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Abstract

Platinum (Pt) nanoparticles of varying average diameters decorated on exfoliated reduced 

graphene oxide (Pt/rGO) of various functionalities have been synthesized by monitoring the 

temperature of co-reduction of PtIV and GO. The as-synthesized composites are characterized by 

X-ray diffraction, spectroscopic, thermo gravimetric and microscopic studies. The excellent 

catalytic capability of the composites for methanol oxidation reaction (MOR) is found to be 

synergistic in reference to single components, Pt and rGO and might be used in high efficient, 

less emissive, cost-effective direct methanol fuel cell operated in alkali. The poison tolerance 

capability of the electrodes as measured by the ratio of forward and backward peak currents due 

to MOR is found to be relatively high in respect to similar data in the literature and increases 

with the increase of defect concentration as evaluated from Raman spectroscopic study, on rising 

the temperature of synthesis of the catalyst. The forward peak current density of the electrode 

made with Pt/rGO composite synthesized at 40ºC is greater by 5.6 and 287 times than these for 

pure Pt and rGO based electrodes. The electrode exhibits the best catalytic activity due to 

presence of the lowest but sufficient defect sites, especially for formation of sp2-C-OH groups on 

the rGO surface in the vicinity of the poisoned Pt-surface and lowest average diameter (7.41 nm) 

of dispersed Pt nanoparticles.

Keywords: Platinum (Pt) nanoparticle-decorated reduced graphene oxide, methanol 

oxidation, oxygen functionalities, defects concentration, temperature controlled-synthesis 
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1. Introduction

Ever-rising demand for environmental benign sustainable energy sources has driven 

immense attention to direct methanol fuel cells (DMFCs), particularly for application in 

transportation and portable energy devices [1, 2]. Methanol being a single carbon containing 

liquid fuel is well-studied for its simple structure, low production cost, high abundance, 

processability and portability [3, 4]. It is inherently less prone to ignition and has high volumetric 

energy density (15.6 MJ/L) compared to di-hydrogen (1.91 MJL-1 at 20 mPa). Moreover, it is 

toxic if ingested but non-hazardous in presence of reasonable safety precautions. In addition, it is 

stable, less volatile, and remains in liquid phase over a wide temperature range, embracing all 

operational criteria for fuel cells, and hence widely employed in renewable energy generation 

technology [5].

Platinum (Pt) is considered as one of the efficient electrocatalysts for DMFCs. However, the high 

fabrication prices and low stability inhibit commercial applications of common Pt-based 

catalysts [6]. It is eminent that the electrocatalytic performance of a fuel cell depends highly on 

the composition, size, morphology and dispersion of the catalytic nano-phase [7]. The size of Pt 

nanoparticles is one of the most key factors influencing the performance of the catalyst [8]. 

Downsizing Pt nanoparticles has been identified as a profitable approach to combat the problem 

of low efficiency and high production cost of catalysts [9, 10]. However, too small 

nanostructures due to large surface energy may undergo severe aggregation and adsorption [11, 

12] thereby inducing serious declination in their catalytic performance.

An effective strategy for solving these deactivation problems involves uniform loading of the Pt 

nanoparticle catalysts onto a carrier with a large surface exposure and high electrical 
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conductivity [13, 14]. Thus the support materials of catalyst play a vital role in controlling these 

properties. In the recent years significant research has been carried out with various carbon forms 

such as carbon nano tube (CNT)s, amorphous carbons, polymers as supports for the development 

of suitable catalyst for direct methanol fuel cells (DMFCs) [15-18]. However, during fuel cell 

operation, a gradual oxidation of the carbon support leads to detachment of the platinum 

nanostructures from the carbon support, allowing no improvement to the addressed problems 

[19, 20] in the long run.

In the last decade, graphene, owing to its unique 2D-morphological and superior electronic 

properties including low density, high thermal conductivity (5300 Wm-1K-1), excellent 

mechanical flexibility (Young's modulus~1100 GPa), charge transport characteristics (~2000 

Scm-1), large surface area (~2630 m2g-1), have dominated several technological fields of 

photovoltaics, sensors, drug detection, catalysis, supercapacitors, batteries, fuel cells, allied 

energy storages, transistors and various optoelectronic devices [21-34]. However single-layered 

graphenes are quite expensive to fabricate. But recent observations on comparative studies of 

mono-, few- and multi-layered graphenes for enzyme-immobilization, bio-sensing applications 

and electrochemical investigations reveal that the results vary little with the number of stacked 

layers of graphene [35-38]. Thus, less expensive synthetic methods can be adopted for obtaining 

functionalized multi-layered graphenes which have emerged as the noble material for a variety of 

different desired investigations. Chemical functionalization of the graphene sheets promotes 

homogeneous distribution of Pt nanoparticles on its surface. Currently this is achieved by 

introducing acid oxidation, derivatization using simple ligands, ionic liquids, conductive 

polymers, and similar other systems [39-42]. Graphite on oxidative exfoliation forms graphene 

oxide with abundant oxygen-containing functional groups on the surfaces that can be used as 



  

5

anchoring sites for metal nanoparticles. However, poor charge transport limits its usage and 

hence combination of reduced graphene oxide with functional Pt nanoparticles in the form of 

composites may lead to interesting materials with enhanced electrocatalytic activities [43-57]. 

Many studies have been reported on the performances of Pt/graphene composites for 

electrocatalytic DMFCs, (Table S1) but these studies are made from the aspects of material 

improvement and lack physicochemical and electrochemical co-relation and analysis in detail 

with respect to the defects, dimension, capacity contribution, etc. Moreover, other major 

problems in this research field are still to be addressed. Firstly, most of the electro-catalysis is 

carried out in acid instead of alkaline media but disposal of the electrolytes after completion 

of lifetime and corrosion are big environmental issues! Secondly, Pt/rGO catalysts exhibited 

better CO tolerance in alkaline media, which increases the catalytic efficiency. Thirdly, the 

stability of the composite catalysts needs to be improved for commercialization purposes. 

Fourthly, in numerous studies the composite catalysts require polymer binders and conductive 

additives for modifying the surfaces of carbon electrodes for catalyzing methanol oxidation. 

However, such modifications result in less efficiency of Pt nanoparticles as only a fraction of Pt 

nanoparticles available on the surfaces of composite films gets chance to participate in 

electrocatalytic processes [11, 12]. Last but not the least, among the various methods available 

in the literature, chemical reduction (using reductants like sodium borohydrides, hydrazine, 

H2O2, citrates, etc.) followed by thermal treatment has been the most popular, facile, cost-

effective and convenient technique for obtaining functionalized-graphene decorated with Pt 

nanoparticles [58-59]. However, the optimization of temperature of synthesis is very essential 

to tune the presence of oxygen-functionalities on rGO surface as well as reduce Pt in presence 

of chemical reductants. Such oxygen functionalities have significant influence in CO 
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tolerance behavior during electrocatalysis of methanol oxidation. However, few studies are 

available in the literature [60] in this regard. In the present work, we report systematic study 

of electrocatalytic oxidation of methanol using Pt/rGO composites synthesized at different 

temperatures to optimize the aforesaid problems. The as synthesized catalyst materials have 

been characterized using Fourier Transform Infrared Spectroscopy (FTIR), Raman 

spectroscopy, Thermo Gravimetric Analysis (TGA) and X-ray Photoelectron Spectroscopy 

(XPS) to get detail idea about its chemical distinctiveness. Powder X-ray Diffraction (PXRD), 

Field Emission Scanning Electron Microscopy (FESEM) analysis, High Resolution 

Transmission Electron Microscopy (HRTEM) techniques are used for crystallinity and 

morphological studies while the electrochemical characterizations have been carried out using 

cyclic voltammetry, chronoamperometry and electrochemical impedance spectroscopy.
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2. Experiments

2.1. Chemicals

All chemicals were purchased from Merck (India) and used without further purification. Milli-Q 

water was used to make all solutions. All the glass apparatus were properly cleaned with chromic 

acid and then rinsed with Millipore water.

