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a b s t r a c t

In this study, new electrocatalysts for PEM fuel cells, based on Pt nanoparticles supported

on hybrid carbon support networks comprising reduced graphene oxide (rGO) and carbon

black (CB) at varying ratios, were designed and prepared by means of a rapid and efficient

microwave-assisted synthesis method. Resultant catalysts were characterized ex-situ for

their structure, morphology, electrocatalytic activity. In addition, membrane-electrode

assemblies (MEAs) fabricated using resultant electrocatalysts and evaluated in-situ for

their fuel cell performance and impedance characteristics. TEM studies showed that Pt

nanoparticles were homogeneously decorated on rGO and rGO-CB hybrids while they had

bigger size and partially agglomerated distribution on CB. The electrocatalyst, supported on

GO-CB hybrid containing 75% GO (HE75), possessed very encouraging results in terms of Pt

particle size and dispersion, catalytic activity towards HOR and ORR, and fuel cell perfor-

mance. The maximum power density of 1090 mW cm�2 was achieved with MEA (Pt loading

of 0.4 mg cm�2) based on electrocatalyst, HE75. Therefore, the resultant hybrid demon-

strated higher Pt utilization with enhanced FC performance output. Our results, revealing

excellent attributes of hybrid supported electrocatalysts, can be ascribed to the role of CB

preventing rGO sheets from restacking, effectively modifying the array of graphene and

providing more available active catalyst sites in the electrocatalyst material.

© 2018 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The need for more sustainable energy resources and the

environmental issues regarding fossil fuels lead to serious
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challenges in protecting the environment and energy policy

around the world. One promising solution is the fuel cell

technology, which provides a clean and sustainable electricity

source. Fuel cells directly convert the chemical energy of ox-

ygen and fuel to electricity by electrochemically reducing the
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oxygen and oxidizing fuel to produce water and release heat

as the only by-products. PEM (polymer electrolyte membrane)

fuel cells have demonstrated high energy efficiency and

power density [1e3]. A crucial issue of PEM fuel cell develop-

ment in large-scale application is reducing the platinum (Pt)

loading because of its cost and supply limitation [4]. This issue

can be overcome by designing catalysts with high electro-

catalytic activity [5,6]. Most of the studies about catalyst ma-

terials exhibiting high electrocatalytic activity have focused

on catalyst and catalyst support with high surface area [7e9].

The catalyst nanoparticles are needed to be dispersed on a

conductive support which is usually a carbon-based material

[10e14]. It is generally accepted that carbon support promotes

the catalyst materials dispersion, electron transportation, and

the kinetics of mass transfer at the electrode surface [15].

Furthermore, the utilization of nanostructured carbonaceous

materials as the catalyst support presents a promising option

for the catalysts with high electrocatalytic activity for fuel

cells [16]. In addition, for the further enhancement of the

electrocatalytic activity and stability it is necessary to increase

the interaction between Pt and its supports, in order to inhibit

the tendency of Pt nanoparticle coalescence [11].

The most extensively utilized catalyst support is carbon

black (CB) for PEM fuel cell [17]. However, carbon black suffers

from corrosion under high voltage conditions which results in

Pt agglomeration and then dissolution into membrane

[18e20]. To overcome that significant problem, alternative

carbon materials [21e24], carbon based hybrids [2,25,26] and

composites [27e29] were employed as catalyst supports for

PEM fuel cells.

Recently, graphene owing to its two dimensional structure

has been employed as an alternative catalyst support for PEM

fuel cell [30e34]. Although graphene provides better Pt

dispersion on the surface, and excellent electrical conductiv-

ity, restacking of individual graphene sheets cause a decrease

in active sites and Pt utilization on the carbon support [35e37].

