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Abstract : Present study reports, electro-oxidation of ethanol onto platinum (Pt) loaded 

reduced graphene oxide/Carbon-felt (Pt/rGO/C), rGO-graphite/C-felt composite (Pt/rGO-

G/C), rGO-carbon black/C-felt, (Pt/rGO-CB/C) and rGO-ZSM-5/C-felt composite (Pt/rGO-

ZSM/C) electrodes. GO was synthesized by conventional, simple and green Hummer‟s 

Method. rGO-CB, rGO-G and rGO-ZSM was prepared by mechanical mixing at a fixed ratio. 
From the electrochemical studies, it was found that Pt/rGO-G/C and Pt/rGO-CB/C proved to 

be a better and more durable electrocatalyst compared to Pt/rGO/C and Pt/C. However, 

Pt/rGO-ZSM/C proved the best electrocatalyst. Apparent activation energies of ethanol 
electro-oxidation over these electrodes are found to be in the order of Pt/C < Pt/rGO/C < 

Pt/rGO-G/C < Pt/rGO-CB/C < Pt/rGO-G/C. CB or G acts as hinders to inhibition of stacking 

of rGO sheets, as effective “spacers”. CB or G have many defects and act as second support 

material over which PNPs deposited are smaller in size, compared to deposition over bare 
rGO/C or C-felt surfaces. ZSM-5 enhances the catalytic power of PNPs by facilitating 

formation of smaller PNPs and also by cleansing away adsorbed CO from the Pt surface. The 

present study thus will lead to a new avenue in the field of fuel cell electro-catalysts. 
Keywords : Fuel cells; Graphene; Carbon; Zeolites; Hybrid composites. 

 

1. Introduction 

Platinum loaded reduced graphene oxide (rGO)/C electrodes have catalytic action towards electro-
oxidation of ethanol (EtOH) [1]. In this investigation, the possibility of improving those electrodes using carbon 

black (CB), graphite (G) and ZSM-5 (Z) as support materials was explored. These materials have been reported 

to improve electrical contact among the components of the composites. This investigation was aimed at the 
preparation of Pt loaded rGO/C, rGO-G/C, rGO-CB/C and rGO-ZSM/C composite electrodes and an 

investigation of EtOH electro-oxidation onto these electrodes.  EtOH is emerging as an alternative fuel for 

direct alcohol fuel cells (DAFCs). The major advantages of EtOH are its non-toxic nature and ease of 
production from biomass etc. In fuel cell research, the conventional Pt and Pt-based materials have been utilized 

as the foremost catalysts for direct ethanol fuel cells (DEFCs) [2,3]. But for the commercialization of the DEFC 

and its application, chief obstacles are unaffordable cost of the noble metals as well as the inability of Pt to 

catalyze the fission of C-C bond and to cleanse the adsorbed CO intermediate [4-6]. Therefore, the alternative 
path leads to synthesis of non-precious metal as well as metal-free catalysts. Keeping an eye on the maximum 

utilization of this precious metal and to minimize the cost, high surface area supporting materials are showing 

new path for better catalyst loading. The perfect support materials should contain high specific surface area, 
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good electronic conductivity and significant amount of porosity [7,8]. Porous carbon materials, conducting 
polymers and transition-metal oxides are considered as effective support materials for their porosity [9,10]. 

Amongst this class, porous carbon materials (e.g. carbon black) are promising due to their high surface, long 

cycle life and excellent mechanical properties [11,12]. In last decade graphene and rGO nanosheets have been 

considered with high specific surface area, exceptional graphitized basal plane structure, excellent electrical, 
mechanical and thermal properties, better transparency, mechanical strength and superb conductivity [13-18]. 

Another interesting point is, unlike the traditional carbon materials (e.g. activated carbon, carbon nanotubes etc.) 

the high specific surface area of rGO-Graphene materials are independent of the allocation of the pores in solid 
state. It is exclusively reliant on the interrelated open channels amongst graphene layers in a 2d manner [19].  

