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Abstract 

Reduced graphene oxide (RGO) has been synthesized on Pt wires by means of a 

potentiodynamic method between +0.6 V and -1.4 V for 20 scans. Cyclic voltammetry 

characterization of the coatings showed the typical capacitative behavior of graphene. Pt 

nanoparticles were synthesized on Pt-RGO electrodes by means of potentiostatic 

methods and a comparison between different synthesis potential (-0.16, 0, +0.2 and +0.4 

V) for the same synthesis charge (mC·cm-2) was established. The electrodes obtained 

were characterized in 0.5 M H2SO4 solution to observe the characteristic oxidation and 

reduction processes of the Pt surface. A 0.5 M H2SO4 / 0.5 M CH3OH solution was used 

to measure the catalytic properties of the deposits against methanol oxidation. The most 

appropriate potential to perform the synthesis was 0 V followed by -0.16 V and +0.2 V. 

The morphology of the coatings varied depending on the potential applied as observed 

by scanning electron microscopy. Alternate current methods were also used to 

synthesize Pt nanoparticles and compare the results with the traditional potentiostatic 

method. Different frequencies were used: 0.1, 1, 10, 100, 1000 and 10000 Hz. Alternate 

current synthesis is more efficient than traditional potentiostatic methods, obtaining 

more electroactive coatings with less effective synthesis time.  
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1. Introduction 

Graphene and its derivatives have attracted a great deal of attention due to the exciting 

electronic, mechanical, optical or thermal properties shown by this material [1-8]. These 

properties have opened a new era in materials science and physics with a range of 

different applications. The properties of graphene are greatly influenced by the presence 

of defects in its structure, so the investigation of methods to produce materials with 

fewer defects is an active area of development [7-9]. The first method of production 

reported in literature consisted of the mechanical exfoliation of graphene sheets from 

graphite [1]. Although high quality graphene sheets with low content of defects were 

obtained, the production by this method was minimal and the sheets obtained could only 

be used to carry out fundamental studies. This is the reason why other production 

methods have been developed, methods such as chemical vapor deposition or chemical 

methods. The chemical methods are of particular interest since larger quantities of 

graphene derivatives can be obtained. One of these methods is the oxidation of graphite 
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to graphene oxide. Graphene oxide is electrically insulating but its conductivity can be 

partially restored by reduction [9]. Traditional chemical methods have been used for this 

purpose. Chemical reductants used have been hydrazine [9], dimethylhydrazine [9], 

hydroquinone [9], NaBH4 [9] and dithionite salts [10]. However some of these salts are 

very toxic [10], meaning that electrochemical methods could be more appropriate since 

the only reactive employed is the electron, without the need of additional chemical 

products. The limitations of electrochemical methods are that the electrode or sample 

where the reduction takes place must be conductive, be electrochemically active and be 

in contact with the solution. In literature, the electrochemical reduction of graphene 

oxide has been performed on different electrode materials such as glassy carbon [11-

16], gold [13-17], indium tin oxide (ITO) [12, 14] or Pt [15, 16]. 

Graphene has also attracted attention due to its very high specific surface area (2630 

m2·g-1) [9]. This high surface area makes graphene very interesting to disperse Pt 

nanoparticles in order to enhance the electroactivity of electrodes for using them in 

methanol oxidation in fuel cells [18-27], counter electrodes for dye sensitized solar cells 

[28, 29], hydrogen gas sensing [30], oxalic acid sensing [31], DNA detection [32], etc. 

Other metals and alloys have been also deposited on graphene taking advantage of its 

high specific surface area, such as Pt-Ru [33], Pd [34] or Zn [35]. The methods 

employed for the synthesis of Pt nanoparticles on graphene have been mainly chemical. 

Electrochemical methods have been used in less extension. In this work, alternate 

current was generated with electrochemical impedance spectroscopy equipment. This 

procedure has not been reported in literature to the best of our knowledge for the 

synthesis of Pt nanoparticles on graphene coated electrodes. A previous paper suggested 

that this technique could be used for the synthesis of Pt nanoparticles on conducting 

polymers [36]. However, the wide frequency range (100 KHz/ 0.1 Hz for example) used 
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by the authors meant that they could not draw any conclusions about which frequencies 

could be better for the synthesis of Pt nanoparticles. In addition, the potential employed 

by the authors could not be the most appropriate (-0.16 V vs. Ag/AgCl (3.5 M KCl) 

reference electrode), as Pt deposition starts at higher potentials. We should take into 

account that EIS equipment has a measuring time (where the perturbation potential is 

applied around the fixed potential) but it has also a processing time (where the data is 

analyzed and the potential remains fixed). If Pt synthesis happens at the fixed potential, 

contributions to the synthesis can be expected from alternate current methods but also 

from the fixed potential (direct current); it would be like a potentiostatic deposition with 

little potential variation during the alternate current method. In this paper different 

narrow frequency ranges have been evaluated: [0.1-0.08] Hz, [1-0.8] Hz, [10-8] Hz, 

[100-80], [1000-800] and [10000-8000] Hz. In addition, the fixed potential has been 

carefully selected at a potential where Pt deposition does not happen (+0.4 V vs. 

Ag/AgCl (3.5 M). In this way, the only contribution expected to the synthesis of Pt 

nanoparticles is the alternate current (ac) applied. To achieve the most appropriate 

synthesis potential, an amplitude perturbation of ±350 mV was applied.  

 

 

2. Experimental  

2.1. Reagents and materials. 

All reagents used were of analytical grade. Monolayer graphene oxide (GO) powders 

were acquired from Nanoinnova Technologies S.L. (Spain). LiClO4 (lithium 

perchlorate), H2SO4 (sulphuric acid), CH3OH (methanol) and H2PtCl6·6H2O 

(hexachloroplatinic acid hexahydrate) were purchased from Merck. 
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Pt wires (0.7 mm diameter, 99.99 % purity) were acquired from Engelhard-Clal. The 

effective length of the electrodes employed (where reaction occurred) was 2 cm (total 

area 0.44 cm2). The area of the electrodes was controlled with Teflon®. When needed, 

solutions were deoxygenated by bubbling nitrogen (N2 premier X50S). Ultrapure water 

was obtained from an Elix 3 Millipore-Milli-Q Advantage A10 system with a resistivity 

near to 18.2 MΩ·cm.  

