electrodes was measured by CV and their chemical composition by energy-dispersive X-ray
spectroscopy (EDX, Valencia, Spain). At this point, a series of electrochemical studies were initiated to
study the applicability of the electrodes as anodes for the oxidation of emerging pollutants, such as
non-steroidal anti-inflammatories.

2. Materials and Methods

2.1. Chemicals

Graphene oxide (GO) was purchased from Nanoinnova Technologies SL (Toledo, Spain). A GO
characterization sheet is available on the website [23]. Hexachloroplatinic (IV) acid hexahydrate
(4% Pt) was acquired from Merck (Darmstadt, Germany). The other reagents were analysis-pur (a.p.).
Ultrapure water (18.2 m() cm) was dispensed from an Elix 3 Millipore-Milli-Q Advantage A10 system
(MerckMillipore, Burlington, MA, USA). The solutions were deoxygenated with Ny (99.9992%).

2.2. GFE Preparation

The open-pore graphite foam samples used for the fabrication of GFE were rectangular prisms, sized
2.7 X 0.6 X 0.6 cm. A copper wire was wrapped around the top for electric contact. The GFE was then
covered with Teflon tape, except for the lower surface 0.6 x 0.6 cm, which was immersed in the solution.
Before each experiment, this surface was sanded with 400-600 grit grinding papers. The surface was then
cleaned in an ultrasonic bath and dried at room temperature. The GFE for the physical characterization
was similarly prepared, but in this case, the usable surface was 2.0 x 0.6 X 0.6 cm.

2.3. Electrochemical Measurements

The CV and EIS measurements were performed in a conventional cell of three electrodes
with an Eco-Chemie Autolab PGSTAT302 potentiostat/galvanostat (Metrohm Autolab B.V., Utrecht,
The Netherlands). For the electrochemical measures, a Pt wire of 1 cm? and Ag/AgCl (3 M KCl)
were used as counter and reference electrodes, respectively. In the preparation of the coating of the
electrodes for physical characterization, a Pt cylindrical mesh was used as a counter electrode to ensure
homogeneous coating around the electrode.
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2.4. Physical Measurements

The permeability and pressure drop measurements were made using a homemade device,
already presented in [24], and equipped with +0.001 bar precision manometers at both ends of the
sample. Permeability was estimated with injection experiments using water as fluid by monitoring
water mass (g) with time (s) on a £0.1 mg precision balance Precisa ES320A, (Precisa Ltd., Livingston,
UK). The inlet air flow was regulated with a +0.01 bar precision manometer. Any negligible water
mass loss due to evaporation from the collecting container was discarded as the total time of each
measurement was <2 min. Using the same device, the pressure drop was measured by injecting air as a
fluid. Airflow was followed with an air flowmeter operating within the 0-30 L min~! flow range (Ki Key
Instruments, Trevose, UK). The nitrogen adsorption isotherms were collected at —196 °C in an Autosorb
6-b produced by Quantachrome Instruments (Anton Paar QuantaTec Inc., Boynton Beach, FL, USA)
and analyzed within the frame of the standard Brunauer—-Emmett-Teller (BET) theory [25]. The surface
morphology was studied with a Zeiss Ultra 55 FESEM microscope (Zeiss, Oberkochen, Germany)
using an acceleration voltage of 3 kV. For the EDX measurements, the same FESEM microscope
with EDX detector (Oxford Instruments, Abingdon, UK), operating at an acceleration voltage of
20 kV, was used. The mass of coated Pt was determined with an Ohaus DV215CD semi-micro balance
(Ohaus Corporation, Parsippany, NJ, USA), with the readability of 0.00001 g. Before each measurement,
the samples were carefully dried in a desiccator for 72 h at room temperature.

3. Results and Discussion
3.1. Synthesis, FESEM, and EDX Analysis

3.1.1. RGO Synthesis

RGO synthesis was carried out in a gently stirred 3 g L™! GO and 0.1 M LiClO, aqueous suspension
at a scan rate of 20 mV s~!. The evolution of the voltammograms during the synthesis is shown in
Figure 1. As can be seen, from the 15th cycle, an overlap was observed for the rest of the cycles. The large
wave attributed to the irreversible reduction of oxygenated groups present in the GO structure [26],
evolved from —0.86 V (1st cycle) to —0.75 V (20th cycle), and this indicated an increasingly electroactive
surface. After the 20th cycle, the voltammograms no longer underwent significant changes. Given these
results, 20 synthesis cycles were considered appropriate to modify effectively the GFE surface.
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Figure 1. Cyclic voltammograms recorded during the reduced graphene oxide (RGO) synthesis on
graphite foam electrode (GFE) in a 3 g L™! graphene oxide (GO) and 0.1 M LiClO, aqueous suspension
at a scan rate of 20 mV s~1.