There are many strategies to improve Pt utilization and active

sites of graphene. One strategy is to add more ionomer to the

catalyst layer, thereby increasing the interface between Pt

nanoparticles (NPs) and the ionomer [38]. Although that

approach is acceptable, surplus ionomer causes additional

issues including formation of thicker ionomer film onto the

catalyst surface, decreasing the electronic conductivity and

limited diffusion (mass transport) of reactant gases in the

catalyst layer [39]. To overcome this problem, many re-

searchers have tried to integrate carbon based nanostructured

materials between graphene sheets. Different carbon-based

materials such as carbon black [11,36,39,40], carbon nano-

tube [41,42], and carbon fiber [43] have been employed for this

reason. Yet, by this way, preferred horizontal stacks of gra-

phene are dislocated causing the formation of randomly

distributed sheets in the catalyst layer (CL) [16]. CB is one of

the most promising candidate that can help avoiding

restacking of graphene sheets owing to its low price and high

electronic conductivity [39]. Li et al. [11] studied the prepara-

tion of hybrid Pt/rGO-CB by mixing Pt/rGO with CB. Pt/rGO-

CB's considerably higher ORR activity with respect to simple

Pt/rGO catalyst has been reported. However, fuel cell perfor-

mance was not reported in their study. In another relevant

study, Cho et al. [36] showed that Pt/GN (graphene single
nanosheet) electrocatalyst when intercalated with CB pro-

vided higher electrocatalytic activity for hydrogen oxidation,

and enhanced performance in PEM fuel cell, especially in the

activation and mass transport losses region of polarization

curve, were observed. In all these studies, CB were used as a

spacer, but it is not supporting Pt nanoparticles (NPs) on the

surface. Here the other problem is that although non-reactive

CB could increase conductivity, resultant catalyst layer would

be so thick that increase mass transfer resistance, block Pt

active sites and incline the corrosion. Therefore, on one hand,

CB in hybrid catalyst structure directly influences the fuel cell

performance. On the other hand, CB content is critical and

should be meticulously optimized. Previously, it was shown

that amount of CB should be minimized to provide better Pt

activity and fuel cell performance [26,36,40].

Supported Pt NPs are synthesized by various methods

[31e33,44]. NaBH4 [45,46], L-ascorbic acid [47], citric acid [48] or

ethylene glycol [49,50] were used as the reducing agents in the

case of chemical reduction methods. When ethylene glycol is

employed,metal NPswith smaller size and good dispersion on

catalyst support can be obtained; however, due to weak

reduction ability of ethylene glycol higher reaction tempera-

ture (>120 �C) and longer time (>4 h) [49] are required. Micro-

wave (MW) irradiation is an alternative method which is

usually more suitable, than conventional chemical synthesis/

reduction by heating, owing to its simplicity, fast procedure,

and the product's uniformity [51,52]. Moreover, MW method

yields smaller and well dispersed Pt NPs compared to con-

ventional heating method. Moreover, Pt NPs particle size can

be well controlled by adjustment of pH [53].

In this study, Pt NPs supported on GO-CB hybrids as the

electrocatalysts for fuel cell reactions were synthesized using

one-pot microwave-assisted reduction method. For that pur-

pose, GO and CB mechanically mixed in varying ratios first

unlike previous studies and subsequent deposition of Pt NPs

on hybrid support and simultaneous reduction of GO to rGO in

hybrid were performed. In this facile process, the usage of CB

prevents restacking of graphene sheets, and also Pt NPs were

impregnated on both graphene and CB. The homogenous

mixing of GO and CB resulted in formation of 3D CB entangled

between the 2D graphene sheets (Fig. 1). Resultant electro-

catalysts were characterized both ex-situ for their structure,

morphology, electrocatalytic activity, and in-situ for their fuel

cell performance and impedance characteristics. Compared to

previous studies in literature [2,11,39], we have investigated

electrochemical characteristics of hybrid electrocatalysts,

comprising graphene oxide (GO) and carbon black at varying

ratios, by ex-situ and in-situ techniques in detail.
Experimental

Materials

Graphene oxide (GO) was supplied from Grupo Antolin

Ingenieria SA. Vulcan XC-72 (commercial CB) was purchased

from Fuel Cell Earth LCC and Nafion® solution (20 wt% alcohol

based), chloroplatinic acid (H2PtCl6), dimethylformamide

(DMF) (C3H7NO), ethylene glycol, 2-propanol were purchased

from Sigma-Aldrich. Sigracet 39BC GDL (FuelCellStore),
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Fig. 1 e Schematic of microwave assisted synthesis of Pt/rGO-CB.
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Nafion® NR212 membrane (FuelCellStore), 30% Pt on Vulcan

XC-72, Nafion® solution and 2-propanol were used for elec-

trode preparation.

