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Pt nanoparticles supported on carbon monofluoride (CFx), synthesized from H2PtCl6 using

NaHB4 as a reducing agent has been investigated as a cathode electrocatalyst in fuel cells.

Surface characterization, performed by transmission electron microscopy (TEM) and

powder X-ray diffraction (PXRD), shows a homogeneous distribution and high dispersion of

metal particles. Kinetic parameters for the electrocatalyst are also obtained from the

steady state measurements using a rotating disk electrode (RDE) in 0.5 M H2SO4 solution.

Analysis by KouteckyeLevich equation indicates an overall 4 e� oxygen reduction reaction

(ORR). Evaluation of the catalyst in single cell membrane electrode assemblies (MEAs) for

proton exchange membrane based Direct Methanol Fuel Cell (DMFC) and H2 Fuel Cell at

different temperatures and flows of O2 and Air are shown and compared against com-

mercial Pt/C as the cathode electrocatalyst. Evaluation of Pt/CFx in H2 fed fuel cells shows a

comparable performance against a commercial catalyst having a higher platinum loading.

However, in direct methanol fuel cell cathodes, an improved performance is observed at

low O2 and air flows showing up to 60e70% increase in the peak power density at very low

flows (60 mL min�1).

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Improving the performance of fuel cells (FCs) is of great in-

terest, particularly for the PEM (Polymer Electrolyte Mem-

brane) FC types since they hold great promise as a convenient

energy source for portable applications. In PEMFC, using H2 or

other fuels, such as methanol in the case of DMFC (Direct

Methanol Fuel Cell), the cathode reaction is the oxygen

reduction to water for which Pt is the most active catalyst.
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The materials of the different fuel cell components are

selected with properties according to their function. Water

management is an important factor in fuel cells [1e6] as water

is necessary for the oxidationereduction reaction and the ion

transport (proton flux), affecting directly the overall perfor-

mance of the fuel cell. In H2 FCs, both H2 and O2 have to be

humidified at anode and cathode, respectively, while in DMFC,

it is not necessary to supply humidified O2 due to large water

flux (cross-over) from anode to the cathode. In any case, water

management is necessary to avoid what is known as
a Materia Condensada, Centro At�omico Constituyentes, Comisi�on
A), San Martı́n, Buenos Aires, Argentina.
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compartment flooding, or cathode flooding in DMFC. To

hinder flooding, the gas diffusion layer (GDL) contains a fluo-

rinated polymer, polytetrafluoroethylene (PTFE), coating that

repels water. The coating amount is chosen to exercise a

precise control of the water amount, and although contact

resistance of the GDL may slightly increase, the FC will keep

running without significant cathode flooding.

As for the catalyst, Pt nanoparticles are supported over elec-

trically conductive carbon in order to increase the catalyst sur-

face area [7e11]. The carbonsupport plays an important roleas a

catalyst component. It not only provides the electrical connec-

tivity between the metal particles and the gas diffusion layer or

current collector but also the nature of the support and the

interaction between support and metal particles influence the

morphology, dispersion, and stability of the final catalyst [12,13],

thus affecting the catalytic activity of themetal particles [8,9,14].

Fully fluorinated graphite (CFx) has been utilized in pri-

mary Li battery cathodes [15e18] and as lubricants. Fluoro-

carbons compounds have shown the property of having a

good O2 solubility [19e21] and among their uses include arti-

ficial blood substitutes. Recently, fluorine modified carbon

was proposed as a Pt free catalyst. Sun et al. [22] doped com-

mercial black pearls with F while Wang et al. [23] doped a

prepared mesoporous carbon. Both researchers studied the

ORR in basic media and Sun further employed the catalyst in

alkaline direct methanol fuel cell. These works showed, as

was anticipated, that the fluorine modified carbon surface

might have and enhanced activity towards the oxygen

reduction reaction (ORR).

The studies regarding the oxygen reduction reaction were

carried out by Damjanovic [24e29] and Bockris [26e31] in the

1960, particularly on Pt single crystal. Such studies showed the

complexity in studying the O2 redox equilibrium. The ex-

change current density, obtained by long pre-electrolysis pe-

riods (24e48 h), (j0) is in the order of 10�10 A cm�2 [25,32].

Another important observation derived from such studieswas

a change in the Tafel slope, whichwas interpreted as a change

in the reaction kinetics under Temkin conditions at low cur-

rent density to Langmuir conditions at high current densities

for the electron transfer rate determining step [24,25,31,33].