2.2. Synthesis of catalyst

The synthesis of GO supported Pt nanoparticles, was carried out in one pot by chemical 

reduction of GO sheet embedded with K2PtCl6 by hydrazine at different temperatures. GO was 

first prepared from fine graphite powder by using modified Hummer’s method reported 

elsewhere [61]. Then, typically, 2.81 mL of 0.02 M of K2PtCl6 (0.01 g Pt) solution was added 

into 20 mL aqueous dispersion of 0.1 g GO taken in a beaker and adsorbed by ultrasonication for 

1 h. After that, excessive hydrazine solution was added slowly under continuous stirring at room 

temperature (28ºC). The resulting black coloured precipitate was collected by centrifugation, 

washed with excess distilled water and finally dried in vacuum desiccators at room temperature. 

The coloured powder obtained is denoted as Pt/rGO-28. Other catalyst-samples were also 

synthesized by the similar procedure at varied temperature of 40ºC, 60ºC, and 80ºC and are 

marked as Pt/rGO-40, Pt/rGO-60, Pt/rGO-80 respectively. In order to compare these supported 

Pt catalysts with bare one, Pt nano-catalyst was synthesized at room temperature using the same 

procedure barring addition of GO.
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2.3. Physical and electrochemical characterization

The XRD of all samples were conducted using a Philips 1710, USA X-ray diffractometer 

provided with a source of Cu Kα radiation (α= 0.1541 Å). The morphological investigations 

were done using scanning electron microscopy (SEM, SUPRA 55 VP-41-32 instrument with the 

smart SEM version 5.05 Zeiss software), HRTEM (JEOL JEM-2000E7) and XPS (PHI 5000 

Versa probe II, ULVAC-PHI, INC., USA using monochromatic Al Kα X-ray source (1486.6 

eV)). Raman spectra were carried out in solid state using 514 nm laser excitation using model 

T64000 (Make Jobin Yvon Horiba, France), Argon-Krypton mixed ion gas laser of model 2018 

RM (Make Spectra Physics, USA) as excitation source, optical microscope of model BX41 

(Make Olympus, Japan) as collection optic system and thermoelectric cooled front illuminated 

1024 256 CCD., model Synpse TM (Make Jobin Yvon Horiba, France) detector.

The synthesized catalysts and GO were also characterized by the FTIR (perkin Elmer, Spectrum 

RX1, resolution 4cm-1). The electrochemical properties of all the catalysts were measured at 

room temperature using the instruments and procedures previously described [62]. A computer 

aided Potentiostat/Galvanostat ( AEW-2, Munistst, Sycopel Scientific Ltd, UK) was connected 

with a two compartment glass cell fitted with a conventional three electrode assembly containing 

a graphite rod (geometrical surface area 0.24 cm2) covered with a prepared catalyst, a Pt foil (1 

cm  1 cm) and and Hg/HgO/OH- (0.1 M) electrode (MMO) (0.1 V relative to standard ×

hydrogen electrode, SHE) as working, counter, and reference electrodes, respectively. Cyclic 

voltammetry (CV) studies were carried out in 1 M NaOH solution with and without methanol of 

strength 0.5 M in the potential range of -0.9 V to +0.6 V at different scan rates. Nyquist profiles 

were also recorded by applying a fixed potential of -0.1 V. All cyclic voltammograms were 

recorded when almost steady profiles were obtained. Amperometric i–t curves were recorded at 
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an initial potential of (-0.2V). Polarization data were collected by potentiodynamic method using 

a scan rate of 1mVs-1. So, Tafel slopes and equilibrium exchange current densities are only 

apparent in nature. Electrochemical impedance spectroscopy (EIS) measurements (CS313, 

CorrTest china) were conducted at a fixed potential (-100mV) in the frequency range from 100 

kHz to 0.01 Hz. 

3. Results and discussion

3.1. Structural characterizations

3.1.1. Powder X-ray Diffraction (PXRD)

Figure 1a shows the PXRD patterns of collected graphite powder and as synthesized GO. The 

X-ray peak of the graphite powder is observed at 2θ value of 26.6º for characteristic (002) plane 

indicating an average interlayer distance of 0.337 nm, which on oxidation shifts to 10.2º 

indicating that the interlayer distance in the synthesized GO increases to 0.709 nm [63]. This 

indicates exfoliation of graphite through formation of oxygenated functional groups e.g epoxide, 

carbonyl, carboxyl etc, and incorporation of water molecules in the layers of the graphene sheets. 

Moreover, the presence of these functional groups makes graphene oxide hydrophilic. These 

oxygen-containing functional groups also act as anchoring sites for metal complexes [64]. 

Figure 1b shows PXRD of Pt/rGO catalysts synthesized at different temperatures. The strong 

characteristic diffraction peaks at 2θ = 39.8º, 46.3º, 67.7º and 81.4º can be assigned respectively 

to (111), (200), (220) and (311) planes of synthesized Pt nanoparticle of face-centered-cubic 

(fcc) crystal structure (JCPDS # 870646) developed on rGO surface. Moreover, peak around 2θ 

value of 28.4º signifies (200) plane of body centred cubic crystal of Pt3O4 (JCPDS # 741870). 

The relative peak intensity of (200) plane of Pt3O4 in reference to that of (111) plane decreases 



  

10

gradually in the order from 0.66 (for Pt/rGO-28) to 0.09 as the rate of metal reduction along with 

the other reaction increases on increasing temperature from 28º C to 80º C. This signifies that 

insignificant amount of Pt3O4 is produced particularly when the reducing environment becomes 

more drastic at the higher temperature. It is also noted that the as-synthesized Pt/rGO composites 

show broad peaks characteristic of rGO samples. The 2θ values of (002) plane appear around 

25.5º as presented by the magnified selected portion of the profile of Pt/rGO-40 at the inset. This 

feature is attributed to random stacking of crimped graphene sheets obtained through in-situ 

chemical reduction of GO. Furthermore, the average sizes (τ) of the crystalline domains of the Pt 

nanoparticles in the composite samples are calculated on the basis of full width at half maximum 

(FWHM) of some prominent diffraction peaks. Since different diffraction peaks are slightly 

shifted from the unsupported Pt catalyst (see supplementary Figure. S1) and the corresponding 

JCPDS data of pure Pt, the existence of micro-strain is expected to be present due to generation 

of several defects like voids, point defects, line defects, dislocation, etc. The peak broadening 

therefore may be due to both formation of nanoparticle and micro-strain present in the material. 

So, Williamson-Hall equation instead of usual Debye Scherrer equation is used to determine the 

size of the crystallite ( ) and microstrain (ε) (see Supplementary). According to Williamson-Hall 𝝉

equation [65]

 = 
𝛽 𝑐𝑜𝑠𝜃

𝜆
𝐾
𝜏 +  

4𝜀 𝑠𝑖𝑛𝜃
𝜆

The crystalline size ( ) and the microstrain (ε) of Pt/rGO nanocomposites have been calculated 𝝉

from the intercepts and the slopes of cos/ vs sin/ plots as shown in Fig. S2. 

