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Durability issues have recently been given much attention in Proton Exchange Membrane Fuel Cell (PEMFC)
research. It gives fundamental definition for cell life time, capital cost, system stability and technique reliability.
Loss of catalyst surface area due to corrosion of supportingmaterial (normally carbon black) is one of the essential
degradation mechanisms during cell operation. In this work, durability of carbon nanofibers (CNF) & carbon
nanotubes (CNT) as alternative platinum catalyst supports for Proton Exchange Membrane Fuel Cells (PEMFCs)
was assessed. Platinized CNF and CNT using a standard polyol method were prepared and fabricated as cathodes
of Membrane Electrode Assemblies (MEA) for PEMFC. Both the catalysts as such and theMEAs made out of them
were evaluated regarding to thermal and electrochemical stabilities using traditional carbon black (Vulcan XC72)
as a reference. Thermal gravimetric analysis (TGA), cyclic voltammetry (CV), polarization curve and impedance
spectroscopy were applied on the samples under accelerated stress conditions. The carbon nano-materials dem-
onstrated better stability as a support for nano-sizedplatinumcatalyst under PEMFC related operating conditions.
Due to different morphology of the nano carbons compared to Vulcan XC 72 the electrode structures may still
need optimization to improve the overall cell performance.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Interest on carbon nano-materials can be traced back to more than
two decades ago. Carbon nanofiber (CNF) and carbon nanotube (CNT)
are receivingmore andmore attention since then due to their impres-
sive thermal and electric properties in various areas [1], especially
their huge potentials in fuel cell developments [2–5] and hydrogen
storage [6,7] as demonstrated during the last 10 years.

Fuel cells (FC) bear the merits of high efficiency, renewability and
low pollution. Among various types of FC, Proton Exchange Membrane
Fuel Cell (PEMFC) is believed to be one of the most promising energy
providers in the near future for terrestrial applications, military, as
well as in stationary and portable power sources [8]. In order to achieve
high catalytic surface area and reduce cost of PEMFC electrodes, nano-
sized catalysts are normally supported on carbon. To enhance protonic
conductivity, Nafion ionomer is often impregnated in the electrode
structure. The region where electronic phase, protonic phase and gas
phasemeet is the so called three-phase-boundary (TPB), where electro-
chemical reactions take place.

In addition to reducing capital cost and improving electrode reaction
efficiency, material durability is one of the key issues in the advance-
ment of PEM fuel cell technology. Among numerous chemical, mechan-
ical and thermal degradation challenges [9,10], loss of noble metal
catalyst and consequent decline of cell performance due to instability
of the supporting carbon (carbon corrosion) are two of the important
failuremodes for PEMFCs.Moreover, the degradation of carbon support
and catalytic metals interacts with and exacerbates one another. On the
one hand, oxidation of carbon is promoted by the platinum particles
due to their catalytic effect; on the other hand, once the carbon supports
are corroded, the catalysts lose their physical support, electrical contact,
and balanced electrode structure, and consequently they have an over-
all decreased electrochemical active surface area [11,12].

Attractive candidates for more stable supports are modified carbon
[13–15] nano-carbon [16–18], graphene nanosheets, titanium based
supports [19,20] and nano-silicon carbide [21]. Here we will mainly
focus on the potential of carbon nanofiber (CNF) and carbon nanotube
(CNT) as platinum supports for low temperature PEMFCs.

Various techniques have been developed for platinizing catalyst
supports. A comprehensive review has recently been published by
Esmaeilifar et al. [22]. Each procedure has both advantages and disad-
vantages; among those, polyol process displays the possibility of high
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platinum content and small particle size with uniform dispersion si-
multaneously, therefore, it is still one of the most popular techniques
being studied and optimized [22,23].

In this work, thermal and electrochemical durability of carbon
nanofiber and carbon nanotube supported platinum nano particles
prepared by the polyol method was studied and compared to conven-
tional commercial catalyst supports based on both ex-situ and in-situ
experiments.