Scheme 1 shows the simplified version for different reaction

pathways proposed for the ORR [34]. It is well-known that in

the acid media the direct 4 e� reduction to water is the most

likely pathway, while in the basicmedia it is possible to obtain

hydrogen peroxide by a 2 e� reduction process [29]. It is well
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Scheme 1 e Pathway for the oxygen reduction reaction as

presented by Wroblowa et al. [31].
documented that H2O2 degrades polymeric membranes as the

ones employed in the preparation of membrane electrode as-

semblies (MEA) such as Nafion [35e38]. Therefore, the deter-

mination of the H2O2 proportion produced by cathode catalyst

aswell as the amount generatedduring theO2 reduction inside

a fuel cell was shown to be of high importance [37,38].

In the present work, we describe the use of commercially

available partially fluorinated carbonmonofluoride (CFx) as Pt

nanoparticles support for use in PEM fuel cell cathodes. The

nanoparticles were obtained by the impregnation-reduction

method via NaBH4 in basic media. The Pt/CFx catalyst was

characterized by powder X-ray diffraction (PXRD), trans-

mission electron microscopy (TEM), energy dispersive X-ray

spectroscopy (EDS) and thermogravimetric (TG) analysis. CO

stripping procedure was used for the determination of the

catalyst electrochemical surface area, while the electro-

catalytic activity was determined by cyclic voltammetry (CV).

Kinetic aswell asmechanistic parameterswereobtainedusing

the rotating disk electrode (RDE) and ring disk electrode

(RRDE). Membrane electrode assemblies were fabricated using

Pt/CFxas the cathode electrocatalyst and fuel cell performance

obtained by feeding the cells with H2 and methanol as fuels.
Experimental

Catalyst preparation

Slurry of the partially fluorinated CFx grade 2010, purchased

from Advance Research Chemicals, Inc., was prepared by

adding the predetermined amount in milli-Q water obtained

from a Direct-Q3 system (Millipore), vigorously stirred and

placed in an ultrasonic bath for 30 min. The CFx properties

provided by the vendor are shown in SI Table 1. It is important

tonote that theelectrical resistivity valueof less than10U cmis

on the same order as that of Vulcan XC-72 [39]. This is themost

common carbon used to support Pt as is the case of Pt/C 40%

HISPEC4000, available fromAlfaAesar used to constructMEAs,

see Sections “Electrochemical characterization andMembrane

Electrode Assembly Fabrication and Fuel Cell testing”. Chlor-

oplatinic acid (H2PtCl6$H2O 5 g Aldrich) solution was added to

the slurry in calculated amount to achieve a metal loading of

40% w/w, adjusted to pH 8 with NaOH (Pro Analysis, Aldrich)

andheated to 90 �C.Once the temperaturewas reached,NaBH4

(granular 98%, SigmaeAldrich)wasadded inamolar ratioof 3:1

(NaBH4 to metal) while the solution was maintained under

stirring at the same temperature. After adding the NaBH4,

heating was continued for 2 more hours and stirring for 12 h.

The mixture was transferred to a centrifuge tube, centrifuged

and the solid was successively washed and centrifuged until

the supernatant showed a neutral pH and absence of Cl� by

reaction with AgNO3 (saturated solution). The solid was then

separated and dried in a vacuum oven at 60 �C overnight.

Catalyst surface analysis

Powder X-ray diffraction (PXRD) pattern of the catalyst was

obtained using a Siemens D5000 diffractometer with a Cu Ka

source operating at 40 kV and 30mA. The angle extended from

20� to 100� with a step interval of 0.02� and a counting time of

http://dx.doi.org/10.1016/j.ijhydene.2017.04.255
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2 s. Transmission electron microscope (TEM) images of the

supported catalysts were acquired with a JEOL 100CX, while

energy dispersive X-ray spectroscopy (EDS) was performed

using a Philips EM420 in order to quantify the amount of Pt in

the catalyst. Thermogravimetric analyses (TGA)were obtained

with a Shimadzu TGA-51 instrument. Supported catalyst

samples (5e10mg)were heated to 1000 �C at 5 �C perminute in

a titaniumcrucible under air atmosphere (flow: 100mLmin�1).

The metal content on the supported catalysts was calculated

from the difference between the initial and final weights.