 

2.2. Electrochemical synthesis of reduced graphene oxide on Pt. 

All electrochemical experiments were performed at room temperature with an Eco-

Chemie Autolab PGSTAT302 potentiostat/galvanostat. Electrochemical synthesis of 

reduced graphene oxide (RGO) on Pt surface was accomplished by the potentiodynamic 

method. A three-electrode configuration was used with an Ag/AgCl reference electrode, 

a Pt counter electrode wire and a Pt working electrode wire. The preparation of Pt 

electrodes consisted of a flame treatment to clean its surface prior to carrying out the 

synthesis, according to the method developed by Clavilier [37]. The solution used 

consisted of a 3 g·L-1 GO solution in 0.1 M LiClO4. The synthesis with cyclic 

voltammetry (CV) was performed employing different potential ranges: (+0.6 V↔-0.8 

V); (+0.6 V↔-1.0 V); (+0.6 V↔-1.2 V) and (+0.6 V↔-1.4 V) (vs. Ag/AgCl 3.5 M 

KCl). The number of scans employed to perform the synthesis was 20 and the scan rate 

was 50 mV·s-1. The GO suspension tended to precipitate slowly, reason why bubbling 

for 3 seconds with N2 gas was applied after the 10th scan. After the synthesis, the 

obtained electrodes were rinsed with water and characterized in 0.1 M LiClO4 aqueous 

solution to observe the characteristic electrochemical behaviour of RGO. The 

configuration used was the same as in the synthesis. The highest electrochemical 

response was obtained for the electrode synthesized with the (+0.6 V↔-1.4 V) potential 
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range, reason why this range was selected as the optimum one to perform the synthesis 

of RGO on Pt. 

The optimum electrode obtained was also characterized by means of cyclic voltammetry 

in 0.5 M H2SO4 solution and compared with the response of Pt. This is the medium 

employed to characterize the electroactivity of dispersed Pt coated electrodes and it is 

important to have the electrochemical response of the Pt-RGO electrode in this medium. 

The potential range used was +0.7 V↔-0.2 V (vs. Ag/AgCl 3.5 M KCl) and the scan 

rate was 50 mV·s-1. 

 

2.3. Electrochemical synthesis of Pt by potentiostatic method on Pt-RGO. 

The electrochemical synthesis of Pt on Pt-RGO was accomplished firstly by the 

potentiostatic method to determine the best potential to carry out the synthesis by 

alternate current method. A three-electrode configuration was also used; the reference 

electrode used was Ag/AgCl (KCl 3.5 M), a Pt wire was used as counter electrode and 

the working electrode was Pt-RGO. The synthesis solution was 5 mM H2PtCl6 in 0.5 M 

H2SO4. Prior to carrying out the potentiostatic synthesis at different potentials, a 

voltammogram in the synthesis solution was obtained on a Pt-RGO electrode to observe 

the potential where Pt reduction takes place on RGO surface. A Pt-RGO electrode was 

also characterized in the blank solution (H2SO4) to discard redox processes of the RGO 

surface. Taking into account the voltammograms obtained, different potentials were 

selected to carry out the potentiostatic synthesis (-0.16 V, 0 V, +0.2 V and +0.4 V) (vs. 

Ag/AgCl 3.5 M KCl) (Table 1). Potentiostatic synthesis at these potentials was 

performed with the same synthesis charge (~260 mC·cm-2) to compare the results under 

the same synthesis conditions. The electrodes obtained were characterized in 0.5 M 

H2SO4 solution to observe the characteristic oxidation and reduction processes of Pt 
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nanoparticles surfaces. A 0.5 M H2SO4 / 0.5 M CH3OH solution was used to measure 

the electrocatalytic properties of the deposits for methanol oxidation. 

 

2.4. Electrochemical synthesis of Pt by alternate current methods on Pt-RGO. 

The synthesis of Pt was also performed on Pt-RGO with alternate current methods 

obtained from electrochemical impedance spectroscopy (EIS) equipment. The 

configuration and materials used were the same as in the potentiostatic method. 

Different frequency ranges were used to observe the influence of this parameter in the 

synthesis of Pt nanoparticles on Pt-RGO electrodes. Table 2 shows all the parameters 

employed for the synthesis of the different samples as well as the nomenclature 

employed.  

The number of points was changed to vary the synthesis time. Although theoretically 

20000 points could be obtained with the equipment, problems were encountered when 

using a number of points higher than 1000. With such high number of points, the 

frequency was not adequately applied, this is why 1000 points was the maximum value 

used. The potential from which the measurement started was a potential were Pt 

synthesis was negligible, this is why +0.4 V (vs. Ag/AgCl 3.5 M KCl) was employed. 

The applied amplitude was ±350 mV (maximum allowed), so the potential range during 

the alternate current synthesis varied from +0.05 V to +0.75 V. The synthesis of Pt only 

took place from +0.4 V to +0.05 V according to the voltammograms of synthesis 

obtained. This is why the real synthesis time is half the total synthesis time used. For 

comparison, two samples were also obtained using the entire frequency range (100000 

Hz-0.01 Hz) with ±10 mV (negligible Pt synthesis) and ±350 mV (synthesis of Pt takes 

place) amplitude perturbations. The electroactivity of the electrodes was also measured 

in 0.5 M H2SO4 and in 0.5 M H2SO4 / 0.5 M CH3OH solutions.  
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2.5. Field emission scanning electron microscopy (FESEM)  

A Zeiss Ultra 55 FESEM (field emission scanning electron microscope) was used to 

observe the morphology of the samples using an acceleration voltage of 3 kV.  