However, there are major pitfalls to obstruct the application of rGO as a support material. The 2d 
material the rGO sheets are prone to pile together due to strong affinity for π-π interaction of the individual 

sheets which blocks the catalytic sites, gives rise to a major loss of the effective surface area of rGO, causes a 

higher resistance for the diffusion of reactant molecules on the catalyst surface and sluggish the catalytic 

reaction [20-22]. It was further observed that during the drying process, the individual rGO-Graphene sheets 
leads to irreversible agglomeration or restacking by means of van der Waals interactions [23,24]. The rGO 

sheets obtained by conventional methods possess more defects which hinder the electron transfer rate in the 

rGO sheet as well as across the Rgo nanocomposite interface. Lastly, rGO-Graphene with basal layers is 
unfavorable for dispersion of electrolyte within the layers [25,26]. This adverse phenomenon hinders the 

application of these materials in fuel cell or other energy devices.  

To overcome the stacking trouble of the individual rGO sheets, insertion of a second support material 

within the individual sheets proved to be a constructive and green method. The inclusion of a second support 

material not only improves the homogeneous dispersion of rGO sheets but also lowers the defects. Carbon black 

(CB) and graphite (G) are most useful second support material with higher electrochemical surface area (ECSA) 
and good electronic conductivity [11,12,27-29]. The assimilation of CB or graphite within rGO layers can 

prominently control the agglomeration or restacking of individual sheets and enhances the electrolyte–electrode 

convenience as well as electrode conductivity. Some productive consequences of insertion of CB-G particles 
are amplification of spacing between the rGO sheets and a swift diffusion path for more edge plane involvement 

[10]. As an result, the CB-G as spacers gives rise to high electrochemical exploitation of rGO layers and also 

opens up nanochannels constructing 3d rGO-CB or rGO-G hybrid material [12,27]. The composite support 
materials can be synthesized by easy and in a greener way.Some momentous works regarding synthesis and 

application of rGO-CB or rGO-G hybrid materials are worth discussing. Yan et al. have synthesized Graphene 

nanosheets and carbon black composite by ultrasonication followed by in-situ reduction methods [11]. They 

have examined that electrochemical performances of hybrid materials are superiorto the pure graphene material, 
and proved that carbon black particles as spacers ensured the high electrochemical utilization of graphene layers. 

Li et al. had synthesized CB, Pt loaded rGO composite catalyst for oxygen reduction reaction (ORR) study [27]. 

They have revealed that the inclusion of CB particles between rGO sheets can effectively prevent stacking of 
rGO, promoting diffusion of oxygen molecules through the rGO sheets and enhancing the ORR electro-catalytic 

activity. Shervedani et al. prepared sulphur doped graphene nanosheets (S-GNS)-CB composite catalyst for 

ORR study [12]. Their outcome proved that CB particles inserted between S-GNs layers function as spacers and 
prevent the restacking of S-GNs during drying, endorse the diffusion of O2 molecules through S-GNs and 

increase the ORR rate. Yuan et al. have synthesized a 3d graphene oxide/carbon sphere supported silver 

composite (Ag-GO/C) catalyst for ORR [30]. They have established that the enhancement can be demonstrated 

to the 3D composite support, which supplement the electrical conductivity by implementing the mass transport 
in the catalyst layer aided the reactants access to the active sites. In a different study, Li et al. have prepared 

reduced graphene oxide (rGO) activated carbon (AC) composites rGO-AC by a facile chemical method and 

applied in the capacitive removal of salt ions from brackish water [31]. They have seen that rGO can act as a 
flexible bridge to form a „„plane-to-point‟‟ (rGO- AC) conducting network, which effectively weaken the 

aggregation of AC particles. As a result it advances the electron transfer within the composite electrode. In 

recent past, researchers have significantly synthesized rGO-G composite support materials for various energy 

devices. In a pioneer study, Zhang et al. have fabricated a composite of graphite and graphene oxide and 
employed as a high capacity and binder-free anode material directly in lithium-ion batteries [29]. They observed 

that the graphite particles and conductive additive homogeneously distributed on the graphene oxide surface 

and the oxygen containing groups of graphene oxide also have been partially reduced during the first discharge 
process. In their next study, Zhang et al. have synthesized a composite of graphene oxide sheets, carbon 
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nanotubes (CNTs), and commercial graphite particles and utilized as binder-free anode material for Li-ion 
batteries [28,29]. They concluded that this graphene oxide/graphite/CNT composite had finer reversible 

capacity, improved cycling performance, and similar rate capability compared to the GO/graphite composite. 