Synthesis of electrocatalysts by microwave-assisted
reduction method

Pt NPs were deposited on carbon supports (CB, GO and GO-CB

hybrids) by microwave-assisted reduction method. In these

electrocatalysts, varied weight to weight ratios of GO to CB,

were employed during the synthesis as depicted in Table 1. In

a typical synthesis, 100 mg of the carbon support was

dispersed in 4:1 (v:v) ethylene glycol:2-propanol and sonicated

until complete dispersion. 1.5 times of H2PtCl6 was added to

4 mL of ethylene glycol solution with respect to catalyst sup-

port and stirred for 2 h. This solution was then added to the

dispersed catalyst support solution and mixed until complete

dispersion. The pH of the solution was adjusted to 12 with 1 M

NaOH (in ethylene glycol). The mixture was then irradiated in

a microwave reactor (Anton-Paar Microwave Synthesis

Reactor Monowave 300) at 500 W/65 s followed by cooling at

room temperature. To control Pt NPs size, the pH of the above

mentioned irradiated solution was adjusted to 4 by dropwise

addition of 0.5 M HNO3. The obtained Pt/CB, Pt/rGO and Pt/

rGO-CB were washed and filtered with DI water six times

and dried in oven at 60 �C for 24 h. All Pt/CB, Pt/rGO, and Pt/

rGO-CB hybrid electrocatalysts were synthesized.

Ex-situ characterization of electrocatalysts

XRD analyses of carbon supports and crystalline diffraction

patterns of electrocatalysts were carried out by using Bruker

D-8 Advance X-Ray Diffractometer (wavelength of irradiation

of Cu Ka of 0.154 nm, at 2q angles 5� �90�, scan rate of 2.4� per
minute with the operating voltage of 40 kV and current of

40 mA). Graphitic structure of carbon supports and investi-

gation of NPs were obtained with Renishaw in Via Raman
Table 1 e Electrocatalysts prepared at varying rGO to CB
weight ratios (HE stands for hybrid electrocatalysts).

Electrocatalyst GO:CB (w:w)

HE00 (Pt/CB) 0:100

HE25 (Pt/rGO-CB) 25:75

HE50 (Pt/rGO-CB) 50:50

HE75 (Pt/rGO-CB) 75:25

HE100 (Pt/rGO) 100:0
Spectrometer with a laser excitation line of 532 nm. TEM (FEI-

Tecnai G2 F30) was employed for the determination of Pt

particle size and distribution. The sample preparation for TEM

involved the dispersion of the suspension in IPA and collected

onto a holey carbon coated TEM grid. Particle size of electro-

catalysts were determined from HR-TEM images by using

Image J software. X-ray Photoelectron Spectroscopy (XPS) was

used to analyze chemical structure of electrocatalysts and Pt

NPs reduction on support recorded by using a high-resolution

Thermo Specific X-ray Photoelectron Spectrometer with

monochromatic Al Ka X-ray source.

Electrochemical characterizations

3-electrode system was employed to determine electro-

chemical characteristics of electrocatalysts. In this system,

glassy carbon rotating disk electrode (RDE) as the working

(WE), Pt wire as the counter (CE), and Ag/AgCl as the reference

electrode (RE) were employed. 2 mg of catalyst as powder was

dispersed in 1 mL of DMF, 2-propanol (1:4 in volume) mixture/

Nafion® solution (20%) (50:1 w/w) and ultrasonicated for 2 h to

acquire the homogeneous catalyst ink. Then, catalyst ink was

applied dropwise onto polished glassy carbon electrode. The

Pt loading of each catalyst was kept constant as 20 mgPt cm
�2.

