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ABSTRACT

Here, we report a novel electrode structure with graphene and graphene–carbon

black hybrids by electrospraying for polymer electrolyte membrane fuel cells.

After syntheses of platinum (Pt)/partially reduced graphene oxide (rGO) and

Pt/r-GO/carbon black (CB) hybrid electrocatalysts, suspensions of synthesized

electrocatalyst inks were prepared with Nafion� ionomer and poly(vinylidene

fluoride-co-hexafluoropropylene) and electrosprayed over carbon paper to form

electrodes. Electrosprayed catalyst layer exhibited uniform and small size Pt

distribution. As the graphene content increases micrometer-sized droplet, pore

formation and surface roughness of the electrode increase. Thus, an open porous

electrode structure which is favorable for mass transport is achieved by elec-

trospraying. The maximum power densities, 324 mW cm-2 for Pt/rGO and 441

mW cm-2 for Pt/rGO/CB electrosprayed electrodes, were achieved at a rela-

tively low catalyst loading.

Introduction

Polymer electrolyte membrane (PEM) fuel cells

draw much attention due to its pollution-free

operation in transportation. However, the major

limiting factor in PEM fuel cell commercialization is

the use of precious and costly platinum (Pt) metal

as the electrocatalyst [1]. There are efforts for the

development of Pt-free electrocatalysts; however,

there is no remarkable power density that meets

automotive targets [2]. Since the main goal is to

lower Pt loading without losing the fuel cell

performance [3], several techniques have been

evolved such as vacuum deposition, sputtering,

supercritical deposition, colloidal deposition, reac-

tive spray deposition and electrodeposition meth-

ods to have efficient use of Pt [4–9]. In addition to

these, electrospraying is a promising technique that

leads to electrostatic deposition of the catalyst ink

with uniform distribution and efficient utilization of

electrocatalyst [10–12]. Moreover, electrospraying

method was employed previously to fabricate por-

ous graphene electrodes for supercapacitor appli-

cations [13].
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Besides electrospraying technique, graphene is

employed as the Pt support to form a novel electrode

structure in this study. Although commercial carbon

blacks have been regarded as the most extensively

used support for Pt, other supports including carbon

nanotubes [14–16] and their composites with con-

ducting polymers [17], carbon xerogel and carbon

aerogel [18], carbon nanofibers [19], and graphene

[20–22] have been utilized previously. Unsupported

Pt nanoparticles were also employed as the catalysts

for fuel cells as well [8, 22].

Graphene and nitrogen-doped graphene have

many attracting features including high surface area

and excellent conductivity [23, 24]. However, due to

the 2-dimensional (2D) nature of graphene, it tends to

stack through p–p interaction [23, 25]. The stacking

may cause a higher resistance for diffusion of reac-

tant gases, which retards the catalytic reaction at

higher potential range and slow oxygen diffusion.

Thus, graphene–carbon black hybrid supports can be

a promising alternative as Pt support [26, 27].

In this manner, our group desired to take the

advantage of graphene–carbon black (CB) hybrid

support morphology and electrospraying technique

to alter the PEM fuel cell performance. Recently, we

have reported graphene-containing fibrous structures

formed by electrospinning [28, 29]. In literature, there

are several studies about graphene hybrid supports

for Pt, yet, to the best of our knowledge, hybrid

structure was formed by mechanical mixing of

Pt/graphene electrocatalyst with pristine carbon

black or commercial Pt/CB and graphene [26, 30].

However, in our study, Pt/partially reduced gra-

phene oxide (rGO)/CB electrocatalysts were synthe-

sized by mechanical homogenizing of carbon

components (rGO and CB). The chemical reduction

was employed in the presence of a Pt precursor to

form supported Pt nanoparticles on the hybrid sup-

port [31, 39]. By this approach, CB was used as an

intercalating agent to have higher Pt utilization and

better transport of reactants and by-product.

Moreover, synthesized Pt/rGO and Pt/rGO/CB

hybrid electrocatalysts mixed with Nafion� ionomer

and the hydrophobic polymer, poly(vinylidene fluo-

ride-co-hexafluoropropylene) (PVDF-c-HFP) to have

homogenous dispersion in this study. We then used

electrospraying technique to apply as-prepared dis-

persion as the catalyst layer onto the carbon paper

(which is also named as gas diffusion layer). PVDF-c-

HFP was introduced into the catalyst layer to increase

the hydrophobicity of the catalyst layer to retain the

balance between high electrochemical surface area

and water management issues [32–34]. The low

amount of hydrophobic polymer in the electro-

sprayed electrode structure can balance the open

pore structure by creating hydrophobic pores to wick

the liquid water away from the catalyst layer through

the capillary action so that the mass transport losses

mostly coming from cathode side can be improved.