Again, Zeolites, specially ZSM-5 which has been studied also can act as a second catalyst as it has 

inbuilt ability to cleanse the electrode surface during electro-oxidation process by oxidizing adsorbed CO to 

CO2 [6,32]. Zeolites are crystalline aluminosilicates with linked tetrahedra, each tetrahedron containing four O 

atoms around a cation. Zeolites have a network of channels and sieves [33-35]. Zeolites nanoparticles are good 
quality supporting catalyst and adsorbent material due to their bulky surface area, small diffusion path lengths 

and readily accessible active sites [36-42]. Easily prepared and low cost zeolite-modified electrodes are a 

subcategory of chemically modified electrodes, which were probed by the research groups of Baker, Calzaferri, 
Devynck, Mallouk, Murray, Phani, Rolison, Shaw and Walcarius[43-48]. 

In the present study rGO-CB and rGO-G composite support materials have been synthesised using a 
facile and greener technique by ultra-sonication and electro-chemical reduction process. Pt nanoparticles (PNPs) 

have been electro-deposited over bare rGO/C, rGO-G/C, rGO-CB/C and rGO-ZSM/C. Comparative energies of 

activation for EtOH electro-oxidation have been calculated over Pt/C, Pt/rGO/C, Pt/rGO-G/C, Pt/rGO-CB/C 

and Pt/rGO-ZSM/C electrodes taking cyclic voltammograms within temperature range 283-313 K. 
Chronoamperometric studies have been carried out to determine the catalyst durability. Thus the current study 

will lead an insight on how the CB or G acts in enhancing the activity of rGO as well as the Pt catalyst towards 

EtOH electro-oxidation. 

2. Materials and Methods 

2.1. Chemicals and Reagents used 

Carbon black, Graphite powder and H2PtCl6 were acquired from Alfa-Aeser (India). ZSM-5 was 

procured from Greenstone, Switzerland. Other chemicals for example KMnO4, NaNO3, H2SO4, HCl, and 30% 
H2O2 were obtained from Merck (India). 

2.1. Preparation of graphene oxide 

Graphite oxide was synthesized by conventional Hummer‟s Method [49]. Graphene oxide was 

fabricated by taking 0.025 g graphite oxide in 50 ml deionized water and subjected to ultrasonication for 1 h for 

exfoliation. The as prepared homogeneous mixture was centrifuged at 3000 rpm for 30 min. A non-sediment 
supernatant solution was obtained after decanting it and the residue was thoroughly washed with deionized 

water and vacuum dried overnight. 

2.2. Preparation of composites  

The GO-CB, GO-G and GO-ZSM mixtures (5:1 ratio) were taken in a solution of Nafion 117, isopropyl 
alcohol and distilled water(0.001 g.mL

-1
)and each were stirred vigorously for 1h. Next the individual mixtures 

were exfoliated by means of ultrasonication for 3h in an ultrasonic bath (KQ-600KDE, 600W). The resulting 

homogeneous dispersions were mixed with 0.5M H2SO4 solution and then refluxed for 24h in room temperature 
(298K). Finally the composites were centrifuged at 3000 rpm for 30 min to get non-sediment supernatant 

solution and washed several times with deionized water. 

2.3. Preparation of electrodes 

The prepared GO, GO-CB, GO-G and GO-ZSM composites were sprayed by a sprayer over carbon felt 

(C-felt) surface (1 cm length × 1 cm width, 2.4 mm thickness, 0.95 porosity, mean fibre diameter of 20 µm, 
electrical conductivity 10 S/m) and the loaded C-felts were vacuum dried overnight. These composites were 

electrochemically reduced to rGO-CB, rGO-G and rGO-ZSM on a bath containing 0.5 M H2SO4 solution, by 

passing a current of (-)1 mA.cm
-2

 for 30 min and washed thoroughly by deionized water. 

