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Over the years, studies have analyzed the composition of the catalyst layer using com-

mercial platinum catalyst, supported on Vulcan XC72 with 20% of metal loading (Pt/C

20%Mw), and found that values between 20 and 40% of Nafion ionomer related to the mass

of the catalyst layer (% NIW) have resulted in more efficient electrodes for PEMFC. Recent

studies with catalysts synthesized on Vulcan XC72 resulted in 59% NIW as the best

formulation. In this work, the commercial and the synthesized Pt/C 20%Mw catalyst were

evaluated by Gas Pycnometry, Gas Adsorption (through BET and BJH), and Mercury Intru-

sion Porosimetry. The results showed volumetric differences between the Vulcan XC72

used in commercial catalyst and the Vulcan XC72 commercially available for synthesis (as

purchased). These differences impair the synthesized catalyst in comparison with the

commercial one. Therefore, the relationship between the quantities of catalysts and Nafion

ionomer on the catalyst layers must be calculated as a function of the catalysts volumes.

Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

Membrane electrode assemblies (MEAs) are the elements on

which occur reactions that generate electricity in a proton

exchange membrane fuel cell (PEMFC) [1e4]. This generation,

when performed with the use of hydrogen as a fuel, releases

heat and is characterized by a high theoretical efficiency and

by the formation of water as a product of the reaction [2,3].

The partial and overall reactions to hydrogen and oxygen are

shown in the Equations (1), (2), and (3), respectively [2,3]:

Anode: H2 þ 2H2O / 2H3O
þ þ 2 e� (1)
r, rafaelnbonifacio@hotm
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Cathode: 1/2 O2 þ 2H3O
þ þ 2 e� / 3H2O (2)

Overall reaction: H2 þ 1/2 O2 / H2O (3)

Several aspects have been studied to make the actual

performance of PEMFC systems closer to the theoretical

values, in order to make them viable for wide commerciali-

zation [4e80]. In relation to MEAs, it is known that the

composition of their electrodes has a strong influence on the

performance that can be obtained in the hydrogen oxidation

reaction (HOR) at anodes and in the oxygen reduction reaction

(ORR) at cathodes [3e56,81]. The structure of MEAs is

composed of a polymeric membrane faced with two gas

diffusion electrodes (GDE), the anode, and the cathode. Each
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GDE is composed of a catalyst layer and a gas diffusion layer

(GDL) [1,2]. The GDL promotes a uniform distribution of reac-

tant gases over the catalyst layer and conducts the electrons

generated between the electrodes and the external circuit

[2e4,82].

The catalyst layers of the electrodes are formed of a

mixture of catalyst and ionomers of the electrolyte material,

such as Nafion (a polymer sold by the DuPont Company), with

structural porosity for the diffusion of both reactants and

products. The catalyst plays the role of speeding up the anodic

and cathode reactions. The Nafion ionomer provides a

pathway for the protons that were formed in the catalytic sites

across the electrode in order to ensure optimal conditions for

generating electrical current [2,3]. The Nafion ionomer is used

to interconnect the active sites of the catalyst to the faces of

the polymeric membrane, allowing protons to flow through in

a continuous way, in addition to keeping the catalyst particles

bonded together and to the respective GDLs, enabling electron

transfer [1,2,56]. Accordingly, it was found that a low quantity

of Nafion ionomer results in poor proton conductivity and a

high quantity results in limitations on mass transport [56].

Therefore, the appropriate amount of Nafion ionomer allows

greater use of the metal nano particles and results in MEA

reactions with greater efficiency [54e56,83].

Platinum supported on carbon catalysts (Pt/C) is widely

[2e17,22e26,49e56,84e89] used in PEMFC research. Carbon

supports provide good chemical stability for the cell environ-

ment and good electrical conductivity to the electrodes.

Among these supports, Vulcan XC72 has been widely used

[10e20,46e59,89e91]. The Pt/C catalyst with 20 percent of

metal mass, sold by BASF, is also supported on Vulcan XC72.