Table 1 reveals that the average radius of the crystallites obtained from Williamson-Hall method 

is gradually decreased on increasing the temperature of synthesis of the catalysts. At high 

temperature, the rate of nucleation is large. So, smaller crystallites are obtained. The table also 
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reveals that the size from FESEM is only slightly increased than that obtained from Williamson-

Hall method for each of Pt/rGO-28 and Pt/rGO-40 catalysts. But the size obtained from FESEM 

is greater than that obtained from Williamson-Hall method for the catalysts which were 

synthesized at higher temperature like 60ºC and 80ºC. This might be due to the significant 

number of collisions of Pt crystallites at higher temperature, causing agglomeration. Secondly, 

smaller the crystallites, greater is the surface energy and hence their tendency to agglomerate. 

Here, large surface energy for samples like Pt/rGO-60 and Pt/rGO-80 causes agglomeration of 

the crystallites to produce nanoparticles of relatively greater atomic radius as evident from 

FESEM study. Thirdly, the nanoparticle (Pt) - stabilizer (rGO) interaction will be less for 

particles synthesized at higher temperature due to higher mobility of atoms and molecules, 

causing agglomeration. The table also reveals that micro-strain (ε) is negative for Pt/rGO-40 and 

Pt/rGO-80 indicating lattice shrinkage in conformation with the obtained lattice parameters for 

the samples. Thus, synthesized small-sized Pt nano particles anchored onto rGO brings out the 

possibility of enhanced efficiency for alcohol electro-oxidation reactions.

3.1.2. Field Emission Scanning Electron Microscopy (FESEM) analysis

The morphology of as-synthesized materials was characterized by FESEM. Figure 2a shows 

agglomeration of the exfoliated platelets of reduced graphene oxide (rGO) obtained by hydrazine 

reduction of GO in absence of Pt. The platelets (sheets) are three dimensional in shape, 

unsymmetrical and randomly dispersed in nature. The surface of the aggregated 

sheets is fairly smooth due to absence of any anchoring 

nanoparticles. The multi-layered structure can be understood at 

the edge of the agglomerates. The stacking of layered structure 

may be due to strong hydrogen bonding interactions between the 

rGO layers. Figure 2b illustrates deposition of Pt nanoparticles 
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on different layers of reduced graphene oxide synthesized at 

40ºC. On the other hand, each of Figure 2c-f corresponding to 

Pt/rGO composites synthesized at various temperatures depicts Pt 

nanoparticle decorated rGO sheets where the size and morphology 

of deposited Pt are comparable. 

The sheets in each sample hold small and low poly-dispersed 

global Pt nanoparticles distributed throughout the surface. 

Among the various compositions, the Pt/rGO-40 displays uniformly 

anchored almost separated Pt nanoparticles of average diameter of 7.41 nm. The average 

diameters of the Pt nanoparticles are obtained from particle distribution histogram presented at 

the inset of the corresponding SEM micrograph. The synthesized composites are found to follow 

the sequence according to their diameter (presented in the parenthesis in nm): Pt/rGO-40 (7.41) < 

Pt/rGO-28 (8.41) < Pt/rGO-60 (14.85) < Pt/rGO-80 (15.87). The smallest diameter and 

homogeneity in morphology of Pt nanoparticles for Pt/rGO-40 announces its potentiality for 

utmost electrocatalytic efficiency in alcohol oxidation reaction.

3.1.3. Transmission Electron Microscopy (TEM)

TEM image of Pt/rGO-40 sample (Figure 3a) clearly indicates anchoring of Pt nanoparticles on 

the surface of ultrathin rGO sheets.The enhanced Pt dispersion on Pt/rGO composite has been 

further confirmed from the TEM image of Pt nanoparticles prepared without the support of GO 

where large-sized Pt nanoparticles are obtained in random agglomerated forms (Figure 3b). The 

high-resolution TEM image (Figure 3c) of Pt/rGO-40 composite also demonstrates clear lattice 

fringes with inter-lattice spacing of 0.24 nm corresponding to Pt (111) in good agreement with 

that observed in the XRD study. Figure 3d displays the representative energy dispersive X-ray 

spectrum of Pt/RGO-40. EDX elemental analysis clearly confirms the presence of platinum, 
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carbon and oxygen only. The absence of other elements in EDX confirms the purity of the 

sample.

3.1.4. X-ray Photoelectron Spectroscopy (XPS) characterization

In order to achieve more information about the elemental composition and chemical states of the 

Pt/rGO architecture XPS analysis was done. As presented in Figure 4a the survey XPS spectrum 

of Pt/rGO-40 sample displayed three predominant peaks, namely the Pt 4f peak at around 70.21 

eV, C 1s peak at around 283.3 eV, and O 1s peak at around 531.5 eV. There are also two 

additional peaks for Si 2p and Si 2s at around 100 eV and 162 eV respectively originating from 

the glass substrate employed for XPS studies. From the calculation of the areas under the curve 

for Pt and C, it is evident that the ratio of Pt : C = 1:6, which indicates the approximate loading 

of catalyst on rGO substrate.

The spectrum of Pt 4f in Figure 4b could be deconvoluted into six peaks, the two most intense 

peaks at the binding energies of 70.8 eV and 74.07 eV corresponding to Pt0 4f7/2 and Pt0 4f5/2 

[50], and the other two weaker doublets at 72.1 eV, 75.1 eV and 72.7 eV, 76.5 eV are ascribed to 

Pt2+and Pt4+  with the contents of ~20% and ~8%, respectively, signifying that Pt nanoparticles 

on the rGO were mostly in metallic state. However the peaks get shifted towards lower binding 

energy indicating easy charge transfer of surface defects sites on reduced graphene oxide [66]. 

As shown in Figure 4c, the O1s spectrum consists one prominent peak for O-C at binding 

energy 530.8 eV and two less prominent peaks at O=C (532.6 eV) and O-C=O (533.8 eV). This 

observation confirms reduction of GO to rGO, in agreement with FTIR results. The 

deconvoluted C1s spectrum in Figure 4d illustrates strong peak at 284.5 eV with shoulder at 

285.5 eV, ascribed to sp2 and sp3 hybridized carbon respectively [42, 43]. The peaks at 286.6 eV 

is attributed to hydroxyl groups and contributions of carbonyl/quinine respectively, while less 
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intense peaks at 288.4 eV typically observed for rGO come as π–π* peak as a result of 

restoration of sp2 carbon network. The peak for carboxyl/ carbonyl groups around 288.9 eV is 

virtually absent signifying complete chemical reduction of GO. Thus the above study confers 

two important conclusions: i) relative poor intensities corresponding to oxidized carbon in the 

composite sample indicate that GO has been effectively reduced to rGO and ii) the presence of Pt 

nanometals anchored onto rGO sheets.