 

2.6. X-ray photoelectron spectroscopy measurements (XPS) 

XPS analyses were conducted at a base pressure of 5×10-10 mbars and a temperature of 

around −100 ◦C. XPS spectra were obtained with a VG-Microtech Multilab electron 

spectrometer by using unmonochromatized Mg Kα (1253.6 eV) radiation from a twin 

anode source operating at 300 W (20 mA, 15 kV). The binding energy (BE) scale was 

calibrated with reference to the C 1s line at 284.6 eV. C 1s, O 1s and Pt4f core levels 

XPS spectra were analyzed. The sensitivity factors employed were 1 for C1s, 2.93 for 

O1s, 8.65 for Pt 4f7/2 and 6.81 for Pt 4f5/2. The pass energies were, charge compensation, 

software, area analyzed. 

 

 

3. Results and discussion 

3.1. Electrochemical synthesis of reduced graphene oxide on Pt. 

Fig. S1-a shows the voltammograms obtained using a Pt working electrode in 0.1 M 

LiClO4 and 0.1 M LiClO4 / 3 g·L-1 GO solutions between +0.6 V and -0.8 V (vs. 

Ag/AgCl 3.5 M KCl). The scan rate employed was 50 mV·s-1. As can be seen, the 

presence of GO causes the appearance of a redox pair located at -0.34 V and -0.44 V 

(vs. Ag/AgCl 3.5 M KCl). The presence of this redox pair has been attributed to a 

highly characteristic chemically reversible H+/H2 process [16, 38]. We have to take into 

account that GO has different groups such as carboxylic acids that can release H+ into 
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the solution. This is why the pH of the GO solution was around 3.6. When the lower 

potential limit was decreased to -1.4 V (vs. Ag/AgCl 3.5 M KCl), the hydrogen 

evolution reaction appeared for potentials lower than -0.9 V (Fig. S1-b). Comparing the 

blank solution (0.1 M LiClO4) and the solution containing GO, it can be seen that the 

maximum current density reached in the latter case is higher than in the former one (-

12.9 mA·cm-2 vs. -16.6 mA·cm-2). This difference between them can be attributed to the 

reduction of GO to RGO on the Pt surface. Different lower potential limits for the 

potentiodynamic synthesis were evaluated (-0.8, -1.0, -1.2 and -1.4 V) (vs. Ag/AgCl 3.5 

M KCl). Fig. S2 shows the voltammetric characterization of Pt and RGO-Pt electrodes 

in 0.1 M LiClO4 aqueous solutions, the scan rate employed was 50 mV·s-1. The RGO-Pt 

electrodes were synthesized by cyclic voltammetry during 20 scans employing different 

potential ranges: (+0.6 V↔-0.8 V); (+0.6 V↔-1.0 V); (+0.6 V↔-1.2 V) and (+0.6 V↔-

1.4 V) (vs. Ag/AgCl 3.5 M KCl). As can be seen in the voltammograms of 

characterization of Fig. S2, the highest current densities and electrical charge obtained 

correspond to the synthesis performed with the potential range (0.6 V↔-1.4 V). This is 

why; this potential range was selected as the best one to perform the synthesis of RGO 

on Pt electrodes. The bare Pt electrode was also characterized in this solution as 

reference.  

Fig. S3 shows the evolution of the synthesis of RGO on the Pt electrode between +0.6 V 

and -1.4 V for 20 scans. As can be seen in Fig. S3-a, the hydrogen evolution reaction 

intensity decreases with the increasing number of scans. Also the H+/H2 redox pair (Fig. 

S3-b) decreases its intensity and becomes more irreversible. This variation in the redox 

processes can be attributed to the synthesis of RGO on the Pt surface [16]. The color of 

the RGO coating on Pt was blackish, indicating the reduction of graphene oxide [8]. 
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The optimum electrode synthesized employing the (+0.6 V↔-1.4 V) potential range and 

bare Pt electrode were also characterized in 0.5 M H2SO4 medium, which is the medium 

employed to test the electroactivity of dispersed Pt coatings (Fig. 1). In the case of the 

Pt electrode, the characteristic oxidation and reduction processes of the Pt surface could 

be observed at potentials lower than +0.1 V and higher than +0.5 V (vs. Ag/AgCl 3.5 M 

KCl) [39-42]. It could be seen that when RGO was deposited on Pt for 20 scans 

between +0.6 V and -1.4 V, the presence of these redox peaks was clearly diminished. 

Some residual activity was still present, due to the availability of Pt sites as XPS 

measurements have shown. Instead of this, the appearance of the characteristic 

capacitative behaviour of graphene was evident [17]. This confirmed the formation of 

RGO on the surface of the Pt electrodes. Evidence of the formation of RGO coating was 

also obtained from scanning electron microscopy. Fig. 2 shows the micrographs of a Pt 

electrode coated with RGO. As can be seen in Fig. 2-a, the electrode is completely 

coated with RGO. Reduced graphene oxide sheets can also be observed with higher 

magnification as shown in Fig. 2-b. The typical wrinkles of graphene sheets help to 

locate them [43].  

X-ray photoelectron spectroscopy was used to characterize chemically the samples 

coated with RGO. Fig. S4 shows the survey spectra of the Pt-RGO electrode. Fig. 3 

shows the high resolution C 1s and O 1s XPS spectrum for the RGO sample. The 

atomic percentage of C and O was 82.46 and 12.05 %, respectively. Pt was also 

analyzed, obtaining an atomic content of 5.49 %. The Pt4f XPS spectrum is also shown 

in Fig. S5. This low percentage of Pt would indicate that some portion of Pt surface was 

not coated with RGO. Four peaks were deconvoluted in Pt4f spectrum. The two peaks 

at 71.2 eV (Pt4f7/2) and 74.4 eV (Pt4f5/2) were assigned to a spin-orbit coupling doublet. 