Pt was deposited electro-chemically over bare C-felt, rGO/C, rGO-G/C, rGO-CB/C and rGO-ZSM 

surfaces galvanostatically by passing a current of (-)1 mA.cm
-2

 for 100 s. The four electrodes were kept in 

separate baths in a series, each of which contains plating electrolyte of 2×10
-3 

M solution of chloroplatinic acid 
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(H2PtCl6.6H2O) in 1.0 M H2SO4. The initial and final weights of the prepared electrodes are recorded to 
calculate the mass activity (MA) in mA.mg

-1
. 

The Pt/C, Pt/rGO/C, Pt/rGO-G/C, Pt/rGO-CB/C and Pt/rGO-ZSM/C electrodes were used as anode 
catalysts for EtOH electro-oxidation. 

3. Characterization 

Fourier Transform Infra-red Spectroscopy (FTIR) of Pt/rGO/C, Pt/rGO-G/C, Pt/rGO-CB/C and Pt/rGO-

ZSM/C have been taken using Shimadzu FTIR 8400 S. The powder XRD diffraction of Pt/rGO/C, Pt/rGO-G/C, 

Pt/rGO-CB/C and Pt/rGO-ZSM/C were done by employing Rigaku Ultima IV fitted with miniflex goniometer 
and Cu target by continuous scanning with 30 kV/15 mA X-ray on a standard sample-holder with 4.2

0
 

scattering slit and 0.3 mm receiving slit, at scanning mode of 2θ through a Kb filter. The surface morphology of 

the Pt/rGO/C, Pt/rGO-G/C, Pt/rGO-CB/C and Pt/rGO-ZSM/C electrodes were taken by transmission electron 
microscope (TEM) (FEI TECNAI 200 KV) and scanning electron microscope (SEM) (Hitachi S-3000 N and 

Jeol-JSM-6390). For TEM analysis, the corresponding electrode materials were dispersed in EtOH and 

subjected to ultrasonication for 10 min. A few drops of the suspensions were deposited onto TEM grid and 

evacuated before analysis. 

Electrochemical studies have been carried out using a three electrode cell by a potentiostat–galvanostat 

(by PAR VersaStatTM II). A Pt-foil (1 cm
2
) was utilized as a counter electrode and a saturated calomel 

electrode as reference electrode, respectively. A solution of 1 M EtOH, in 0.5 M H2SO4 was taken as 

electrolytic bath. Cyclic voltammetry experiments were carried out at four different scan rates: 0.01, 0.03, 0.05 

and 0.07 V.s
-1
 and within a temperature range (283-313 K). 

4.  Results 

4.1. Characterization of electrodes 

4.1.1. FTIR spectral analysis of the electrodes 

FTIR spectra of Pt/rGO/C, Pt/rGO-CB/C and Pt/rGO-G/C show considerably suppressed characteristic 

bands of oxygenic functional groups (–OH stretching vibrations at 3600-3400 cm
-1

 and -C=O stretching 

vibration at 1753 cm
-1

) (Figure 1).  

 

Figure 1.FTIR spectra of Pt/rGO/C, Pt/rGO-CB/C and Pt/rGO-G/C. 
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This indicates a successful reduction of GO to rGO in electrochemical means. The absorption bands at 

1500-1550 cm
-1

 can be assigned as the skeletal vibration of the graphene sheets. A peak at approximately 1150-

1200 cm
-1

 points out that the GO in Pt/rGO, Pt/rGO-CB/C and Pt/rGO-G/C nanocomposites were effectively 

deoxygenated and reduced. It also indicates the stretching vibrations of the phenolic and carboxylic groups from 

the reduced GO sheets [12,30] In the FTIR spectrum for shows a characteristic lump at 2500 cm
-1

 most 
propably due to C-H vibrations [50-52]. 

4.1.2. Powder XRD analysis of the electrodes 

Powder XRD patterns of the Pt/rGO/C, Pt/rGO-G/C, Pt/rGO-CB/C and Pt/rGO-ZSM/C show 

diffraction peak at 2θ = 40° corresponding to the Pt (111) face centered cubic (fcc) lattice (Figure 2).  