Figure 2a,b show the micrographs of GFE and GFE/RGO, respectively.
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10 ym

Figure 2. Micrographs of the surface for (a) GFE and (b) GFE/RGO at magnification Mag = 500 X.

As can be seen in Figure 2a, the graphitized structures appeared clear and smooth, whereas,
in Figure 2b, it was possible to distinguish the typical wrinkles of RGO sheets [27]. The evolution of
morphologies and sizes of GO to electrochemical reduced GO (RGO) has been studied by SEM and
XPS in previous works [22,28].

3.1.2. Pt Particle

A 5 mM H,Pt(Cl)¢ solution containing 0.5 M H,SO4 was used in each assay. For the EIS platinum
electrodeposition, a selected potential (E;) was sinusoidally varied according to an amplitude (+AE;c)
and for each frequency (fi). To determine the amplitude (potential range), a previous cycle of Pt
deposition on GFE and GFE/RGO was recorded at a 50 mV s~! scan rate (see Figure 3a). From the
voltammograms, the reduction of PtCls?>~ began at about 0.50 V. The reduction of PtCls>~ at 0.20 V
only involves Pt particles growing if the nuclei have been previously formed at much lower potentials
(limiting nucleation potential at around —0.20 V) [29]. It was observed that the current associated
with the nucleation of Pt was higher for the GFE/RGO electrode. The micrographs in Figure 3b,c also
showed that the amount of nuclei was higher for GFE/RGO versus GFE.

(a) ) 1000 -

—GFE
000 - —GFE/RGO

Figure 3. (a) Cyclic voltammograms of the 1st cycle of the synthesis on GFE and GFE/RGO in 5 mM
H2PtCl6 and 0.5 M H2SO4 at 50 mV s~ Micrographs of the resultant surface for (b) GFE/Pt1 and (c)
GFE/RGOPt], respectively, at magnification Mag = 20.00 K X.
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These results indicated that RGO promoted Pt nuclei formation and enhanced the electrodeposition
process. In the micrograph of Figure 3¢, RGO sheets appeared like faint veils on the surface. There was
also a tendency for Pt nanoparticles to agglomerate on RGO irregularities. Accordingly, three E;
potentials of 0.15, 0.20, and 0.25 V were tested for an amplitude of AE,. = + 0.35 V (£0.35 V was the
maximum allowed by the equipment). The number of frequencies (f;) between 10 and 8 Hz was 500.
Fewer frequencies were tried, but a very erratic response was obtained. The selection of frequency
range was based on previous studies [22], in which it was concluded that the most electroactive RGO/Pt
coatings were obtained for frequencies of 10 Hz > 1 Hz > 0.1 Hz. Higher frequencies (100 Hz) were
also tested, but, in this case, a massively cracked coating with no good electroactivity was obtained [22].
In Figure 4a, the plots of impedance modulus |Z| versus frequency (Hz) during the Pt synthesis on
GFE/RGO at potential ranges of 0.15 + 0.35, 0.20 + 0.35, and 0.25 + 0.35 V are shown. A decrease
in the impedance modulus |Z| down to 5 () was observed for the synthesis at E; = 0.15 and 0.20 V
instead of 13 () that was observed for the synthesis at E; = 0.25 V. This result could be explained
from the CVs in Figure 3a. For E; = 0.15 and 0.20 V, the limit potentials were —0.20 and —-0.15 V,
respectively, whereas, for E; = 0.15 V, the limit potential was higher (-0.10 V). So that, for the two first
potentials, the Pt synthesis was more developed, more Pt particles were synthetized, and therefore,
lower impedance modulus. From the 9 Hz frequency, the three electrodes showed the behavior of pure
resistors, where the impedance was almost constant. This meant that the GFE/RGO substrate promoted
low-resistance electron flow during synthesis at E; + 0.35 V potential ranges since the resistance values
from 5 to 13 ohms were small, which means that the whole electrical resistance (ionic, charge transfer,
the resistivity of the film, and contact resistance) presented low values. To observe the influence of
RGO on EIS synthesis and to compare EIS versus traditional CV, two more GFE/Pt (E; = 0.20 V) and
GFE/RGOPts electrodes were prepared, respectively. To obtain GFE/RGOPts5, 50 synthesis cycles were
selected to obtain an amount of Pt similar to that for GFE/RGOPt (E; = 0.15 and 0.20 V) in accordance
with the EDX and gravimetric analyses. Figure 4b reports the CVs recorded during electrochemical Pt
deposition at 50 mV s~! scan rate. A significant decrease in the nucleation peak current at —0.20 V
(1st cycle) was observed. From about the 5th cycle, the current steadily increased in the potential range
between 0.25 and —0.25 V, and this was associated with the continuous growth of Pt nanoparticles and
the hydrogen adsorption/desorption processes characteristic of Pt, the latter at potentials of between 0
and —0.25 V.
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Figure 4. (a) Bode plot during the Pt electrochemical impedance spectroscopy (EIS) synthesis on
GFE/RGO at sinusoidal potentials of 0.15, 0.20, 0.25 + 0.35 V in a frequency range of 10-8Hz for
500 frequencies. Arrows indicate the beginning of the syntheses, (b) Cyclic voltammograms during the
Pt synthesis on GFE/RGO at a scan rate of 50 mV s7L. The syntheses were carried out in 5 mM H,PtClg
and 0.5 M H,SOy solution.