This catalyst is widely used in PEMFC research for systems

development and as a reference material

[4,6e14,21,22,38,42e44,49e58,75,80,81,83,84,89].

Although the use of platinum is a standard in PEMFC

research, the cost and shortage of the natural reserves of this

metal have motivated the study of other metals for HOR and

ORR [6,9e17,19e23,43e46,74,81]. In this context, it has

recently been found [83] that a palladium catalyst supported

on Vulcan XC72with 20% of metal weight (Pd/C 20%Mw) shows

its greatest performances in electrodes prepared with 59% of

Nafion ionomer on the mass of the catalyst layer (59% NIW).

This percentage of Nafion ionomer is significantly higher than

the values between 20 and 40% NIW obtained in studies

[48e56] which investigated the formulation of electrodes with

a Pt/C commercial catalyst with a similar composition (20%Mw

and Vulcan XC72 as support). In these studies, ratios among

the masses of platinum and carbon [48], ratios among the

masses of carbon and Nafion ionomer [49], ratios among the

masses of catalyst and Nafion ionomer [50e54], and ratios

among the masses of platinum and Nafion ionomer [55,56]

were presented as criteria for formulation of the catalyst

layer. Thus, the absence of information about the influence of

the change of the metal in the composition of the catalyst

layer, and the difference found between the range of formu-

lation presented in the literature (20 and 40% NIW) [48,56] and

the value obtained experimentally (59% NIW) [83], have moti-

vated the present study.

In this work, Pt/C and Pd/C, both with 20%Mw, were syn-

thesized on Vulcan XC72. These catalysts were used to study
the percentage of Nafion ionomer adequate to prepare the

catalyst layer with the synthesized Pt/C. Then, comparative

analyses between the commercial Pt/C and the synthesized

Pt/C and Pd/C catalyst were performed. An analysis of Vulcan

XC72 was also performed for better understanding.
Experimental

Synthesis and characterization of the catalysts

Catalysts Pd/C and Pt/C were synthesized with 20% of metal

weight by reduction with sodium borohydride method [92,93]

using Pd(NO3)2. 2H2O and H2PtCl6. 6H2O (SigmaeAldrich) and

carbon Vulcan XC72 (Cabot). These catalysts, along with the

commercial Pt/C 20%Mw purchased from BASF, were charac-

terized by X-ray diffraction (XRD), Energy Dispersive X-ray

(EDX), Gas Pycnometry (GP), Gas Adsorption (GA) according to

the BET and BJH equations [94], and Mercury Intrusion

Porosimetry (MIP), according to the BJH equation [94]. Images

of catalysts were obtained by Transmission Electron Micro-

scopy (TEM). From these images, average particle diameters

were estimated, and then the specific surface areas (SSA) of

metals were calculated, according to Equation (4) [95,96].

SSA ¼
P
A

�
Np � 4pR2

�

r
P
V

�
Np � 4

3pR
3

� (4)

where:
P
A

is the sum of the surface areas of all particles in the

considered diameters distribution; R is the radius of each

particle

�
D
2

�
; Np is the number of particles of each radius R;

P
V

is the sum of the volumes of all particles in the considered

diameter distribution; and r is the specificmass of themetallic

phase of each catalyst, for platinum rPt¼ 21,090 g cm�3 and for

palladium rPt ¼ 12,023 g cm�3.

XRD analyses were performed on a Rigaku miniflex II

diffractometer using Cu Ka radiation source (l¼ 0,154056 nm).

XRD patterns were from 20� to 90� with a step size of 0.05� and
a scan time of 2 s per step. Lattice parameter calculationswere

performed according to Bragg's law adjusted to the plan 220.