The electrolyte (0.1MHClO4) was purgedwithN2 for 30min for

CV, and O2 purged for 30 min for LSV experiment. WE was

activated and stabilized by 50 cycles at a scan rate of

100 mV s�1. HOR CV curves were obtained in N2-saturated

0.1 MHClO4 without rotation between�0.2 and 1.2 V, at a scan

rate of 50mV s�1. LSVmeasurements for ORR were performed

in O2-saturated 0.1 M HClO4 between 0.0 and 1.0 V at a scan

rate of 10mV s�1 and rotation speed of 1600 rpm. In the CV and

LSV experiments, the measured potentials vs. the reference

were converted to RHE scale with using the Nernst equation;

ERHE ¼ EAg=AgCl þ 0:059pHþ E0
Ag=AgCl

where ERHE is the converted electrode potential vs. RHE,

EAg/AgCl is the measured potential vs. Ag/AgCl RE, and E0Ag/AgCl
is the standard electrode potential of Ag/AgCl at 25 �Cwhich is

0.1976 V.

Fuel cell testing

For the fabrication of cathode, catalyst ink was prepared by

sonicating prepared electrocatalysts (Pt/CB, Pt/rGO, or Pt/rGO-

CB hybrids; 30 wt% Pt on support), Nafion® solution (20 wt%)

and 2-propanol, stirring them for 2 h. For anode, catalyst ink
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Fig. 3 e Raman spectra of GO, Pt/rGO (HE100), and Pt/rGO-

CB (HE75).
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was a dispersion of commercial Pt/CB catalyst powder (30 wt%

Pt on carbon black), and Nafion® solution (20 wt%) in IPA. The

catalyst ink was exerted on the gas diffusion layer by spraying

method to form gas diffusion electrode (GDE). After drying

GDE at 60 �C for 10 min, the spraying procedure was repeated

multiple times until 0.4 mgPt cm�2 loading was achieved.

Sprayed GDEs (anode and cathode with 5 cm2 area) were hot

pressed at 133 �C onto Nafion® NR212 membranes 133 �C and

2MPa for 5min after 10min pre-heating step at 133 �Cwithout

applying pressure. The fuel cell tests were performed in a fully

humidified atmosphere at 80 �C with 500 cc/min of H2 and O2

with using 850e fuel cell test station (Scribner Associates,

USA).

The MEAs were also characterized by in-situ by electro-

chemical impedance spectroscopy (EIS). The AC impedance

arcs were recorded by sweeping frequencies over a frequency

range of 10 kHze0.1 Hz at an amplitude of 10% of DC at the

potential of 0.70 V (80 �C, fully humidified H2/O2, 1 atmabsolute

conditions).
Results and discussion

The XRD spectra of Pt/rGO-CB hybrid, Pt/CB, and Pt/rGO elec-

trocatalysts are shown in Fig. 2. All electrocatalysts exhibited

representative diffraction peaks at 39.8�, 46.5�, 68.7�, and 82.1�

which correspond to the (111), (200), (220), and (311) planes of

the FCC structure of Pt [53]. This shows the successful Pt

decoration on CB, rGO, and rGO-CB hybrid supports. More-

over, the peak at 26.2� is associated with C(002) diffraction

peak of graphitic structure of carbon materials, and prove

more crystalline, a sp2 carbon network was regenerated

[15,54]. This peak was formed via the movement of charac-

teristic broader peak of GO at around 12� at the end of

reduction process [55].

Fig. 3 demonstrates the Raman spectra of GO, Pt/rGO

(HE100) and Pt/CB-rGO (HE75). The two distinguished charac-

teristic peaks at 1340 and 1590 cm�1 correspond to the D band

which is generated due to sp2 hybridized graphitic carbon
Fig. 2 e XRD spectra of Pt/rGO-CB hybrids, Pt/CB, and Pt/rGO

electrocatalysts (Inset: XRD spectra of pristine GO and CB).
atoms, and the G band which is generated due to sp3 hybrid-

ized carbon atoms of disordered graphene [56]. The intensities

of G and D peaks and the comparison of them provide a sig-

nificant information about structural organization of atoms.