Electrochemical characterization

All electrochemical experiments were performed employing a

Solartron SI 1287 potentiostat/galvanostat (AMETEK). For RDE

experiments, the Solartron potentiostat was coupled to a

rotating ring disk electrode (Pine Research Inst.; Raleigh, NC). A

silver/silver chloride (Ag/AgCl) couple was used as the refer-

ence electrode (RE) and the potentials were converted to the

standard hydrogen electrode (SHE) potential. The counter

electrode (CE) consisted of a coiled Pt wire of 0.5 mm in diam-

eter and 10 cm long. A three-compartment double wall glass

cell was employed in the experiments. The working electrode

(WE) is introduced through the top opening in a vertical posi-

tion, while at the bottom of the cell therewas a glass tubewith

a frit in its end for sparging the desired gases. The RE

compartment was connected to the main compartment by a

luggingcapillarywhile theCEcompartmentwasseparatedbya

frit glass from the main one. The temperature was controlled

by circulating hot water using a gear pump (Cole Parmer).

For all the experiments, a suspension of the catalysts in

milli-Q water and Nafion Ionomer (Aldrich, 5% in alcohol) was

prepared and spread over the WE and dried in a vacuum oven

at 120e140 �C for 5 min.

CO stripping and CV determination
The electrochemical surface area (ECSA) was measured by CO

stripping voltammetry. The electrochemical cell was filled

with 0.5 M H2SO4 (95e97% wt EMD. ACS grade) solution and

saturated with CO (RG, AGA) for 60minwhile theWE potential

was maintained at 0.2 V vs. SHE. After that period, and while

maintaining the potential, the solution was purged with N2

(RG, AGA) for 15 min and two scans between 0.05 V and 1.0 V

vs. SHE were completed at a scan rate of 1 mV s�1.

Cyclic voltammetry (CV)measurements were performed in

the presence of O2 (RG, AGA) at room temperature in 0.1 M

H2SO4 (95e97% wt. EMD. ACS grade) for three different elec-

trocatalysts, namely Pt/CFx prepared in section “Catalyst

preparation”; Pt/C 40% wt. (Alfa Aesar HiSPEC 4000); and Pt

black (Alfa Aesar HiSPEC 1000). Before eachmeasurement, the

H2SO4 solution was deaerated by purging Ar, followed by

saturationwith O2 for 15min. CVswere performed at 5mV s�1

with an O2 flow of 8 mL min�1.

For both measurements mentioned above, the working

electrode (WE) consisted of a graphite disc (Aldrich 99%)

mounted on a Teflon rod where only one of the circular faces

of 1 cm2 area was exposed, the exposed face was sanded with

200 grit paper to get a rough surface before being covered with

the catalyst paint. The amount of dry catalyst over the elec-

trode was ca. 1 mg.
Oxygen reduction measurement by RDE and RRDE
Oxygen reduction experiments were performed using a

rotating glassy carbon disk electrode (0.196 cm2) e platinum

ring electrode (Pine Research Inst.; Raleigh, NC). The amount

of catalyst over the electrode used maintained the same ratio

of 1 mg cm�2 as in the previous section. RDE and RRDE mea-

surements were performed in the temperature range from

288 K to 303 K, in 0.5 M H2SO4 aqueous media, and efficiency

parameters were calculated by means of Tafel's plots. Vol-

tammograms were recorded for the ORR at different rotation

speeds (u ¼ 100e2500 rpm). The potential was scanned be-

tween 1.1 and 0 V (vs. SHE) at 5 mV s�1. The calibration of the

RRDE was carried out by measuring the disk (Idisk) and ring

(Iring) currents in a 0.005 M K3Fe(CN)6 þ 0.1 M K2SO4 aqueous

electrolyte solution. The disk potential was cycled between 0.0

and 1.0 V at 5mV s�1, while the ring potential was fixed at 1.4 V

in order to oxidize the Feþ3 generated in the disk. This pro-

cedure was repeated at different rotating speeds. The RRDE

collection efficiency (N) was determined from the slope of disk

current vs. ring current plots yielding a value of 0.20 [40].