The EDX analyses of the catalysts were carried out in a Hitachi

SEMTM3000 Tabletop SEM. The TEM analyseswere performed

on a JEOL 1010 Transmission Electron Microscope, whose

operation was limited to 80 keV beam. GP analyses were car-

ried out on a Quantachrome Ultrapycnometer 1000. GA and

MIP analyses were performed on a Micromeritics ASAP 2020

Accelerated Surface Area and Porosimetry System.
Membrane electrode assembly preparation

The synthesized Pt/C 20%Mw was used in the preparation of

cathodes with Nafion ionomer percentages ranging from 35 to

65% of the total mass of the catalyst layer (% NIw). The anodes

used in MEAs were prepared with Pd/C 20%Mw and 59% NIw,

which was the best composition observed in a previous study

[83]. MEAswith standard anode and cathode using Pt/C 20%Mw

commercial catalyst and 35% INW [43,69,75] were also

http://dx.doi.org/10.1016/j.ijhydene.2014.07.004
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Table 1 e Composition of the electrodes.

Nafion ionomer
(% NIw)

Catalyst (%w) Metal mass
(mg cm�2)

Catalyst mass
(mg cm�2)

Nafion ionomer mass
(mg cm�2)

65 35 0.40 2.00 3.71

60 40 0.40 2.00 3.00

59 41 0.40 2.00 2.88

58 42 0.40 2.00 2.76

57 43 0.40 2.00 2.65

56 44 0.40 2.00 2.55

55 45 0.40 2.00 2.44

50 50 0.40 2.00 2.00

45 55 0.40 2.00 1.64

40 60 0.40 2.00 1.33

35 65 0.40 2.00 1.08
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evaluated for comparison. Table 1 shows the electrode

compositions.

The mixtures of Nafion ionomer and catalyst were

adjusted to contain 0.4 mg of metal per cm2 of electrode

(mgmetal cm�2), and then placed in ultrasound for 30 min.

Electrodes of 5 cm2 were then prepared by the hand-painted

application of the catalyst layer on GDL MF15 (IPEN Patent:

PI 1106530-3). The electrodes were dried at 80 �C for 2 h and

then were pressed to the sides of Nafion 115 membranes. The

hot pressing process used was to heat the MEA between 105

and 125 �C and then apply pressure of 1.000 kgf cm�2 for 2min.

Membrane electrode assembly evaluation

The evaluations of MEAs in a single fuel cell were carried out

after 15 h of operation by obtaining polarization curves. Each

MEA was evaluated with the hydrogen temperature ranging
Table 2 e Temperatures used in the MEAs evaluations in sing

Conditions Temperatures (�C)

H2
a O2

a Single fuel cell

1 25 25 25

2 30 25 25

3 35 25 25

4 35 30 25

5 40 30 25

6 40 35 25

7 40 35 30

8 45 35 30

9 45 40 30

10 45 40 35

11 50 40 35

12 50 45 35

13 50 45 40

14 55 45 40

15 55 50 40

16 55 50 45

17 60 50 45

18 60 55 45

19 60 55 50

20 65 55 50

21 65 60 50

22 65 60 55

23 70 60 55

a Temperature of the humidifiers.
from 25 to 100 �C in steps of 5 �C. The oxygen and unit cell

temperatures were studied with values between 5 and 15 �C
below each hydrogen temperature, according to Table 2.

These evaluations were carried out between the open circuit

potential and the potential of 300 mV. The best reproductive

outcomes of each H2 temperature are presented in the results.

The unit cell was supplied with hydrogen 5.0 (99.999% pure)

and flow rate of 160 mL min�1 at 1 atm and with oxygen 4.0

(99.99% pure) and flow rate of 80 mL min�1 at 1 atm. Cathode

and anode were saturated with pure water.

Due to the great number of results, the open circuit po-

tentials (OCPs) and the current densities obtained at the po-

tential of 500 mV (Cd500mV) are presented as a function of the

temperatures studied. The potential of 500 mV was chosen to

be compatible with the region of the electric double layer of

the catalysts [19,93,95,97,98] and compatible with the oper-

ating potential of power modules [99].
le fuel cell.