Using the ID/IG ratio of GO (0.85) as a reference, the ID/IG ratios

increased to 1.05 for Pt/rGO (HE100), and 1.03 for Pt/rGO-CB

(HE75), respectively. The increased ID/IG indicates the

enhanced defects in graphene structure as a result of elec-

tronic interaction with metal NPs [57], and confirms the for-

mation of rGO [58].

Chemical structure of surface of the electrocatalysts were

investigated further by XPS. In order to analyze the oxidation

state of Pt metal on CB, rGO, and rGO-CB hybrid high-

resolution XPS analyses were performed on Pt/CB, Pt/rGO,

Pt/rGO-CB electrocatalysts and the recorded spectra were

depicted in Fig. 4(a, c, and e). The C 1s XPS peak of carbon

supports are deconvoluted into four peaks of C¼C, C-OH, O-C-

O, and C¼O/O-C¼O corresponding to the binding energy of

around 284.6, 286.0, 284.07, 287.6, and 288.8 eV, which co-

incides with oxidized functional groups including hydroxides

(C-OH), epoxy-ether (C-O-C) and carbonyl-ketone, and

carboxyl (C¼O/O-C¼O) in the carbon structure [59]. Functional

groups intensities are very low due to removal of surface

groups simultaneously with impregnation-reduction of Pt

especially on the GO surface [49,60].

The Pt 4f XPS spectra of the electrocatalysts (Fig. 4b,d, and

e) showed doublet peaks at 71.8 eV and 75.2 eV. The doublet

peaks can be de-convoluted into three types of peaks at

around 71.5 eV and 75.0 eV, 72.8 eV and 76.3 eV, and 74 eV and

77.5 eV that can be ascribed to Pt0, Pt2þ, and Pt4þ states,

respectively. It is clearly observed that the intensities of peaks,

which correspond to Ptþ2 and Ptþ4 states, are very low.

Moreover, two asymmetric-shaped signals are clearly

observable at binding energies at around 71.8 and 75.2 eVwith

a well-separated spin-orbit components that are readily

assignable to 4f7/2 and 4f5/2 core-levels of metallic Pt [61]. The

presence of Pt2þ and Pt4þ species in the reduction of H2PtCl6
result from the two-step reduction process in which Pt (IV)

reduces to Pt (II) and then reaches to its metallic form [62].
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Fig. 4 e De-convoluted XPS spectrums a) C1s for Pt/CB, b) Pt 4f for Pt/CB, c) C1s for Pt/rGO, d) Pt 4f for Pt/rGO, e) C1s for Pt/rGO-

CB (HE75), f) Pt 4f for Pt/rGO-CB (HE75).
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The distribution and particle size of Pt on various carbon

supportswere investigated by TEM. As clearly seen from Fig. 5,

Pt NPs were successfully deposited on all the carbon-based

supports with a mean diameter 1.5e2.0 nm. Fig. 5c main-

tains a perfectly distributed Pt NPs on top of thin layer of

graphene sheets having a mean diameter of Pt NPs 1.3 nm.

Moreover, TEM image of Pt nanoparticles on CB (Fig. 5a) rep-

resented larger particle diameters (2.0 nm) with some partial

agglomerations. TEM images provide the evidence that rGO

might be better candidate than CB by having a larger surface

area for Pt nanoparticle impregnation and homogeneous dis-

tribution. Since comparably larger Pt NPs were obtained dur-

ing impregnation on CB, CB amount in hybrid content was

very essential and had to be optimized. It can be inferred from

Fig. 5, Pt NPs homogeneously distributed all over the hybrid
support surface with larger particle size than Pt/rGO and

smaller than Pt/CB. In order to obtain superior catalytic ac-

tivity from Pt NPs, it is therefore essential that CB content

should be minimized.