3.1.5. Fourier Transform Infrared (FTIR) study

 GO exhibits one very broad peak centred around 3348 cm−1 with a hump at about 3588 cm−1 

which is attributed to the hydrogen bonded -OH groups as well as free -OH groups of the 

carboxylic group and alcoholic -OH functionalities of graphene oxide (Figure 5). There are 

several intense peaks identified at 1725 cm−1 (C=O carboxyl or carbonyl stretching vibrations), 

1611 cm−1 (stretching of C=O conjugated with C=C), 1408 cm−1 (sp2-C-OH as well as C-H 

bending deformation with aromatic skeletal vibration), 1220 cm−1 (C-O-C stretching) and 1160 

cm−1 (sp3-C-OH stretching) respectively indicating the presence of various oxygen containing 

functional groups on GO surface in agreement with previous reports. The Pt/rGO composites 

exhibit significant differences in their spectra (Table S2). Firstly, the O−H vibrations diminished 

markedly with >C=O and C−O−C stretches almost disappeared, signifying effective removals of 

these functional moieties from the GO surfaces. Secondly, observation of new peaks around 2900 

cm−1 and 2650 cm−1 attributed to –CH2 stretching indicate formation of C-H bonds especially at 

the edges of GO during reduction to rGO. Thirdly, overall decrease in epoxy group distribution 

revealed from diminution in the relative intensity ratio of ʋc-o-c/ʋc=c and ʋc-o-c/ʋc=o as temperature 

of reaction is increased demonstrating chemical reduction of GO to rGO. Further, red shift in the 

C=O stretching is attributed to chemical interaction of rGO surface with Pt metal nanoparticles 
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as revealed from earlier studies. Details study shows that the relative ratio of ) in  (𝑂𝐷𝐶 = 𝐶 𝐶 = 𝑂

Table 2 is optimum in Pt/rGO-40 signifying maximum restoration of sp2 carbon-network on 

graphene oxide surface on account of removal of epoxy and carboxylic acid functional groups 

through hydrazine reduction compared to other Pt/rGO samples. The unusual higher ratio in GO 

may be due to overlapping of the C=O, conjugated with C=C and C=C aromatic skeletal 

vibrations. 

Further to note that, the graphite sheets on chemical oxidation get cleaved into smaller fragments 

held together by epoxy linkages [67]. On hydrazine-reduction, these epoxy-linkages further get 

converted to . Hence smaller rGO fragments with surface–edges functionalized with  𝑠𝑝2𝐶 - 𝑂𝐻

 results [68]. Thus, the relative optical density ratio ( ) is found to vary in the 𝑠𝑝2𝐶 - 𝑂𝐻 𝑂𝐷𝑠𝑝2𝐶 ‒ 𝑂𝐻
𝐶 ‒ 𝑂 ‒ 𝐶

order: GO < Pt/rGO-28 < Pt/rGO-40 < Pt/rGO-60 < Pt/rGO-80 which signifies that greater 

proportion of  group formation in rGO than GO and Pt/rGO composites synthesized at 𝑠𝑝2𝐶 ‒ 𝑂𝐻

higher temperature compare to that at lower temperature. Accordingly, the above studies 

assertively suggest the formation of Pt/rGO composite with more hydroxyl groups than in GO.

3.1.6. Raman spectroscopic study.

Raman spectroscopy is an effective probe for investigating the structural variations that occur in 

carbonaceous materials. Typical graphene materials show 2 characteristic bands- G and D 

respectively. The G band arises as a result of in-plane bond-stretching motion of pairs of sp2 

carbon atoms that constitutes the graphene sheet while the D band occurs from ring breathing 

mode of sp2 carbon rings adjacent to a graphene edge or a defect respectively [69]. It is worth 

noting from Figure 6a that the G band gets blue shifted from 1580 cm-1 (reported for graphene) 

to 1594 cm−1 in GO sample, which is an indication of a better exfoliation of the graphene layers 
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through incorporation of defects by introducing epoxy, hydroxyl as well as carboxylic acid 

groups on oxidation while its red shift in the Pt/rGO samples indicates aggregation of graphene 

layers through removal of these epoxy as well as carboxylic acid groups due to chemical 

reduction by hydrazine [70]. Moreover, the relative variations in the intensity ratios (ID/IG) for 

various samples have been compared and the values are given in Table 3. An increase in the 

(ID/IG) ratio generally results from: (i) increase in defect states caused by overlap of the G band 

with the D band (ii) reduction in the number of sheets in rGO compared to graphite and (iii) 

isolated double bonds separated by functional groups [71]. In order to determine the average size 

of the sp2 clusters in GO and the composites, we employed the Tuinstra and Koenig relation, 

which relates the ratio of D and G peak into the crystallite size as follows: [72]

I(D)/I(G) = C(λ)/(La)
2,

where I(D) is the intensity of the D peak, I(G) is the intensity of the G peak, C(λ) is the 

wavelength dependent prefactor = 102 nm2 for λ = 514 nm and La is the average crystallite size 

of sp2 domains respectively. Thus, the corresponding La values for GO and Pt/rGO - 28/40/80 

samples stands as 10 nm, 9.36 nm, 9.51nm and 9.38 nm respectively. The observed decrease in 

average size of sp2 clusters in the composites compared to GO is due to the formation of new sp2 

clusters with smaller size [73]. Thus, increasing the reaction temperature accelerates the degree 

of chemical reduction of GO in the composites thereby improving the average size of sp2 

clusters. However, formation of large Pt nanoparticles anchored to rGO sheets sample again 

disrupts the above trend. It is further reported that pristine single-layer graphene, shows a single 

symmetrical sharp 2D peak at ~2690 cm-1 while less pronounced broad humps designate multi-

layered graphene system. Thus, very broad 2D hump in our composite sample ensures presence 

of multi-layered structure of graphene which is also supported by morphological studies. The 
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ratio I2D/IG is a measure of relative thickness/number of layers present in the composite [74]. 

Thus we observe that increase in temperature of synthesis leads to better exfoliation of rGO 

sheets in the corresponding systems. Now higher defect states increase the tolerance capability. 

Low defect states ensure superior charge transport characteristics in graphene systems and hence 

better electrocatalytic signature. So, sufficient  with less defect concentration is 𝑠𝑝2𝐶 ‒ 𝑂𝐻

required as observed for Pt/rGO-40 sample which demonstrates better 

performance potentiality for alcohol electro-oxidation reaction. 

3.1.7. Thermo Gravimetric Analysis (TGA)

The thermal stability of GO and Pt/rGO were investigated by thermogravimetric analysis (TGA-

DTA) in dry air. The TGA analysis shown in Figure 6b displays the weight loss of the samples 

(traces a and b in Figure 6b) and the corresponding derivative of the weight loss with respect to 

temperature (DTA) (traces a′ and b′ in Figure 6b). For GO sample, the small derivative peaks 

seen at temperatures below 100 °C correspond to loss of physically adsorbed water in these two 

samples [75]. The major mass loss for GO occurs at ~ 150 - 300°C presumably due to pyrolysis 

of labile oxygen bearing functional groups, yielding subsequently CO, CO2 and water vapour 

[76]. A further mass loss occurs at ~ 500°C is attributed to carbonization of the graphene oxide. 