Conditions Temperatures (�C)

H2
a O2

a Single fuel cell

24 70 65 55

25 70 65 60

26 75 65 60

27 75 70 60

28 75 70 65

29 80 70 65

30 80 75 65

31 80 75 70

32 85 75 70

33 85 80 70

34 85 80 75

35 90 80 75

36 90 85 75

37 90 85 80

38 95 85 80

39 95 90 80

40 95 90 85

41 98 90 85

42 98 95 85

43 98 95 90

44 100 95 90

45 100 98 90

46 100 98 95
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Fig. 1 e X-ray diffractograms of the catalysts and carbon

support (Vulcan XC72).
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Results

Catalyst characterization

The analysis of X-ray diffraction (Fig. 1) confirmed the for-

mation of platinum and palladium particles in the synthe-

sized catalysts.

A comparison of peak intensities indicated that the com-

mercial Pt/C has smaller particle diameters or less crystal-

linity than synthesized catalyst. The presence of particles

with smaller diameters was confirmed by using images ob-

tained by Transmission Electron Microscopy (Figs. 2e4).

Analyzing Figs. 2e4, it was observed that the platinum

particles of the commercial catalyst had smaller diameters

and were more dispersed on their support than the synthe-

sized catalyst. Through Fig. 4 it may be seen that Pd/C has

particles with diameter from 3 nm, but there was also the

formation of large agglomerates, a fact which is typical in

syntheses with palladium [47,88,100]. Table 3 presents the

mean particle diameters, the specific surface areas calculated

by the distribution of particle diameters, the metal mass

fractions determined by EDX, and the lattice parameters of

each metal.

Although the average diameter calculated for the com-

mercial Pt/C was 4.5 nm, the calculated SSA [95,96] was
Fig. 2 e Micrographs and particle diameter d
48.1 m2 g�1. This value was lower than that obtained for

synthesized Pd/C due to the difference between the specific

masses of the two metals (Pt ¼ 21,090 g cm�3 and

Pd ¼ 12,023 g cm�3), which makes the mass of platinum par-

ticles greater than those of palladium with the same volume.

The synthesized Pt/C has the formation of particles with an

average diameter larger than that of other catalysts and SSA

consistent with that result.

Single fuel cell evaluation

In Figs. 5 and 6, the open circuit potential (OCPs) and current

densities at 500 mV (Cd500mV) of MEAs evaluated are shown,

respectively.

In Figs. 5 and 6 it was found that, similar to the study

with Pd/C in both electrodes [83], MEA with synthesized Pt/C

on cathode using values between 55 and 60% NIw resulted in

higher performance. The current densities obtained be-

tween 25 and 90 �C were similar to those obtained with

commercial Pt/C with 35% NIw, our usual formulation to this

catalyst [43,69,75]. Above 90 �C, performance losses occurred

due to accumulation of water in the single fuel cell used

[43,69,75]. From Fig. 6 it can be seen that MEAs with the

synthesized catalyst had a lower drop in performance in

this condition; this indicates that the structure of their

catalytic layers favors the flow of gases in extreme condi-

tions. If the current densities obtained (Fig. 6) were

normalized by SSA of metals (Table 3), the structure of MEAs

with the synthesized catalyst would be considered more

efficient. These analyses have indicated that there are dif-

ferences between the catalysts.

In the sequence of experiments, the percentage of Nafion

ionomer was evaluated in steps of 1% NIW in the range be-

tween 55 and 60% NIW. In Fig. 7 and 8, respectively, the OCPs

and the Cd500mV obtained are presented.

In Fig. 7, it was found that OCP values of MEAs with 55,

59, and 60% NIw were similar and slightly higher than

others. At operation potential (Fig. 8), it was found that

MEAs with 59% NIw showed current densities similar to 55

and 60% NIw [83]. In the previous study, the variations

observed at 57 and 58% NIw were investigated by scanning

electron microscopy of the cross section of MEAs and

attributed to transitions in the pore structure of the catalyst

layer, which results in changes in the flow mechanism of

reactants and products [83].
istribution of Pt/C synthesized catalyst.
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Fig. 3 e Micrographs and particle diameter distribution of Pt/C commercial catalyst.