Electrospraying provides an efficient route to fab-

ricate the thin-film electrode of graphene-based

materials [30, 35–37, 51, 52]. In our study, the elec-

trospray deposition could continuously proceed

without clogging the nozzle and the resulting Pt

loading could be controlled. These electrodes showed

good uniformity, possessing an open and layered

morphology without any macro-aggregation, as

shown in scanning electron microscopy (SEM) ima-

ges. The porosity of the electrodes is also examined

via mercury porosimeter to find effect of electrode

morphology. Besides we present PEM fuel cell per-

formances of Pt/rGO and Pt/rGO/CB hybrid elec-

trosprayed electrodes.

Experimental

Materials

The graphite flakes, poly(vinylidene fluoride-co-hex-

afluoropropylene) (PVDF-c-HFP) (MW 455 kDa),

N,N dimethylformamide (DMF), potassium perman-

ganate (KMnO4), sulfuric acid (H2SO4), phosphoric

acid (H3PO4), hydrochloric acid (HCl), hydrogen

peroxide (H2O2), chloroplatinic acid (H2PtCl6), and

ethylene glycol (HOCH2CH2OH) were purchased

from Sigma-Aldrich. Vulcan XC-72 was supplied

from Fuel Cell Earth LCC. All chemicals were used

without further purification.

Synthesis of Pt/rGO and Pt/rGO/CB hybrid
electrocatalysts

In this study, GO was synthesized by an improved

Hummers method [38, 39]. Carbon components

(0.5 mg/mL) and H2PtCl6 (0.5 mg/mL) were ultra-

sonicated with DI water for 30 min. The weight ratio

of rGO to CB as the hybrid support was arranged as

shown in Table 1. The synthesis of the hybrid elec-

trocatalysts was explained in our previous study [38].



Preparation of electrospraying dispersions

Electrospraying dispersions employed as electrode

inks were prepared by mixing of PVDF-c-HFP,

Nafion� ionomer solution, and previously synthe-

sized Pt/rGO or Pt/rGO/CB catalyst. The total solid-

to-solvent ratio of 15:85 (w:w) and solid content, Pt/

rGO/CB: Nafion�: PVDF-c-HFP, weight ratio of

65:23:12 were fixed [40]. After dissolving PVDF-c-

HFP in DMF to form a solution by stirring 48 h, Pt/

rGO/CB and Nafion� solution was sonicated for 1 h

and mixed with polymer solution and left 48 h

stirring.

Electrode preparation

The prepared electrospraying dispersion was then

loaded into a syringe and fed through a Hamilton

needle (18 PS) at a feeding rate of syringe pump

(New Era Pump Systems-NE-300) 0.1 mL/min. The

applied voltage (Gamma-High Voltage Power Sup-

ply, ES30P-20 W) was 15 kV, and the distance from

the metallic needle to the surface of the collector was

10 cm. The electrosprayed droplets were collected

onto carbon paper (AvCarb� MGL190 in 190 lm

thickness), which was attached to the metallic flat

surface. Finally, electrodes were dried for 24 h at

room temperature. For the comparison, an air-

sprayed electrode was also prepared same as in our

previous study [31, 39].

Measurements

Characterization of electrosprayed electrodes

The morphologies of electrosprayed micrometer-size

droplets were characterized by using SEM (Jeol JSM

6010 LV and Supra 35VP Leo, Germany). Pt particle

size and distribution were investigated by using

high-resolution-transmission electron microscopy

(JEOL 2100 JEM HR-TEM). Contact angle measure-

ments were performed on the 2 9 2 cm2 electro-

sprayed electrodes. The contact angle measurements

were done by Attension Theta Lite model optic ten-

siometer. For each measurement, a 50 lL deionized

water droplet was made by placing the tip of the

syringe close to the electrode surface. The water

droplet then attached to the sample surface. Before

the water droplet attached to the sample surface, the

wetting process was recorded until no significant

change at the surface was observed any more. The

contact angle of five different spots of the electrode

was recorded and average was reported. Porous

structure of the electrodes was analyzed by using a

mercury porosimeter (Micrometrics Autopore 9500).