2. Experimental

2.1. Carbon nanomaterial supports and platinum deposition

Two types of carbon nano-materials synthesized by chemical vapor
deposition and kindly supplied by Showa Denko (Japan), were used as
catalyst supports, namely VGCF™ and VGCF-X™. Properties of the
materials provided by the supplier are listed in Table 1. Deposition of
~20 wt.% Pt on CNFs was performed by the colloidal polyol method,
according to a protocol reported elsewhere [24], which consists the
reduction of the H2PtCl6 precursor to metallic Pt by ethylene glycol
(EG) in alkaline media in the presence of the carbon support.

Morphology characterization of carbon nanomaterial supports and
catalyst based on the support was carried out by Raman analysis using
a Horiba LabRAM HR spectrometer equipped with a CCD camera and a
633 nm laser beam. Scanning Electron Microscopy (SEM) with a field
emission gun using JEOL JSM-7500FA equipped with an energy disper-
sive X-ray spectrometer (EDXS) and Transmission Electron Microscopy
(TEM) with a Tecnai 12 BioTwin with LaB6 gun at 120 kV.

2.2. Thermal stability of carbon

Thermal stability of the carbons was tested at 200 °C in a ventilated
oven. Carbon or catalyst samples (Table 1) were packed individually in
aluminum foil (quickpack, AL raffination®), the weight of which was
proven to be stable during the treatment. Theweights of the small pack-
ageswere examined via a digital balance (Mettler AE260DeltaRange®).
The samples were pre-heated at 80 °C to eliminate adsorption of water.
Since noble metal or noble metal alloy was proven to be stable under
the condition [25], sample weight loss corresponds to carbon weight
loss.

2.3. Thermogravimetry — carbon thermal decomposition

Complete thermal decomposition of carbon under the influence of
catalyst and/or ionomer was studied with thermogravimetry using
Setaram TGA 92-12. In the measurement, about 3–4 mg powder
was transferred to an aluminum oxide crucible for TG analysis. The
initial and final temperature is 20 and 900 °C with a heating rate of
5 °C/min. The experiment was performed in a mixed argon and oxy-
gen atmosphere of ratio 3:1, with a total pressure of one atmosphere.

The carbon/catalyst and Nafion ionomer mixture were prepared
according to the following procedure. Suitable amounts of carbon/cata-
lyst were weighted into 2 mL eppendorf tube, and then mixed with
1.5 mL of Nafion ionomer solution of 10−3 M. A thorough mixing of
the solution and specimen powder was ensured bymechanical shaking
(Holm&Halby, Eamund Bühler, KL-2) for 30 min and ultrasonicating in
a water bath (Holm & Halby, Elma, TRANSSONIC TP 690) for 4 h for the
supporting carbon and carbon supported catalyst, and 8 h for themetal
or metal alloy catalysts. The maximum bath temperature was about
50 °C. Parafilmwas used as a lid over the vessel to prevent evaporation.
After mixing, the vessels were transferred to the centrifuge (Ole Dich
Instrumentmaker APS, Microcentrifuge 157.MD). The samples were
centrifuged for 1 h with 12,000 revolutions/min at 4 °C. The liquid
phase (as much as possible) was taken out carefully by an auto pipette
and kept for other usage. The remaining solid phase was kept in air at
40 °C for 12 h to evaporate the residual water. The final dry agglomer-
ate was grinded in a jade mortar with a pestle to powder form.

2.4. Dispersion and coating of catalyst particles

The fabricated catalyst particles were ultrasonically dispersed in a
water/alcohol suspension as solid polymer electrolyte Nafion® was
used in a ratio of 40% (w/w). Control of dispersionwas checked bymea-
suring the particle size distribution using laser diffraction method
(Malvern Mastersizer E). Typically dispersion was continued until the
largest particles were below 10 μm, however, depending on the nature
of the support material the dispersion was stopped if no progression in
particle distribution was observed.

