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a b s t r a c t

Pt-supported on multi-walled carbon nanotubes (MWCNT) and N-modified MWCNT (N-MWCNT) cata-
lysts are synthesized by pyrolysis from emeraldine solution and microemulsion. Their electrochemical
properties and carbon corrosion resistance in a Proton Exchange Membrane Fuel Cell (PEMFC) are
compared with a commercial Pt/Vulcan catalyst through IeV curves, cyclic voltammetry and CO strip-
ping. The initial fuel cell performances of the Pt/(N-)MWCNT catalysts are superior to Pt/Vulcan. The
corrosion of the catalysts is quantified by the continuous measure of the CO2 release by online-mass
spectrometry during potentiodynamic cycling between 0.1 and 1.6 V at 80 �C. The results show that
Pt/MWCNT (with the lowest double-layer capacity) is the most stable catalyst followed by Pt/N-MWCNT
and Pt/Vulcan, initially losing carbon at a rate of 1.1, 3.4 and 4.7 mgC (mg Ctot)�1 cycle�1, respectively. After
about 30% carbon loss (50e70 cycles) all catalysts corrode at an approximate rate of 5.5 mgC mg�1 cycle�1.
At this stage, all show similar electrochemical surface area and double-layer capacity. However, the
substantial diminution of the initially very thick and porous Pt/(N-)MWCNT catalyst layers after corrosion
consequences in lower fuel cell performance compared to the structurally less affected Pt/Vulcan elec-
trode. The results clearly reveal that CNT-based catalyst supports are more corrosion resistant compared
to state-of-the-art Vulcan. Moreover, the performance of the corroded electrodes envisages the impor-
tance of electrode porosity.

© 2019 Published by Elsevier Ltd.
1. Introduction

Carbon has an important role in all existing low temperature
fuel cell technologies [1]. Pt supported on high-surface area carbon
is at the moment the state-of-the-art catalyst for polymer elec-
trolyte fuel cells, because of the high activity of Pt for the kinetically
slow oxygen reduction reaction (ORR) and the high specific activity
realized by the dispersion of nanosized Pt on the carbon [2]. To
reduce costs, intense research efforts are concentrated on replacing
the expensive and rare Pt catalysts with cheaper and more sus-
tainable materials like nitrogen-modified carbon with Fe or Co
atoms [3].

It is well known that carbon is not completely stable under fuel
cell conditions [4]. The electrochemical oxidation of carbon,
referred to carbon corrosion, has a thermodynamical standard
equilibrium potential as low as 0.21 V (Eq. (1)).

Cþ2H2O/CO2 þ 4Hþ þ 4e� (1)

Fortunately, the reaction is kinetically slow and negligible dur-
ing normal operation of a fuel cell. However, at and close to open
circuit potential near 1 V, some corrosion can be observed. The
major problem is observed during start-up and shut-down cycles,
when gas flows are turned on and off. This can cause reverse cur-
rent conditions and extremely high potentials of over 1.5 V at the
cathode [4]. Even though the gas exchange events only appear in a
short period of time, the corrosion damage accumulates with each
start-up or shut-down and shortens the useable age of the system.
The main consequence of carbon corrosion in fuel cell electrode is
the detachment and deactivation of Pt nanoparticles from the
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support and the collapse of the porous structure, which limits the
mass transfer of reactants and produced water in the cathode
electrode [5,6].

Twomajor approaches to study carbon corrosion in fuel cells in-
situ have been employed previously in literature; either by study-
ing the electrochemical properties of carbon during corrosion, or
detecting gaseous oxidation products of carbon. The former
method allows for a qualitative comparison of materials based on
for example the increase of double layer capacity or the emergence
of quinone redox peaks in the cyclic voltammetry (CV) but quan-
titative analysis of carbon loss is impossible. However, coupling the
electrochemical measurement with the detection of corrosion
products with mass spectrometry or infrared spectroscopy allows
this information to be extracted. Measurements on Pt/C catalyst
corrosion by mass spectrometry were first realized by Willsau and
Heitbaum in 1984 [7] and extensive work in the last 15 years have
been conducted to study carbon corrosion reaction and various
carbon materials in aqueous electrolytes [8e13] and in real fuel cell
conditions [14e28]. The results have shown that a hot and humid
PEMFC with Pt containing electrodes is a challenging environment
in regards of carbon corrosion as the corrosion rate increases
strongly with increasing temperature and humidity
[14,18,19,24,25,29]. In addition, Pt catalyzes not only ORR but also
the carbon corrosion [10,17,20,23]. However, graphitic carbon has
been shown to be less susceptible to corrosion than amorphous
carbon [16,21,26,28]. Therefore, it is likely that the corrosion rate
can be reduced by the use of highly graphitic materials like carbon
nanofibers and nanotubes.

Nitrogen-modified carbon materials are currently studied as
enhanced support materials for Pt and as Pt-free catalyst materials
for ORR [1]. However, there has been little research on their carbon
corrosion properties compared to unmodified carbon. Some au-
thors have compared their own synthesized catalyst containing N-
modified carbon to commercial materials: N-functionalized or-
dered mesoporous carbon [30], CNx nanostructures [31] and
nitrogen-fluorine co-doped graphite nanofibers [32] to Vulcan XC-
72, and N-functionalizedmulti-walled carbon nanotubes (MWCNT)
to Ketjenblack [33]. All these studies found themmore durable than
the commercial samples at high potentials. However, from these
results, it is difficult to compare the effect of N-modification as the
base carbon material is different. Furthermore, only the study by
Gouse Peera et al. [32] was performed in an actual fuel cell and not
in aqueous electrolyte. Golovin et al. [34] did a more straightfor-
ward comparison by modifying Ketjenblack with different
nitrogen-containing precursors and comparing them to the un-
modified material. Significantly higher corrosion resistance was
measured electrochemically from the modified materials during
potential cycling to 1.5 V vs RHE in 0.1 M HClO4. However, if Ket-
jenblack was modified with pure pyrolytic carbon through a similar
procedure as in N-modification, the corrosion resistance was even
higher, indicating that nitrogen can have a destabilizing effect.