Porous structures of the GDLs were analyzed by

using a mercury porosimeter (Micromeritics Auto-

pore 9500). In order to perform analysis, small pieces

of a GDL were weighed and loaded onto a pen-

etrometer which consists of a sample cup integrated

with a metal-clad and glass capillary stem, followed

by outgassing from a GDL in a vacuum. Then the

penetrometer was automatically filled with mercury.

Pore size distribution (PSD) curve was determined

from the mercury intrusion data, i.e., the volume of

mercury penetrating the pores versus the applied

pressure.

Membrane electrode assembly (MEA) fabrication and fuel

cell testing

MEAs with active area of 25 cm2 were prepared by

hot-pressing of a pre-conditioned membrane

(Nafion� NR211) between two previously prepared

electrodes at 120 �C at 533.8 kPa for 3 min. The fab-

ricated MEA was placed inside the single fuel test cell

and temperature was adjusted to desired values at

100 % relative humidity. Hydrogen and oxygen were

supplied to the cell at stoichiometric ratios 1.5 and 2,

respectively. The fuel cell test was conducted via

Scribner 850E fuel cell test system and testing cell.

The single cell has graphite flow fields with precision

machined, serpentine flow-pattern. Both load unit

and humidification system were controlled by Scrib-

ner testing system software. The fuel cell measure-

ments were carried out at 50–60 and 80 �C under

150 kPa back pressures. The current–voltage data

were recorded after steady state was achieved in

galvanostatic mode.

Table 1 Hybrid electrocatalyst coding according to rGO-to-CB

weight ratios (w:w %)

Electrocatalyst rGO:CB (w:w %)

ES00 (Pt/CB) 0:100

ES25 (Pt/rGO/CB) 25:75

ES50 (Pt/rGO/CB) 50:50

ES75 (Pt/rGO/CB) 75:25

ES100 (Pt/rGO) 100:0



Results and discussion

Morphology of electrosprayed electrodes

Figure 1 shows the morphology of electrodes with

varying rGO to Vulcan XC-72 weight ratios (as given

in Table 1). The SEM micrographs with the same

magnification show the morphology of the catalyst

layer onto the carbon paper. The electrode prepared

by electrospraying Pt/CB electrocatalyst, ES00,

exhibited compact and less porous structure (Fig. 1a).

Roughness of the catalyst layer increases as the rGO

is introduced to the support (Fig. 1b). Since electro-

spraying relies on electrostatic forces to repel

micrometer-sized droplets from a charged liquid.

Micrometer-size droplets are formed in the catalyst

layer, as seen in Fig. 1c, d [52]. With the hybrid

morphology of rGO and CB, porous and less compact

structure which is extremely desirable for a catalyst

layer was obtained. Since 3-dimensional CB acts as a

spacer and disturbs the compact structure of rGO,

electrospraying prevents compactness like in com-

mercial electrode structure (Fig. 1g). However, in the

case of electrode formed from Pt/rGO alone, there is

no micrometer-sized droplet formation due to the 2D

structure of graphene (Fig. 1e). We expect that the

structure obtained via electrospraying of rGO and CB

hybrid will enhance the reactant gases reaching to the

electrocatalyst surface. Moreover, that improved

mass transport will contribute to increased electro-

chemical reaction rates which results in a pronounced

PEM fuel cell performance [41–43]. Figure 1f

demonstrates the freeze-fractured cross section of the

electrode based on Pt/rGO/CB hybrid catalyst. It

indicates that the catalyst layer can reach into the

deeper region of the carbon paper in order that more

electrocatalyst surface available for electrochemical

reactions. Moreover, Fig. 1f shows that there are no

un-contact regions between catalyst layer and carbon

paper .

TEM micrographs (Fig. 2) revealed the Pt forma-

tion, its particle size, and distribution. TEM samples

were prepared during electrospraying process via

droplet formation on a copper grid. In the case of Pt/

rGO electrocatalyst, a wide-range uniform distribu-

tion of Pt domains that anchored on graphene with

small particle size (1.5\D\ 2.5 nm) was achieved

(Fig. 2b). In the case of Pt/rGO/CB hybrid electro-

catalyst, small 0.5\D \ 1.5 nm particle size with

very low variation was obtained (Fig. 2d). The small

particle size and homogenous Pt particle distribution

that support the electrode performance are also other

advantages of the hybrid structure of the carbon

support [43].