Membrane electrode assembly fabrication and fuel cell
testing

MEAs for H2 FC and DMFC were prepared by a direct catalyst

paint method onto the gas diffusion electrode (GDE). Pt/Ru 50-

50 (HiSPEC 6000, Alfa Aesar) was used on the anode of DMFC,

while Pt black was used for the H2 FC. For the cathode of both

DMFC and H2 FC, only Pt/CFx and Pt/C 40% wt (Fuel cell Store)

were used. Suspension of the catalysts for the anode and

cathode were prepared by mixing the corresponding catalyst

with milli-Q water and Nafion Ionomer (Aldrich, 5% in

alcohol). The suspension was prepared in a mass ratio of 1:3:1

(catalystewatereionomer) for DMFC and 1:3:5 (cata-

lystewatereionomer) for H2 FC. Catalyst suspension was

spread on one side of a 25 cm2 Toray C paper TGP-H60 10%wet

proofing (E-TEK). Final electrode loading for the cathode was

ca. 4 mg cm�2 for DMFC and 1 mg cm�2 for H2 FC, while the

anode had a slightly higher loading than the cathode to avoid

being the one limiting the performance of the fuel cell. The

final Nafion weight percent in the catalyst layer was 4.8% for

DMFC and 20% for H2 FC at each electrode. Nafion 117 (Ion

Power), previously treated by boiling the membrane in H2O2

3% (H2O2 30%, VWR International) followed by boiling it in 3%

aqueous H2SO4 solution, was placed in between the electrodes

and hot pressed at 150 �C and 500 kg force for 50 min. After re-

humidification of the MEA by circulating water in the assem-

bled fuel cell overnight at 80 �C, it was tested using a Fuel Cell

Test System 890B from Scribner Associated.
Results and discussions

Catalyst surface characterization

TEM images of the Pt/CFxwith the particle size distribution are

presented in Fig. 1 (and inset). The average particle size ob-

tained for Pt/CFx was 4.5 nm with a median of 4.6 nm. Some

nucleationof thePt over theCFxwasalsoobserved, but overall,

the Pt was well dispersed with a homogeneous particle size.

http://dx.doi.org/10.1016/j.ijhydene.2017.04.255
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Fig. 1 e TEM image at 20,000£. Inset: Histogram of particle size distribution of Pt/CFx.
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EDSanalysiswasperformed inorder to confirmthepresenceof

Pt and toquantify theamount on the catalyst, showinga 34%Pt

by weight. The F content of CFx provided by themanufacturer

(~10%w)was used as an internal standard. The Pt amountwas

also assessed by TGA, wherein a 31% w. was found.

The PXRD patterns of the prepared catalyst, CFx and

commercial Pt/C are shown in Fig. 2. The CFx diffractogram

shows two peaks around 2q ¼ 25� and 2q ¼ 43�. Previous re-

ports have shown mainly two peaks for fluorinated carbons

[18], one around 2q ¼ 13� assigned to the (002) plane for highly

fluorinated carbons and one at 2q¼ 41� assigned to (100) plane.
Fig. 2 e PXRD patterns of CFx, Pt/CFx, and commercial Pt/C

(Alfa Aesar HiSPEC 4000).
In the present work, 2q was started at 20� and therefore the

(002) plane was not observed, while the corresponding (100)

plane was present. The peak around 2q ¼ 13� could be related

to the (002) shifted to higher values due to the low fluorination

degree of the present CFx material. The Pt/CFx diffractogram

shows the characteristic diffraction peaks of face centred

cubic (fcc) crystalline Pt, corresponding to the planes (111),

(200), (220) and (311). The lattice parameter was calculated by

indexing the first three peaks, i.e. (111)-(200)-(220) yielding a

value of 3.91 ± 0.01 �A, while the crystal size, calculated using

Scherrer's formula, gave a value of 5.3 ± 0.5 nm. The peaks

corresponding to the diffractogram of Pt/C are wider than

those of Pt/CFx indicating smaller crystallites as expected by

the lattice value reported at 4.5 nm [40].

Electrochemical measurements

CO stripping and CV results
The CO stripping voltammetry of Pt/CFx is shown in SI Fig. 1.

Electrochemical surface area (ECSA) was calculated based on

the catalyst amount deposited onto the WE and the peak

integration using the reference charge value of 420 mC cm�2 for

the oxidation of a CO monolayer [41]. The calculated ECSA

obtained was 56 m2 g�1.