On the other hand, in the Pt/rGO-40 sample, absence of the thermally labile oxygen functional 

groups during composite formation results in much increased thermal stability and insignificant 

mass loss below ~ 400 °C. However, due to chemical exfoliation and reduction in the average 

graphene sheet size, the final degradation of carbon skeleton in the Pt/rGO composite starts well 

ahead compared to GO, typical features observed for composite fabrication under similar 

instances. Thus composite formation in the present case is affirmed from the above studies and 

the resultant composite is well suited for application in elevated temperature electrocatalytic fuel 

cells.
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3.2. Formation mechanism of Pt/rGO composite

At low temperature, the kinetics of Pt(IV) reduction by hydrazine to Pt(0) is faster in comparison 

to reduction of GO to rGO by hydrazine but as the reaction temperature increases, the reduction 

kinetics of GO becomes prominent. This is indicated by the decrease in relative intensity ratio of 

ʋc-o-c/ʋc=c and ʋc-o-c/ʋc=o while increase in the relative intensity ratio of ʋ c=c/ʋc=o as revealed from 

Table 2. So, at low temperature, when the rate of rGO formation is slow, Pt4+ (from K2PtCl6) 

counters considerable density of oxygen functionalities on graphene surface to enable its 

attachment to them. Thus, Pt nanoparticles get anchored onto the surface via oxygen containing 

groups and we obtain Pt/rGO samples. But as the reaction temperature is increased, the rate of 

GO reduction by hydrazine increases significantly and competes with of Pt (IV) reduction 

kinetics. As a consequence, the number of oxygen functionalities (especially -COOH, epoxy 

groups) on the GO surface now diminishes abruptly on account of its reduction by hydrazine to 

rGO. The effect is that it reduces the effective number of nucleation sites for Pt to get anchored 

onto graphene surface. Accordingly such smaller number of nucleation sites leads to 

agglomeration of Pt-nanoparticles resulting in increasing the nanoparticles size and this also 

increases the defect on the graphene surface as demonstrated by the relative decrease in the 

relative intensity ratio of ʋ c=c /ʋc=o observed in Table 2. Moreover, such size enhancement of Pt 

nanoparticles anchored on rGO, also leads to widening of interlayer distance between graphene 

sheets, leading to better exfoliation as observed for the I2D/IG values of Raman studies.
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3.3. Electrochemical Characterization of Pt/rGO nano-composites

3.3.1. Cyclic Voltammetry study

To evaluate the electrochemical activity of all sets of Pt/rGO NPs, cyclic voltammogram (CV) 

experiments were done within a potential range from -0.9 V to +0.6 V at a scan rate of 50 mV s-1 

in 1M NaOH solution. For pure Pt electrode in absence of rGO two forward current peaks 

besides the pair of peaks for dehydrogenation, are found at ca -0.148 V and 0.01 V due to 

formation of PtOH and PtO as evident from the inset of the Figure 7a following equation 

described earlier [77-79]. In presence of rGO, the peak for formation of PtOH for different 

samples of Pt/rGO composites arises at more negative potential indicating rGO surface is more 

easily oxidized due to presence of several oxygen containing groups in rGO, plausibly following 

the quasi-reversible reaction:

rGO + OH- rGO - (OH)ads + e-

The adsorption and release of OH- ions by various functional groups of rGO make the nature of 

CV curve almost rectangular indicating well pseudo capacitive behavior of the electrodes. 

However, the current values are increased due to both faradic charge transfer and non faradic 

double layer capacitive effect. The current value in some cases [Pt/rGO-40, Pt/rGO-80]. are 

significantly high so that the second peak is not even visible The peak current values (presented 

in mA mg-1 within the parenthesis) of Pt-OH formation for the different electrodes follow the 

order: Pt/rGO-40 (34.26) > Pt/rGO-80 (20.38) > Pt/rGO-60 (19.75) > Pt/rGO-28 (4.52) > Pure Pt 

(1.19), indicating the beneficial role of rGO on the oxidation of the surface of composites which 

in turn helps methanol oxidation. The capacity current plays a definite role in all the carbon 
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based fuel cell catalysts but its contribution, particularly when current drawn is high, is yet not 

studied. Here the capacity current plays a significant role in presence of rGO, so its contribution 

is determined from the overall peak current  which can be expressed by𝒊𝒑

𝒊𝒑 =  𝑲𝟏𝒗𝟏/𝟐 +  𝑲𝟐𝒗

where,  is the scan rate and  and  are respectively contributions of redox charge 𝑣 𝐾1𝑣1/2 𝐾2𝑣

transfer current and capacity current. So, a linear plot of  versus  (Figure 7b) is   
𝑖𝑝

𝑣1/2 𝑣1/2

expected to provide constants  and  from the intercept and slope. Thus one can get the 𝐾1 𝐾2

contributions of both the redox charge transfer current density ( ) and non faradic capacity 𝐾1𝑣1/2

current density ( ) at different conditions, i.e. when lower and higher currents are drawn. The 𝐾2𝑣

values of ,  and relative contributions of capacity and charge transfer current for Pt 𝐾1 𝐾2

oxidation (hydroxyl adsorption) reaction at different scan rates are presented for different 

electrodes in Table 4. The data of the Table 4 reveal that the capacity current arising from 

double layer charging-discharging is greater than the charge transfer current of metal oxidation, 

particularly at higher scan rate or when the current drawn is high. This result is consistent with 

highly reversible character of the double layer capacitors. At the scan rate of 0.02V s-1 the peak 

current contribution due to redox charge transfer is greater than peak current contribution due to 

double layer charging for Pt/rGO-40 and Pt/rGO-80 electrodes. Analysis of the ‘current’ data at 

the scan rates of 0.02 and 0.3 Vs-1 reveal that Pt/rGO-60 is the best electrode for squeezing non 

faradic capacity current among the different electrodes, whereas Pt/rGO-40 is the best for overall 

and Pt oxidation current density. Thus overall surface oxidation with the formation of rGO-

(OH)ads and Pt-OH bonds occurs more extensively on the surface of Pt/rGO-40 than that on 

other electrodes.
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Figure 7c depicts the CV profiles of MOR on the different electrodes studied. The characteristic 

CV data are presented in Table 5. It shows that Pt/rGO-28 and Pt/rGO-40 electrodes have higher 

values of forward peak potential (Ef) than pure Pt, pure rGO and all other Pt/rGO electrodes, 

indicating more oxidation of carbonaceous species effectively in the process of complete 

oxidation of methanol for these electrodes. The greater capability of these two electrodes towards 

complete oxidation of methanol might be due to the greater presence of Pt3O4 and facile 

oxidation of Pt to Pt-OH for Pt/rGO-40 electrode. The forward peak current density (If) of 

Pt/rGO composites are found to be comparable with the literature data presented in Table S1 of 

the supporting document. The If values obtained by us is greater than these obtained in several 

studies [45, 48, 53] plausibly because of the fact that our catalyst possesses optimum defect sites 

containing oxygen. Some other studies [54, 56] also show greater current density than that of 

ours because of various reasons like smaller size, preferable geometrical shapes, etc. In this 

study, If of Pt/rGO-40 electrode is greater by 7.7 and 65.4 times than these for pure Pt and pure 

rGO electrodes. All the Pt/rGO electrodes exhibit greater peak current densities than that of pure 

Pt and rGO for MOR. This reveals the enhanced and synergistic electrocatalytic effect of the 

composites of Pt with rGO. Since overall specific peak current (mA mg-1 of Pt) has generated 

from the contributions of both the pseudo capacitance of Pt/rGO and the charge transfer due to 

MOR on the corresponding electrode, the respective residual current values of pseudo 

capacitance constituting non-Faradic double layer charging and Faradic charge transfer for 

oxidation of metal on the surface are subtracted from the overall forward and backward peak 

current values (If and (Ib) to get the current density solely from MOR (I'
f and I'

b). The 

computation of I'
f due to MOR is shown here at the inset of Figure 7c by drawing a straight line 

from the onset potential up to the peak potential and computing the current difference of the peak 
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and this straight line at the peak potential. The component of forward peak current density for 