In the studies mentioned above, corrosion resistance has been
estimated from electrochemical data, in terms of increase in
double-layer capacity, quinone-hydroquinone redox pair charac-
teristics and through Pt and ORR activity loss. In a recent paper by
Choi et al. [12], the degradation mechanism of a FeeNeC catalyst is
studied with differential electrochemical mass spectrometry
(DEMS) and inductively coupled plasma mass spectrometry (ICP-
MS). They detected a CO2 signal at 0.9 V vs RHE, which is around the
same onset potential as for Ketjenblack without Pt [17].

In this study, we examine for the first time the carbon corrosion
differences of multi-walled carbon nanotubes with and without
nitrogen modification [35] as Pt supports at proton-exchange
membrane fuel cell cathode with on-line mass spectrometry and
compare them to commercial Pt/Vulcan catalyst. The CO2 content of
the cathode exhaust flow is measured continuously by the MS,
while the potentials present during fuel cell start-up and shut-
down conditions are applied to the electrode. Furthermore, the
performance, the electrochemistry and the structure of the cathode
are characterized before and after the corrosion treatment.

2. Experimental

2.1. Catalyst synthesis

Nanocyl NC3100 (diameter 9.5 nm, length 1.5 mm, carbon con-
tent >95wt%, specific surface area 280m2 g�1) were purchased and
used as is for the unmodified Pt support (designated MWCNT).
Polyaniline emeraldine salt was purchased from Sigma Aldrich
(MW > 15000, 3e100 mm particle size) and HCl from Merck. N-
modified MWCNTs were synthesized as previously described [35].
Shortly, the unmodified MWCNT were used as a starting material
and dispersed into 2.5 mM HCl. The MWCNT solution was there-
after introduced to an emeraldine salt solution of 100mg in 100 g of
2.5 mM HCl. After sonicating for 20 h (40 Hz, 80 W), the mixture
was centrifuged and dried in a vacuum oven. N-modification was
achieved by pyrolysis under Ar and at 800 �C for 1 h. This resulted in
a surface N-dopedMWCNTmaterial denoted as N-MWCNT (0.5 at%
N).

Pt deposition on the MWCNT and N-MWCNT support was
realized by a microemulsion synthesis to ensure that the Pt nano-
particles would be as similar as possible in size on both the sup-
ports. In this method, the nanoparticles are formed in the water
bubbles of a microemulsion. The size of these bubbles determines
the size of the nanoparticles, which are then deposited on the
nanotubes eliminating the support effect on particle size [36].

Aqueous 0.1 M H2PtCl6 solutionwas prepared fromH2PtCl6$H2O
(99.9% Alfa Aesar) bymixing 159.5mg of the acid with 3.08mL of DI
water (18 Mohm). The solution was stored in a glass flask wrapped
in aluminium foil at 5 �C. The carbon support was dried in a vacuum
oven at 100 �C overnight before synthesis.

During the synthesis, first n-heptane and surfactant Brij® 30
(Sigma Aldrich) are mixed together in mass ratio 5:1 and aqueous
H2PtCl6 is added so that the total water content is 3 wt%. After
5e10 min of mixing, the mixture becomes cloudy, indicating
micromicelle formation. Solid NaBH4 (Sigma Aldrich) in excess
stoichiometry of 15 is added to reduce the PtCl6� to Pt nanoparticles
to form a black foaming solution. After 5 min, the support material
is added and the mixture is thoroughly mixed with magnetic stir
bar and sonicator in 10 min turns for 1 h and then an additional
30 min in the sonicator to produce a dispersion. Finally, acetone is
added to break the micelles to the same volume as the reaction
mixture. The precipitate is let to sink to the bottom of the reaction
vessel and the supernatant is removed by pipetting. The washing is
repeated 3 times with acetone, once with 50:50 acetone-methanol,
2 times with methanol, once with 50:50 methanol-water and 2
times with water. The last time, the precipitate is filtered and dried
overnight at 70 �C. To remove last traces of the surfactant, the
catalyst is kept under 250 �C for 2.5 h (100 �C h�1 heating and
cooling). The resulting catalyst materials were denoted as Pt/
MWCNT and Pt/N-MWCNT.

2.2. Physical characterization

Transmission electron microscopy (TEM) using a JEOL JEM-2800
instrument was employed to image the catalysts and determine the
Pt particle size distribution. The TEM samples were prepared by
dispersing the catalysts in ethanol by ultra-sonication. A drop of the
dispersion was then deposited on a lacey carbon film supported by
a copper grid and dried at room temperature.
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Tescan Mira3 SEM installed with a Thermo Scientific UltraDry
EDS Detector was used to determine the Pt loading on the catalyst
powders.

Scanning electron microscopy (Hitachi S-4800) in combination
with energy-dispersive X-ray spectrometry (Oxford Instruments X-
MaxN 80 SDD) were used to investigate the catalyst layer thickness
before and after corrosion measurements. Cross-sections were
prepared by cutting the center of the membrane electrode assem-
bly (MEA) with a scalpel. The thickness of the catalyst layer was
determined by the presence of Pt in the EDX line scans.