The doublet separation of 3.2 eV is characteristic of platinum element (Pt4f) [44]. These 
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binding energies were due to metallic Pt [45]. The other doublet obtained at 72.3 eV 

(Pt4f7/2) and 75.2 eV (Pt4f5/2) was assigned to Pt ionic species [44] probably due to 

surface Pt oxides. The analysis of the C 1s core level spectra is shown in Fig. 3-a, three 

peaks were deconvoluted at 284.5, 285.7 and 286.9 eV. The first peak at 284.5 eV was 

attributed to sp2 carbon in the graphitic network. The peak at 285.7 eV was due to C-

OH groups. The peak at 286.9 eV was ascribed to C=O and C-O-C (epoxy sp3 carbon 

bonds on the basal plane) groups [46]. The sp2 fraction (obtained dividing the sp2 

carbon content by the total carbon content) was 0.7. The analysis of the O 1s high 

resolution XPS spectrum for RGO sample showed two peaks at 531.5 and 532.9 eV 

(Fig. 3-b). The first peak was ascribed to O=C groups and the second peak was 

attributed to O-C groups [47]. The O 1s/C 1s ratio gives an indication of the oxygen 

content and the value obtained for the RGO sample was 0.15. In our previous paper 

[48], this ratio was around 0.20-0.26 for RGO samples obtained by chemical reduction 

with sodium dithionite. Therefore, minor oxygen content was obtained by means of the 

electrochemical reduction compared to the chemical reduction. 

 

3.2. Electrochemical synthesis of Pt by potentiostatic methods on Pt-RGO. 

Fig. 4 shows the voltammograms of RGO-Pt electrodes (previously obtained after 20 

scans of synthesis between +0.6 V and -1.4 V) in 0.5 M H2SO4 and in 0.5 M  H2SO4 / 5 

mM H2PtCl6 solutions. The voltammogram performed in the solution containing 

H2PtCl6 shows different features that can be attributed to the reduction of Pt on the 

surface of RGO. Although the maximum of the peak was obtained at -0.16 V, the 

reduction of Pt species began at potentials lower than + 0.4 V as can be seen in the 

voltammograms.  
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The reactions that take place during the reduction of H2PtCl6 to Pt and the theoretical 

potentials are [49]:  

))5.3(/.525.0(42

))5.3(/.515.0(22
2
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2
4

2
6
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To determine the most adequate synthesis potential of Pt nanoparticles on the RGO 

surface, different potentials were evaluated; +0.4 V, +0.2 V, 0 V and –0.16 V (vs. 

Ag/AgCl 3.5 M KCl) (Table 1 The same electrical charge of 260 mC·cm-2 was applied 

for all the samples. The chronoamperometry curves obtained for the different synthesis 

potentials can be seen in Fig. S6. The Pt content (µg·cm-2) can be calculated by means 

of the synthesis charge (mC·cm-2) (data obtained from the potentiostat/galvanostat 

equipment) assuming that the single process that happens is the reduction of PtCl62- to 

Pt with complete efficiency (100 %) [50, 51]. The quantity of Pt (mPt) was calculated 

according to Equation 1: 

F

MQ
m Pt

Pt ·4
·

=              (1) 

Where: QPt is the synthesis charge (C·cm-2); M is the Pt atomic weight (195.09 g·mol-1); 

4 is the number of electrons involved in the reduction of PtCl62- to Pt and F is the 

Faraday constant (96485.3 C·mol-1). The load of Pt obtained for the synthesis charge of 

260 mC·cm-2 was approximately 131.4 µg·cm-2.  

Fig. 5-a shows the voltammetric characterization in 0.5 M H2SO4 of the different 

electrodes obtained by potentiostatic synthesis. The hydrogen adsorption charge was 

calculated by means of the integration of the area [19] in the corresponding 

voltammogram (Table 1). The hydrogen adsorption charge obtained for the electrodes 

obtained with the different synthesis potentials followed this order: 0 V > -0.16 V > 

+0.2 V > 0.4 V. At +0.4 V the synthesis of Pt was negligible since characteristic 
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oxidation and reduction processes on Pt were not observed. The electrochemical surface 

area of Pt (ECSA) of the different electrodes was calculated [19]. The roughness factor 

was also calculated taking into account the hydrogen adsorption charge and the 

theoretical value for the adsorption of a hydrogen monolayer on Pt surface (210 µC·cm-

2) as an indication of surface area [40]. Values obtained can be observed in Table 1 and 

followed the same order as hydrogen adsorption charge values. The highest value of 

ECSA (electrochemical surface area) obtained at 0 V can be correlated to the lower Pt 

nanoparticle size as was observed by SEM. The lower the particle size, the higher the 

roughness and the higher the surface area. Consequently, the electroactivity is improved 

since more Pt area is available for reaction [40, 41].  

Another characteristic probe of the electrocatalytic properties of Pt coatings can be 

obtained from the oxidation of methanol in acidic solutions. Fig. 5-b shows the 

voltammograms of characterization in 0.5 M H2SO4 / 0.5 M CH3OH for the different 

electrodes obtained. In the voltammograms, two peaks were observed, one in the 

forward scan located around +0.65 V (vs. Ag/AgCl 3.5 M KCl) and the other in the 

backward scan at +0.45 V (vs. Ag/AgCl 3.5 M KCl). The first one is produced due to 

the oxidation of freshly chemisorbed species coming from methanol adsorption. The 

second oxidation peak is related to the removal of carbonaceous species not completely 

oxidized in the forward scan [52, 53]. No electrocatalytic properties for the methanol 

oxidation were observed for the sample synthesized at +0.4 V, confirming that at this 

potential the synthesis of Pt does not happen in a significant way. Table 1 shows the 

maximum values of current density obtained for both peaks for the different electrodes 

synthesized. Results of electroactivity against methanol oxidation can be directly 

correlated with the higher surface area of the electrodes obtained in this order 0 V > -

