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The  oxygen  reduction  reaction  on  carbon-supported  platinum  electrocatalysts  (Pt/C)  has  been  inves-
tigated  as  a  function  of temperature  by  employing  the  technique  of  cyclic  thermammetry.  A novel
electrochemical  cell  has  been  designed  which  allows  the  concomitant  measurement  of  the  potentio-
static  current  from  the  oxygen  reduction  reaction  (ORR)  and  accurate  control  of  the  aqueous  electrolyte
temperature,  allowing  cyclic  linear  temperature  sweeps  between  25  and  80 ◦C at  speeds  up to 40  mK  s−1.
eywords:
ir cathode
EM fuel cell
egradation
latinum
yclic thermammetry

Our  method  provides  new  insight  into  the  temperature  dependent  degradation  of  the  cathodic  oxygen
reduction  reaction  in  aqueous  sulfuric  acid  systems.  Cycling  the  temperature  accelerates  the  degradation
of the  cathodic  current  through  loss of  active  surface  area.  Two  simultaneously  operating  mechanisms  are
proposed  to account  for  this  loss.  One  mechanism  is  described  by physical  detachment  of  the  platinum
and carbon  particles  under  thermal  fatigue,  and  the  other  by  anodic  dissolution  of  the  Pt  electrocatalyst.
The  forms  of  these  are  discussed.
. Introduction

The proton exchange membrane fuel cell (PEMFC) is one of
he promising technologies for clean power generation in trans-
ort and portable applications [1–3]. However, a well-known issue
reventing the practical implementation of these systems is the
egradation of the cathode electrocatalyst [4],  typically nanopar-
iculate Pt supported on high-surface-area carbon. The loss of
lectrocatalytically active surface area (EAS) is known to be a major
actor in contributing to the decay in performance [5,6]. Of the

ajor mechanisms that may  account for EAS loss, the most com-
on  are: (a) dissolution/redeposition of Pt causing particle growth

7], (b) dissolution and migration of mobile Pt2+ [8],  or (c) corrosion
f the carbon support onto which the platinum is dispersed [9].

In the recent literature the performance degradation of the
EMFC is generally studied ex situ by postmortem microscopy and
y in-situ cyclic voltammetry [10–12],  techniques which attempt
o recreate the exposure of the cathode to the high potentials that
ccur during start-up and shut-down procedures in an operating
EMFC. In addition to the well-researched overpotential fluctua-
ions on the cathode within this system, it is also evident that during

uch procedures and within an operating fuel cell, temperature
ariations are likely to be present [13,14]. The effect of tempera-
ure on the kinetics of the ORR has been researched [15–18],  but
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very little has been done to determine the effect of temperature
on the degradation of the PEMFC [19]. In addition, the current lit-
erature uses constant temperature conditions, which are easy to
maintain experimentally, but which may  fail to simulate the con-
tinual temperature variations that would be present in an operating
PEMFC.

It is the purpose of the present study to design a system capa-
ble of implementing the technique of cyclic thermammetry to
enable such a characterisation. The technique allows measure-
ment of electrochemical parameters as continuous functions of
an imposed cyclic temperature ramp [20–24].  We  simulate the
expected cathode environment in the PEMFC by using a conven-
tional aqueous three-electrode electrochemical cell modified to
accommodate measurement by cyclic thermammetry. This work
reveals a significant degradation rate, accelerated by cycling the
temperature, which we are able to observe as it occurs, and which
is dependent upon the applied oxygen reduction overpotential.

2. Experimental

A novel aqueous three-electrode electrochemical cell using
a Hg/Hg2SO4/saturated K2SO4 reference electrode (MMS)  was
employed. The reference electrode was housed in a side-arm
remote from the main cell to maintain a reference electrode tem-

perature of 23 ◦C irrespective of the temperature of the working
cell. All potentials quoted in this work have been converted to
the standard hydrogen electrode (SHE) scale. The potential of
the working electrode (WE) was  controlled by a Solartron 1286

dx.doi.org/10.1016/j.jpowsour.2011.07.011
http://www.sciencedirect.com/science/journal/03787753
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Fig. 2. A typical temperature profile used for cyclic thermammetry tests. A–B:
30  min  dwell at 25 ◦C to ensure ORR is at steady state before thermammetry, B–J:
Continuous heating and cooling between 25 and 80 ◦C at constant sweep rate.
G. Smith, G.T. Burstein / Journal of