 

Figure 2.Powder XRD of Pt/rGO/C, Pt/rGO-G/C, Pt/rGO-CB/C and Pt/rGO-ZSM/C. 

The shifted towards higher value of 2θ = 41.3° and 41.4° as smaller sized platinum nanoparticles 

(PNPs) are formed. The peak at 2θ = 43.8° represent the Pt(200) nanoparticles. On the other hand, the peak at 

2θ = 68.1° confirms the Pt(220) fcc lattice. The peaks at 2θ = 44.7°, 44.8°, 68.5° and 68.6° are due to smaller 
PNPs [53-56]. 

The wide peaks at 2θ = 24.7°, 25.8° and 25.4° confirm the graphitic nature of rGO sheets which 
indicate partial reduction of GO into rGO. The peak at 2θ = 68° represent the Pt(200) nanoparticles formed in 

case of Pt/rGO-ZSM/C. [57-59]. 

All those data indicated formation of fcc structures of the platinum crystal over Pt/rGO/C, Pt/rGO-G/C, 
Pt/rGO-CB/C and Pt/rGO-ZSM/C surfaces. 

4.1.3. SEM-EDX & TEM analysis of the electrodes 

SEM micrographs of PNPs deposited onto rGO/C, rGO-G/C, rGO-CB/C and rGO-ZSM/C (Figure 3) 

clearly indicates that the PNPs deposited over rGO-CB/C and rGO-G/C are smaller in size compared to rGO/C. 
On the other hand some PNPs over rGO/C get agglomerated and take bigger size. In Pt/rGO-ZSM/C PNP 

deposition takes place on the conductive rGO and not on the external or internal surface of ZSM-5 [48]. 
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Figure 3.SEM micrographs of Pt/rGO/C, Pt/rGO-G/C, Pt/rGO-CB/C and Pt/rGO-ZSM/C. 

The energy dispersive X-Ray (EDX) patterns of Pt/rGO/C, Pt/rGO-G/C, Pt/rGO-CB/C and Pt/rGO-

ZSM/C composites show the corresponding peaks of C, O and Pt elements, which confirmed the deposition of 
PNPs over rGO/C, rGO-G/C, rGO-CB/C and rGO-ZSM/C nanosheets (Figure 4). 

 

Figure 4. EDX patterns of Pt/rGO/C, Pt/rGO-G/C, Pt/rGO-CB/C and Pt/rGO-ZSM/C 

TEM micrographs of PNPs electro-deposited onto rGO, rGO-CB, rGO-G and rGO-ZSM surfaces reveal 
that rGO, rGO-CB, rGO-G and rGO-ZSM composite support materials effect on the morphology and size of the 

PNPs (Figure 5).  

In rGO/C, rGO-G/C, rGO-CB/C and rGO-ZSM/C composites the PNPs deposited are in the size range 
10-30 nm, 10-15 nm, 10-15 nm and 5-6 nm respectively as estimated by imageJ software [60,61].It is a well-

established fact that performance and morphology of Pt nanosized catalysts is influenced by the nature and 

structure of the support materials [13,14]. The diffusion co-efficient (D) of Pt electro-deposition varies with 
different support materials. The larger the D value, the faster is the deposition [56].  
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Figure 5.TEM micrographs of PNPs electro-deposited onto Pt/rGO, Pt/rGO-CB, Pt/rGO-G and Pt/rGO-

ZSM. 

Many researchers have proved that size and shape controlled metallic nanoparticles supported onto 
mesoporous materials are liable in altering catalytic activity and substrate selectivity [15,16]. 

4.2. Electrochemical studies 

4.2.1. Electrochemically active surface area analysis of the electrodes 

Electrochemically active surface area (EAS) is useful in determining the electrochemically active sites 

per gram of the catalyst [58,62]. It plays an important role in distinguishing the activity between different 

electro-catalytic materials. To determine the EAS of Pt/C, Pt/rGO/C, Pt/rGO-CB/C and Pt/rGO-G/C electrodes, 
cyclic voltammograms were recorded in 0.5 M H2SO4 solution within potential range -0.3 to 1.0 V with a scan 

rate 50 mV.s
-1

 (Figure 6). 