Fig. 4 e Micrographs and particle diameter distribution of the Pd/C synthesized catalyst.
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Thus, considering the similarity of the results, it was

concluded that the use of 59% NIw was adequate to prepare

MEAs with synthesized Pt/C. Consequently, it was also

concluded that, when the catalyst contains 80% of Vulcan

XC72 in mass, to change the metal applied on catalyst does

not affect the adjustment of the amount of Nafion ionomer to

be used in the preparation of MEAs. This conclusion is

consistent with a comparison between the volumes of the

support and the metals used in the MEAs with synthesized

catalysts (Table 4).

From the data in Table 4, it was concluded that the volume

of the support is the majority in catalysts with 20%Mw on the

Vulcan XC72 commercially available. Given these results, a

question was then posed:

Why do studies with commercial Pt/C 20%Mw supported on

Vulcan XC72 [48e56] report values between 20 and 40% of

Nafion ionomer as the most suitable composition to catalyst

layer if two series of experiments (the current and the
Table 3 e Catalyst characterization from XRD, EDX and TEM im

Catalyst Average particle diameter (nm) Specific Surface Ar

Pt/C synthesized 7.2 32.2

Pt/C commercial 4.5 48.1

Pd/C synthesized 5.1 58.1
previously performed [83]) with synthesized catalysts using

20%Mw on the same support (Vulcan XC72) resulted in 59%

NIW?

To answer this question, in order to verify if the Vulcan

XC72 support used in the synthesis is the same material

indicated as support of Pt/C commercial catalyst, comparative

analyses became necessary. A direct [101e104] comparison of

the volume of the supports could not be performed because

there was no sample of the support of the commercial cata-

lyst. Therefore, samples of commercial Pt/C, samples of syn-

thesized Pd/C and Pt/C, and samples of carbon Vulcan XC72

used in syntheses were analyzed by Gas Pycnometry, by Gas

Adsorption, according to the BET and BJH equations, and by

Mercury Intrusion Porosimetry, according to the BJH equation.

The results are shown in Table 5.

Despite the same ratio between the mass of metal and

Vulcan XC72 in all catalysts, the analyses indicated that the

volumetric characteristics were quite distinct. According to
ages.

ea (m2 g�1) Metallic fraction by EDX

(%w)

Lattice parameter (nm)

Experimental Nominal Experimental Reference

20.04 ± 0.51 20.00 0.3887 0.39206 [90]

19.70 ± 0.78 20.00 0.3955 0.39206 [90]

19.90 ± 1.40 20.00 0.3898 0.3890 [47]
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Fig. 5 e Open circuit potentials of MEAs using cathodes

with Pt/C (synthesized on Vulcan XC72) and values

between 35 and 65% NIW, MEAs using cathode with

commercial Pt/C and 35% NIw [43,69,75]. All anodes using

Pd/C and 59% NIW [83].

Fig. 7 e Open circuit potentials of MEAs using cathodes

with Pt/C (synthesized on Vulcan XC72) and values

between 55 and 60% NIW, MEAs using cathode with

commercial Pt/C and 35% NIw [43,69,75]. All anodes using

Pd/C and 59% NIW [83].
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the data obtained by Gas Pycnometry, the specific volume of

the commercial Pt/C was about 30% lower than the synthe-

sized catalysts.

It is known that the volume of themetal particles is formed

due to the lattice parameter of each metal and that these

volumes do not change between the commercial and the

synthesized Pt/C catalyst. FromTable 3, it was verified that the

metallic volumes are negligible in relation to the total volume

of a catalyst (Table 4). It was thus concluded that the Vulcan

XC72 used in commercial catalyst is different from the

commercially available Vulcan XC72 (used in the synthesis).