lectrochemical interface. Both the cathode and anode were of
iameter 20 mm,  comprising 0.4 mg  Pt cm−2 gas diffusion elec-
rodes (GDEs) stamped out from a parent sheet supplied by
ohnson Matthey. All experiments were carried out using deaer-
ted analytical grade H2SO4 (3 mol  dm−3, 0.1 dm3) prepared using
wice-distilled water. Determination of the true surface area was
erformed using high purity BIP grade argon from Air Products
nd 10% CO in N2 from BOC gases. Air “Zero” (a simulated air
omposition of 20.9% O2, 79.1% N2), and hydrogen “Premier Plus”
as (Air products) were used as the feed cathode and anode gases
espectively for electrochemical measurements under cyclic ther-
ammmetry. To test the effect of the nitrogen component in air,

Premier” grade oxygen (99.995%) from Air Products was used as
n alternative feed cathode gas. Air, oxygen and hydrogen were all
aintained at a constant flow rate of 28 cm3 (at STP) min−1, which
as sufficient to ensure a large excess stoichiometry of oxygen (in

ir) at the maximum current density reported here.
These experiments are designed to allow the programmed vari-

tion of temperature at constant potential (cyclic thermammetry)
20–24] or programmed variation of potential at constant temper-
ture (cyclic voltammetry). For this, a new electrochemical cell
as designed and built, as shown in Fig. 1. This design allowed

yclic thermammetry to be used as a fuel-cell technique by provid-
ng accurate programmed control of the electrolyte temperature
hrough both heating and cooling cycles. The electrochemical cell
s equipped with ports, labeled 1–3 in Fig. 1. The functions of the
orts are as follows:

. Ports labeled 1 allow linear cooling to be achieved by assisted
cold-water cooling via an external pump. The speed of the peri-
staltic pump is regulated by an amplifier which detects the
difference between the programmed and true electrolyte tem-
peratures.

. Ports labeled 2 allow sensing and control of the internal and
external jacket temperatures by glass-encapsulated thermistors.

. Ports labeled 3 allow connection of a nitrogen-fed gas-lift pump
to deoxygenate the aqueous electrolyte. This also functions as
a convector to circulate the heat supplied by a coil of nickel-
chromium wire threaded around the exterior of the Pyrex-glass
gas-lift pump (not shown). The power supplied to the heater
was also regulated by a feedback control unit designed and built
in-house.
This system provided both precise control of the electrolyte
emperature and quantitative measurement of the electrochemi-

ig. 1. Schematic drawing of the glass electrochemical cell showing the double-
acketed electrolyte compartment. (A) Internal compartment filled with electrolyte,
B)  external water filled compartment, (C) cathode (working electrode), (D) anode
counter electrode), (E) Luggin capillary port for reference electrode, (F) gold foil
urrent collector, (G) Perspex cell housing, (J) glass flanges to enable sealing of the
ell  housing.
cal thermal response of the ORR between 25 and 80 ◦C, scanned
linearly and cyclically at a rate up to 40 mK  s−1.

2.1. Surface area determination

The true surface areas of the working electrode before and after
thermammetric treatment were determined by carbon monoxide
stripping voltammetry, using a method similar to that published
previously [25]. These CO-stripping experiments were performed
at a constant temperature of 25 ± 0.1 ◦C. While maintaining the
counter electrode under argon, the working electrode was initially
polarised potentiostatically at 0.15 V(SHE) under argon, before
changing the inlet gas to 10% CO in N2. The adsorption of CO was
monitored under potentiostatic control for 2 min. This period was
sufficient to ensure complete adsorption of carbon monoxide. After
adsorption, the WE  gas feed lines were purged with argon for
10 min  to eliminate any free CO as well as that reversibly adsorbed
on the electrode surface. The WE  was  then polarized potentiody-
namically for 12 cycles between 0.05 and 1.2 V(SHE) at 10 mV  s−1

under argon flow, which ensured that any remaining traces of
adsorbed CO had been removed.