CV was performed to determine the electrochemical sur-

face area (ECSA) of electrocatalysts which can provide a

valuable data about the amount of active sites and electro-

catalytic activity for HOR [63]. As depicted in Fig. 6a, all elec-

trocatalysts have two distinct characteristic peaks,

corresponding to the hydrogen adsorption or desorption re-

gions below 0.4 V and the Pt oxidation or reduction regions in

the range of 0.6e1.2 V without a noticeable change in the

curve shape. Pt/rGO showed a comparable ECSA (54.8 m2g�1)

with Pt/CB (50.0 m2g�1). Moreover, HE75 electrocatalyst

exhibited highest ECSA (65.1 m2g�1) (Fig. 6b and Table 2) and
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Fig. 5 e TEM micrographs of a) and b) HE00; c) and d) HE100; e) and f) HE75 (insets, Pt particle size distribution histograms).
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therefore, superior electrocatalytic activity. It can be described

by hybrid support network and improved electrical conduc-

tivity which promoted to fast electron transfer of support. In

addition, better utilization of Pt NPs is expected because of

rGO and CB's synergy. Furthermore, initial physical mixing of

CB and rGO before the Pt assembly provides better Pt disper-

sion by limiting graphene restacking. Compared to hybrids

obtained with addition of CB to the Pt/rGO electrocatalyst in

literature, enhanced electrochemical activity and ECSA was

obtained for Pt/rGO-CB (HE75) hybrid [64].
To examine the ORR of the synthesized Pt/rGO-CB hybrid

electrocatalysts, the RDE measurements at 1600 rpm was

carried out, as given in Fig. 6c. From the LSV curve, the

diffusion-limiting currents for ORR on five electrocatalysts

were realized to below 0.7 V. On the contrary, a mixed kinetic-

diffusion controlled region appears from 0.7 V to 0.85 V.

Therefore, relatedmass activity calculation results were given

at 0.8 V. Superior activity of Pt/rGO-CB (HE75) hybrid electro-

catalyst was demonstrated in terms of both half-wave po-

tential and mass activity (Table 2). Clearly, a significant
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Fig. 6 e a) CV curves for HOR, b) Comparison of ECSA values, c) LSV curves for ORR and d) ORR mass activities of

electrocatalysts.

Table 2 e ECSA, DE1/2, mass Activity, power output values of the Pt/rGO-CB electrocatalysts with varying composition.

Catalysts ECSA (m2g�1) DE1/2 (V) Mass Activity at 0.80 V (mA mg�1
Pt) Maximum Power Density (mW.cm�2)

HE00 50 0.753 0.075 691

HE100 55 0.783 0.124 804

HE25 49 0.777 0.116 817

HE50 45 0.747 0.063 953

HE75 65 0.797 0.147 1091
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positive shift is observed for Pt/rGO-CB (HE75) hybrid elec-

trocatalyst as compared to that of Pt/CB (44 mV shift) and Pt/

rGO (HE100) (14 mV shift) in the half-wave potential. This

suggests a noteworthy increase of the ORR activity. Particu-

larly, the half-wave potential for Pt/rGO-CB (HE75) is 0.797 V

that is 44mV higher than Pt/CB and 14mVhigher than Pt/rGO,

respectively. Besides, the mass activity of Pt/rGO-CB (HE75)

(0.147mA mg�1) is nearly 2.0 and 1.2 times higher than those of

Pt/CB (0.075 mA mg�1) and Pt/rGO (0.124 A mg�1) electro-

catalysts (Fig. 6d).