This difference probably results from heat treatment

[10,11,46,59], done to make the support, and consequently the

catalyst more dense and durable. The hypothesis that the

commercial catalyst or its support has passed through a

densification process is consistent with the smaller values
Fig. 6 e Current Densities at 500 mV of MEAs using

cathodes with Pt/C (synthesized on Vulcan XC72) and

values between 35 and 65% NIW, MEAs using cathode with

commercial Pt/C and 35% NIw [43,69,75]. All anodes using

Pd/C and 59% NIW [83].
obtained for specific surface area, specific volume, and di-

ameters, areas, and volumes of pores verified by Gas

Adsorption and Mercury Intrusion Porosimetry.

The volume of commercial Pt/C being smaller than the

synthesized catalysts explains why studies of proportions

between catalyst and Nafion ionomer with the commercial

catalyst have resulted in lower percentages (between 20 and

40% NIW [48e56] in the catalyst layers, 1.07 mg NI cm�2 to 35%

INw) than the experimental values obtained for the synthe-

sized catalyst (59% INw or 2.88 mg NI cm�2). This leads to the

conclusion that the relationship between the quantities of

catalysts and Nafion ionomer on the catalyst layers must be

calculated by a parameter that considers the volumes of the

catalysts instead of the use of fixed ratios between themasses.

Since the difference between the synthesized and com-

mercial catalysts are known, based on the data of Fig. 6, it can
Fig. 8 e Current Densities at 500 mV of MEAs using

cathodes with Pt/C (synthesized on Vulcan XC72) and

values between 55 and 60% NIW, MEAs using cathode with

commercial Pt/C and 35% NIw [43,69,75]. All anodes using

Pd/C and 59% NIW [83].
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Table 4 e Calculation of catalyst volumes.

Components of synthesized
catalysts

Pd Pt C

Mass in the catalyst (%) 20.00 20.00 80.00

Mass in the electrode (mg cm�2) 0.400 0.400 1.600

Specific mass of component (g cm�3) 12.023 21.090 0.264a

Volume of components in

the electrode

(mm3 cm�2) 0.033 0.019 6061

Catalysts Pd/C Pt/C

Metal on the catalyst volume (%) 0.54 0.31

Vulcan XC72 on the catalyst volume (%) 99.46 99.69

a Vulcan XC72 technical sheet available at: http://www.cabot-

corp.com/Downloads/DL200809231133AM1648.
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be affirmed that when catalysts with different volumes are

evaluated on MEAs using values between 20 and 40% INW, the

synthesized catalyst (under development) is undervalued in

comparison with the commercial catalyst, which is evaluated

in its best performance condition.

Hence, the formulation of catalyst layers by ratios between

the masses of catalyst and ionomer, which is widely used in

PEMFC research, tends to inhibit the identification of efficient

catalysts. In other words, a systematic error in the evaluation

of catalyst in the single PEMFC was verified in this work, and

this error can make the performances of good catalysts to be

understated and, consequently, slows the advancement of

PEMFC catalysis.

Thus, it is quite probable that many results which have

been attributed only to themodification of supports also occur

due to the volume of each catalyst on the structures of the

catalyst layers evaluated, and not only because of the char-

acteristics of the materials evaluated as supports.

The differences between the specific volume, specific sur-

face area, and area, volume, and pore diameter of synthesized

Pt/C and Pd/C can be attributed to the higher specific volume

of palladium relative to the platinum and to lower average

particle diameter experimentally verified (5.1 nm for Pd/C in

opposition to 7.2 nm Pt/C). These factors cause the formation

of a greater number of particles of palladium with a conse-

quent increase in the exposed surface.