2.2. Cyclic thermammetry

After initial surface area measurement, the feed gases to the
WE and CE were changed to air (or pure oxygen) and pure H2
respectively, and the system was  allowed to re-equilibrate at open
circuit. For the thermammetry measurements, a constant potential,
cathodic relative to the ORR equilibrium potential, was  then applied
while the electrolyte temperature was swept according to a pre-
defined programme. All temperature sweeps used for the present
experiments were linear with time, and both heating and cooling
ramps employed the same temperature sweep-rate magnitude. A
typical temperature profile is shown in Fig. 2.

After the temperature sweeps had been terminated, the gases
to both electrodes were changed back to argon and the cell allowed
to equilibrate at 25 ◦C before a final surface area measurement
was  performed. Some cyclic thermammetry experiments were also
carried out using electrodes that had not been exposed to carbon
monoxide, to ensure that there was no residual effect of prior expo-

sure to CO, and to check the reproducibility.
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Fig. 4. Figures show the degradation in cathodic current density at 80 ◦C for 10,
20  and 40 mK  s−1 at 0.9 V(SHE) (black data points) and for 20 mK  s−1 at 0.8 V(SHE)
(white data points). Data are normalised to the 80 ◦C value of the first tempera-

The response of the cathodic current from the Pt/C WE  was also
examined at the much lower electrode potential of 0.3 V(SHE), and
this is shown in Fig. 5. Two experiments were carried out here,
ig. 3. Cathodic current density response to a linear temperature sweep between
5  and 80 ◦C at 20 mK  s−1 over 17 cycles for the ORR at 0.8 V(SHE). Cathodic current
ensity shown in black, temperature program in grey.

. Results

.1. Degradation of the cathode at high potential

Fig. 3 shows a typical response of the cathodic current from
he Pt/C WE  as a result of the thermal cycling under potentio-
tatic polarisation at 0.8 V(SHE). The figure shows 17 successive
ycles. Each thermal cycle shows that the cathodic oxygen reduc-
ion current increases with temperature during the heating stage,
nd decreases during the cooling stage, as is expected from the
rrhenius relationship. Fig. 3 also shows there is a significant reduc-

ion in the cathodic current density with increasing cycle number:
ach successive cycle lies at a smaller cathodic current density than
he previous cycle for a given temperature. This degradation in
he performance of the cathode occurs over successive tempera-
ure cycles, resulting in the peak current density (measured at the
ighest temperature of 80 ◦C) falling from 13.6 to 2.6 mA cm−2, a
ecrease of 81%, over the 17 cycles (ca. 28 h) of the experiment.

We  illustrate the degradation in performance of the cathode
y using the current density maximum in each temperature cycle,
easured at the highest temperature of 80 ◦C. These data are plot-

ed in Fig. 4(a) and (b). Fig. 4(a) illustrates the dependence on time
f the cathodic current density at 80 ◦C and 0.9 V(SHE) for different
emperature sweep rates. One set of data measured at the lower
otential of 0.8 V(SHE) is also plotted. The current density in each
ase was normalised to the 80 ◦C peak value from the first tempera-
ure cycle: the data represent essentially the decay of performance
elative to the first cycle. We  point out the following features. First,
he rate of degradation in performance is fastest at the beginning
or each graph, and slows down with time. Second, the decay of
athodic current density with time is faster for higher temperature-
weep rates: it is clear that the degradation rate of the electrode is a
unction of the temperature sweep rate. Third, when comparing the
ata measured at the two electrode potentials, it is observed that
he decay in performance is initially independent of the potential:
he data for the first 2 cycles are the same for both potentials. How-
ver, as further temperature cycling is imposed, it is also apparent
hat the rate of degradation is slower at 0.8 V(SHE) than it is at the
igher potential of 0.9 V(SHE).

Fig. 4(b) shows the same data plotted as a function of the cycle
umber, rather than time. This graph shows that at 0.9 V(SHE) the
ercentage decay in performance with respect to the number of
emperature cycles is the same (within the scatter), independent

f the temperature sweep rate. This illustrates that the degradation
inetics are approximately independent of time itself, but depend
rimarily on the number of thermal cycles. The data representing
.8 V(SHE) show trends similar to those of Fig. 4(a): initially the
ture cycle. The first cycle then represents 100% activity. (a) Percentage of initial
cathodic current density against time. (b) Percentage of initial cathodic current
density against cycle number.

degradation rate is the same as that at the higher potential, but
then becomes relatively slower.