2.3. Fuel cell and carbon corrosion characterization

Membrane electrode assemblies were prepared from the Pt/
MWCNT, Pt/N-MWCNT and commercial Pt/Vulcan (19.4 wt% Pt, E-
TEK) catalysts by a drop casting technique, where catalyst ink is
pipetted on the substrate. This technique was chosen to ensure
reproducible loading. Catalyst ink was prepared by mixing the
catalyst powder with water-isopropanol mixture (70:30 vol ratio)
and 5 wt% Nafion dispersion (Sigma Aldrich). Short mixing of the
ink was achieved by repeating 15 min magnetic stirring and 15 min
sonication twice. The gas diffusion electrodes (GDE) were prepared
by pipetting 150 mL aliquot of the resulting ink on a circular carbon
paper piece with microporous layer (2.54 cm2, Sigracet 25BC) and
dried in ambient conditions overnight. Catalyst loading was
determined from the weight difference of the carbon paper before
and after catalyst deposition and was between 0.20 and 0.25 gPt
cm�2 for the studied electrodes. The amount of Nafion was 40 wt%
of the dry weight of the deposited catalyst layer. The fuel cell was
assembled by sandwiching a Nafion NR-212 membrane between
the prepared electrode (cathode and working electrode) and a
commercial Pt/C GDEwith 0.5mgPt cm�2 from Fuel Cells Etc (anode
and counter/reference electrode) with 8 screws tightened in cell-
wear from Fuel Cell Technology to 10 Nm. The flow field was an
in-house spiral design with channel width and depth of 1 mm. Gas
flows were controlled by Brooks mass flow controllers and the
gases went through humidifiers before entering the cell. Solartron
1287 potentiostat with impedance analyzer was used to control the
potential and current of the cell.

The fuel cell was activated for 65 h at 80 �C and 0.7 V with
8 ml min�1 O2 (100% RH) at the cathode and 8 ml min�1 H2 (100%
RH) at the anode, to ensure that stable current was achieved. The
gas flow rates were increased to 40 ml min�1, and performance
characterization was made by measuring the impedance and iR-
corrected polarization curves from 0 to 2 A at 1 mV s�1. The po-
larization curvewas repeated several times and the average curve is
presented. Next, the gases were changed to 100% RH Ar on cathode
and 5% H2 in Ar on the anode, making the former WE and the latter
CE/RE. The potentials presented in this measurement have been
shiftedþ0.045 V in accordance to Nernst equation to correct for the
lower partial pressure of H2 on the CE/RE. This reversible hydrogen
electrode (RHE) is used as the reference in all CVs presented in this
paper. The temperature of the cell was then decreased to 30 �C
overnight, while the potential was cycled between 0.1 and 0.5 V.
The following day, CO stripping was performed to estimate the
electrochemically active surface area. This was done by introducing
2% CO in Ar to the cathode for 5min. After the gaswas changed back
to pure Ar and the cell was flushed for 20 min while the potential
was held at 0.2 V. Then two cyclic voltammograms (CV) were taken
from 0.1 V to 1.2 V: the first to oxidize the CO adsorbed on Pt and
the second tomeasure a base CV. The surface area of the active Pt in
the electrode was calculated by the integration of the area between
these curves in the potential range from 0.56 V (0.65 V for Pt/
Vulcan) to 1.00 V and dividing by the potential sweep rate
(20 mV s�1) and the specific charge for one monolayer of CO
(420 mC cm�2). These results are designated as the beginning of life
(BOL) performance.

Subsequently, the temperature of the cell was raised to 80 �C
over 2 h and carbon corrosion measurements were started. In order
to increase the CO2 content in the exhaust flow, the flow rate on the
WE was reduced to 11 ml min�1. First, the electrode was corroded
with CVs to 1.6 V at 20 mV s�1 until stable carbon loss per cycle was
achieved. Then 10 CVs to 1.5 V were made at 20 mV s�1 and 5
slower CVs to 1.5 V at 5 mV s�1 to better separate different phe-
nomena happening at the WE. Finally, a series of 10 min constant
potential holds at 0.8, 1.0, 1.2, 1.4 and 1.5 V were made, and the
potential was kept at 0.3 V before, between and after the holds. CVs
between 0.1 and 1.2 V were regularly measured during the corro-
sion tests to track the changes in Pt and carbon electrochemistry.

During the carbon corrosion tests, the WE (cathode) was con-
nected to an on-line mass-spectrometer (MS, Hiden HPR-20 QIC)
via a capillary inlet heated to 90 �C that sampled the exhaust gas
continuously in the exhaust flow pipe. A more detailed description
of theMS can be found from an earlier publication [37]. TheMSwas
calibrated with known CO2/Ar mixtures to quantify the amount of
CO2 released from the electrode. Mass to charge ratio 44 was fol-
lowed as it is unique for CO2 in this system. The electrochemical and
MS signal were timed by setting the highest signal to 1.5 or 1.6 V
during a CV and at the point of MS signal increase as potential step
start time.

After the corrosion measurements, the cell was again cooled to
30 �C overnight and CO stripping was repeated. Next, the cell was
heated to 80 �C and the impedance and performance of the cell
were determined as before corrosionmeasurement. Finally, the fuel
cell was disassembled and the MEA saved for post-mortem analysis
with SEM. These results are designated as end of life performance
(EOL).