0.16 V > +0.2 V.  
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Scanning electron microscopy was also used to observe the morphology of the coatings 

obtained. Since the same electrical charge was applied to synthesize all the electrodes, 

the difference in electroactivity is related to the morphology and particle size of the 

coatings obtained. Fig. 6 shows micrographs of Pt-RGO electrodes coated with Pt 

nanoparticles using different synthesis potentials. The morphology of the Pt 

nanoparticles greatly depends on the applied potential. Fig. 6-a shows a micrograph 

where the synthesis potential used was -0.16 V. The morphology obtained is flower-like 

nanorods aggregates [54, 55]. When higher magnification was employed (Fig. 6-b) it 

could be seen that the particles had needle form and they were very sharp and with very 

low size (less than 50 nm in the base). This type of growth could be attributed to a rapid 

growth of the coating with the creation of a high number of nucleation points. These 

nucleation points developed in the first stage grow and form the flower-like structure 

[55]. As can be seen in the voltammogram, -0.16 V (vs. Ag/AgCl 3.5 M KCl) was 

selected because it corresponded to the highest current density (~ -2.3 mA·cm-2) 

obtained in the voltammogram of synthesis (Fig. 4). These flower-like structures have 

shown more electroactivity than traditional spherical nanoparticles because of its high 

active surface area [54, 55]. Fig. 6-c shows the micrograph of an electrode obtained 

using the synthesis potential of 0 V (vs. Ag/AgCl 3.5 M KCl). In this case, the coating 

is constituted by Pt nanoparticles with very low size and very tightly packed. The Pt 

nanoparticles can be observed better with the higher magnification micrograph (Fig. 6-

d), the size of the nanoparticles is around 30-40 nm. In this case the growth is produced 

in 2-D with a high order and also with a very low nanoparticle size. In the 

voltammogram of synthesis (Fig. 4) it can be seen that at this potential there was also a 

noticeable current density (~ -0.9 mA·cm-2). Therefore a lot of nucleation points are also 

created at this potential, obtaining very low size Pt nanoparticles. The lower growth rate 
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allows the attainment of a more densely packed coating. When GO or RGO are 

employed, the size of the nanoparticles and its distribution is improved [55]. Fig. 6-e,f 

show the micrograph of the coating obtained when +0.2 V (vs. Ag/AgCl 3.5 M KCl) 

was employed as the synthesis potential. In this case, Pt spherical nanoparticles with 

higher size than the former cases can be observed (around 200 nm). In this case, the 

growth of Pt nanoparticles at +0.2 V is slower and also the number of nucleation points 

is less. This allows the growth of these nucleation points so that particles with greater 

size are obtained. Fig. 4 also shows that the current density obtained was around -0.2 

mA·cm-2 (substantially lower than at -0.16 V and 0 V). Finally the potential of +0.4 V 

(vs. Ag/AgCl 3.5 M KCl) was also used to observe whether there was synthesis at this 

potential. At this potential no substantial growth of Pt nanoparticles was observed. This 

confirms the suitability of this potential to be employed as starting potential (where the 

synthesis of Pt nanoparticles does not take place in a significant way) to produce the 

synthesis of Pt nanoparticles by alternate current methods (section 3.3). The most 

electroactive coatings were obtained with the synthesis at 0 V followed by -0.16 V and 

+0.2 V. These results can be correlated with the lower grain size of Pt nanoparticles 

following the latter order. The lower grain size produces an increase of the Pt surface 

area and hence an increase of electroactivity [40, 41]. 

 

3.3. Electrochemical synthesis of Pt by alternate current methods on Pt-RGO. 

EIS technique is based on applying a potential perturbation of certain amplitude (from 

±0.2 mV to ±350 mV) around a fixed potential (by us) with varying frequency. As was 

commented previously, if the potential is fixed in a zone where Pt synthesis happens 

(E< +0.4 V (vs. Ag/AgCl 3.5 M KCl), as can be seen in Fig. 4), the synthesis of Pt will 

be taking place all the time, then a mixture of alternating current (ac) and potentiostatic 
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synthesis would be obtained. This is why the potential of +0.4 V (vs. Ag/AgCl 3.5 M 

KCl) was fixed as the starting potential since the synthesis of Pt nanoparticles was not 

observed. From +0.4 V, which was the fixed potential, the potential varied to +0.05 V 

and +0.75 V (vs. Ag/AgCl 3.5 M KCl) with the amplitude perturbation of ±350 mV 

(maximum amplitude perturbation that could be applied with the equipment). The 

synthesis of Pt nanoparticles takes place between +0.05 V and +0.4 V (vs. Ag/AgCl 3.5 

M KCl).  

Fig. 7 shows the impedance modulus │Z│vs. the frequency (Hz) plot obtained for the 

different experiments of Pt synthesis on Pt-RGO electrodes using alternate current 

methods. In Fig. 7-a the data represented by (◊) is the data obtained using the 105-10-2 

Hz frequency range with ±10 mV amplitude perturbation. In these conditions the 

synthesis of Pt was very low since the potential range obtained (+0.39, +0.41 V) was 

very close to the potential at which Pt deposition did not happen (+0.4 V). When the 

amplitude was increased to ±350 mV the potential range obtained was (+0.05 V, +0.75 

V) and the synthesis of Pt took place in a significant way (). This is why the 

impedance modulus lowered with regard to the sample synthesized using the ± 10 mV 

amplitude perturbation. This decrease of the impedance modulus can be attributed to the 

synthesis of Pt that is taking place on the surface of RGO. When the individual 

frequency ranges of Table 2 were used (represented in Fig. 7 as coloured lines), a 

decrease in the impedance modulus │Z│ was also observed as the synthesis proceeded. 

In the case of the 10 Hz electrode synthesis, this decrease was more than one order of 

magnitude. As can be seen in Fig. 7-b the data for the 10 Hz electrode synthesis has 

been magnified for best observation.  