Wettability of the electrosprayed electrodes

Figure 3 shows the image of the water droplet on

each electrode to measure the contact angle and

hydrophobicity of the electrosprayed electrodes pre-

pared from inks made out of synthesized hybrids

electrocatalysts. Electrosprayed electrodes of ES00,

ES25, ES50, ES75, and ES100 electrocatalysts have

varying rGO content in the electrodes as shown in

Table 1. Figure 3 shows that contact angle reaches a

maxima at 50 wt% rGO content in the hybrid elec-

trocatalyst structure than it slightly decreases; more-

over, it is still larger than that of pure Pt/CB (Sample

ES00). Thus, the results show that the wettability of

the catalyst layer is improved by the addition of

hydrophobic rGO to a certain concentration; ES50

and ES75 have the highest contact angle which is the

indication of the hydrophobicity of the electrode

layer. However, graphene tends to restacking due to

the 2-dimensional structure, and contact angle redu-

ces in case of flatter surface. (Fig 1d) .

Porosity of the electrosprayed electrodes

Because the catalyst layers are porous structures, the

influence of the pore size distribution must be taken

into account. The pore size between 3 nm and

1100 lm could be measured with operating up to

60,000 psi in our mercury porosimeter [44–46].

Table 2 lists the porosity, average pore diameter, and

mean pore diameter for the commercial electrode,

pristine carbon paper, and the electrosprayed fuel

cell electrodes. All pore characteristics were esti-

mated from the analyses of mercury intrusion data,

and the average pore diameter (dp,ave) was deter-

mined using the Carman-Kozeny theory [45].

dp;ave ¼ 4Vt

At

where Vt and At denote the total instruction volume

and total pore surface area in the electrodes,

cFigure 1 SEM micrographs of a ES00, b ES25, c ES50, d ES75,

e ES100, f freeze-fractured cross section of ES50, g commercial

electrode with blading, g, h cracks on the surface of electrode.





respectively. As summarized in Table 2, the mean

pore diameter (dp,mean), dp,ave, and porosity for neat

carbon paper are larger among all samples. The

porosity of the carbon paper is measured as 77 % in

our study that is almost same as the manufacturer

specification (78 %) [46]. The porosity of carbon

paper reduced to 67 and 71–71 % for commercial

electrode and electrosprayed electrodes, respectively.

Moreover, the average pore diameter of

electrosprayed electrodes decreased significantly.

Although ES00 (pure CB) and ES100 (100 % rGO)

electrosprayed electrodes have the same average pore

diameter, hybrid electrosprayed electrodes exhibited

smaller average pore diameter compared to ES00 and

ES100. Moreover, average pore diameter of carbon

paper decreased remarkably from 23 to 0.5 and 6 lm

for commercial electrode and electrosprayed elec-

trodes (ES50), respectively. Figure 4 shows the PSD

Figure 2 TEM micrographs of a, b Pt/r-GO electrocatalyst (ES100) c, d Pt/r-GO/Vulcan XC-72 hybrid electrocatalyst (ES50).



Figure 3 Contact angles of the electrosprayed electrodes.

Table 2 Porosity, average, and mean pore diameter of the commercial and electrosprayed electrodes

Sample r-GO content (wt%) Porosity (%) Average pore diameter (lm) dp, ave Mean pore diameter (lm) dp, mean

Carbon paper

(MGL190)

– 77 23 29

Commercial electrode – 67 0.5 12

ES00 0 71 13 25

ES25 25 71.5 7 25

ES50 50 71 6 25

ES75 75 71.5 11 26

ES100 100 72 13 25



curves for commercial electrode, ES100, ES50, and

ES00. Most of the pores in commercial electrode,

ES100, ES50, and ES00 are between 1.5 and 3.5, 1.9

and 3.6, 1.9 and 3.5, 1.8 and 3.6 lm, respectively.

There is no significant difference in PSD values;

however, it is obvious that commercial electrode

pores generally located in smaller pore size region

(1.8–2.6 lm) to compare the electrospray electrodes.

Consequently, the smaller pore size in commercial

electrode results in decrease of oxygen transport [45].

It is well known that limiting current density of the

electrode layer is directly related to effective porosity

controlled by water content in the gas diffusion

electrodes [47, 48]. When the hydrophobicity of

electrodes is examined, there is a trade-off between

mass transfer benefits and ohmic losses in the catalyst

layer [49]. Larger average pore diameter with evenly

distributed hydrophobic content can facilitate both

liquid water flow and oxygen counter flow through

the electrode at a constant layer of hydrophobicity.