A SEM sample at BOL for each catalyst was prepared by sub-
jecting an MEA only to the initial fuel cell activation and perfor-
mance measurements.

3. Results and discussion

3.1. Catalyst synthesis and electrode preparation

TEM images of the synthesized catalysts Pt/MWCNT and Pt/N-
MWCNT are presented in Fig. 1. From the images, it can be
concluded that nanosized Pt has been successfully deposited on
both of the supports and the particle sizes are similar as was
intended. By the analysis of 200 particles from each sample, the
average size was determined to be 7.3 ± 1.4 nm for Pt/MWCNT and
7.5 ± 1.8 nm for Pt/N-MWCNT. Average crystallite sizes calculated
from XRD Pt(111) peak at 39.84� correspond well to these values
(6.9 and 7.5 nm, respectively) (Fig. S1). The Pt particle size is often
smaller and more narrowly distributed for N-modified carbon
supports, so the use of the microemulsion synthesis technique
apparently mitigated this effect. The particles are also relatively
well-distributed on the support materials. The commercial catalyst
sample Pt/Vulcan contains significantly smaller particles at
2.8 ± 0.5 nm (Fig. 1). The Pt loadings on the catalysts were 18.1 wt%
on Pt/MWCNT and 16.7 wt% on Pt/N-MWCNT determined by SEM-
EDX.

As described in the experimental section, inks and the subse-
quently pipetted electrodes were prepared from the synthesized
powders. The loadings and electrode contents are found in Table 1.

The structure of the electrodes varies significantly. Fig. 1 shows
that the CNTs have a more porous structure in comparison to the
Vulcan-based catalyst that has well-resolved larger grains and a
more dense appearance. When pipetting the catalyst ink on the
GDL, the Pt/Vulcan based ink spread quickly over while Pt/MWCNT



Fig. 1. TEM images (aec) from the synthesized catalysts and high resolution SEM images (def) of the electrodes after activation but before the corrosion test.: Pt/MWCNT (a,d), Pt/
N-MWCNT (b,e) and Pt/Vulcan (c,f) The histogram shows the particle size distribution. The values above the histograms are the mean Pt-particle sizes.

Table 1
Electrode composition.

CL content Pt loading
(mg cm�2)

C loading
(mg cm�2)

Pt (wt% in catalyst) Ionomer (mg cm�2)

Pt/MWCNT 0.20 0.92 18.1 0.75
Pt/N-MWCNT 0.25 1.24 16.7 0.99
Pt/Vulcan 0.26 1.09 19.4 0.90
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and Pt/N-MWCNT based inks were slower to spread. When the
prepared electrodes were examined, it was noted that Pt/MWCNT
catalyst layer was more fragile than the others and easily flaked off
the GDL if handled carelessly. We will later see (Fig. 8) that the
electrode layers of the CNT electrodes initially were much thicker
than the Vulcan electrodes.

3.2. Electrochemical and fuel cell performance of the catalysts

The electrochemical active surface area and fuel cell perfor-
mance of the synthesized catalysts at fuel cell cathode are
compared to commercial Pt/Vulcan in Fig. 2aec at BOL. The
different properties of the catalysts are clearly visible from the CVs
in Fig. 2a. Compared to Pt/MWCNT and Pt/Vulcan, Pt/N-MWCNT
shows much higher currents in the whole potential range,
including the double-layer charging range (0.3e0.55 V). A possible
explanation to this is the charged O- and N-groups present in the N-
MWCNT [35], which allow the better mixing of the catalyst and the
other ink components (ionomer and solvents) and thus higher
amount of electrochemically active Pt and carbon in the catalyst
layer. In contrast, the absence of these functional groups made it
difficult to achieve a homogeneous Pt/MWCNT ink and therefore
that ink was poorly mixed when the electrode was prepared. The
oxidative peak at ~0.7 V for Pt/MWCNT, also slightly seen for Pt/N-
MWCNT, could be due to metal impurities of the MWCNT that to
some extent could be dissolved in HCl during N-functionalization.

The specific Pt areas of the catalysts were determined from CO
stripping experiments in Fig. 2b. It is evident that the commercial
Pt/Vulcan has a very high specific Pt surface area compared to the
self-synthesized catalysts. The calculated values from the CO
stripping charge before corrosion are 57.6, 15.0 and 19.4 m2 g�1 for
Pt/Vulcan, Pt/MWCNTand Pt/N-MWCNT respectively (Table 2). This
is expected with the smaller Pt nanoparticle diameter of the Pt/
Vulcan catalyst and smaller double-layer capacity of Pt/MWCNT.

The BOL FC performance of the different catalysts normalized by
the Pt area calculated from CO stripping are presented in Fig. 2c and
Table 2. Polarization curves normalized with geometric area of the
electrode and Pt mass can be found in Figs. S2aeb. From the po-
larization curves it can be concluded that Pt/N-MWCNT is the most
efficient catalyst at low current densities (<0.1 mA cmPt

�2), while
both Pt/MWCNT and Pt/N-MWCNT have significantly higher per-
formance than Pt/Vulcan at high current densities. This is due to the
fact that despite having a very low Pt surface area, their Pt mass
activity is at the same level as Pt/Vulcan (Fig. S2b). The enhanced
activity of Pt/N-MWCNT compared to Pt/MWCNT can be due to
inherent ORR activity of N-modified carbon or beneficial



Fig. 2. (a) CVs and (b) CO stripping (20 mV s�1) of fuel cell cathodes made from
different catalyst at BOL. First and second scan of the stripping are presented. Cathode
Ar, anode 5% H2 in Ar. 100% RH at 30 �C. (c) IR-corrected fuel cell performances at 100%
RH and 80 �C in H2/O2 (1 mV s�1) of the different catalyst before the corrosion
treatment normalized to Pt surface area determined from CO stripping (b). Black
squares Pt/MWNCT, red circles Pt/N-MWCNT and blue triangles Pt/Vulcan. The symbols
are added for a visual purpose. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

Table 2
Properties of cathode electrodes made from the different catalysts.