The suspensionwas coated onto a gas diffusion layer, Sigracet 35DC®
(SGL Group) by ultrasonically spraying using a Prism 300/400 (USI, Ul-
trasonic Systems, Inc.). Typical platinum loading was 0.5 mg·cm−2.
TheMEA or half cell was constructed by laminating the coated gas diffu-
sion layer onto Nafion® 212 [26].

2.5. Pt dissolution

A home developed Teflon cell was used for MEA catalyst degradation
studies. The reference electrode was a chloride-free REF 601 Hg/Hg2SO4

(radiometer), which was placed in a separated chamber connected to
the main cell through a Luggin capillary. The counter electrode (40 mm
diameter) was a piece of clean carbon paper (GDL) with no extra

Table 1
List of carbon and carbon supported catalyst information.

No. Name Element content Catalyst wt.% Alloy ration Carbon type Catalyst or carbon diameter nm Surface area m2/g

1 CNF C 0 – CNF 150, length 10 μm 13
2 CNT C 0 – CNT 15, length 3 μm 270
3 Vulcan XC-72 C 0 – Vulcan ~13 208.58
4 Ketjenblack C 0 – HSCB ~2 1421.24
5 CNF 20% Pt Pt/C 20 – CNF 2.79 10.49
6 CNT 20% Pt Pt/C 20 – CNT 3.10 90.44
7 Vulcan 20% Pt BASF Pt/C 20 – Vulcan 2.50 112.15
8 Hispec 9000 Pt/C 57.84 – Vulcan 5.47 102.56
9 Hispec 9100 Pt/C 56.76 – ⁎ 2.77 304.81
10 Hispec 10000 PtRu/C 59.72 1:1 Vulcan 2.90 114.4
11 Hispec 10100 PtRu/C 58.61 1:1 ⁎ 2.28 286.55
12 Blank – – – – – –

⁎ Hispec 9100 and 10100 are using the same type of carbon support, however the detail is confidential.

Table 2
Atomic adsorption spectroscopy program for Pt.

Tem. (°C) Ramp time (s) Hold time (s) Air flow (ml/min)

Drying 120 10 25 250
Pyrolysis 1400 10 20 250
Atomization 2700 0 10 0

95S.M. Andersen et al. / Solid State Ionics 231 (2013) 94–101
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additives. In order to avoid contamination, the GDL was discarded after
each measurement. The working electrode was 12.4 mm in diameter.
The total cell volume was about 20 mL. The liquid electrolyte was 1 M
sulfuric acid. For dissolution studies, the potential sweep rate in cyclic
voltammetry experiment was kept constant at 0.1 V/s; a 0.5 mL liquid
sample was collected by a syringe at each potential step after 30 min
potential cycling.

An atomic adsorption spectrometer (PerkinElmer 2380)with graph-
ite oven (PerkinElmer HGA-300 Programmer) was employed for the
noble metal detection in liquid solutions. Wavelength was adjusted to

265.9 nm for platinum. The slit size was kept at 0.2 nm (ALT) and
data acquisitionwas 1 s. In eachmeasurement, 25 μL sample of suitable
dilution (to fit the linear region of the instrument) was carefully
injected into the graphite tube with a fine pipette. An AAS program op-
timized for platinum determination is shown in Table 2. Standard solu-
tions were prepared from potassium tetrachloroplatinate K2PtCl4
(Chempur GmbH Karlsruhe Pt 46.78%). Hydrochloric acid was added
to prevent precipitation. The quality of the stock solution with a con-
centration of 10−3 M was frequently examined by UV spectroscopy
(between 200 and 700 nm wavelength). It was proven to be stable
over month.

Fig. 1. (A) SEM images of the catalyst carbon supports: (a) CNF and (b) CNT. (B) TEM images of Pt deposited on: (a) CNF and (b) CNT.

Fig. 2. Raman spectra of CNFs, functionalized-CNFs and CNTs.

