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a b s t r a c t

Pt–Ru-based anodes are commonly used in polymer-electrolyte membrane fuel cells (PEMFCs) to provide
improved CO tolerance for reformate fuel applications. However, Ru crossover from the anode to the
cathode has been identified as a critical durability problem that has severe performance implications. In
the present study, an anode accelerated stress test (AST) was used to simulate potential spikes that occur
during fuel cell start-ups and shutdowns to induce Ru crossover. The effects of fuel gas composition,
namely hydrogen and carbon dioxide concentrations, on Ru dissolution and crossover were investigated.
The cell performance losses were correlated with the degree of Ru crossover as determined by the changes
as composition
u dissolution
u crossover
atalyst degradation

in cathode cyclic voltammetry (CV) characteristics and neutron activation analysis (NAA). It was found
that higher hydrogen concentration in the fuel accelerated Ru crossover and that the presence of carbon
dioxide hindered Ru crossover. In particular, the injection of 20 vol.% carbon dioxide during potential
cycling resulted in very minor Ru crossover, which showed essentially identical performance losses and
CV characteristic changes as a fuel cell composed of a Ru-free anode. The experimental results suggest
that the Ru species in our Pt–Ru metal oxide catalysts need to go through a reduction step by hydrogen
before dissolution. The presence of carbon dioxide may play a role in hindering the reduction step.
. Introduction

Polymer-electrolyte membrane fuel cells (PEMFCs) are promis-
ng energy conversion devices that can operate in a wide range
f applications, including light and heavy-duty vehicles, back-up
ower for telecom communications, and stationary cogeneration
ystems. One of the most critical obstacles for fuel cell commer-
ialization is durability. The current durability targets for PEMFCs
re 40,000 and 5000 h for stationary and automotive applications,
espectively [1]. As a result, much research attention has shifted to
mprove the PEMFC durability by both fundamentally understand-
ng the degradation mechanisms and subsequently developing

ore durable materials for fuel cell use. Since the last decade, stud-
es of the different failure modes of PEMFCs have led to stronger
nderstanding of various degradation modes of different compo-
ents, including membranes, electrocatalysts, and gas diffusion

ayers (GDLs) [2–6]. These degradation mechanisms have been

eviewed extensively by Borup et al. [7]. Owing to these efforts,
uch progress has been made in improving the durability, reliabil-

ty, and lifetime of PEMFCs.
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The electrocatalysts employed in PEMFCs are typically carbon-
supported Pt nanoparticles. It is well known that catalyst
degradation is caused by Pt dissolution, agglomeration, and carbon
corrosion [8–10], and results in significant reduction in electro-
chemical active area and changes in catalyst layer hydrophobicity,
leading to kinetic and mass transport losses. Moreover, catalyst
contamination by SO2, H2S, NO2, NH3, and CO is also known to be
detrimental to the lifetime of the PEMFC [11–15]. Due to the lim-
itations in reforming technology to cost-effectively produce clean
hydrogen, the presence of CO is normally unavoidable in reformate-
based fuel cell systems. In general, CO in the fuel stream is mitigated
with either the use of air bleed and/or the use of CO tolerant
catalysts. However, the use of air bleed leads to higher system com-
plexity, reduction in fuel efficiency, and membrane degradation,
which in turn translates into higher system costs [16]. Further-
more, air bleed alone is typically not sufficient to minimize the
CO performance impact. Therefore, CO tolerant Ru-containing cat-
alysts are generally used as anode catalysts in reformate-based
PEMFCs [17,18]. Similarly, Ru-containing catalysts, such as Pt–Ru
alloy and Pt–Ru metal oxides, are generally employed as anode

catalysts for direct methanol fuel cells (DMFCs) due to their capa-
bilities to remove adsorbed CO reaction intermediates that form
during methanol electro-oxidation [19–21]. Even though more
desirable performance can be achieved compared to Pt, the use of
Ru-containing catalysts brings forth a major catalyst degradation
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ode, namely Ru crossover, which has been previously identified in
MFC in various studies [22–26]. The impacts of Ru contamination
n oxygen-reduction reaction (ORR) kinetics have also been previ-
usly documented [22–25]. For instance, Gancs et al. has observed
n 8-fold decrease in ORR kinetics with less than 20% Ru cover-
ge [24]. Ru deposited on the cathode was also found to lower
he ability of the cathode to tolerate methanol, which is known to
rossover from the anode to the cathode in DMFCs [23]. However,
u crossover in low-temperature hydrogen PEMFC, which can hap-
en during PEMFC air/air start/stop, fuel starvation, or cell reversal
perations, has not been documented as a critical catalyst degrada-
ion mechanism until a recent study [27]. In that study, Cheng et al.
eported a 40% drop in ORR current at 0.9 V with 20% Ru coverage
nd in addition to the impact on cathode performance, a significant
rop in CO tolerance was found with Ru degradation [27]. Hence, it

s essential to study and gain better understanding of the stressors
or Ru dissolution and subsequent crossover.

Depending on the quality and design of the reforming system,
eformate fuel typically contains 10–50 ppm of CO, and up to 25%
O2. Therefore, the hydrogen concentration in the anode may also
ary, depending on the fuel re-circulation design. It is therefore
mportant to understand the impacts of anode gas composition on
atalyst degradation. In the present study, the effects of fuel gas
omposition on Ru dissolution and crossover were investigated in
rder to gain understanding of the Ru degradation mechanism.