Catalyst ECSAPt
a BOL Cdl

b

BOL
iFC @ 0.89 Vc

BOL
iFC @ 0.89 Vd

BOL

m2 g�1 mF mA cm�2
Pt mA g�1

Pt

Pt/MWCNT 15.0 31 13 1.88
Pt/N-MWCNT 19.4 210 51 10.00
Vulcan 57.6 153 19 10.74

a Electrochemically active surface area (ECSA) of Pt based on CO stripping
measurement.

b Double layer capacitance calculated from CV.
c Current density in fuel cell mode at 0.89 V normalized with active Pt surface

area.
d Current density in fuel cell mode at 0.89 V normalized with Pt mass.
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interactions between the N-modified carbon and Pt nanoparticle
[38]. The higher activity of the CNT-catalysts is also supported by
the higher reduction potential of the Pt-oxide/hydroxide peaks in
comparison with Vulcan. This indicates that the N-MWCNT and
MWCNT are very suitable as support materials for active catalyst
and their performance can possibly be improved by the optimiza-
tion of the synthesis process toward smaller particle size.

Tafel slope analysis of the polarization curves is presented in
Fig. S9. All catalyst show two linear regions in low
(~0.02e~0.1 mA cm�2) and medium current densities
(~0.1e~7 mA cm�2). This has been previously related to oxygen
species coverage of the Pt at different potentials [39]: at low current
density (high potential), the surface is covered by eO and eOH
groups and Tafel slope is approximately 65 mV. At higher current
density (low potential), the coverage is reduced and Tafel slope is
approximately 120 mV. These literature values correspond quite
well to the values obtained for our catalysts except for Pt/MWCNT
at low current density, where the Tafel slope is only 36 mV.
3.3. Corrosion studies

In Fig. 3a, a corrosion cycle from 0.1 V to 1.6 V is presented with
the simultaneously measured CO2 concentration at the FC cathode
exhaust. The relatively slow cycle rate (20 mV s�1) was chosen in
order to facilitate the calculation of carbon loss from the MS data.
The CO2 concentration is estimated fromMS signal atm/z¼ 44 that
is unique for CO2 in this system. Possible formation of CO is not
taken into account due to its low amount compared to CO2 [12] and
interfering effect of CO2 and residual N2 at its main peak at m/
z ¼ 28. The electrochemical response during corrosion cycling is
shown in Fig. 3bed. The first 21 cycles, corresponding to approxi-
mately 5% carbon loss, is shown in Fig. S7. For all samples the for-
mation of quinone-hydroquinone redox peaks can be seen between
0.5 and 0.7 V in the positive sweep and between 0.6 and 0.4 V on
the negative sweep. This is caused by formation of oxygenated
surface species during carbon corrosion [31]. The hydrogen
desorption peaks on Pt between 0.1 and 0.4 V on the positive sweep
are hard to distinguish as they are masked by the increase in
double-layer capacity. However, the two reduction peaks for Pt/
MWCNT (Fig. 3b) and Pt/N-MWCNT (Fig. 3c) are more clearly
resolved in the negative sweep at 0.22 and 0.30 V with increasing
cycling number, indicating a growth of Pt nanoparticle size during
the corrosion process (as shown for smaller particles in Ref. [40]).
The Pt reduction peak between 0.7 and 0.9 V is growing for Pt/
MWCNT (Fig. 3b), stable for Pt/N-MWCNT (Fig. 3c) and decreasing
for Pt/Vulcan (Fig. 3d), indicating an activation or increased us-
ability in the case of MWCNTand a probable loss of Pt nanoparticles
for Vulcan supports. Finally, the initial onset potential for carbon
corrosion, highest for Pt/MWCNT and lowest for Pt/Vulcan, shows



Fig. 3. (a) Example corrosion cycle of Pt/Vulcan from 0.1 V to 1.6 V vs RHE at 20 mV s�1 with specific current density (black, left axis) and CO2 concentration (red, right axis) data
calculated from CO2 mass spectrometry signal (m/z ¼ 44). Darker color indicates positive sweep and lighter color negative sweep. (bed) The development of selected corrosion CV
cycles of (b) Pt-MWCNT, (c) PteN-MWCNT, and (d) Pt/Vulcan. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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that the MWCNT samples have higher resistance to corrosion
compared to Vulcan. However, during cycling the onset potential
decreases for both Pt/MWCNT and Pt/N-MWCNT, while it increases
slightly for Pt/Vulcan, resulting in similar onset for all samples after
the corrosion cycling.