3.2. Degradation of the cathode at low potential
Fig. 5. Current density response to a linear temperature sweep between 25 and
80 ◦C at 20 mK s−1 for two identical electrodes at 0.3 V(SHE). Cathodic current density
shown in black (shown dashed for 3 cycles, sample 1a and solid for 5 cycles, sample
1b).  Temperature program in grey.
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Table 1
Correlation between the percentage reduction in current density due to temperature
cycling at 0.3 V(SHE) for 3 and 5 thermal cycles, and the corresponding loss of surface
area measured by CO stripping voltammetry. Sample identification is as shown in
Figs. 5 and 6.

Sample No. of temperature
cycles

Degradation in
current density (%)

Degradation in
surface area (%)
G. Smith, G.T. Burstein / Journal of

n two identical electrodes stamped from the same parent sheet,
o demonstrate the typical high degree of reproducibility achieved
uring cyclic thermammetry testing. One was carried out over 5
hermal cycles and the other over only 3 cycles: the experiments
ere otherwise identical. The reproducibility is very high, with a
aximum error of ∼3% between the peak current densities for the

ifferent samples of the same catalyst. The degradation in perfor-
ance of the cathode is still pronounced, despite the much lower

otential used here. In addition, the degradation in current density
ontinues to occur at the same rate for cycles 4 and 5. It is note-
orthy, however, that the degree of degradation at 0.3 V(SHE) over

he 5 cycles (35.8% from Fig. 5) is much lower than the degree of
egradation observed at 0.8 V(SHE) over the same time period (60%
rom Figs. 3 and 4(a)).

Anodic CO stripping voltammetry was carried out in order to
uantify the loss of electrochemically active surface area (EAS) due
o degradation at 0.3 V(SHE). Fig. 6 shows the CO stripping cyclic
oltammograms for both samples before and after the 3- and 5-
ycle thermammetry experiments shown in Fig. 5 at this potential.
s the initial EAS voltammograms (before the thermammetric mea-
urements) were found to be identical for the two  samples, only one
s shown in Fig. 6. A sharp anodic peak is observed at 0.77 V(SHE)
n the voltammogram due to the electro-oxidation of CO. The area
nder this peak was found by integration and converted to a true
urface area of the electrocatalyst, in units of cm2 of true sur-
ace area per cm2 of projected surface area (cm2 cm−2), otherwise
nown as the roughness factor Rf. Also calculated was the specific
lectrocatalytic surface area (SECSA), in units of m2 of true sur-
ace area per gram of platinum (m2 g−1). In order to convert the
ntegrated charge into surface area, as commonly used, a charge
ensity of 484 �C per true cm2 was taken for the charge density
equired to oxidise a monolayer of CO on Pt (1 1 1) [26]. The limits
or integration were defined as being the deviation from the double
ayer charging current on the lower potential side of the CO peak
nd the midpoint potential between the CO and PtO peaks on the
igher potential side. Each voltammogram in Fig. 6 is labeled with
he corresponding Rf and SECSA value calculated by this method.

It is apparent that the surface area of the oxygen reduction
lectrode, potentiostatically polarised at a potential of 0.3 V(SHE),

ecreases as a result of continuously cycling the temperature dur-

ng thermammetry. Furthermore, the reduction in surface area is a
unction of the number of thermal cycles and is in good agreement
ith that found according to the percentage degradation in perfor-

ig. 6. CO stripping voltammograms for the as-received electrode (shown in grey)
nd both post-test WEs  from the cyclic thermammetry treatment presented in Fig.

 (shown dashed for 3 cycles, sample 1a and solid for 5 cycles, sample 1b). The
eduction in true surface area as a result of cycling the temperature at 0.3 V(SHE)
s  clear. Each voltammogram is labeled with the Rf (cm2 cm−2) and SECSA value
m2 g−1 Pt).
Pt/C 1a 3 21.5 22.3
Pt/C  1b 5 35.8 39

mance, as measured by the decrease in cathodic current density.
This comparison is shown in Table 1. It is immediately apparent
that the degradation in performance of the air cathode under tem-
perature cycling is a direct consequence of a loss of surface area of
the electrocatalyst on the cathode.