MOR (I'
f) of Pt/rGO-40 is increased by 5.6 and 287 times than these for pure Pt and rGO 

electrodes respectively. If/Ib or I'f/ I'b ratios which are advocated as poison tolerance capability of 

the electrodes are much higher than these of some literature available works of MOR in acid 

media [45, 48]. In spite of greater functionalities (Raman effect, capacity current) of Pt/rGO-60 

and Pt/rGO-80, these electrodes exhibit weaker catalytic activity than Pt/rGO-40, plausibly 

because that the greater formation of rGO-(OH)ads on the surface may lead to reduction of free 

Pt sites due to formation of more than sufficient Pt-OH by spill over of the hydroxyl group 

following reaction

Pt + rGO-(OH)ads = Pt-OH + rGO

On increasing the temperature of the synthesis, the number of sp2 C-OH increases at the rGO 

surface, as evident from FTIR studies of the as synthesized Pt-rGO composites. The surface 

bound -OH groups (S-OH) which contains both surface rGO-(OH)ads and Pt-OH may help in 

removal of Pt-CO by the reaction [80]

Pt-CO + S-OH = Pt + S +CO2 + H+ + e-

At the higher temperature of synthesis, the number of epoxy groups per rGO sheet may be 

increased due to better reduction of –COOH, -CH2OH and C=O groups present in GO, thus the 

poison removal capacity of rGO synthesized at higher temperature increases. Figure 8 displays 

plausible mechanism of methanol oxidation on rGO surface in presence of Pt. The figure 

illustrates the formation and utilization of surface –OH (sp2 C-OH) in oxidation of dissociative 

fractions of methanol like Pt-CH2OH and Pt-CO to produce CO2.
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3.3.2. Tafel study

Based on Butler-Volmer equation, the apparent exchange current densities ( ) for MOR on 𝑖0

different electrodes have been estimated according to the relation:

, where, over potential,𝐸𝑜𝑏𝑠 = (𝑎 + 𝐸𝑒) + 𝑏 𝑙𝑜𝑔𝑖

 and, 𝜂 = (𝐸 ‒ 𝐸𝑒) 𝑎 =  –𝑏log 𝑖0

From the linear plot of Eobs versus  (Figure 9a) would give  as the intercept and ‘b’  𝑙𝑜𝑔𝑖 (𝑎 + 𝐸𝑒)

as the Tafel slope. Notably,  where, R, T, α and F are the gas constant, absolute 𝑏 = 2.303𝑅𝑇
𝛼𝐹

temperature, transmission coefficient and Faraday’s constant respectively. The equilibrium 

potential,  is taken as (-0.9566 V) considering the oxidation of methanol to carbonate in 1 M 𝐸𝑒

alkali [62]. The calculated  values are listed in Table 6 which follows the sequences of Pt/rGO-𝑖0

40 > Pt/rGO-60 > Pt/rGO-80 > Pt/rGO-28. The data obtained from Table 6 also revealed that the 

sequences of exchange current density followed the same order as obtained from potentio-

dynamic polarization technique and the  value of the best catalyst Pt/rGO-40 is 1027 times 𝑖0

greater than that of Pt/rGO-28. Greater tafel slope indicates lower transmission co-efficient. Thus 

the transmission capability for oxidation of fuel increases in the order: Pt/rGO-40 < Pt/rGO-60 < 

Pt/rGO-80 < Pt/rGO-28. For Pt/rGO-28, reduction of Pt sites due to formation of Pt3O4 as 

evidenced from X-ray diffraction study, causes less methanol adsorption and hence less 

transmission co-efficient. For the first three electrodes transmission capability increases with the 

increase of temperature of the synthesis of catalyst because sp2 C-OH increases in this order, 

which make the catalyst surface suitable for performing oxidation reaction. 
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3.3.3. Chronoamperometric investigations

The chronoamperometric technique was carried out to compare the constant potential behavior of 

different catalysts in the solution of 0.5M MeOH in 1M NaOH at -0.2 V, a potential very near to 

the peak potential of methanol oxidation in alkali media (Figure 9b). The decay in current in all 

the catalysts arises due to the gradual accumulation of poisoning species generated from 

methanol oxidation at electrode-electrolyte interface as well as the associated formation of Pt-

oxides [81] which reduce the free sites of Pt on the surface for necessary methanol adsorption. 

The initial and limiting current for Pt/rGO-40 is higher than other catalysts throughout the entire 

range of 600 s indicating strong intermediate species tolerance and enhanced methanol oxidation 

activity. The order of current density is in accordance with that derived from CV study. At the 

end of 600s, the current density on Pt/rGO-40 electrode is still nearly 15 times higher than that 

on Pt/rGO-28 electrode. These findings conclude that Pt/rGO-40 catalyst exhibits the best 

electrocatalytic activity among the electrodes studied for methanol electro oxidation. Figure 9c 

illustrates that the peak current of CV and steady current of CA increase with decrease of ID/IG 

ratio for different catalysts. This indicates that lesser the defect sites, greater is the overall 

electrocatalytic activity plausible due to increase of the charge transfer (conductance) 

characteristic of the catalysts. Notably, the number of defect sites is minimal for Pt/rGO-40 

catalyst. For Pt/rGO-28, formation of multilayer and Pt3O4 cause charge transfer (electron 

hoping) difficult whereas better exfoliation is responsible for lower charge transfer for electrodes 

like Pt/rGO-60 and Pt/rGO-80.

3.3.4. Stability of catalysts

To evaluate the long term stability of the catalysts, multi scan CV experiment has been 

performed with Pt/C and Pt/rGO-40 catalysts, by applying 500 consecutive triangular sweeps of 
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potential. The profiles of the mass normalized current versus cycle number of the multi scan 

experiment are shown in Figure 10. It is found that peak current density initially decreases very 

sharply plausibly due to loss of some Pt containing GO layer due to lack of well adherence of 

GO with the graphite substrate. But after about 100 cycles it attends a steady value indicating no 

further loss of Pt containing GO layer from the surface. This peak current density of Pt/rGO-40 

of the 100th cycle is about 84.84 mA/mg of Pt while the value of pure Pt electrode at this cycle is 

ca 16.94 mA/mg of Pt. It is found that about 88.6% of the forward peak current density of the 

100th cycle retains at the 500th cycle for Pt/rGO-40, but only 43% for Pt/C. It is also noted that, 

the current density on Pt/rGO-40 is much higher than those on Pt/C catalyst. These confirmed 

that Pt/rGO-40 catalyst exhibits greater cycling stability compared with Pt/C catalyst.