Fig. 3 shows the voltammograms in oxygen saturated 0.1 M

H2SO4 solution for Pt/CFx, Pt/C 40% wt., and Pt black. The

values of the ECSA were used to convert current (i) to current

density (j). JohnsonMatthey reports a value of 60m2 g�1 for the

Pt/C 40% (HiSPEC 4000) and 27m2 g�1 for Pt black (HiSPEC 1000)

[40,42]. CVs for the three catalysts showed that the absolute

current density value for the O2 reduction peak was higher for

http://dx.doi.org/10.1016/j.ijhydene.2017.04.255
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Fig. 3 e Cyclic voltammogram of catalysts in H2SO4 0.1 M at

5 mV s¡1 and 298 K with an O2 flow of 8 mL min¡1.
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the Pt/CFx indicating a higher activity for the reduction pro-

cess. The cathodic peak potential for Pt/CFx is more anodic

than Pt/C and Pt and their values being 0.41, 0.40 and 0.36 V,

respectively, indicative of a lower overpotential for the oxygen

reduction. This is also indicated by the onset potentials, where

Pt/CFx presents a value of about 100mVmore anodic than the

other two catalysts. Additionally, the peaks observed in the H

adsorption/desorption region of the CVs are more defined for

the Pt/CFx than for Pt/C, indicating a more defined surface

structure for the former [43].

ORR analysis by RDE
The overall measured current density (j) of the oxygen

reduction can be expressed in terms of the kinetic current

density (jk) and the diffusion limited current density (jd) by the

KouteckyeLevich (KL) equation [42]:

1
j
¼ 1

jk
þ 1
jd
¼ 1

jk
þ 1
Bu1=2

(1)

where,

B ¼ 0:2nFCoD
2=3
o n�1=6 (2)

where 0.2 is a constant used, when the rotation speed, u, is

expressed as rpm, n is the number of electrons transferred per

molecule of O2 reduced, F the Faraday constant, Co is the

concentration of oxygen dissolved (1.1 � 10�6 mol cm�3), Do

is the diffusion coefficient of oxygen in the solution

(1.4 � 10�5 cm2 s�1), and n the kinematic viscosity of the

0.5 M H2SO4 solution (1.0 � 10�2 cm2 s�1) (298 K) [44]. It is

possible to calculate the theoretical slope of the KL plot (log j

vs. u�1/2) considering a four electrons reduction process, i.e., a

complete reduction of O2 to H2O. The oxygen concentration

and diffusion coefficient dependence with temperature were

taken into account for corrections of the theoretical 4 elec-

trons KeL plots using the values reported in the literature [45].

The current densityepotential curves at different rotation

speeds, obtained in O2 saturated 0.5 M H2SO4 solution at 293 K

are shown in Fig. 4. Theyexhibit awell-defined charge-transfer

kinetic control, mixed kinetic-diffusion, and diffusion-limited
currents. A similar behavior was found for the densi-

tyepotential curves measured at other temperatures. A slight

diffusionof theoxygenclose to 0.8Vcanbeobservedat 100and

200 rpm. Although this behavior could be a result of the

amount of catalyst used over the electrode, experiments car-

ried out with loadings in the order of 10 mg cm�2 showed the

same performance. In the report by Sun et al. [22] the lowest

rotation speed employed was 225 rpm and no diffusion can be

observed, however in the work by Wang and Kong [23] the

lowest rotation applied was 625 rpm, a slight diffusion can be

observed and is plausible that at lower rotation rates the

diffusion might be higher. Nonetheless, further experiments

need to be conducted in order to elucidate such observations.

The slopes of the KL plot (inset B Fig. 4), obtained from the

mass-transfer corrected current, were used to calculate the

number of electrons involved in the ORR. The experimental

value obtained was 9.49 � 10�2 mA�1 cm2 rpm1/2 corre-

sponding to an n value of 3.97, the theoretical calculated slope,

considering also a 4 e� process, is 9.41� 10�2 mA�1 cm2 rpm1/2

lead to the conclusion that the ORR on Pt/CFx catalyst follows

a 4 electron charge transfer process to water formation under

the acidic conditions. Between 0.3 V and 0.6 V, the lines were

quite parallel, indicating the independence of the active sur-

face with the potential applied. The reaction order was further

evaluated by plotting log j vs log (1�j) jd
�1, shown in Fig. 4 inset

C. The slope (m) of the intersecting lines indicates a value, in

all cases, close to 1 confirming a first-order dependence of the

kinetics of the adsorbed oxygen on the Pt/CFx surface. Both

results indicate that the oxygen reduction proceeds via an

overall four-electron transfer reaction with protons to form

water.