3.3. Comparison with degradation of the cathode at constant
temperature

The role of thermal cycling on the degradation kinetics is
now further demonstrated by comparison of the data measured
under cyclic temperature sweeps with cathode performance data
obtained at a constant temperature of 80 ◦C. This temperature is the
highest used in the cyclic thermammetry experiments. Fig. 7 shows
data from both constant temperature (80 ◦C) and cyclic thermam-
metry testing for two  oxygen reduction potentials of 0.15 V(SHE)
and 0.8 V(SHE). The low degree of degradation of the 80 ◦C con-
stant temperature data at 0.15 V(SHE) (12% over 9 h) is clear. Data
for the thermally cycled electrode at the same potential show a far
greater rate of degradation in catalytic activity. We  observe exten-
sive degradation when the temperature is cycled at 0.15 V(SHE),
giving a 33% loss in performance over the same time period (9 h)
and Fig. 7 shows that the current continues to degrade at least until
the end of the test. Comparison of the data from these two experi-
ments shows the major influence that cycling the temperature has
on the degradation of these systems: even at this low potential,
degradation of the cathode performance occurs, and is enhanced
by thermal cycling.

Fig. 7 further highlights that the decrease in cathodic current
density depends not only on thermal cycling but also on the oxygen

reduction potential. As before, the more significant loss is observed
at the higher electrode potential of 0.8 V(SHE) (lower oxygen reduc-
tion overpotential). A fairly similar rate of degradation is observed
at this potential for both constant temperature and thermamme-

Fig. 7. Comparison of the degradation of the cathode current density between con-
stant temperature (continuous lines) and cyclic thermammetry (with data points)
experiments at 80 ◦C for 0.15 and 0.8 (SHE) In each case the current density has
been normalised to the initial current density. The cyclic thermammetry data were
obtained during temperature sweeping between 25 and 80 ◦C at a sweep rate of
20  mK s−1.
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Fig. 8. The degradation in cathodic current density at 80 ◦C under air (open circles)
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nd  pure oxygen (filled circles) at 0.8 V(SHE) as a result of cyclic thermammetry
etween 25–80 ◦C at 20 mK s−1. Data are normalised to the 80 ◦C value of the first
emperature cycle as 100% activity.

ry conditions, although this is largely fortuitous since varying the
emperature sweep rate for these experiments alters the rate of
egradation with respect to time, as shown in Fig. 4(a).

Finally, we present the normalised 80 ◦C peak data against
ycle number at 0.8 V(SHE) measured under cyclic thermammetry
etween 25 and 80 ◦C at 20 mK  s−1 under pure oxygen. These data
re shown in Fig. 8, together with the corresponding information for
ir under otherwise identical conditions. A quantitatively similar
ecay in performance is observed under pure oxygen for any given
hermal cycle compared with that under air. Thus, by changing the
nlet gas from air to pure oxygen, no change in the high potential
hermammetric degradation characteristics is observed: there is no
ffect from nitrogen on the degradation induced by temperature
ycling.

. Discussion

Although it is well known that Pt is not immune from corrosion
ithin an acidic environment under potential cycling conditions

27], it has generally been found both in solution chemistry [28]
nd from theory [29,30] that the most extensive cathode perfor-
ance losses occur at potentials above 0.8 V(SHE) because of the

nodic dissolution of platinum from the electrode according to the
eaction:

t → Pt2+ + 2e− (1)

It is clear that for high surface area nanoparticulate systems at a
otential of 0.8 V(SHE) and higher, anodic dissolution of Pt occurs
nd under continuous potentiostatic polarisation must account for

 significant fraction of the degradation observed in Figs. 3 and 4.
he role of anodic dissolution of platinum for this system is demon-
trated by the fact that the degradation of the cathode is faster at
.9 V(SHE) than it is at 0.8 V(SHE), as shown by the 20 mK  s−1 data

n Figs. 4 and 7: this is fully consistent with the expected potential
ependence of reaction (1).  The dissolution mechanism is expected
o be effectively irreversible in the aqueous electrolyte because the
issolved Pt2+ would diffuse away from the WE  into the bulk elec-
rolyte, and the dissolution rate should increase as a function of
emperature.