Regarding the analysis of carbon Vulcan XC72, the differ-

ence between the specific mass of 2.511 g cm�3 determined by

Gas Pycnometry and the value of 0.264 g cm�3 (informed by

the manufacturer) was due to the characteristics of the anal-

ysis. In Gas Pycnometry, the regions permeated by gas were
Table 5eAnalyses of the catalysts and supportmaterial (Vulcan
the BET equation, and by Gas Adsorption and Mercury Intrusi

Property Carbon V
XC72

Specific mass by Gas Pycnometry (g cm�3) 2.51

Specific volume by Gas Pycnometry (cm3 g�1) 0.39

Specific surface area by BET (m2 g�1) 163.47

Average pore diameter by BET (nm) 9.94

Surface area of pores between 1.7 e 300 nm by BJH (m2 g�1) 110.76

Pore volume between 1.7 e 300 nm by BJH (cm3 g�1) 0.39

Average pore diameter by BJH (nm) 14.34
excluded from the sample volume. In analyses of macroscopic

characteristics, such as bulk density and tap density, the

volume of pore spaces and voids, resulting from higher or

lower packaging of the particles, are included on material

volume, according to each standard test [101e104]. Thus, in

future work, it is necessary to evaluate the best way to

determine the volume of the catalysts in order to create

volumetric ratios for determining the appropriate amount of

Nafion ionomer to use in preparing electrodes with each

catalyst in PEMFC studies.
Conclusions

Catalysts synthesized with 20%Mw on Vulcan XC72 in nature

(as sold) showed the best performance with 59% NIW,

regardless of the metal used. Thus, catalysts prepared with

this support and the same metallic percentages are equally

affected by the amount of Nafion ionomer used.

The volume of Vulcan XC72 used in commercial Pt/C

20%Mw is lower than the volume of Vulcan XC72 available

commercially for syntheses. This difference makes MEAs

prepared with the commercial catalyst reach their maximum

performance condition with values between 20 and 40% NIW,

while MEAs prepared with synthesized catalyst reach their

maximum performance with 59% NIw. Thus, when catalysts

with different volumes are evaluated on MEAs using values

between 20 and 40% NIW, the synthesized catalyst (under

development) is undervalued in comparison with the com-

mercial catalyst, which is evaluated in its best performance

condition. Therefore, there is a systematic error in PEMFC

catalyst evaluation, and this error leads good catalysts to have

their performance underestimated.

The relationship between the quantities of catalysts and

Nafion ionomer on the catalyst layers must be calculated by a

parameter that considers the volumes of the catalysts instead

of the use of fixed ratios between the masses.
Future work

In future Work, it is necessary to evaluate the best way to

determine the volume of the catalysts in order to create

volumetric criteria for determining the appropriate amount of

Nafion ionomer needed to prepare electrodes with each

catalyst studied in PEMFC.
XC72) by Gas Pycnometry, by Gas Adsorption, according to
on Porosimetry, according to the BJH equation.

ulcan Pd/C 20%Mw

synthesized
Pt/C 20%Mw

synthesized
Pt/C 20%Mw commercial

1 2.884 3.101 4.015

8 0.347 0.323 0.249

167.78 152.27 146.67

0 9.444 8.226 7.712

124.57 96.46 89.95

7 0.379 0.288 0.260

7 12.186 11.952 11.572
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http://dx.doi.org/10.1016/j.ijhydene.2014.07.004


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 9 ( 2 0 1 4 ) 1 4 6 8 0e1 4 6 8 9 14687
Acknowledgments

To the Foundation for Research Support of the State of S~ao

Paulo (FAPESP 2010/10028-1) for the financial support, to the

Energy andNuclear Research Institutee IPEN/CNEN-SP for the

infrastructure, especially the laboratories of the Center for

Fuel Cell and Hydrogen (CCCH) and the laboratories of the

Center for Science and Materials Technology (CCTM).
Appendix A. Supplementary data

Supplementary data related to this article can be found at

http://dx.doi.org/10.1016/j.ijhydene.2014.07.004.
r e f e r e n c e s

[1] Wendt H, Linardi M, Aric�o E. C�elulas a combustı́vel de baixa
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