The micrographs of EIS GFE/Pt (E; = 0.20 V), GFERGO/Pt (E; = 0.20 V), and GFE/RGOPts5 are
shown in Figure 5a—c, respectively. A good dispersion of Pt particles was observed in all cases. The size
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of the spherical Pt particles on GFE/Pt (E; = 0.20 V) surface was about three times larger than for
GFERGO/Pt (E; = 0.20 V). A greater number of Pt particles (size about 300 nm) on the GFERGO/Pt
(Ei = 0.20 V) surface was also observed. This last result was important because the surface catalytic
activity increases when the Pt particle size decreases [30]. The EDX analyses showed an increase of
about 23% in the Pt content for GFE/RGOPt (E; = 0.20 V) vs. GFE/Pt (E; = 0.20 V). Nevertheless, Pt mass
was estimated at 0.00116 g for GFE/Pt (E; = 0.20 V) and 0.00120 g for GFE/RGOPt (E; = 0.20 V) and
0.00141 g for GFE/RGOPt50. Moreover, when the E; potential increased, a noticeable decrease of Pt mass
was observed; for instance, Pt mass for GFERGO/Pt (E; = 0.25 V) was 0.00015 g. These results indicated
that the presence of RGO mainly conditioned how nuclei formation and growth of Pt particles occurred
during synthesis rather than the amount of Pt synthetized and thereby the different electrochemical
behavior of the electrodes. From the micrograph and EDX analysis for GFE/RGOPts (Figure 5¢,f),
it could be concluded that the Pt mass and Pt particle size were similar to those for GFE/RGOPt
(Ej = 0.20 V), which was consistent with the presence of RGO.

Element Line Type Wt%
c K series 70.21
o Kseries 0.94
Pt M series  28.85

Total: 100

Element Line Type Wit%

c K series  46.99

o K series 126

Pt M series  51.75
Total: 100

8i88

0 15 keV

Element Line Type W%
c K series 5017
0 Kseries 1.75
Pt Mseries 48.08

Total: 100

Figure 5. (a-c) Micrographs of GFE/Pt (E; = 0.20 V), GFE/RGOPt (E; = 0.20 V), and GFE/RGOPt5 at
magnifications Mag = 500X. Insets: The same but at Mag. = 20.00 K X. (d—f) EDX analyses of GFE/Pt
(Ei = 0.20 V), GFE/RGOPt (E; = 0.20 V), and GFE/RGOPt5, respectively. For EDX, a 500 x 500 pm
surface was scanned.