Tafel analyses were also performed at temperatures be-

tween 288 and 303 K, in order to obtain information of the

reduction mechanism of the Pt/CFx through the Tafel's slope

(b) and exchange current density (j0). As was stated in the

introduction, Damjanovic et al. observed a change in the Tafel

slope from a value of RT F�1 (59 mv dec�1) for low current

density under Temkin condition to a value of 2RT F�1

(118 mV dec�1) for high current density under Langmuir con-

dition [25,33]. Furthermore, it was shown that the mechanism

proposed by the authors for crystalline Pt also apply for

polycrystalline Pt [46] and the valuesmeasured can depend on

the experimental conditions, particularly for the Tafel slope

[47].

The mass transfer corrected Tafel plots at the studied

temperatures are shown in SI Fig. 2. A linear behavior in the

mixed activation-diffusion region was observed as well

an increase of the current density with temperature. Tafel's
parameters, obtained from Tafel plots, are summarized in

Table 1. The exchange current density (j0) and Tafel slope (b)

was evaluated as a function of temperature, taking into

consideration of the reversible oxygen electrode potential, Er,

at each temperature. The dependence of Er on temperature

was evaluated using the Nernst equation:

Er ¼ �DG0
ðH2=O2Þ

.
2F (3)

with the following temperature dependence [48] for DG0
ðH2=O2Þ:

DG0
ðH2=O2Þ

�
J mol�1� ¼ �296;658� 33:6T ln Tþ 389:8T (4)
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Fig. 4 e A: Rotating disk voltammograms at various rotation rate for Pt/CFx at a scan rate of 5 mV s¡1 in O2 saturated 0.5 M

H2SO4 at 293 K. B: KouteckyeLevich plots obtained from the rotating disk voltammograms. C: reaction order determined

from the rotating disc voltammograms.
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The value obtained for b is ca. 110 mV dec�1, close to the

value of 2RT F�1 as reported by Damjanovic et al. [28,33], while

for j0 the increase with temperature was noticeable as the

value order agrees with the reported values [28,32,33]. The

temperate dependence of j0 was employed to obtain the

apparent enthalpy of activation DH# by plotting log j0 vs T�1

following the Arrhenius equation (5) as shown in the inset of

SI Fig. 2:

vlog j0
vT�1

¼ � DH#

2:303R
(5)

A value of 36.3 kJ mol�1 was obtained for the apparent

enthalpy of activation falling in the range of 20e60 kJ mol�1

reported for nanostructured Pt and Pt based electrocatalysts

[49,50].
Table 1eValues of the kinetics parameters obtained from
Tafel plots for Pt/CFx in 0.5 M H2SO4 at the temperatures
evaluated.

Temperature (K) b (mV dec�1) j0 (A cm�2)

288 107 1.71 � 10�4

293 107 2.17 � 10�4

298 107 2.73 � 10�4

303 109 3.57 � 10�4
ORR analysis by RRDE
The RRDE analysis allows the calculation of the H2O2 per-

centage generated during the O2 reduction, through pathway

k2 (Scheme 1), using the equation [50]:

%H2O2 ¼
200� jring

.
N

jdisk þ jring
.
N

(6)

where N is the experimental collection efficiency indicated in

section “Oxygen reduction measurement by RDE and RRDE”.

Fig. 5 depicts the disc (jdisk) and the ring (jring) currents den-

sities vs. the disc potential obtained in RRDE experiments for

the Pt/CFx at the different rotation rates. The percentage of

H2O2 produced as a function of the electrode disc potential at

different electrode rotation speeds at 293 K is shown in SI

Fig. 3. The maximum amount of H2O2 is ca. 0.5% for rotating

speeds of 100 and 200 rpm below 0.2 V vs SHE. This result in-

dicates that the ORR on Pt/CFx proceeds mostly to water, with

a yield of >99%, following preferentially a 4 electron transfer

reaction mechanism. The formation of H2O2 is very low,

although not negligible, and shows a clear dependence on the

applied potential. The increase of H2O2 formation observed at

low potential was reported to be due to the oxygen reduction

over the carbon support [40,46]. In the present work, the low

amount of H2O2 generated over the PtCFx is remarkable

compared to the amount usually reported (2e4%) for sup-

ported Pt on carbon [51]. It was shown [25,40] that the
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Fig. 5 e Disk and ring electrodes linear voltammograms at various rotation rates for Pt/CFx at a scan rate of 5 mV s¡1 in

O2 saturated 0.5 M H2SO4 at 293 K.
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relationship between the disk and ring currents also provides

information on the influence of the different reaction path-

ways in the overall reaction mechanism (Scheme 1). The plot

of jdisk jring
�1 vs. u�0.5, shown in the inset of SI Fig. 3, correspond

to a reactionmechanismwhere k1 s 0 and k3 ¼ 0 [40]. The plot

does not give any information about the reaction pathway for

H2O2 formation. However, from the data presented, it can be

concluded that on Pt/CFx the amount of H2O2 formed is low,

which is produced mainly by the catalyst carbon support and

does not further proceed to the formation of H2O (k3 ¼ 0).