Although it has been shown to account for a high proportion

f the degradation at 0.9 V(SHE), the data of Figs. 4(a) and (b) are
ot expected if the degradation mechanism is solely due to the
nodic dissolution of platinum. If anodic dissolution were the only
echanism to cause degradation of the cathode, the slowest sweep
r Sources 196 (2011) 9188– 9194

(10 mK  s−1) data, having spent longer in the high temperature
region, would be expected to show the fastest rate of decay in per-
formance (with respect to time) because this experiment involved
the longest time at the highest temperature. By contrast, Fig. 4(a)
demonstrates that the fastest sweep rate shows the fastest rate of
decay in cathode performance. In fact Fig. 4(a) shows that the rate of
decay of cathode performance at constant potential increases with
increase in temperature sweep rate, contrary to what is expected
from anodic dissolution alone. Thus, although anodic dissolution of
Pt must occur at these high electrode potentials, there must also be
a second mechanism of degradation operating simultaneously as a
result of thermal cycling.

The existence of a second, simultaneously operating mechanism
of degradation is also evident from the experiments conducted at
the low potentials (0.3 V(SHE) in Fig. 5 and 0.15 V(SHE) in Fig. 7).
These are low potentials and are far below the potential at which
Pt is expected to oxidize, both in the bulk form [31], and well
as in nanoparticulate form [32], and so no anodic dissolution is
expected to occur. However, both Figs. 5 and 7 show that the
performance degrades continuously under temperature cycling. In
addition, Figs. 3 and 5 were measured under identical temperature
programmes, differing only in potential (0.3 and 0.8 V(SHE) respec-
tively). The lower rate of degradation in Fig. 5 must be due to the
absence of the anodic dissolution. There is nevertheless, clearly a
degradation mechanism in operation at the lower potential, and
this is evident by the good agreement between the degradation in
cathodic current density and surface area loss shown in Table 1.

Finally, we offer convincing evidence of a second mechanism
of degradation in Fig. 7, where the cathodic current density mea-
sured at the still lower potential of 0.15 V(SHE) shows degradation
under temperature cycling, at a far greater rate than is observed
at the maximum constant temperature of 80 ◦C. Again, if this were
due only to anodic dissolution of Pt, or indeed any electrochemi-
cal reaction, the rate should be much higher at the constant high
temperature, contrary to Fig. 7.

These facts show consistently that there is necessarily a second
mechanism of degradation operating, and that this second mech-
anism has two immediately obvious characteristics: the second
mechanism is operative at all potentials (and therefore cannot be
anodic dissolution), and it is stimulated by temperature cycling,
rather than by the temperature per se.  Because of these facts,
and because the effect causes a loss of surface area (Table 1), we
deduce that the degradation of the cathode results from physical
detachment of platinum from the carbon support particles. This
occurs because of the continuous temperature cycling to which the
cathode is subject during cyclic thermammetry. Such temperature
cycling causes thermal stress to be generated between the platinum
and carbon particles: essentially the degradation is due to a type
of “thermal fatigue”. In this context, thermal fatigue means dam-
age to the Pt/C interface that is induced by continuous temperature
cycling over very few thermal cycles. Indeed, much of the degrada-
tion is observed already on the first cooling and subsequent heating
ramps, representing only one thermal cycle. The thermal stress
at the carbon/platinum interface could be caused by the differ-
ent thermal expansion coefficients for the platinum and the carbon
support particles. To our knowledge, these thermal expansion coef-
ficients for nanoparticles are unknown. However, for bulk platinum
and graphite (perpendicular direction) the thermal expansion coef-
ficients are given as 8.8 × 10−6 K−1 and 0.5 × 10−6 K−1 respectively
at 25 ◦C [33]. These properties of bulk materials are alone suffi-
cient to realise that differential expansion and contraction would
be involved in the Pt/C system through temperature cycling. The
numerical difference in expansion for the bulk materials is clearly