(1)  CNF
(2)  CNT
(3)  Vulcan
(4)  Ketjenblack
(5)  CNF 20t
(6)  CNT 20t
(7)  Vulcan 20t
(8)  Hispec 9000
(9)  Hispec 9100
(10)  Hispec 10000
(11)  Hispec 10100
(12)  Blank
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Fig. 3. Carbon and catalyst supported carbon thermal corrosion at 200 °C.
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2.6. Cyclic voltammetry

MEAs with identical anodes (based on Hispec 9100 catalyst, Pt/C)
but different cathode Pt catalyst based on CNF, CNT and Vulcan were
prepared with standard procedure, 40 wt.% ionomer content. The cath-
ode was then treated with cyclic voltammetry between 0 and 1.6 V vs.
RHE in a single cell with hydrogen purging on the anode and nitrogen
purging on the cathode. The electrochemical active surface areas of
the cathode catalyst and MEA single cell performance were recorded
before and after the treatment, as described later.

2.7. Electrochemical active surface area

The electrochemical active surface area (ESA) of platinumwasmea-
sured by sweeping potential between 0 and 1.2 V. The evaluation of the
platinum surface area is carried out by measuring columbic charge re-
quired for monolayer atomic hydrogen adsorption. ESA is calculated
with the following equation:

ESA ¼ Q
Pt½ � � A� C

ESA : electrochemical surface area cm2
=mg

h i

Q : the charge for hydrogen adsorption=desorption; mC½ �
Pt½ � : platinum loading; mg=cm2

h i

A : area; cm2
h i

C : a constant;which is the charge required to oxidize amonolayer of
atomic hydrogen on Pt catalyst; in the calculation C ¼ 0:22 mC=cm2

h i

:

2.8. Single cell assessment

Fuel cell testing was performed with a single cell of dimension
1.5∗1.5 cm2. Pure hydrogen and lab air were used as fuel and oxidant
with a flow of 0.2 and 1 mL/s respectively, regulated by a mass flow
controller (Brooks). Impedance measurements were performed under
a DC load of 0.5 A. The gas was humidified with a power capacity of
1 kW humidifier (FumaTech). The maximum operation temperature
was limited to 70 °C. Thermocouples were installed at critical spots
for accurate monitoring of the temperature variation during gas trans-
portation. The system was controlled by an electrochemical worksta-
tion (IM6, ZAHNER).

3. Results

3.1. Carbon and catalyst characterization

VGCF™ (CNF herein) is a vapor grown highly graphitized carbon
nanofibers with an average diameter of 150 nm, whereas VGCF-X™
(CNT herein) is multi-walled carbon nanotubes with an average

diameter of about 15 nm. Their detailed properties can be found in
Table 1, and their SEM morphology is shown in Fig. 1(A).

The tube walls of as-received CNFs are rather inert to anchor with
metal particles since they have been highly graphitized at elevated tem-
peratures of about 2800 °C. Therefore, CNFs were subjected to different
oxidative treatments to promote the deposition of high Pt loadings by
introducing binding sites to anchor Pt nano-particles. Different oxida-
tive protocols were carried out in which the nature of the acids
(HNO3, H2SO4 or mixture), refluxing time and temperature were varied
to optimize the functionalization treatment, in order to achieve a high
Pt loading without a significant loss of the stability of the CNFs. The op-
timized protocol for CNFs was found to be boiling at 120 °C under
refluxing conditions for 6 h in a 1:1 mixture of 2 M HNO3/1 M H2SO4,
which led to the least structural defects and enabled achieving Pt load-
ings up to 40 wt.%.
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Fig. 4. Carbon thermal corrosion at 200 °C.
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Fig. 5. TG pattern of individual catalyst supports.
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Fig. 2 shows the Raman spectra of CNTs, CNFs and functionalized
CNFs, illustrating both the characteristic mode for defective graphitic
structures (D-band) around 1350 cm−1 and the feature of graphitic
layers that corresponds to tangentional vibration of the carbon atoms
near 1580 cm−1 (G-band) [27]. The intensity ratio of D-band to
G-band (ID/IG) of CNF (0.3) and CNTs (1.45) declares the difference in
the morphology of the samples. It has been reported that vacuum
annealing of the carbon nanotubes at high temperatures (above
1800 °C) increases the ordering of tube walls, hence the ID/IG value de-
creases and a peak separation of G- and D-band (G-band shoulder peak
about 1620 cm−1) appears in the Raman spectra [28]. As discussed
above, since CNF walls are highly ordered and resistive to structural
damage, the optimized acid treatment introduces minor change in ID/IG