Single cell fuel cell testing

After assembly of the MEAs, re-humidification and condi-

tioning by fast galvanodynamic scan, resistance of the fuel

cell was measured with a milliohmmeter (Hewlett Packard,

model 4338B). The cell resistance was used to asses problems

occurring during MEA pressing or FC conditioning process. All

the MEAs showed similar values, ca. 15 mU, of resistance for

both Pt/CFx and Pt/C based cathodes.

Pt/CFx evaluation in H2 FC
MEAs prepared for H2 FC were tested at 90 �C by feeding fully

humidified (100% RH) H2 and O2 at the anode and cathode

respectively, at different flow values and with no back pres-

sure. Data are presented in Fig. 6(A and B). The data obtained

in Fig. 6(A) corresponds to a flow of 600 mL min�1 for H2 and

700 mL min�1 for O2. While in Fig. 6(B), the flows values are

300mLmin�1 for H2 and 400mLmin�1 for O2, being the last set

of the lowest flows tested. Once the gases were circulated

through the cell, the FC with Pt/CFx attained at optimal OCV

value of ca. 1.0 V as with the commercial catalyst. The per-

formance shown by the Pt/CFx is comparable to the perfor-

mance of the commercial catalysts being slightly better for the
Pt/CFx at the lowest flow set. The charge transfer resistance

for Pt/CFx is lower than for the Pt/C for both flow sets, as

shown by the initial drop in voltage at low current density, in

the activation polarization zone. The ohmic polarization and

mass transfer polarization zone of the curve are similar for

both cathode catalyst, showing that the properties of Pt/CFx

do not differ considerably from Pt supported on a regular

carbon. It is interesting to notice that the peak current density

for Pt/C is 350mWcm�2 for the high flow set and 300mWcm�2

for the low flow set, while for PtFCx the peak current density

increases from 325mW cm�2 to 350mW cm�2 when changing

from the high flow set to the low flow set. As indicated in

section “Catalyst surface characterization”, the amount of Pt

over CFx is lower than in the Pt/C, hence the polarization

curves indicate a better performance for the former.

Pt/CFx evaluation in DMFC
MEAs for DMFC were tested with aqueous 1 M methanol so-

lution at 90 �C, 60 �C, 30 �C, with O2 flows ranging from

1.2 L min�1 to 40 mL min�1 and air from 1.3 L min�1 to

200 mLmin�1. Both gases were used dry and no back pressure

was employed at the cathode.

At O2 flows above 400 mL min�1, the performance and

powerdensitiesof thecellwithPt/Con thecathodewerehigher

than theonesshownbyPt/CFx.However,whentheO2flowwas

decreased, major improvement of Pt/CFx performance was

observed, while the performance of Pt/C decreased steadily. At

700mLmin�1, the Pt/C performance was still above the Pt/CFx

as presented in Fig. 7. Fig. 8(A and B) shows the performance of

the cathode catalyst at 200 and 60 mL min�1 of O2 flow,

respectively,with 1Mmethanol at 90 �C.When theO2 flowwas

decreased to 200 mL min�1(Fig. 8A), Pt/CFx not only showed

better performance than Pt/C but also the performance was

better than for the same catalyst at higher O2 flow rate. The
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Fig. 6 e Polarization and power plot for Pt/C and Pt/CFx at

90 �C. A: H2 flow of 600 mL min¡1 and 700 mL min¡1 for O2.

B: H2 flow of 300 mL min¡1 and 400 mL min¡1 for O2.

Fig. 8 e Polarization and power plot for Pt/C and Pt/CFx

with 1 M methanol at 90 �C. A: O2 flow at 200 mL min¡1.