The Electrochemically active surface area (EAS) values calculated were in the order of Pt/C (15.4 m
2
.g

-

1
) < Pt/rGO/C (69 m

2
.g

-1
) < Pt/rGO-CB/C (77 m

2
.g

-1
) < Pt/rGO-G/C (86.5 m

2
.g

-1
) < Pt/rGO-ZSM/C (99.5 m

2
.g

-

1
) in the ratio of 4.5: 5: 5.6: 6.5 compared to bare Pt/C. Presence of PNPs on the electrodes is evident from the 

downward lumps in the potential range of 0.5 to 0.6 V in all the cases except Pt/C; which is due to reduction of 
oxidized PNPs deposited. 

 

Figure 6.EAS of Pt/C, Pt/rGO/C, Pt/rGO-CB/C and Pt/rGO-G/C. 
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The broad peaks on the left in the potential range of -0.1 to 0.0 V is due to hydrogen adsorption and 

desorption [63-67]. Electrochemically active surface area is the maximum in case of Pt/rGO-ZSM/C justifying 

that smaller PNPs were deposited, facilitating more surface area exposure. 

4.2.2. Cyclic voltammetric analysis of the electrodes 

The electro catalytic activities of Pt/rGO-G/C, Pt/rGO-CB/C, Pt/rGO/C and Pt/C for EtOH (1.0 M in 

0.5 M H2SO4) electro-oxidation were evaluated by cyclic voltammetry study at 308 K and at a scan rate 50 
mV.s

-1
 (Figure 7).  

It was observed that all the electrodes exhibit similar anodic peaks in the forward scan and reverse scan 
for EtOH electro-oxidation; only in case of Pt/rGO-ZSM/C the peak in the reverse scan occurs at a higher 

potential. Earlier it was thought that the back peak indicated the oxidation of CO or residual carbonaceous 

species.  

 

Figure 7. Cyclic voltammetry of Pt/C, Pt/rGO/C, Pt/rGO-G/C, Pt/rGO-CB/C and Pt/rGO-ZSM/C 

catalysed EtOH electro-oxidation. 

But recent research proved that the back peak is not due to oxidation of adsorbed CO but due to the 

EtOH electro-oxidation itself on Pt-Ox. Pt is oxidized to Pt-Ox, and then Pt reduction potential is negatively 

shifted. With the formation of Pt-Ox the available surface area of Pt is reduced thus lowering the back peak. In 
all the cases, the forward and backward peaks intersect as in EtOH electro-oxidation the backward peaks are 

prominent due to EtOH electro-oxidation over P-Ox [68]. 

Comparing the cyclic voltammograms of these electrodes for EtOH oxidation, it was found that the 
forward peak current densities (IF) were enhanced by 3, 5.8, 6.1 and 7.8 times over Pt/rGO/C, Pt/rGO-G/C, 

Pt/rGO-CB/C and Pt/rGO-ZSM/C compared to bare Pt/C respectively. The MA in mA.cm
-1

 calculated also 

follows the order Pt/C < Pt/rGO/C < Pt/rGO-G/C < Pt/rGO-CB/C < Pt/rGO-ZSM/C. Thus, the elevated values 
of IF and MA over Pt/rGO-ZSM/C compared to others indicates better catalytic behavior of the zeolite modified 

electrode. 

4.2.3. Arrhenius plots analysis of the electrodes 

Arrhenius plots for Pt/C, Pt/rGO/C, Pt/rGO-G/C, Pt/rGO-CB/C and Pt/rGO-ZSM/C catalysed EtOH 
electro-oxidation were drawn by calculating apparent rate constant values using the equation, i = n.F.k 

[1,59,69].  
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Figure 8.Arrhenius plots for Pt/C, Pt/rGO/C, Pt/rGO-G/C, Pt/rGO-CB/Cand Pt/rGO-ZSM/C catalysed 

EtOH electro-oxidation. 