Fig. 4a, depicts the carbon loss normalized to the carbon mass at
Fig. 4. (a) Carbon loss of fuel cell cathodes based on different catalysts during each con
0.4e0.45 V during corrosion cycles. Cathode N2, anode 5% H2 in Ar. 100% RH at 80 �C.
the cathode per corrosion cycle as a function of cycle number. The
carbon loss is calculated from the integration of the CO2 concen-
tration during each cycle. It is evident from Fig. 4a that the catalysts
exhibit different corrosion rates at the beginning of the corrosion
process. Both CNT supports are more carbon corrosion resistant
than commercial Vulcan support losing only 3.4 mg mg�1 (Pt/N-
secutive potential cycle described in (Fig. 3). (b) Changes in double later capacity at
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MWCNT) and 1.1 mg mg�1 (Pt/MWCNT) of carbon during the first
cycle compared to 4.7 mg mg�1 from Vulcan, when values are
normalized by the total amount carbon support in the catalyst layer
(Table 1). This is expected as Vulcan has much lower graphitic
content than CNT [41] and graphitic materials have lower suscep-
tibility to corrosion at higher potentials [16]. Also, due to the
smaller Pt particle size of Pt/Vulcan, the Pt-carbon contact area is
facilitating catalytic carbon corrosion to a higher degree [17]. The
changes in the double layer capacity, calculated from Fig. 3 b-c,
during cycling is shown in Fig. 4b. For all samples the double layer
capacity increases during cycling. The discrepancy between the BOL
and EOL values presented in Tables 2 and 3 is due to the difference
in temperature between these measurements. The Pt/MWCNT
shows the highest increase of capacity during cycling, suggesting
that the harsh corrosion rapidly causes functionalization and/or
porosity increase of the carbon. Pt/N-MWCNT has the lowest in-
crease of capacity, meaning that the functionalization of the carbon
protects from further structure change. The increase in double layer
capacity is similar to the increase in carbon corrosion (Fig. 3b) for all
samples, suggests that increasing the amount of available carbon or
the functionalization of carbon increases the corrosion rate.

Contrary to previous results in electrochemical cells, the N-
modifiedmaterial (Pt/N-MWCNT) shows higher corrosion rate than
the unmodified material (Pt/MWCNT) in the beginning of the
corrosion process in this study. This is likely related to the very
different electrochemical surface areas of the two samples shown
in Fig. 2a and also to the higher degree of non-graphitic carbon
present in N-MWCNT [35]. As the corrosion proceeds, all the ma-
terials are approaching a similar, constant carbon loss value per
potential cycle close to the rate of Pt/Vulcan i.e. between 5 and 6 mgC
mg�1 (Table 3). The corrosion test is ended when the relative loss is
about 30% when all catalysts have reached the similar constant
corrosion rate. This value was reached after 70, 60 and 50 cycles for
the Pt/MWCNT, Pt/N-MWCNT and Pt/Vulcan, respectively. The
exact cumulative carbon losses were 751 mg (29%) for Pt/MWCNT,
798 mg (28%) for Pt/N-MWCNT and 818 mg (30%) for Pt/Vulcan. The
values in the parentheses represent the corresponding relative loss
of the total CL carbon, (Fig. S3). The equal corrosion rate at the end
of cycling suggests that the differences between the materials are
being decreased by the corrosion process.

The CO2 release (MSCV at m/z 44) during the CVs are shown in
Fig. 5. The sweep rate in this case is slow, 5 mV s�1, for better
resolution of features. The curves were measured after the corro-
sion, when all the samples had reached similar corrosion rates
(Fig. 4). The data is presented here with a zoomed y-axis to better
show the small CO2 peaks between 0.1 and 1.2 V. The full CV andMS
curves can be found in supporting material (Fig. S4).

The MSCV at the end of the corrosion test show similar features
as previously presented and explained in the literature [17]. The
features are visible for all the catalysts but are more pronounced for
Pt/Vulcan. On the forward sweep, CO2 is released between 0.5 and
Table 3
Corrosion data and EOL properties of fuel cell electrodes made from the different catalys

Catalyst Initial C corrosion ratea Final C corrosion ratea ECSAPt
b EOL Cdl EOL (%

mgC mg�1

cycle�1
mgC mg�1

cycle�1
m2 g�1

(% loss)
mF

Pt/MWCNT 1.1 ± 0.3 6.0 ± 0.8 15 (0%) 252 (715%
Pt/N-MWCNT 3.4 ± 0.1 5.4 ± 0.8 17 (13%) 254 (21%)
Vulcan 4.7 5.7 16 (72%) 345 (124%

a Corrosion rate defined as the carbon loss during one potential cycle from 0.1 to 1.6
b Electrochemically active surface area (ECSA) of Pt based on CO stripping measureme
c CL thickness from SEM-EDX measurement.
d Porosity calculated by assuming graphitic carbon.
0.6 V which coincides with CO oxidation on Pt. This CO has been
adsorbed on the Pt surface at low potentials during the corrosion
process as CO is aminor carbon corrosion product [12]. Between 0.8
and 1.2 V before the main corrosion, a broad shoulder can be seen,
which is attributed to the oxidation of oxygenated carbon species
also generated during the corrosion process at high potentials. The
main peak starting from 1.2 V is pure electrochemical carbon
corrosion and the amount of CO2 increases exponentially with the
potential. This peak is similar for all the catalysts as expected from
the similar integrated carbon loss values in Fig. 4b. On the return
sweep, there is a CO2 peak at 0.75 V where Pt-oxide/hydroxide
reduction happens. The released hydroxide ions help to oxidize
some of the carbon surface to CO2. Finally, at low potentials be-
tween 0.1 and 0.2 V on both sweeps, CO2 is detected due to
chemical oxidation through peroxide generation on carbon and CO2
stored in carbon at high potentials [9]. Notably, the CO oxidation
peak at 0.55 V and the pre-oxidation peak with an onset at 0.8 V is
significantly larger for Vulcan and N-MWCNTcompared to the non-
functionalized MWCNT carbon.