B: O2 flow at 60 mL min¡1.
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power density for PtCFx shows amaximumof 55mWcm�2 for

an O2 flow of 200mLmin�1. Such value is higher than the peak

power obtained for the same catalyst at 700 mL min�1. Such

behavior is uncommon as typically the performance of the cell

decreaseswhen the fuel or the oxidant, as in this case, is being

decreased. Moreover, the value is similar for the value of
Fig. 7 e Polarization and power plot for Pt/C and Pt/CFx

with 1 M methanol at 700 mL min¡1 of O2 and 90 �C.
60mWcm�2 of PtC at 400mLmin�1 (not shown) and 60%of the

value observed for 700mLmin�1 (Fig. 7). The same trend as for

200 and 60mLmin�1 ofO2 flowswasobtained at anO2 flowrate

of 40 mLmin�1. Measurements at 60 �C and 30 �C showed that

Pt/CFxhad the sameperformance as thePt/Cevenat anO2flow

rate of 1.2 L min�1, in contrast with 90 �C, and a better perfor-

mance was observed above 400 mL min�1. SI Fig. 4(A and B)

shows the performance for O2 flow of 60mLmin�1 at 60 �C and

30 �C, respectively, where Pt/CFx presented a peak power

density of 53 and 23mW cm�1. As for the low flow set at 90 �C,
the performance of Pt/CFx was better than that of the Pt/C.

Comparisonof all the abovementionedfigures for thedifferent

O2 flows and temperatures indicates that the performance for

Pt/CFx does not decrease as abruptly as the commercial cata-

lyst doeswhen theflowO2 is decreased. SI Fig. 5(AandB) shows

the data obtained for Pt/CFx and Pt/C testedwith 1Mmethanol

and air flow of 760 mL min�1 at 90 �C and 60 �C, respectively.
The figures are representative of the different conditions

evaluated with air. Similar to the results obtained employing

O2 at the cathode, the performance of Pt/CFx was above than

that of the commercial Pt/C starting at higher flow conditions

(760 mLmin�1) than for the measurements with O2.
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Similar to what was observed with the MEAs evaluated

with H2, the OCV reached a typical value for DMFC of ca.

0.7e0.8 V as soon as methanol and O2 reached the cell. As can

be observed, the shape of the polarization varies slightly with

the different conditions, nonetheless no negative behavior is

observed for the activation or ohmic polarization. Long term

performance experiments were not carried out for the Pt/CFx,

however the cell for both cathode catalyst was run and eval-

uated on a daily basis for a period of twenty days. In that

period, no observable decrease in the performance was

observed for either catalyst. SI Fig. 6 shows the performance

for Pt/CFx and Pt/C with 1 Mmethanol and 700mLmin�1 of O2

at 90 �C for the initial and final day of tests. The performance

for both catalyst after 20 days of experiments is even slightly

better than the first day. Although the fuel cell conditioning

strives to shorten the period in which the performance rea-

ches a maximum, such behavior is not uncommon as the

performance could improve slightly as the cell is polarized.
Conclusion

The preparation of a Pt catalyst supported on partially fluori-

nated CFx by chemical reduction has been carried out and its

performance analyzed. The fluorine-modified carbon does not

hinder the deposition and formation of Pt nanoparticle as

shown by the TEM and XRD. The electrochemical measure-

ments, particularly RDE shows that therewas no change in the

oxygen reduction mechanism for the Pt supported over CFx

and that the amount of H2O2 produced is minuscule under the

acidic conditions. The catalyst was assessed in the cathode of

single cell fuel cells. In DMFC, for a given set of conditions, the

performance in terms of the polarization and power plot were

better for Pt/CFx than the other catalyst tested. The improve-

ments are seen particularly at low O2 and air flows. In H2 FC,

only few experiments were conducted and although the

improvement of Pt/CFx over Pt/C is not as noticeable as in

DMFC there is an improvement at the lowest O2 flow rates,

particularly considering the loweramountof Pt on the catalyst.

Although the electrochemistry shows no clear difference be-

tween the Pt supported onto regular carbon and CFx, the per-

formance in the fuel cell environment is clearly better at lower

oxidant flow sets. Results obtained from CV and RDE does not

provide explanation on why low flow set render better per-

formance. Nevertheless, it is possible that the fluorinated

surface of the carbon extends the residence time of O2 as if

flows through the cell compartment improving the reaction

kinetics. Further experiments need to be carried out to un-

derstandwhy thehighflowspresent a decreasedperformance.

Nonetheless, it can be concluded that partially fluorinated CFx

is an interesting option as an ORR catalyst support particularly

for the purpose of decreasing the amount of Pt in FC cathodes.
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