The forward anodic current values for EtOH electro-oxidation over these electrodes were taken at a 
fixed potential 0.6 V, individually within the temperature range of 283-313 K. All the current values were 

normalized with respect to the EAS values and catalyst loading factor (expressed as i.cm
2
.mg

-1
). The apparent 

rate constant (k) values were calculated from the equation i = n.F.k where n = No. of electrons involved in the 
electro-oxidation process (n = 12 for EtOH assuming complete oxidation), F= Faraday constant, i = Average 

current density over all scan rate at 0.6 V [2].  

Typical Arrhenius plots for these individual electrodes were obtained by plotting log k (k/mol.cm
-2

.s
-

1
.mg

-1
) vs. 1/T (Figure 8) [1,59,69].  

The apparent activation energy values were computed from the slopes of these curves (Table 1).  

Table 1.Apparent activation energy values of EtOH electro-oxidation (E = 0.6 V) over Pt/C, Pt/rGO/C, 

Pt/rGO-G/C, Pt/rGO-CB/C and Pt/rGO-ZSM/C electrode surfaces. 

Electrode Slope Activation energy 

Pt/C -1.7 33 

Pt/rGO/C -1.55 29.5 

Pt/rGO-G/C -1.42 26.5 

Pt/rGO-CB/C -1.5 28 

Pt/rGO-ZSM/C -1.37 25.1 

 

It was found that activation energies for EtOH electro-oxidation for these electrodes were in the order 

Pt/rGO-CB/C (26.5kJ.mol
-1

) < Pt/rGO-G/C (28kJ.mol
-1

) < Pt/rGO/C (29.5kJ.mol
-1

) < Pt/C (33 kJ.mol
-1

). This 

indicated better catalytic activity of Pt/rGO-CB/C and Pt/rGO-G/C electrodes compared to Pt/rGO/C and Pt/C 
electrodes. 

4.2.4. Chronoamperometric analysis of the electrodes 

Chronoamperometric analysis is very useful in establishing the durability of the catalyst and its anti-

poisoning activity [69]. The durability of the catalysts can be roughly judged by steady current densities 
referred in the amperometric i-t curves.  

Steady state amperometric study for electro-oxidation of 1.0 M EtOH in 0.5 M H2SO4 over Pt/C, Pt/rGO/C, 
Pt/rGO-G/C, Pt/rGO-CB/C and Pt/rGO-ZSM/C electrodes were carried out at a fixed potential of 0.4 V (Figure 

9).  
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Figure 9.Chronoamperometry of Pt/C, Pt/rGO/C, Pt/rGO-G/C, Pt/rGO-CB/C and Pt/rGO-ZSM/C 

catalyzed  EtOH electro-oxidation. 

The surface area of each electrode was maintained 1 cm
2
 and the reaction conditions were also kept 

identical. Current decays are also concurrent with the inhibition towards catalyst surface poisoning by the 

intermediate carbonaceous species [65]. It was found that deactivation of Pt was significantly reduced in 

Pt/rGO-G/C, Pt/rGO-CB/C and Pt/rGO-ZSM/C electrodes. The Pt/rGO-G/C, Pt/rGO-CB/C and Pt/rGO-ZSM/C 
composite catalyst exhibited steady nature of the curves with time maintaining greater current density both at 

the initial state and at the end within the time range studied compared to that of Pt/rGO and bare Pt. The Turn-

over number (TON) for the above catalysts were calculated from the current density at 1800s using the 

equation,  

TON  = Molecules/Sites   = (i × 6.023 × 10
23

)/(nF × 1.3 × 10
15

)           

where i= Steady-state current density at 1500s of scanning, n is the number of electrons produced by oxidation 

of 1.0 M EtOH which is 12, F = Faraday constant (96,487 C), and 1.3×10
15 

cm
-2 

= Density of the topmost atoms 

of an ideal Pt(100) surface [64]. 

Thus TON of the catalysts increased in the order Pt/C < Pt/rGO/C <Pt/rGO-G/C < Pt/rGO-CB/C < 

Pt/rGO-ZSM/C which shows that the capability of the catalysts also followed the same order.  