3.3.5. Electrochemical Impedance Study (EIS)

Nyquist profiles obtained from the EIS study at -0.1 V, shows initial semicircular trend at higher 

frequency and upward rising trend at lower frequency, as expected. The higher frequency region 

provides the signature of the fast processes i.e. that occur at the surface, whereas the lower one 

which involves much time provides the characteristics of the inner layer. Accordingly, the 

impedance data for all the electrodes fit well with an equivalent circuit (inset of Figure 11) 

consisting of solution resistance and two loops in series. Each loop contains a capacitor and a 

resistor in parallel. The solution resistance RS varies between the lowest values of 0.6588 Ώ for 

pure Pt to the highest value of 0.78336 Ώ for the sample Pt/rGO-40 (Table 7), indicating 

insignificant practical change of solution resistance, as the electrolyte is same for all the 

electrodes. The highest value of RS for Pt/rGO-40 might be due to maximum accumulation of the 

products at the surface. The first closed loop after Rs consists of charge transfer resistance due to 

catalytic reaction of MOR on Pt nanoparticles at the surface and the capacitor due to 
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accumulation and release of surface-intermediates and ions, in parallel with each other. The 

second closed loop also contains the same type of resistor and capacitor elements but pertained 

with the interiors of the materials. The component of phase element at constant time (CPE-T) is 

found to be very small for Pt and rGO and the greatest for Pt/rGO-40. Again when phase is 

constant, the phase element (CPE1-P) is found to be nearly 1 for rGO, pure Pt and Pt/rGO-80 

whereas it is nearly 0.5 for Pt/rGO-40. This indicates that non faradic charge transfer process 

dominates for the former group of electrodes, while faradic charge transfer process dominates for 

Pt/rGO-40. The values of CPE1-P (n) being intermediate between 0.5 and 1, it indicates that both 

faradic and non-faradic charge transfer processes are contributing significantly in the overall 

electrochemical process. The charge transfer resistance among the binary composites at the 

surface (RCt1) varies in the order: Pt/rGO-40 > Pt/rGO-60 > Pt/rGO-28 > Pt/rGO-80. This is 

plausibly due to the fact that when the effective diameter of the nanoparticle is greater, it is less 

bound by the hydration or the capping layer of the electrolyte, thus the reaction molecule can 

approach to the active Pt-sites without any hindrance. The closed loop 2 consisting of a capacitor 

and resistor in parallel, illustrates the charge transfer process occurring at the inner layer of rGO. 

Here both the constant phase elements CPE2-T and CPE2-P are greater in respect to the 

corresponding elements of loop 1, due to hindrance faced by the ions and reactant molecules 

inside the inner layers of rGO. The corresponding charge transfer resistance RCt2 is also high in 

respect to that occurring at the outer surface. The RCt2 values change in the order: Pt/rGO-40 < Pt 

< Pt/rGO-60 < Pt/rGO-80 < Pt/rGO-28 ≈ rGO, indicating that Pt/rGO-40 is the best catalyst 

material in absence of significant hydrating / capping layer inside the rGO layers. Since the 

overall charge transfer must proceed through the inner surface, the overall resistance/impedance 
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is guided by the second loop and the least impedance is found for the Pt/rGO-40 among the 

different electrodes studied.

The greater anodic activity of Pt/rGO-40 is seemingly due to optimum presence of free surface 

sites of Pt for initial methanol adsorption and rGO-(OH)ads on the surface for its oxidation. The 

lower anodic activity of Pt/rGO-28 is due to lower Pt surface for methanol adsorption for 

conversion of some Pt sites to Pt3O4 as found in the XRD study. On the other hand, lower 

activity for Pt/rGO-60 and Pt/rGO-80 electrodes in comparison to that for Pt/rGO-40, might be 

due to the significant coverage of surface-sites by formation of S-OH which includes both rGO-

(OH)ads and Pt-OH and thus methanol adsorption is disturbed and hence anode catalytic activity 

is decreased. Further to add, increase in interlayer rGO separation with increase of synthesis 

temperature as explained in Raman study, enhances the interfacial charge transfer resistance that 

causes elevation of overall Rct2 value for these systems.

4. Conclusion

We report facile temperature control synthesis of Pt nanoparticles of varying diameter decorated 

on rGO surface containing different extent of oxygen functionalities for use of these as anode 

catalyst materials for oxidation of methanol in alkali. The catalysts synthesized at various 

temperatures are successfully characterized by XRD, TEM, FESEM, TGA, XPS studies and 

found to exhibit improved and synergistic catalytic activity in comparison to pure Pt and rGO in 

reference to MOR in alkali. The overall current values are contributed by charge transfers of both 

pseudo capacitance of Pt decorated rGO and MOR in alkali. The poison tolerance parameter 

based on the ratio of forward and backward charge transfer contributions of peak currents for 

MOR, I'
f/I'

b is higher in comparison to data found in the literature for Pt/rGO composites and also 

mostly increases for the catalysts synthesized at higher temperature. The composites synthesized 
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at higher temperature exhibit high optical density ratio for the peaks of sp2 C-OH and that of C-

O-C(epoxy) as obtained from FTIR and defect parameter as measured by ID/I G in Raman study, 

indicating a direct co-relation between poison tolerance and defect sites. However, the best 

catalytic activity among the Pt/rGO composites was obtained from the catalyst synthesized at an 

optimum temperature of 40ºC. For this catalyst, adsorption of hydroxyl group is the greatest as 

evidenced from the cycle voltammetric study in sole alkali indicating less spill over of –OH 

group from rGO to the metal surface causing more availability of Pt sites for adsorption of both –

OH group and methanol. Formation of greater Pt3O4 in Pt/rGO material synthesized at 28°C also 

causes for less methanol adsorption and relatively slow kinetics in comparison to that at 400C 

temperature. The presence of greater Pt metallic surface surrounded by lower but sufficient 

oxygen functionalities arising from mainly sp2 C-OH on rGO support as evidenced by FTIR and 

Raman studies seems to be important for further improvement in catalysis.
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Figure Legends

Figure 1. PXRD patterns of: (a) graphite powder (black line) and graphene oxide (red line) (b) 

Synthesized Pt/rGO composites. The inset represents XRD patterns of Pt/ rGO-NPs with the 2θ 

between 15º and 35º

Figure 2. FESEM images of (a) rGO, (b) Pt/rGO-40 (low resolution ×30,000), (c) Pt/rGO-28, 

(d) Pt/rGO-40, (e) Pt/rGO-60, (f) Pt/rGO-80 (high resolution ×100,000) and the corresponding 

size distribution are presented in inset.

Figure 3. Representative TEM images of (a) Pt/rGO-40, (b) Pt nanoparticles without GO (c) 

HRTEM of Pt/rGO-40 (d) EDX pattern of Pt/rGO-40 sample.

Figure 4. XPS survey spectrum of Pt/rGO-40 (a), and core level spectra: (b) Pt 4f (c) O 1s (d) C 

1s.

Figure 5. FTIR spectra of a) rGO, b) Pt/rGO-28, c) Pt/rGO-40, d) Pt/rGO-60, and e) Pt/rGO-80.

Figure 6. (a) Raman spectra of GO, Pt/rGO-28, Pt/rGO-40, and Pt/rGO-80, (b) 

Thermogravimetric analysis of graphene oxide and Pt doped graphene oxide. The lines (a, b) 

shows the change in weight while the lines (a', b') show the derivative of the change in weight 

with respect to temperature

Figure 7. (a) Cyclic voltammograms of the marked electrodes immersed in 1M NaOH at the 

scan rate of 50 mV/s (b) Plots of ip/v1/2 versus v1/2 corresponding to the peak current, ip of Pt-OH 

formation, “v” being the scan rate. The error limit presented has been computed on the basis of 5 

different experiments of CV for each of the electrodes. (c) Cyclic voltammograms of MOR on all 
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the marked electrodes immersed in 0.5 M methanol in 1 M NaOH. The inset shows the method 

of computation of i'
f and i'

b for Pt/rGO-40 electrode.