(0.34) in functionalized CNF sample. Therefore, not only CNT sample
with higher ID/IG ratio includes more defects in tube walls but also the
broad G-band which indicates that the sample may contain nanotubes
at different stages of graphitization. Consequently, the further oxidizing
treatment of the highly defected surface area CNTs has been prevented
to refuse more damage on the tube walls and the target Pt loading on
the CNT sample was easily obtained.

Highly dispersed Pt nano-particles of very small anduniform size dis-
tribution (2–3 nm)were obtained on both carbon supports, as shown in
the TEM images in Fig. 1(B) for Pt/CNF and Pt/CNT respectively.

3.2. Thermal stability of carbon

Carbon weight loss at constant temperature is illustrated in Fig. 3.
The final value presented in the graph is normalized with respect to
the original carbon weight content (based on the condition that carbon
is the only destructive material during the experiment, as explained in
Section 2.2). The degradation data follow a first order exponential
decay y=A1∗exp(−x/t1)+y0. The fittingwas performed by Origin®.
The corresponding sample information can be found in Table 1. The
blank sample is empty aluminum foil. All the values cited in this section
refer to the end of the experiment.

CNF & CNT and traditional carbon black demonstrate clear different
degradation patterns. Both CNF and CNT based catalysts (#5 & #6, in
Fig. 3 and Table 1) showed less than 10% carbon weight loss, while
one commercial carbon (#9 and#11, the information of this type of car-
bon support was unfortunately confidential) showed between 78 and
88% weight loss, and Vulcan based catalysts (#7, #8 and #10) showed
between 24 and 55% weight loss depending on the catalyst loading
and the catalyst properties: the higher the platinum content, the more
vulnerable the carbon is (#7 20% Pt, carbon weight loss ~24%, #8 58%
Pt, carbon weight loss ~45%); PtRu type catalyst is seen more efficient
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in catalyzing carbon corrosion (the reaction is faster for #10 containing
PtRu than #8 only Pt, and faster for #11 containing PtRu than#9 only Pt,
based on the same type of carbon support.). For CNF and CNT based cat-
alysts, carbondegrades very similarly.Moreover, both of themare supe-
rior to Vulcan based catalysts (BASF and Johnson Matthey).

Fig. 4 is an analysis on only carbon samples (no catalyst involved). It
is obvious that they are rather stable over the whole treatment period,
less than 1% weight loss was detected. This might also due to re-
adsorption of trace amount of water or other gas molecules and organic
substances. Within the first 10 h, all samples reached a stable value.
Based on the experimental data, no obvious difference was observed
for traditional carbon (Vulcan, Ketjenblack) and CNT or CNF type car-
bons. The carbon corrosionwasmainly due to the catalytic oxidation ef-
fect from the supported noble metal catalysts.

3.3. Carbon thermal decomposition

The weight changes of destructible material (carbon and Nafion
ionomer) in the sample mixture determined by thermogravimetry are
summarized in Figs. 5 and 6. The major turning point in the curve is a
well recognized combustion of amorphous carbon which came from
the destruction of the crystal structure during the experimental pro-
cess; theminor turning point at lower temperature is due to the decom-
position of the organic polymers.