small over the 55 K range studied: nevertheless, it is possible that
nanoparticulate systems have a bigger difference in coefficient of
expansion and contraction between the platinum and carbon par-
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icles, resulting in greater thermal fatigue. It is also known that
nusual properties exist for nanoparticulate systems, which are
ifferent from bulk properties [32,34–36],  and so it is possible
hat greater thermal stresses are present in these electrodes than
he bulk values may  suggest. Indeed, the interface between the
latinum and carbon particles is not currently understood at all,
nd neither is the dimension of the ligament bonding them. It is
herefore proposed that the nanometre scale platinum particles
diameter ca. 2–3 nm)  expand and contract at a rate different from
he more bulk-like carbon support particles (diameter ca. 20 nm)  as
he temperature is cycled. As the temperature is cycled, this contin-
ous expansion and contraction induces a thermal fatigue between
he two dissimilar particles. This causes the physical and electrical
isconnection from the working electrode resulting in the reduc-
ion in surface area, and in electrocatalytic activity observed. As the
ate of temperature cycling increases the thermal fatigue process
s accelerated, resulting in the increased rate of degradation with
espect to time entirely consistent with the data plotted in Fig. 4(a)
nd (b).

The data of Fig. 7 give further evidence of two simultaneous
egradation mechanisms. In the absence of anodic dissolution, the
ata at 0.15 V(SHE) demonstrate the major influence that cycling
he temperature has in the degradation of these systems. At this
ow potential, the degradation mechanism of nanoparticulate Pt/C
s greatly accelerated by cycling the temperature at modest sweep
ates. Despite the constant-temperature electrode experiencing a
ar longer time at the maximum temperature than the electrode
ubject to thermal cycling, the loss of performance at constant
emperature is far lower. This again precludes anodic dissolution
s the degradation mechanism at this low potential and provides
urther evidence of particle detachment as a result of thermal
atigue. Fig. 7 also illustrates the contribution of anodic dissolu-
ion to degradation at the higher potential by the similarity in
egradation rate between constant temperature and thermammet-
ic data at 0.8 V(SHE). We  believe that the predominant degradation
echanism at this high potential (low oxygen reduction over-

otential) is the anodic dissolution of platinum from the oxygen
athode, at least for the constant temperature measurements. It is
nown that the equilibrium dissolution potential EPt for nanopar-
iculate platinum is lower than that for bulk platinum because of the
ffect of particle curvature on the interfacial energy [36]. In addi-
ion, the anodic dissolution of nanoparticulate platinum is believed
o occur directly, rather than via a platinum oxide although the
atter is thought to occur for bulk platinum [32]. As a result, at
.8 V(SHE) the Pt/C cathode can be expected to lose platinum by
issolution, resulting in the increase in degradation rate observed
hen compared with that measured at lower potentials. We  expect

uch a mechanism to be temperature dependent, and so it can
e rationalised that the constant temperature cathode, held at a
onstant 80 ◦C, experiences a far greater rate of anodic dissolu-
ion than the thermammetric sample which has been subject to
yclic temperatures. Although anodic dissolution must also occur
rom the thermammetrically treated sample, the rate is expected
o increase with increase of the applied temperature and so dis-
olution of Pt would here account for a smaller fraction of the
erformance loss. The thermammetry sample is, however, sub-

ect to thermal cycling leading to particle detachment by thermal
atigue, which is proposed as the major route of performance loss
or the thermammetric system. Therefore, it appears that the rate
f the simultaneous particle detachment and anodic dissolution at
.8 V(SHE) and 20 mK  s−1 is similar to the sole anodic dissolution
ate at a constant 80 ◦C. Since the rate of thermal fatigue is a func-

ion of the temperature sweep rate, the approximate coincidence
f the two sets of data at 0.8 V(SHE) is fortuitous. This results in
he similar extent of degradation with time observed under these
onditions.
r Sources 196 (2011) 9188– 9194 9193

We  also note the following, which is important. It is shown in
Fig. 4(a) that the rate of degradation in performance under tem-
perature cycling is initially the same (for the first 2 cycles, both at
20 mK  s−1) for the potentials of 0.8 V(SHE) and 0.9 V(SHE), imply-
ing that the rate of anodic dissolution of Pt is a small fraction
of the total rate of degradation at this stage. We  rationalize that
the particles that become detached by thermal fatigue in the ini-
tial stages must in fact be those that are most easily detached,
i.e. those that are most loosely bound to the carbon component
in the first place, and these therefore detach under few cycles.
It must be expected that the bonding between the platinum and
the carbon components would show some sort of distribution of
strength. As temperature cycling is continued however, and these
loosely bound particles are lost, the remaining thermal fatigue rate
is slower, because the remaining particles are more tightly bound.
At this stage (after cycle 2 in Fig. 4(a)), the rate of degradation of
the temperature-cycled samples at 0.8 V(SHE) slows more quickly
that the rate at 0.9 V(SHE), and the high-potential degradation rate
becomes potential-dependent. In must now be the case, that the
rate of anodic dissolution becomes a significant part of the total
degradation rate.