Fig. 8 shows the voltammetric characterization of the different electrodes obtained using 

the alternate current synthesis method of Pt nanoparticles. Table 2 shows the results of 
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hydrogen adsorption charge, roughness factor and maximum current densities obtained 

for methanol oxidation for the different electrodes obtained. The sample obtained by 

potentiostatic synthesis at +0.4 V (vs. Ag/AgCl 3.5 M KCl) for 6000 s showed no 

significant electrochemical activity against hydrogen evolution reaction and methanol 

oxidation. This confirms that the synthesis of Pt nanoparticles did not take place in a 

significant way at this potential. In order to compare the different synthesis frequency 

ranges, the same synthesis time (55. 6 s) was used in the samples of 0.1 Hz, 1 Hz and 10 

Hz. With the other frequencies, this synthesis time could not be achieved due to the 

limitation in the number of points that could be recorded. Taking into account the 

results obtained for hydrogen adsorption charge, roughness factor and maximum current 

densities for methanol oxidation (Table 1), the most electroactive electrodes followed 

this order: 10 Hz > 1 Hz > 0.1 Hz. An increase in the synthesis frequency, produced an 

increase in the electroactivity of the electrodes (Fig. 8-a, Fig. 8-b and Table 2). This 

indicates that higher frequencies are the most appropriate to perform the synthesis by 

alternate current methods. If the best results for potentiostatic synthesis (synthesis at 0 

V vs. Ag/AgCl 3.5 M KCl) are compared with the best results for alternate current 

synthesis (10 Hz synthesis), it can be seen that the hydrogen adsorption charge and 

methanol oxidation current densities values are almost double in the case of the 

alternate current synthesis than in the potentiostatic synthesis. Conversely, the effective 

synthesis time is lower in the case of alternate current synthesis at 10 Hz (55.6 s vs. 467 

s for the potentiostatic synthesis at 0 V). It can be concluded that alternate current 

synthesis by EIS can be used effectively to produce more electroactive coatings.  

The other frequencies used for the synthesis were not comparable since the same 

synthesis time was not achieved. However, the results should be reported briefly. In the 

sample obtained with 100 Hz, the synthesis time was 10 times lower than in the case of 
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10 Hz. However, the hydrogen adsorption charge obtained was similar to that obtained 

for 10 Hz. Conversely, the electrocatalytic activity for methanol oxidation was much 

higher in the case of 10 Hz synthesis. This difference of electroactivity could be 

attributed to the appearance of cracks on the surface of the coating obtained employing 

100 Hz, due to a massive growth of the coating (as observed by SEM). When even 

higher frequencies such as 1000 and 10000 Hz were employed, significant results were 

not observed since the synthesis time achieved was very low. Future studies could be 

carried out with continuous potential pulse generators to study the influence of such 

high frequencies on the synthesis of Pt nanoparticles.  

Another electrode was synthesized using the complete frequency range (105-10-2 Hz). In 

this case, the electroactivity obtained was similar to the 1 Hz sample. However the 

effective synthesis time is 3 times lower in the case of 1 Hz frequency, as can be seen in 

Table 2. This fact points out again the importance of the synthesis frequency.  

All the samples obtained by alternate current methods were observed by means of SEM 

to observe the morphology of the coatings at the different frequencies used. Fig. 9-a 

shows the micrograph of the coating obtained employing the 0.1 Hz frequency. As can 

be seen, the surface is coated with low size Pt nanoparticles finely dispersed on the 

RGO coating. When the frequency was increased to 1 Hz there was a significant 

increase in the degree of coating as well as the Pt nanoparticles size (Fig. 9-b). In this 

case, the Pt nanoparticles were covering the whole surface of the electrode. When the 

synthesis frequency was increased up to 10 Hz, the degree of coating increased again 

and the growth in the Z direction was also observed (Fig. 9-c). The nanoparticles size 

seemed to be similar to that obtained for 1 Hz. The samples obtained using 0.1, 1, and 

10 Hz had identical synthesis time (55.6 s), so higher frequencies are most effective in 

the synthesis of Pt nanoparticles. The differences of electroactivity observed by means 
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of cyclic voltammetry can be attributed to a different degree of coating (Pt content) 

rather than the size of the nanoparticles. The other frequencies used had no comparable 

synthesis time since there was a limitation in the number of points, although similar 

morphologies of the coatings were obtained. The sample coated using the 100 Hz 

frequency showed similar morphology (Fig. 9-d) and even peeled off due to the massive 

growth of Pt nanoparticles (inset Fig. 9-d). The excessive growth of Pt coatings can lead 

to cracks on the surface of the coating [49]. Fig. 9-e shows a micrograph of an electrode 

obtained using the 1000 Hz synthesis frequency, a small size Pt nanoparticles dispersion 

can be observed. The low content of Pt nanoparticles can be correlated with the very 

low synthesis time (0.06 s). Similar results were observed for the 10000 Hz frequency 

(Fig. 9-f).  

 

 

4. Conclusions 

Reduced graphene oxide (RGO) has been synthesized on Pt electrodes by means of 

potentiodynamic technique; the most adequate lower potential limit to carry out the 

synthesis was -1.4 V (vs. Ag/AgCl 3.5 M KCl). X-ray photoelectron spectroscopy 

(XPS) results showed that electrochemical reduction method was more effective than 

the chemical reduction by sodium dithionite (used in our previous paper) as evidenced 

by the lower O/C ratio. The voltammetric characterization of Pt-RGO electrodes in 0.5 

M H2SO4 solutions have shown the characteristic capacitative behavior of RGO. Once 

Pt-RGO electrodes were obtained, the synthesis of Pt nanoparticles (131.4 µg·cm-2) was 

carried out at different potentials (-0.16 V, 0 V, +0.2 V, +0.4 V) (vs. Ag/AgCl 3.5 M 