Fig. 5 categorizes the result based on the support carbon type: (a) CNF,
(b) CNT and (c) Vulcan. For all the three types of carbons, when they
are finely “mixed”with either platinum or Nafion ionomer or both of
them, their decomposition temperatures (DT) decrease with differ-
ent extent. In general, it demonstrates that nanosized platinum is
very effective in catalyzing carbon decomposition (illustrated also
in Section 3.2); moreover, introducing Nafion ionomer also contrib-
utes carbon degradation, as elaborated below.

Fig. 6 categorizes the results based on mixing conditions: (a) only
carbons (no mixing), (b) carbons loaded (“mixed”) with 20 wt.% Pt,
(c) carbons mixed with 20 wt.% ionomer and (d) carbons mixed with
both 20 wt.% Pt and 20 wt.% ionomer. Of the pure carbon forms
(Fig. 6a), CNF showed highest decomposition temperature (DT) of
749.92 °C, followed by Vulcan 641.73 °C and CNT 615.96 °C. Higher sta-
bility of CNF is most likely due to the thermal treatment (at around
2800 °C), which makes it highly graphitic crystalline and inert. The
low stability of this type of CNT probably reflects the high defect concen-
tration in the material. The large crystallinity difference is also clearly
reflected in Raman spectroscopy (Fig. 2).When nanosized Pt is involved
(Fig. 6b), both CNF and CNT showed a higher DT (511.27 °C and
438.69 °C) than Vulcan (411.22 °C). Vulcanwas seen more sensitive to-
wards the catalytic oxidation effect from platinum (DT decreases by
25.20% with respect to the pure carbon in the scale of absolute temper-
ature) than CNF (23.33%) andCNT (19.94%). This indicates that platinum
nano-particles are more effective in catalyzing carbon black oxidation
than catalyzing oxidation of carbon nano-materials. When carbon is
mixed with ionomer (Fig. 6c), DT of CNF (693.53 °C) is seen higher
than that of Vulcan (628.89 °C), and then follows CNT (572.42 °C).

CNF and CNT seem rather sensitive to ionomer (DT decreases by 5.51%,
4.90%) than Vulcan (1.40%), which might be due to a stronger interac-
tion between the CNF/CNT and the Nafion ionomer. A rather low DT of
CNT was again due to its defects. When carbon is “mixed” with both Pt
and ionomer (Fig. 6d), which is a mere realistic environment in most
of the fuel cell recipes, both CNF (482.24 °C) and CNT (478.91 °C)
showed better thermal stability than Vulcan (424.07 °C), in which the
catalytic oxidation reaction dominates the process.
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Fig. 8. Examples of ESA determined by hydrogen adsorption.

Table 3
Summary for electrode electrochemical stability under cycling voltammetry treatment.

Loading
mg/cm2

Area
cm2

ESA
cm2/mg

ESA change
%

Max power density
w/cm2

Max power density change
%

BASF
MEA1430-8

Fresh 0.518 2.25 779 100 0.393 100
After 5k 0.518 2.25 463 59 0.315 80
After 10k 0.518 2.25 392 50 0.306 78

CNF
MEA1431-1

Fresh 0.529 2.25 331 100 0.195 100
After 5k 0.529 2.25 426 129 0.276 142
After 10k 0.529 2.25 330 100 0.218 112

CNT
MEA1415-2

Fresh 0.530 2.25 310 100 0.147 100
After 5k 0.530 2.25 328 106 0.176 120
After 10k 0.530 2.25 248 80 0.156 106
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3.4. Electrochemical stability in acidic aqueous media

Dissolution of platinum on different carbon supports in acidicmedia
at room temperature is shown in Fig. 7. At potentials lower than 1.0 V
vs. RHE the three catalysts have very similar dissolution behavior,
with platinum concentrations below 30 ppb. This might be due to the
similar properties of the finely dispersed noble metal. At higher poten-
tials, platinum dissolution becomes more severe for all the three cata-
lysts; at 1.6 V vs. RHE, CNF, CNT and Vulcan showed Pt concentrations
of 300, 421 and 1000 ppb. Comparatively speaking, CNF and CNT
supported platinum showed about 3.3 and 2.3 times less dissolution
thanVulcan supported catalyst. Platinumdissolution at higher potential
has been mainly shown to be due to electrochemical corrosion of car-
bon support [29]. In addition, based on our experience, at PEM fuel
cell working temperature (~80 °C), the platinum dissolution is ten
times higher than that at room temperature.