The carbon dioxide release behavior is likely associated to the
surface structure and area of the supported catalyst better resolved
in the base CVs. In Fig. 6, the CVs at FC operating conditions (80 �C)
obtained at the beginning and after the corrosion cycling are shown
with appropriate surface area normalization according to Tables 2
and 3 The double-layer capacity, indicated by the lack of Faradaic
current, around 0.40e0.45 V can be used to estimate the carbon
surface that interacts with the solid electrolyte in the fuel cell
electrode. Before the corrosion, this capacitance was found to be
significantly different; 210 mF and 31 mF, for Pt/N-MWCNT and Pt/
MWCNT, respectively. The higher capacitance of the N-modified
carbon means that it is more active for electrochemical processes
than the unmodified carbon. Normalizing the carbon loss during
the first corrosion cycle with this capacitance, the values are 57 and
91 mg F�1 for Pt/N-MWCNT and Pt/MWCNT suggesting that Pt/N-
MWCNT is actually more durable when surface interactions are
taken into consideration. Nevertheless, the commercial Pt/Vulcan
still shows the highest corrosion tendency related to double layer
capacitance of 131 mg F�1.
3.4. Post analysis

After the corrosion treatment, the cathode (WE) was under Ar
overnight while the cell was cooled to 30 �C to measure the EOL
electrochemical properties. The EOL CVs of the catalyst at 30 �C are
presented in Fig. 7a. Comparing them to BOL CVs in Fig. 2a, there is
an interesting shift in the peak potentials of the hydrogen
adsorption-desorption area. Before corrosion, there are two peaks
weakly visible at 0.15 and 0.27 V for the Pt/MWCNT and Pt/N-
MWCNT and at 0.15 and 0.20 V for Pt/Vulcan. These peaks have
been assigned to correspond to Pt(110) and Pt(100) observed on
single-crystal electrodes [42]. However, after the corrosion process
ts.

gain) CL BOL thicknessc CL EOL thicknessc (% loss) Porosity BOLd Porosity EOLd

mm mm

) 180 78 (57%) 0.92 0.86
135 46 (66%) 0.86 0.67

) 40 34 (15%) 0.59 0.67

V vs RHE normalized with total carbon support mass in the CL.
nt.



Fig. 5. Cyclic voltammetry (5 mV s�1) and simultaneously measured exhaust CO2 concentration of fuel cell cathodes made from different catalyst after the treatment in Fig. 3b.
Cathode N2, anode 5% H2 in Ar. 100% RH at 80 �C. Darker colors indicate positive sweep and lighter colors negative sweep. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 6. Cyclic voltammetry (20 mV s�1) of fuel cell cathodes made from different
catalyst before and after extensive carbon corrosion. Cathode N2, anode 5% H2 in Ar.
100% RH at 80 �C. Black squares Pt/MWNCT, red circles Pt/N-MWCNT and blue triangles
Pt/Vulcan. Dashed line before corrosion and solid line after corrosion. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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all the samples exhibit two peaks at higher potentials: 0.29 and
0.36 V. We have no explanation to this shift but the similar po-
tentials further demonstrate the equalizing effect of heavy corro-
sion on different carbon materials.

The effect of corrosion on Pt can be clearly seen by comparing
CO stripping curves before (Fig. 2b) and after corrosion (Fig. 7b).
After the corrosion treatment, the CO stripping peak is greatly
diminished for Pt/Vulcan and to a lesser extent for Pt/MWCNT and
Pt/N-MWCNT. Due to the high double-layer capacity and quinone-
hydroquinone peaks, the exact determination of the Pt specific
surface area is not possible but the specific surface area can be
estimated to be similar from the peak size and around 15 m2 g�1

demonstrating the equalizing effect of corrosion applies to Pt par-
ticles in addition to carbon (Table 3). The stripping peaks are also
shifted to higher potentials, which can either be due to a size effect
[40] or to increased resistance in the electrode as indicated for Pt/
MWCNT and Pt/N-MWCNT by impedance spectroscopy (Fig. S8).

After the heavy corrosion process at EOL (Fig. 7c), the perfor-
mances of the catalysts are, as expected, greatly decreased. How-
ever, Pt/Vulcan is now the best performing catalyst and Pt/N-
MWCNT performs the worst below 1 mA cm�2

Pt. The significant
difference for Pt/Vulcan is explained by the steep decrease of its
active Pt surface area. According toTable 3 the ECSAvalues are quite
similar after the corrosion test, indicating that this factor cannot
explain the difference in performance. It is rather a consequence of



Fig. 7. (a) CVs and (b) CO stripping (20 mV s�1) of fuel cell cathodes made from
different catalyst at EOL. First and second scan of the stripping are presented. Cathode
N2, anode 5% H2 in Ar. 100% RH at 30 �C. (c) Fuel cell performances at 100% RH and
80 �C in H2/O2 (1 mV s�1) of the different catalyst after the extensive corrosion
treatment normalized to Pt surface area determined from CO stripping (b). Black
squares Pt/MWNCT, red circles Pt/N-MWCNT and blue triangles Pt/Vulcan. The symbols
are added for a visual purpose. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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electrode resistance and catalyst accessibility during operation,
directly associated to the electrode structure.