3.2. Electrochemical Characterization

3.2.1. GFE/RGO

Figure 6a,b show cyclic voltammograms for GFE and GFE/RGO at different scan rates in
5 mM K3Fe(CN)g containing 0.1 M KCI solution. The parameters obtained after the analyses of
the voltammograms are summarized in Figure 7a—d.
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Figure 6. Cyclic voltammograms of (a) GFE and (b) GFE/RGO in 5 mM K3Fe(CN)g and 0.1 M

KCl solutions.
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Figure 7. Parameters from the cyclic voltammograms of GFE and GFE/RGO in 5 mM KjFe(CN)g4
containing 0.1 M KCl at different scan rates v (mV s™D. (a,b) Ip (nA) and (c) AEp (mV) are the peak
current intensity and the potential difference between peak potentials. The subscripts “a” and “c” stand
for anodic and cathodic, respectively. (d) kY is the electron transfer rate constant (cm s™1).

The results for both GFE and GFE/RGO indicated that the anodic and cathodic peak current
intensities increased with the square root of v. The greater slope for GFE/RGO in the equations from
the linear regression analysis together with an Ipa/Ipc ~ 1 from scan rates higher than 50 mV s~! meant
that there was an increase in the apparent diffusivity of ferricyanide/ferrocyanide ions when compared
to unmodified GFE. Moreover, anodic and cathodic peak potential separation (AEp) increased with v
for GFE and GFE/RGO (which was in accordance with a quasi-reversible system). The values of the
electron transfer rate constant, k? (cm s™1), were obtained from the AE,, values following Nicholson’s
method (that relates the value of AE,, with the kinetic parameter ¥ by means of a working curve for a
quasi-reversible system) [31], where Y is

¥ = K%(Do/DR)**/(nDoFu/RT)"> 1)

the dimensionless kinetic parameter, « is the transfer coefficient (x = 0.5), n is the number of electrons
transferred (n = 1), v is the scan rate (V s™!), Dg and Dy are the diffusion coefficients of Fe(CN)g3~
(7.17 x 107® ecm? s71) and Fe(CN)g*~ (6.56 x 107® cm? s71), F is Faraday’s constant (96487 C mol 1),
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R (8.314J K~ mol™!) is the gas constant, and T (298 K) is the temperature. As could be observed, the I
values for GFE/RGO remained above those for GFE in the range of v. This result was indicative of a
higher electron transfer between the electroactive species (Fe(CN)¢%~/Fe(CN)g*") in solution and the
surface of GFE/RGO. Given these results, it could be concluded that the presence of RGO improved the
electroactivity of the graphitized foam.

3.2.2. Pt-Modified Electrodes

The electroactivity of Pt-modified electrodes was examined by CV in a 0.5 M H,SOj solution at
50mV s~ In Figure 8a, the voltammograms for GFE/RGOPt (EIS) and GFE/RGOPts are shown.

(a) (b)

E/V

—GFE/RGOPt50

GFE/RGOPt(Ei=0.25 V)
—GFE/RGOPt(Ei=0.15V)
—GFE/RGOPt(Ei=0.20 V)

—GFE/Pt(Ei=0.20 V)

-4500 —GFE/RGOPt(Ei=0.20 V)

Figure 8. (a) Cyclic voltammograms for the characterization of Pt-modified electrodes. (b) Cyclic
voltammograms for the comparison between GFE/Pt (E; = 0.20 V) and GFE/RGOPt (E; = 0.20 V). All the
voltammograms were recorded in 0.5 M H,SOy at a scan rate of 50 mV s~

From the hydrogen adsorption/desorption zone, it could be concluded that the electroactivity
of GFE/RGOPt (EIS) synthesized at E; = 0.15 and 0.20 V was similar but higher than that for the
E; = 0.25V electrode. These electrodes also presented a higher electroactivity than for GFE/RGOPts,
which was remarkable, taking into account that 50 cycles of synthesis at 50 mV s~! took 1400 s vs.
56 s for EIS synthesis. It could be concluded that the EIS method minimized the synthesis time
and enabled the preparation of metal-hybrid electrodes with high electroactivity. To compare the
electrochemical behavior of two EIS electrodes—with and without RGO—GFE/RGOPt (E; = 0.20 V)
and GFE/Pt (E; = 0.20 V) were characterized in 0.5 M H»SO; solution. The characteristic peak associated
with the reduction of platinum oxides at about 0.60 V and the characteristic processes attributed, among
others, to the adsorption/desorption of hydrogen ions and the beginning of hydrogen evolution were
clearly visible in the voltammograms of Figure 8b. The overall charge associated with the voltammetric
profile of GFE/RGOPt was higher than that obtained with GFE/Pt, which was the expected result in
accordance with the previous results (see Figures 3 and 5).