3.4. MEA electrochemical stability under cyclic voltammetry treatment

Electrochemical active surface area (ESA) of the cathode in the MEA
and maximum power density measured in the single cell setup before
and after the cyclic voltammetry (up to 1.6 V, 5000 cycles and another

10,000 cycles) are summarized in Table 3. Examples of the CV
voltammogram are illustrated in Fig. 8. Single cell performance, polari-
zation curves and impedance spectra are shown in Figs. 9 and 10.

Based on the evolution of the electrochemical surface areas (ESA)
functioning as number of cycles between 0 and 1.4 V vs. RHE (Fig. 8),
both CNF and CNT based cathodes showed better stability than Vulcan
based. An increase of ESAwas observed in both CNF and CNT based elec-
trodes by 29 and 6% after 5k cycles, which is probably due to an activa-
tion process or electrode structure reorganization under performance
condition; however Vulcan based electrode showed 41% decrease in
ESA after the same treatment. With a further 10k cycles, all the three
electrodes showed less ESA than the starting value. This indicates that po-
tential cycling reaching up to 1.4 V vs. RHE is harmful for the electrodes
in long term. In the case of CNT based cathode, all CV spectra showed
tilted feature (Fig. 8b), which indicates an additional internal resistance
around 10.9 Ω. It might be due to low electronic conductivity of the sup-
port material, or most likely unoptimized electrode structure. This also
leads to inferior performance in single cell, as shown below.

In Fig. 9, showing the I–V curve, CNF and CNT based electrode
showed 42 and 20% increase in max power density after 5k cycles; dur-
ing the same treatment, Vulcan showed 20% decrease, which is also
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Fig. 10. Single cell performances before and after cyclic voltammetry treatment —
impedance, H2 and air are 0.2 and 1 ml/s respectively, 70 °C.
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Fig. 9. Single cell performances before and after cyclic voltammetry treatment—polarization
curve, H2 and air are 0.4 and 2 ml/s respectively, 70 °C.
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reflected in the development of the ESA.With further potential cycling,
cell performances deteriorate. Similar trends were also observed in im-
pedance spectra in Fig. 10. In all cases, the electrolyte resistance deter-
mined from high frequency intercepts decreases, which indicates that
improved electrode–electrolyte contact is part of the activation process.

In summary, after cycling to a high voltage (up to 1.6 V), platinum
catalysts with carbon nanofiber and carbon nanotube as support
showed better stability compared to carbon black (Vulcan) based Pt
catalyst. Electrochemical active surface area determined from hydrogen
adsorption/desorption can be used to follow the development of single
cell performance.

4. Conclusions

Carbon nanofiber (CNF) and carbon nanotube (CNT) supported plat-
inum catalysts were prepared and optimized. The catalysts were evalu-
ated with respect to thermal and electrochemical stabilities with
traditional carbon black (Vulcan) based catalyst as reference. From car-
bon thermal stability, decomposition, electrochemical degradation in
acidic aqueous media and cyclic voltage treatments, both carbon
nanofiber and carbon nanotube demonstrated better stability than car-
bon black. High crystalline CNF showed a higher stability than CNT dur-
ing the entire measurements.

In single cell testing, carbon nanofiber and nanotube based platinum
catalyst did not show as good initial power density performance as the
equivalent carbon black based ones, but they showed a better durability.
CNF & CNT based platinum catalyst PEM fuel cells could therefore pro-
vide amore durable andmore stable power source. Optimization and ac-
tivation of the membrane electrode assembly — electrode structure is
the key point to gain better cell performance for carbon nanomaterials.
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