Fig. 7a and 7b represent PEM fuel cell polarization and

power output curves of Pt/rGO, Pt/CB and the synthesized

hybrid electrocatalysts, at 80 �C and fully humidified condi-

tions. Pt/rGO provides a comparable performance with Pt/CB

especially for regions of low and high current density in po-

larization curve. Comparing both the limiting current densities

and themaximumpower densities, a significant improvement

was achieved by using HE75 among all other hybrid electro-

catalysts. Deducing from the cell performance, increasing the

graphene amount from 25 to 75 (w:w) in the support material

content was remarkably improved power output as a result of

better mass transport and more electronically conductive

electrode network. That is to say, the current densities
achieved at 0.6 V were 0.84, 1.00 and 1.55 A cm�2 for Pt/CB

(HE00), Pt/rGO (HE100) and Pt/rGO-CB (HE75), respectively. The

poweroutput valuesof all hybrid electrocatalystsweregivenat

Table 2. Additionally, HE50 provides a reasonable perfor-

mance, especially wheremass transport losses dominated the

compared to that of CV and LSV results. That can be related to

improvement of porosity of obtained GDE network.

The resistance of MEA components is also another

important parameter that considerably affect the fuel cell

performance. Herein, EIS was utilized for the determination of

resistance, both ohmic (RU) and charge transfer (Rct) resistance

of the MEAs with different electrocatalysts at cathode. Fig. 7c

shows Nyquist plots obtained from in-situ EIS analysis of the

MEAs with three different electrocatalysts at 0.7 V. The high

frequency intercept at Z'real shows the total RU and the

diameter of semicircle relates to the Rct which depends on

cathode electrocatalyst properties and results from ORR ki-

netics in cathode. Moreover, reduced diameter of the semi-

circle indicated the lower impedance of cathode

electrocatalyst (the results are summarized in Table 3) [65].

Since the CL fabrication, membrane, GDL, and measurement

conditions were the same for all samples, all electrocatalysts

had nearly similar RU values (Table 3). The Rct of Pt/rGO-CB

https://doi.org/10.1016/j.ijhydene.2018.10.222
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Table 3 e Electrochemical properties of MEAs with
different electrocatalysts at the cathode.

Samples RU(U) Rct(U)

Pt/CB (HE00) 0.0022 0.0415

Pt/rGO (HE100) 0.0023 0.0388

Pt/rGO-CB (HE75) 0.0017 0.0323

Fig. 7 e H2/O2 PEM fuel cell a) Polarization, b) Power output curves for the Pt/rGO-CB electrocatalysts with different

composition, c) Electrochemical impedance spectroscopy for Pt/CB, Pt/rGO, and Pt/rGO-CB, and d) Comparison of current

density at 0.6 V vs. Rct at 0.7.
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(HE75) was the lower than that of Pt/CB (HE00), Pt/rGO (HE100)

electrocatalysts and Rct decreased with increasing current

density at 0.6 V. The lower the resistance, the better the fuel

cell performance. All these results agreed very well with the

PEM fuel cell performance in Fig. 7a and b.
Conclusions

In this study, a facile microwave assisted synthesis of Pt NPs

on CB-rGO hybrid support, as electrocatalysts for fuel cell re-

actions, was performed. Restacking of graphene sheets can be

avoided, and impregnation/decoration of Pt NPs on GO-CB

hybrid were successfully achieved by mixing of GO and CB

at varying ratios. The XRD pattern and XPS analysis of hybrid

electrocatalysts proved Pt NPs impregnation on the support.

TEM analysis depicted that Pt deposition on rGO and rGO-CB

hybrids were homogeneous, and Pt NPs mean diameter was

below 2 nm. Conversely, larger Pt NPs and Pt agglomerations

were observed when CB was employed as support.

The PEM fuel cell tests clearly shown that the composition

of GO-CB hybrid support is very important in terms of elec-

trocatalytic activity and the fuel cell performance of the

electrocatalysts since higher amount of CB would block the Pt
active sides and lower the catalytic activity. The most prom-

ising results on both electrocatalytic activity towards HOR and

ORR and fuel cell performance were obtained for the hybrid

containing 75% GO (HE75). In accordance with the enhanced

fuel cell performance and electrocatalytic activity, electro-

chemical impedance spectroscopy analysis confirmed better

activity of Pt/rGO-CB (HE75) for ORR with lower charge trans-

fer resistance. In conclusion, hybrid structure with low CB

content prevented restacking of GO layers, effectively modi-

fied the array of graphene and providedmore accessible active

sites for the reactions.
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