KCl) by means of potentiostatic synthesis. The electrodes obtained were characterized 

by means of cyclic voltammetry in 0.5 M H2SO4 solution to observe the characteristic 
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oxidation and reduction processes of the Pt surface. A 0.5 M H2SO4 / 0.5 M CH3OH 

solution was also used to measure the catalytic properties of the deposits against 

methanol oxidation. The results obtained have shown that the most adequate potentials 

to carry out the synthesis followed this order 0 V, -0.16 V, +0.2 V, +0.4 V (vs. Ag/AgCl 

3.5 M KCl). The morphology of the coating was also greatly influenced by the potential 

used. At 0 V, a 2-D densely packed coating with very low grain size of Pt nanoparticles 

was obtained. At -0.16 V the formation of flower-like structures has been reported. At 

+0.2 V, dispersed Pt nanoparticles in the form of globules and with higher size were 

observed. Finally at +0.4 V, there was no substantial synthesis of Pt nanoparticles. 

A new method for the synthesis of Pt nanoparticles on RGO coated electrodes was 

applied for the first time. The method consisted of the synthesis of Pt nanoparticles 

using alternate current obtained from electrochemical impedance spectroscopy 

equipment. Different frequencies were evaluated to find the best one; 0.1, 1, 10, 100, 

1000 and 10000 Hz were used. In the impedance modulus │Z│ vs. the frequency (Hz) 

plot, the resistance of the electrodes decreased as the synthesis proceeded. With high 

frequencies it was not possible to obtain proper coatings since the synthesis time that 

could be obtained was very low due to the limitation in the number of points that could 

be acquired. The results for lower frequencies (0.1, 1, and 10 Hz) could be compared 

since the synthesis time employed was the same (55.6 s). The best results were obtained 

for 10 Hz followed by 1 Hz and 0.1 Hz. As observed by scanning electron microscopy 

(SEM), in this case the variation of the electrocatalytic properties seems to be related to 

the quantity of Pt deposited. Higher frequencies seem to be more effective in the 

synthesis of Pt nanoparticles than lower ones. The electrocatalytic properties, evaluated 

from the cyclic voltammetry response in different media, showed that electrodes 

obtained at the best synthesis frequency (10 Hz) had higher electroactivity (double) than 
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electrodes obtained by means of potentiostatic synthesis at 0 V (vs. Ag/AgCl 3.5 M 

KCl). The synthesis of Pt nanoparticles by alternate current methods has been shown to 

be of interest since less synthesis time is needed to obtain more electroactive coatings.  
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Figure captions 

 

Fig. 1. Cyclic voltammograms of RGO-Pt (20 scans of synthesis between +0.6 V and -

1.4 V) and Pt in 0.5 M H2SO4 solution. Scan potential range: from -0.2 V to +0.7 V. 

Scan rate: 50 mV·s-1. First scan shown for all the measurements. Potentials referred to 

Ag/AgCl 3.5 M KCl reference electrode. 

 

Fig. 2. FESEM micrographs of Pt-RGO electrode: a) (x 5.77 K), b) (x 25.8 K). 

 

Fig. 3. a) High resolution C 1s XPS core level spectrum for RGO sample; (b) High 

resolution O 1s XPS core level spectrum for Pt-RGO sample. 

 

Fig. 4. Cyclic voltammograms of RGO-Pt (obtained after 20 scans of synthesis between 

+0.6 V and -1.4 V) in 0.5 M H2SO4 solution and 0.5 M H2SO4 / 5 mM H2PtCl6 

solutions. Potentials referred to Ag/AgCl 3.5 M KCl reference electrode. 

 

Fig. 5. Cyclic voltammograms of Pt-RGO-Pt electrodes. Pt coatings synthesized at 

different potentials (-0.16 V, 0 V, 0.2 V and 0.4 V) and with the same electrical charge 

of 260 mC·cm-2. a) 0.5 M H2SO4, second scan for all samples b) 0.5 M H2SO4 / 0.5 M 
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methanol, fifth scan for all samples. Scan potential range: between -0.2 V and +1.0 V; 

scan rate, 50 mV·s-1. Potentials referred to Ag/AgCl 3.5 M KCl reference electrode. 

 

Fig. 6. FESEM micrographs of Pt-RGO-Pt electrodes synthesized at different potentials 

and with the same electrical charge of 260 mC·cm-2: a) -0.16 V (x 20.1 K), b) -0.16 V (x 

210.22 K), c) 0 V (x 20.1 K), d) 0 V (x 243.72 K), e) +0.2 V (x 20.1 K), f) +0.2 V (x 

206.37 K). Potentials referred to Ag/AgCl 3.5 M KCl reference electrode. 

 

Fig. 7. Impedance modulus│Z│vs. frequency (Hz) plot for the synthesis of Pt 

employing alternate current synthesis method on RGO-Pt electrodes (synthesized 

potentiodinamically between +0.6 V and -1.4 V for 20 scans). Synthesis of Pt 

performed in 0.5 M H2SO4 / 5 mM H2PtCl6 solutions. Potential set at +0.4 V (potential 

at which the synthesis of Pt is not produced), perturbation potential applied to produce 

the synthesis ±350 mV. a) Synthesis performed at different frequencies (0.1 Hz, 1 Hz, 

10 Hz, 100 Hz, 1000 Hz, 10000 Hz). Pt was also deposited employing the 105-10-2 Hz 

frequency range for comparison employing ±10 mV and ±350 mV perturbation waves. 

b) Magnified plot that shows the data for the synthesis performed with the 10 Hz 

frequency range. Potentials referred to Ag/AgCl 3.5 M KCl reference electrode. 