There is however, more to the problem than that simple expla-
nation. Fig. 4(a) shows that the rate of decay of the cathodic current
density at 0.9 V(SHE) is dependent on the temperature sweep rate
throughout the entire time span of the figure, and so the thermal
fatigue mechanism must be an important component throughout
the decay curve. Thus lowering the potential from 0.9 to 0.8 V(SHE)
should not reduce the rate of decay significantly: the graph shows
however, that the rate of decay at 0.8 V(SHE) is significantly lower
than that at 0.9 V(SHE) after the first 2 temperature cycles. One
must therefore be drawn inevitably to the conclusion that the pro-
cess of anodic dissolution of Pt itself affects the rate of thermal
fatigue. We  view this as a follows. Although little is known about
what links the Pt nanoparticles to the larger carbon nanoparticles,
there must be some connecting ligament of platinum which holds
the two together. Under anodic dissolution, the binding Pt liga-
ment must also dissolve anodically, and thereby become thinned.
Thermal fatigue would therefore be expected to take place more
readily and more rapidly on the thinned ligament, than on the
same ligament in the absence of anodic dissolution. A faster rate
of anodic dissolution of platinum would thereby raise the rate of
thermal fatigue, implying that the total degradation rate at high
potential would be faster than the sum of the dissolution rate
and the potential-independent thermal fatigue rate. It is therefore
proposed that anodic dissolution of Pt from the cathode (which
is potential-dependent) raises the rate of thermal fatigue (which
is otherwise expected to be potential-independent). For the time
being, we see no reason to propose the converse mechanism, where
the fatigue process may  enhance the rate of anodic dissolution of
platinum, although this form of coupling between the mechanical
and electrochemical processes cannot be ruled out.

These degradation mechanisms may  not emulate exactly those
in the true PEMFC because of the use here of sulfuric acid elec-
trolyte. Although clearly observable in the aqueous electrolyte
system, the mechanisms discussed would still be expected to occur
in the PEMFC, but would be expected to be slower because of the
solid-state nature of the polymer electrolyte. We  seek to extend
these investigations to the true PEMFC at a later date.

5. Conclusions

1. A novel electrochemical system is presented which allows deter-

mination of the temperature dependence of an electrochemical
fuel cell through use of cyclic thermammetry. An informative
technique, cyclic thermammetry measurements of the oxygen
reduction reaction on a Pt/C cathode in 3 M H2SO4 between
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25 and 80 ◦C reveal two simultaneously operating degradation
mechanisms that are identified to operate at high cathode poten-
tials of 0.8 V(SHE) and above.

. One mechanism of degradation is enhanced by thermal cycling
and occurs at all electrode potentials. This mechanism involves
thermal fatigue at the Pt/C interface causing physical and electri-
cal detachment between the platinum and carbon nanoparticles.
Separation of these nanoparticles causes loss of electrocatalyt-
ically active surface area from the cathode. To our knowledge,
this is the first report of a degradation mechanism activated by
temperature cycling for the oxygen reduction cathode and the
first report of thermal fatigue at the Pt/C interface.

. The second mechanism, which occurs only at higher electrode
potentials, is the anodic dissolution of the platinum nanoparti-
cles. The rate of anodic dissolution of Pt increases with increase
in temperature, but is not accelerated by thermal cycling.

. At electrode potentials where both mechanisms of degradation
operate simultaneously, the anodic dissolution of Pt accelerates
the rate of thermal fatigue by weakening the link between the
Pt and the carbon nanoparticles.

. The results verify that two degradation mechanisms operate in
tandem at the high cathode potentials expected in operating
PEM fuel cells. Revealed using cyclic thermammetry, this tech-
nique provides a useful accelerated testing regime for the future
development of durable ORR electrocatalysts.
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