3.3. Physical Characterization

To know the influence of electrochemical coatings on the physical properties of graphitized foam,
measurements of permeability, pressure drop, and nitrogen adsorption isotherms were performed.
3.3.1. Nitrogen Adsorption Isotherms

Figure 9 shows the nitrogen adsorption isotherms of the different samples. Following the
International Union of Pure and Applied Chemistry (IUPAC) classification, the isotherms had sufficient
characteristics to be classified as type II.
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Figure 9. Nitrogen adsorption isotherms (volume per mass unit versus relative pressure P/P,, where P,
is the saturation pressure). Filled and empty symbols correspond to adsorption and desorption branches
of each isotherm, respectively.

Type Il isotherms presented the normal form obtained with a non-porous or macroporous adsorbent
and represented unrestricted monolayer-multilayer adsorption. It was easily seen that isotherms had
a very small contribution of micropores (adsorption corresponding to very low relative pressures)
and a limited contribution of mesopores. As a result, hysteresis, which is common in mesoporous
solids, was very reduced. The specific surface areas were representative of the changes caused by
electrochemical treatments. Thus, the RGO coating raised the specific area of GFE/RGO by about twice
as much. Moreover, it was a non-continuous coating that produced coverage irregularities, resulting in
increased micro and mesoporosity over untreated foam porosity (see Table 1). GFE/RGOPt (E; = 0.20 V)
showed a decrease in the specific surface area compared with the GFE/RGO. It was previously observed
in Section 3.2 that the growth of Pt particles was favored in areas with irregularities in the RGO coating
(see Figure 3b,c), likely contributing to the blockage of access to certain porosity (Table 1 displays a
lower micro and mesoporosity in the GFE/RGOPt (E; = 0.20 V) with respect to the GFE/RGO).

Table 1. Properties of different graphite foam electrodes.

Samples Specific Surface Area Micropore Volume Mesopore Volume
P (m?2g1) (cm3 g-1) (cm® g-1)
GFE 3.095 524 x 107 246 x 107
GFE/RGO 6.008 9.19 x 107* 3.51x 1073
GFE/RGOPt 4.456 8.95 x 1074 3.32x 1073

The total volume of the samples was estimated at 6.71 X 1071 (em® g’l) ; GFE, GFE/RGO and GFE/RGOPt stand for
bare graphite foam electrode (GFE), reduced graphene oxide modified electrode (GFE/RGO) and RGO/platinum
modified electrode (GFE/RGOP?), respectively.

3.3.2. Permeability and Pressure Drop Measurements

From Figure 10, identical permeability values (taking into account the error associated
with the measurement) were found for the three materials analyzed, GFE = 5.3 X 10712 m2,
GFE/RGO = 5.8 x 10712 m2, and GFE/RGOPt (E; = 0.20 V) = 5.3 x 10712 m2. The estimated error

in permeability measurements was +0.5 x 10712 m?,
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Figure 10. The plot of the relative pressure drop vs. superficial velocity (mV s71).

This result indicated that the three samples showed the same 3D pore structure responsible for
their fluid dynamic behavior. This indicated that the electrochemical coatings of RGO or RGO/Pt did
not significantly alter the size of the interconnection windows between pores.

4. Conclusions

A pitch-derived open-pore graphite foam (GF) was successfully modified using electrochemically
synthetized RGO and Pt particles. The alternating current method for Pt particle synthesis, in which
a sinusoidal potential was applied, enabled more highly electroactive coatings to be obtained in
less synthesis time than the traditional CV. It was shown that RGO improved the electron transfer
rate constant of GF, and RGO coating raised the specific area. With regard to Pt particles’ synthesis,
RGO conditioned the nuclei formation and growth of Pt during the synthesis, more than the total
mass of Pt synthesized, which depended on synthesis time and/or applied potential range. In this
respect, the size of Pt particles was minimized, and a more homogeneous distribution of Pt particles
was achieved with GFE/RGO.
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