 

Fig. 8. Cyclic voltammograms of Pt-RGO-Pt electrodes. Coating of Pt synthesized by 

alternate current methods at different frequencies (0.1 Hz, 1 Hz, 10 Hz, 100 Hz, 1000 

Hz, 10000 Hz). Pt was also deposited on another electrode employing the 105-10-2 Hz 

frequency range for comparison (same conditions). One sample was also synthesized at 

+0.4 V during 6000 s to discard the synthesis of Pt at this potential. a) 0.5 M H2SO4, 

second scan for all samples b) 0.5 M H2SO4 / 0.5 M methanol, fifth scan for all samples. 
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Scan potential range: from -0.2 V to +1.0 V; scan rate, 50 mV·s-1. Potentials referred to 

Ag/AgCl 3.5 M KCl reference electrode. 

 

Fig. 9.  FESEM micrographs of Pt-RGO-Pt electrodes synthesized by alternate current 

methods at different frequencies. a) 0.1 Hz (x 50.18 K), b) 1 Hz (x 50.18 K), c) 10 Hz (x 

50.18 K), d) 100 Hz (x 2.04 K), e) 1000 Hz (x 50.18 K), f) 10000 Hz (x 50.18 K). 

 

 

Table captions 

 

Table 1. Parameters employed for the synthesis and parameters obtained for the 

characterization of the Pt-RGO-Pt electrodes obtained by potentiostatic synthesis.  

 

Table 2. Parameters employed for the synthesis and parameters obtained for the 

characterization of the Pt-RGO-Pt electrodes obtained by alternate current methods.  

 



 

Table 1. Parameters employed for the synthesis and parameters obtained for the 

characterization of the Pt-RGO-Pt electrodes obtained by potentiostatic synthesis.  

Synthesis 
potential (V) 

Synthesis 
charge 

(mC·cm
-2

) 

Pt loading 
(µg·cm

-2
) 

Morphology 
Hydrogen 

adsorption charge 
(mC·cm

-2
)

(1)
 

ECSA 
(m

2
/g)

(2)
 

Roughness 
factor

(3) 
j+0.65V 

(mA·cm
-2

)
(4)

 
j+0.45V 

(mA·cm
-2

)
(5)

 

-0.16 260 131.4 
Flower-like 
structure 

6.74 24.42 32.09 23.14 17.87 

0 260 131.4 
Flat continuous 

coating 
8.36 30.30 39.82 32.97 27.74 

+0.2 260 131.4 Globular 3.84 13.92 18.29 6.31 4.86 

+0.4 260 
No synthesis 

observed 
- - - - - - 

Common parameters: electrode material (Pt-RGO synthesized during 20 scans by CV between +0.6 V and -1.4 V), synthesis solution (0.5 M 
H2SO4 / 5 mM H2PtCl6), counter electrode (Pt), reference electrode (Ag/AgCl 3.5 M), characterizing solutions (0.5 M H2SO4 and 0.5 M H2SO4 / 
0.5 M CH3OH). 
(1)

Calculated with the integration of the hydrogen adsorption area in the voltammogram obtained in 0.5 M H2SO4 [19]. 
(2) 

Calculated dividing the hydrogen adsorption charge by the Pt loading and the theoretical value for the adsorption of a hydrogen monolayer 
on Pt surface (210 µC·cm

-2
) [19]. 

(3)
Calculated dividing the normalized hydrogen adsorption charge (µC·cm

-2
) by the theoretical value for the adsorption of a hydrogen 

monolayer on Pt surface (210 µC·cm
-2

) [41]. 
(4)

Maximum current density observed in the voltammograms obtained in 0.5 M H2SO4 / 0.5 M CH3OH solution at +0.65 V.
 

(5)
Maximum current density observed in the voltammograms obtained in 0.5 M H2SO4 / 0.5 M CH3OH solution at +0.45 V. 
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Table 2. Parameters employed for the synthesis and parameters obtained for the 

characterization of the Pt-RGO-Pt electrodes obtained by alternate current methods.  

 
Frequency (Hz) 

Points 
Synthesis 
time (s) 

Real 
synthesis 
time (s) 

Morphology 

Hydrogen 
adsorption 

charge 
(mC·cm

-2
)

(1)
 

Roughness 
factor

(2)
 

j+0.65V 
(mA·cm

-2
)

(3)
 

j+0.45V 
(mA·cm

-2
)

(4)
 Nomenclature High Low 

10
5
-10

-2
 Hz 100000 0.01 50 357 178.5 Globular 6.30 29.99 15.56 12.20 

0.1 Hz 0.1 0.08 10 111 55.6 Globular 2.06 9.82 2.96 2.37 

1 Hz 1 0.8 100 111 55.6 Globular 7.89 37.55 16.72 15.27 

10 Hz 10 8 1000 111 55.6 Globular 19.99 95.20 58.55 50.27 

100 Hz 100 80 1000 11.1 5.56 Globular 20.94 99.69 36.88 22.10 

1000 Hz 1000 800 100 0.111 0.0556 Globular 1.63 7.75 0.29 0.09 

10000 Hz 10000 8000 1000 0.111 0.0556 Globular 1.42 6.77 0.19 0.04 

Common parameters: electrode material (Pt-RGO synthesized during 20 scans by CV between +0.6 V and -1.4 V), synthesis solution (0.5 M 
H2SO4 / 5 mM H2PtCl6), counter electrode (Pt), reference electrode (Ag/AgCl 3.5 M), characterizing solutions (0.5 M H2SO4 and 0.5 M H2SO4 / 0.5 
M CH3OH). 
(1)

Calculated with the integration of the hydrogen adsorption area in the voltammogram obtained in 0.5 M H2SO4 [19]. 
(2)

Calculated dividing the normalized hydrogen adsorption charge (µC·cm
-2

 by the theoretical value for the adsorption of a hydrogen monolayer 
on Pt surface (210 µC·cm

-2
) [41]. 

(3)
Maximum current density observed in the voltammograms obtained in 0.5 M H2SO4 / 0.5 M CH3OH solution at +0.65 V. 

(4)
Maximum current density observed in the voltammograms obtained in 0.5 M H2SO4 / 0.5 M CH3OH solution at +0.45 V. 

 

 

 

Table(2)
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