Then, the most suitable electrosprayed electrode for

fuel cell operation should be chosen by considering

both hydrophobicity and average pore diameter [50].

In this regard, ES50, which has the highest static

contact angle and a reasonable average pore size, was

chosen for the PEM fuel cell testing.

Fuel cell performance of the electrosprayed
electrodes

In this study, we aimed to maximize the electro-

chemical reaction sites, and consequently to enhance

fuel cell performance via hybrid support structure

and electrospraying technique. The Pt loading for

Figure 4 PSD curves (dV/d log dp) for commercial electrode,

ES100, ES50, and ES00.

Figure 5 Galvanostatic

polarization curves of MEAs

with anode and cathode

electrodes prepared via

electrospraying of a Pt/r-GO

electrocatalyst (ES00) at

different temperatures, b Pt/r-

GO/Vulcan XC-72 hybrid

electrocatalyst (ES50) at

different temperatures.

c Comparison of

electrosprayed and air-sprayed

electrodes at 60 �C. d Power

density curves of

electrosprayed and air-sprayed

electrodes.



each electrode was 0.2 mg cm-2 and the total active

area was 25 cm-2 (5 9 5 cm2 each electrode) of the

MEAs. As far as the fuel cell performances of MEAs

based on the electrosprayed anode and cathode

electrodes at different temperatures are concerned,

there is no prominent evaluation between cell tem-

peratures 60 and 70 �C; thus, 60 �C was chosen as the

operation temperature (Fig. 5a, b).

Figure 5c shows the comparison of fuel cell per-

formance of electrosprayed and air-sprayed elec-

trodes at 60 �C. High fuel cell performance and

power output of electrosprayed electrodes based on

hybrid electrocatalysts are achieved. High fuel cell

performance and Pt utilization efficiency were

obtained with the hybrid containing 50 wt% rGO

(Table 3) at a relatively low Pt loading (0.2 mgPt

cm-2) and operation temperature comparing with the

literature [42]. The maximum power density of elec-

trosprayed Pt/rGO electrode was 324 mW cm-2 and

of Pt/rGO/CB was 441 mW cm-2 (Fig. 5d). This

achievement comes from the benefit of hybrid sup-

port morphology and electrospraying technique. The

fuel cell performance improvement of the hybrid

carbon support can be proved via the comparison of

Pt/CB air-spray and Pt/rGO/CB electrodes perfor-

mances (Fig. 5c; Table 3). Addition of graphene to the

support increases the active sides while CB acts as a

spacer to prevent restacking of the rGO during syn-

thesis and ink preparation [31]. Moreover, if Pt/

rGO/CB air-spray and Pt/rGO/CB electrospray

MEAs are compared, the maximum Pt efficiency

increases from 1.3 to 2.2 kW/gPt. The enhanced

performance of the electrosprayed electrodes can be

attributed to facile oxygen and proton transport to

the catalytic sides which is a consequence of the

electrode morphology together with hybrid support

structure. Thus, reactant gases can diffuse to the

active catalyst sides efficiently [42, 48, 49].

Conclusions

In summary, a new fuel cell electrode structure was

fabricated according to electrospraying technique

using graphene and graphene hybrid for the first time

in literature. After synthesis of electrocatalysts based

on supported Pt nanoparticles (Pt/r-GO and Pt/r-

GO/Vulcan XC-72 hybrid), these electrocatalysts,

Nafion� ionomer and a carrier polymer PVDF-c-HFP

were electrosprayed onto the carbon paper to form the

novel electrode structure. In the case of Pt/r-GO/

Vulcan XC-72 hybrid electrocatalyst, r-GO and Vulcan

XC-72 were mechanically mixed at different weight

ratios to obtain uniform Pt distribution. As the r-GO is

introduced to carbon black to form a hybrid support,

micrometer-sized droplets are formed so that porosity

and surface roughness increase. As a consequence, an

open porous electrode structure which is favorable for

mass transport is achieved by electrospraying. Contact

angle measurements showed that 50 wt% r-GO-con-

taining hybrid support exhibited the highest angle.

Maximum power densities, 324 mW cm-2 for Pt/r-GO

and 441 mW cm-2 for Pt/r-GO/Vulcan XC-72 elec-

trosprayed electrodes, were achieved at relatively low

Pt loadings (0.2 mgPt cm-2) and temperature (60 �C).

As conclusion, a superior fuel cell performance and

power output of electrosprayed electrodes, based on

graphene and graphene hybrid compared to conven-

tional air-sprayed electrodes, were achieved.
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