The physical degradation of the MEAs was examined by cross-
section SEM. The images were taken from the corroded EOL elec-
trodes and compared with BOL samples that had been activated in
the fuel cell at 0.7 V for 3 days and 100 polarization curves under H2
and O2. The BOL samples are presented Fig. 8aec and the EOL
samples in Fig. 8def. Close-ups of EOL samples are presented in
Fig. S5. EDX line scans were used to determine the CL thickness
from the Pt signal (Fig. S6) as especially for Pt/Vulcan the CL and
GDL look very similar in the SEM images.

There is a dramatic difference between the thicknesses of the Pt/
MWCNT (180 mm) and Pt/N-MWCNT (135 mm) BOL samples
compared to Pt/Vulcan (40 mm). The Pt/MWCNT and Pt/N-MWCNT
samples are approximately 4.5 and 3.5 times thicker than the Pt/
Vulcan, respectively, at similar loadings indicating a significant
amount of voids in the CL of the CNT GDEs. This seems to be due to
the numerous large secondary pores present in the catalyst layer
that we also showed with alkaline Fumatech ionomer and few-
walled carbon nanotube catalyst [43] making the CL very porous
and thick. This could be due to the fact that CNTs form bundles in
which the ionomer concentrates. The calculated BOL porosities for
Pt/MWCNT and Pt/N-MWCNT is 0.92 and 0.86, which is substan-
tially higher than the 0.59 for Pt/Vulcan. Despite their prominent
thickness, both Pt/MWCNT and Pt/N-MWCNT containing catalyst
layers do not have worse mass transfer properties at high current
density than the thin Pt/Vulcan catalyst layer (Fig. 2c). This dem-
onstrates that with suitable pore structure even thick catalyst
layers can perform efficiently in PEMFC. The fact that the CL of Pt/N-
MWCNT is significantly thinner than Pt/MWCNT suggests that the
incorporation of N-moieties to the support strengthens the inter-
action between the CL components and compacts the structure.

Comparing the corroded samples (Fig. 8def) it is clear that the
corrosion process also has a dramatic effect to the electrode
structure. It is expected from previous literature that the CL will
collapse and become denser after extensive corrosion [6]. The
thicknesses of the CL layers after heavy corrosion are 34 mm (Pt/
Vulcan), 78 mm (Pt/MWCNT) and 46 mm (Pt/N-MWCNT), demon-
strating that the highly porous CL formed by MWCNT-supported
catalysts is highly susceptible to collapse. The decrease in thick-
ness is only 6 mm (15%) for Pt/Vulcan, but substantial 102 mm (57%)
Pt/MWCNT and 89 mm (66%) for Pt/N-MWCNT. This follows logi-
cally from the fact that a removal of same amount of carbon from
the thick, pore-filled CL will collapse a larger volume than from a
thinner CL with higher content of carbon per mm. However, the
larger loss in thickness, and so volume, than total carbon mass of
the CNT electrodes shows that those electrodes have become
denser, with EOL porosities of 0.87 (Pt/MWCNT) and 0.67 (Pt/N-
MWCNT), while the Vulcan, that has lost a larger portion of the
carbon in comparison to its thickness, has become more porous,
with an EOL porosity of 0.67. The large difference in CL stability is
reflected on the FC performance since Pt/Vulcan performs better
than the MWCNT-catalysts after the corrosion although the situa-
tion is the opposite before the corrosion.

However, it is important to note that the accelerated and heavy
corrosion test used in this study results in MEAs that would have
been discarded in real application before reaching this state due to
the performance decrease. Therefore, the performance after
corrosion is not a reliable indicator of corrosion stability but rather
the CO2 emission presented in Fig. 4b should be considered to be
more indicative. Future studies should concentrate on measuring
the FC performance during the corrosion process to better under-
stand its effect on performance with differently modified carbon
support materials.



Fig. 8. SEM images of catalyst layers at BOL(a-c) and at EOL (def). The cathode catalyst layer of Pt/MWCNT (a and d) and Pt/N-MWCNT (b and e) and Pt/Vulcan (c and f) is located
between the vertical white lines.
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4. Conclusions

In this paper, highly active Pt/MWCNT and Pt/N-MWCNT fuel
cell catalysts were synthesized with a microemulsion technique,
which was successfully used to control the Pt particle size. The
carbon corrosion properties of the catalysts were studied under fuel
cell conditions with on-line mass spectrometry and both showed
more stable behavior than commercial Pt/Vulcan. Especially Pt/
MWCNT exhibited minor carbon loss, which was suggested to be
due to small electrochemically active carbon surface area because
of poor mixing catalyst and ionomer in the catalyst ink.

However, as the corrosion progressed the corrosion tendency of
the catalysts gradually began to resemble each other. After the
corrosion process had resulted in about 30% loss of carbon (50e70
cycles between 0.1 and 1.6 V), the cyclic voltammograms and the
specific Pt surface areas for the catalysts reached similar values. The
significant performance losses observed for the CNT-based elec-
trodes after such severe corrosion is likely associated to the
degradation of the catalyst layer during the corrosion as a results of
the disappearance of the advanced properties of the catalyst sup-
ports (MWCNT, N-MWCNT, Vulcan) and the formation of pores and
a final collapse of the electrode porous structure. SEM images of
electrodes before and after corrosion showed that the CNT-based
catalyst resulted in very thick and porous catalyst layers, of which
only half of their initial thickness remained after the corrosion,
while the Vulcan-based catalyst formed a thin catalyst layer whose
thickness was much less affected by corrosion.

Further investigations concentrating especially on the early
corrosion process should be conducted to further elucidate the
corrosion mechanism and its differences in modified and unmod-
ified carbon supports.
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