4.2.5. Potentiodynamic polarization analysis of the electrodes 

E vs. i data of the Pt/C, Pt/rGO/C, Pt/rGO-G/C, Pt/rGO-CB/C and Pt/rGO-ZSM/C electrodes were 
obtained and Tafel plot was plotted (Figure 10).  
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Figure 10.Tafel plots ofPt/C, Pt/rGO/C, Pt/rGO-G/C, Pt/rGO-CB/C and Pt/rGO-ZSM/C. 

According to the Tafel equation [70], the values of i0 is increased in the order of Pt/C < Pt/rGO/C 

<Pt/rGO-G/C < Pt/rGO-CB/C < Pt/rGO-ZSM/C electrodes. It indicates that the coexistence of GO can 

accelerate the process of EtOH electro-oxidation but it is more facilitated by the addition of spacers like G, CB 

and ZSM-5. Again, coexistence of ZSM-5 increases the catalysis of EtOH electro-oxidation more than CB and 
G. The open circuit potential of EtOH oxidation is decreased in the order of Pt/C < Pt/rGO/C <Pt/rGO-G/C < 

Pt/rGO-CB/C <Pt/rGO-ZSM/C electrodes. It implies that the ease of electro-oxidation of EtOH at the electrodes 

is in the order of Pt/C < Pt/rGO/C <Pt/rGO-G/C < Pt/rGO-CB/C <Pt/rGO-ZSM/C electrodes. 

5. Discussion 

All these data indicated that Pt/rGO-G/C, Pt/rGO-CB/C and Pt/rGO-ZSM/C composite electrodes 
showed better electro-catalytic activity and enhanced catalytic durability compared to Pt/rGO or bare Pt 

catalyst. This phenomenon can be explained by different approaches. One elucidation is that the incorporation 

of CB or G within the rGO sheets can effectively restrain the agglomeration of rGO sheets. It also advances the 
electrolyte electrode interactions and also augments electrode conductivity. Another hypothesis is that, in the 

hybrid structure of Pt/rGO-CB or Pt/rGO-G the stretchy 2d contour of rGO sheets may act as a “network” that 

avert the leaching of dissolved Pt species into the electrolyte [27]. Simultaneously CBs can provide an active 
site for re-confine or re-nucleation of small Pt clusters. It was a well-established fact that defects or kinks over 

the active support surface can hand out as heterogeneous nucleation sites [72,73]. In contrast with a smooth 

graphitized surface, CB surface possesses kinks and traps, which supplies more nucleation sites for migrating Pt 

species. So, CB effectively captures more migrating Pt species. It was also monitored that the size of PNPs 
deposited over CB is smaller than that of deposited over bare rGO sheets. Again ZSM-5 itself acts as a second 

catalyst to PNPs and also facilitates further electro-oxidation by cleansing the metal surface from adsorbed CO 

[6,32]. All these facts confirm the role of the spacers like rGO-G and rGO-CB and second supporting catalyst 
rGO-ZSM composites in enhancing the catalytic activity and durability. 

6. Conclusion 

The present study puts forward some attractive outcomes regarding the Pt/rGO-G/C, Pt/rGO-CB/C and  

Pt/rGO-ZSM/C composite catalysts for EtOH electro-oxidation. The composite materials were synthesized by 

user friendly and greener way. From the study, it is interestingly found that Pt/rGO-G/C, Pt/rGO-CB/C and 
Pt/rGO-ZSM/C composite catalysts show lower energy of activation compared to Pt/rGO or bare Pt catalysts. 

Moreover, the composite electrodes, Pt/rGO-G/C and Pt/rGO-CB/C, proved more durable than the other two. 

But the zeolite modified electrode Pt/rGO-ZSM/C I found to the comparatively the best catalyst in terms of 
activity as well as durability.  

The findings can be summarized as: 

a. CB or G acts as hinders to inhibition of stacking of rGO sheets, as effective “spacers”.  
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b. CB or G have many defects and act as second support material over which PNPs deposited are smaller in 

size, compared to deposition over bare rGO/C or C-felt surfaces.  

c. ZSM-5 enhances the catalytic power of PNPs by facilitating formation of smaller PNPs and also by 

cleansing away adsorbed CO from the Pt surface. 

The present study thus will lead to a new avenue in the field of fuel cell electro-catalysts. 
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