Figure 8. Plausible mechanism of methanol oxidation reaction on rGO surface in presence of Pt.

Figure 9. (a) Tafel Polarization profiles (b) Chronoamperomatric profiles, of electrodes made of 

different Pt/rGO composites. (c) Plots of peak and steady current density versus parameter 

representing defect concentration. The inset shows the dependence of defect concentration with 

temperature.

Figure 10. Variation of Current Density with cycle number of Pt and Pt/rGO-40 sample has been 

shown for 500 cycles measured at scan rate 50 mV/s.

Figure 11. Nyquist plot of Pt, rGO and all the Pt/rGO composites electrodes recorded in 0.5 M 

methanol in 1 M NaOH solutions. Equivalent circuit is given at upper inset and magnified higher 

frequency region is given at lower inset.
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Table 1 Size parameters and strain of differently synthesized supported catalysts.

Catalysts Average radius of crystallites 
from Williamson-Hall method 
(nm)

Strain (× 10-3) Average radius 
from FESEM 
(nm)

Pt/rGO-28 7.60 10.50 8.41
Pt/rGO-40 7.17 -5.60 7.41
Pt/rGO-60 6.26 0.189 14.85
Pt/rGO-80 4.16 -0.188 15.87

Table 2. Ratios of relative optical density of different stretching frequencies of FTIR 
bands of different catalysts.
Catalysts 𝑶𝑫𝑪 ‒ 𝑶 ‒ 𝑪

𝑪 = 𝑪
𝑶𝑫𝑪 ‒ 𝑶 ‒ 𝑪

𝑪 = 𝑶
𝑶𝑫𝑪 = 𝑪

𝑪 = 𝑶
𝑶𝑫𝒔𝒑𝟐𝑪 ‒ 𝑶𝑯

𝑪 ‒ 𝑶 ‒ 𝑪

GO 1.602 1.844 1.151 0.7846

Pt/rGO-28 1.0675 1.128 1.0492 0.8894

Pt/rGO-40 0.9862 1.067 1.0735 0.8922

Pt/rGO-60 0.9604 1.006 1.0443 0.9230

Pt/rGO-80 0.9483 0.9794 1.0179 0.9984
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Table 3: Data obtained from Raman spectroscopy

Catalysts ID (D) 
cm-1

IG (G) 
cm-1

𝑰𝑫
𝑰𝑮

I2D (2D) 
cm-1

I2D/IG

ratio

GO 279.51 1355 279.26 1594 1.001 - - --

Pt/rGO-28 292.64 1350 251.40 1575 1.164 102.12 2667 0.4063

Pt/rGO-40 238.20 1348 211.30 1575 1.127 95.832 2694 0.4537

Pt/rGO-80 233 1347 202 1587 1.159 113.72 2686 0.5631

Table 4. Slopes and intercepts of ip/v1/2 versus v1/2 plot and the contribution of capacity 

and metal oxidation charge transfer current and their ratio at the different scan rates : 

0.02 and 0.3 (within parenthesis) V s-1 

Relative contribution of Capacity (C) & 

Charge Transfer (CT) current

Catalysts Intercept (K1) 

mA mg-1 V-1/2

Slope (K2) 

mA mg-1 V-1

Ip(C) mA mg-1 of 

Pt

Ip(CT) mA 

mg-1 of Pt

𝐈𝐩(𝐂𝐓)
𝐈𝐩(𝐂)

Pt/rGO-28 0.332 0.09 1.80

(27)

1.48

(5.75)

0.83

(0.21)

Pt/rGO-40 1.99 0.181 3.62

(54.3)

8.90

(34.46)

2.45

(0.63)

Pt/rGO-60 0.35 0.199 3.98

(59.7)

1.56

(6.062)

0.39

(0.1)

Pt/rGO-80 0.58 0.124 2.48

(37.2)

2.59

(10.04)

1

(0.27)
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Table 5 Various electrocatalytic properties of synthesized Pt/rGO composites for the MOR, 
obtained from cyclic voltammetric studies at a scan rate of 50 mV s-1

Catalyst
s

Onset 
Potent
ial (V)

Loading 
of Pt 
(mg/cm2

)

Ef

(V)
Eb

(V)
Overall 
forward 
peak 
current 
density 
If (mA 
mg-1 of 
Pt)

Overall 
backw
ard 
peak 
current 
density 
Ib (mA 
mg-1 of 
Pt)

Charge 
transfer 
forward 
peak 
current 
density 

 (mA 𝑰 '
𝒇

mg-1 of 
Pt)

Charge 
transfer 
backwar
d peak 
current 
density 

(mA 𝑰 '
𝒃

mg-1 of 
Pt)

𝑰 '
𝒇

𝑰 '
𝒃

Pt -0.502 1.38 -
0.158

-
0.29

15.22 4.06 11.72 5.47 2.14

Pt/rGO-
28

-0.405 0.116 -
0.045

-
0.31

16.45 -10.58 6.33 3.19 1.98

Pt/rGO-
40

-0.428 0.125 -0.05 -
0.33

116.48 -13.11 66.06 14.21 4.67

Pt/rGO-
60

-0.394 0.122 -0.08 -
0.37

44.77 -20.11 15.67 2.03 7.71

Pt/rGO-
80

-0.406 0.125 -0.1 -
0.35

29.96 -17.71 9.92

rGO -0.42 -0.2 1.78 0.23
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Table 6 Data from chronoamperometric and cyclic voltammetric studies
Catalysts Steady current Density 

(mA mg-1 of Pt) obtained 
at (-0.2 V) in 

chronoamperometry

Apparent Tafel Slope 
(V dec-1) (Scan rate 
1mV s-1)

Apparent Exchange 
Current density,  𝒊𝟎

(mA mg-1)

Pt/rGO-28 0.92 0.028 4×10-30

Pt/rGO-40 11.12 0.195 4.5×10-3

Pt/rGO-60 2.7 0.082 8.5×10-9

Pt/rGO-80 1.74 0.064 2.5×10-12

Table 7 Various charge transfer parameters obtained from electrochemical impedance data 
using equivalent circuit model.

CPE1 CPE2

Catalysts

Series 
resistan
ce (Rs) 
in Ώ CPE1-T

(F/cm2)
CPE1-P

(n)

Charge 
transfer 
resistan
ce 
(Rct1)
in Ώ

CPE2-T
(F/cm2)

CPE2-P
(n)

Charge 
transfer 
resistance 
(Rct2)
in Ώ

Pt/rGO-28 0.67999 0.0007889 0.7655 0.61881 0.0078366 0.83168 8000
Pt/rGO-40 0.78336 0.012869 0.4966 1.7 0.024147 0.69 500
Pt/rGO-60 0.66252 0.0004054

7
0.6151 1.192 0.0081682 0.8 1000

Pt/rGO-80 0.76279 0.0000175 1.103 0.26758 0.0068446 0.668 2000
rGO 0.7687 0.0001222

54
1.01 0.31919 0.0049747 0.73727 8000

Pt 0.6588 0.0000480
26

0.9925 0.35053 0.002506 0.725 600
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Figures

Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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Figure 10
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Figure 11

Highlights
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 Temperature controlled synthesis of Pt/rGO nanocomposites for alkaline oxidation of 

methanol.

  Poison tolerance capability depends on defect concentration which increases with 

temperature.

  Smaller Pt nanoparticle in the vicinity of sp2 C-OH on rGO is suitable for better 

electrocatalysis.
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