. Experimental

In the present investigation, the membrane-electrode assem-
lies (MEAs) were composed of carbon paper GDLs and full
atalyst-coated membranes (CCMs) made with Pt-based cathode
atalysts, anode catalysts containing Pt–Ru metal oxides, and per-
uorinated sulfonic acid (Nafion®) membranes. Dynamic hydrogen
lectrodes (DHE) were incorporated into the MEAs to monitor the
lectrode voltages [28]. Additionally, an MEA without Ru was tested
or reference.

The fuel cell experiments were carried out at 65 ◦C, 3 bar pres-
ure, and 100% inlet relative humidity (RH) in a single-cell hardware
ith an active MEA area of 300 cm2. An anode accelerated stress test

AST) was employed to cause Ru dissolution and crossover. Based
n the measurements, the anode potential cycled typically 2000
imes, between approximately 0 and 0.9 V vs. DHE during the AST,
hile the cathode potential was kept below 1.0 V to avoid carbon

orrosion.
Cyclic voltammetric (CV) measurements of the cathode were

erformed periodically in-situ with a CorrWare software, using a
AR Model 263A potentiostat connected to a 20 A Kepco power
ooster. Hydrogen was fed to the anode and nitrogen on the cath-
de; therefore, the anode acted as a DHE. Before each CO stripping
xperiment, the cathode was cleaned electrochemically three times
y cycling from 0.1 to 1.2 V vs. DHE at a scan rate of 20 mV s−1. Sub-
equently, the cathode was poisoned with 1.0% CO gas balanced
ith nitrogen, followed by bulk CO purging with pure nitrogen.

he CO stripping was then carried out by scanning between 0.1
nd 1.2 V vs. DHE at a scan rate of 20 mV s−1. After each CO strip-
ing CV, a blank scan in nitrogen between 0.1 and 1.2 V vs. DHE was
lso recorded for background correction and double-layer charging
urrent (DLCC) measurements. After CV experiments, the fuel cells
ere conditioned at the operational conditions described above for

t least 30 min before polarization experiments.

In addition to in-situ electrochemical measurements, selected

nd-of-life (EOL) cathode catalysts were characterized by X-ray
iffraction (XRD) and neutron activation analysis (NAA) to deter-
ine the catalyst particle size and composition, respectively. XRD

pectra were acquired using a D8ADVANCE X-ray diffractometer
Fig. 1. Cathode CO stripping peak shift as a function of anode AST cycle number.
AST performed under different hydrogen concentrations. Temperature: 65 ◦C; scan
rate: 20 mV s−1.

(Bruker Axs, Inc.) with a CuK�1 X-ray source scanning from 36
to 44◦ at an angle increment of 0.04◦/step. NAA measurements
were carried out by École Polytechnique using a SLOWPOKE nuclear
reactor (Atomic Energy of Canada, Ltd.), and a germanium semicon-
ductor gamma-ray detector (Ortec Model GEM55185).

3. Results and discussion

3.1. Effects of hydrogen concentration on anode degradation

Using the proprietary anode AST (see Section 2 for details),
anode catalysts containing Pt–Ru metal oxides underwent poten-
tial cycling from 0 to 0.9 V vs. DHE under different gaseous
environments, namely 40% hydrogen and 70% hydrogen, both
balanced with nitrogen. The CV characteristic changes and perfor-
mance impacts were monitored periodically throughout the tests.

It is known that Ru contamination on the cathode causes
negative CO stripping peak shifts as the Ru promotes the electro-
oxidation of CO [26,27,29,30]. It has also been reported that the
presence of Ru causes an increase in DLCC due to the oxidation of
elemental Ru to hydrous Ru oxides shown in Eq. (1) in the same
potential region [31]:

Ru + 2H2O → Ru(OH)2 + 2e− + 2H+ (1)

After AST cycling, it is evident that the CO stripping peak poten-
tial shifted negatively due to Ru dissolution and crossover, and the
cathode became more Pt–Ru-like. The CO stripping peak shift as
a function of AST cycle number is shown in Fig. 1. It is clear that
cycling in 70% hydrogen caused more negative CO stripping peak
shifts as compared to cycling in 40% hydrogen, indicating that the
degree of Ru crossover was more severe in the case of 70% hydro-
gen. The cathode DLCC also increased with AST cycling. Fig. 2 shows
the % increases in cathode DLCC as a function of cycle number. In
agreement with the relative level of CO stripping peak shifts, cycling
in 70% hydrogen caused a greater increase in cathode DLCC than
cycling in 40% hydrogen, concurring with the notion that cycling in
70% hydrogen led to a higher degree of Ru crossover.

In addition, the % performance losses at 1 A cm−2 are plotted
against the AST cycle number in Fig. 3. The results agreed well

with the relative severity of Ru crossover indicated by CV char-
acteristic changes. Based on the experimental results, it is clear
that Ru degradation is impacted by the hydrogen concentration
in the fuel stream. It was previously reported by Hadzi-Jordanov
et al. that Ru oxides formed at high anodic potentials could only
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Table 1
Anode AST gas compositions–effects of carbon dioxide concentration.

Test H2 (vol.%) CO2 (vol.%) N2 (vol.%)

The cathode CO stripping CVs of the fuel cells at the beginning-
of-life (BOL) and after 500, 1000, 1500, and 2000 AST cycles are
shown in Fig. 4. It is very evident that the CO stripping peak
potential shifts were less apparent and essentially absent with the
ig. 2. % Increase in cathode DLCC at 0.45 V as a function of anode AST cycle number.
ST performed under different hydrogen concentrations. Temperature: 65 ◦C; scan
ate: 20 mV s−1.

e reduced in the hydrogen evolution region with co-evolution of
ydrogen [32]. Furthermore, it was suggested by Kotz and Stucki
hat RuO2 could be partially reduced during H2 evolution to Ru
xy-hydroxide possibly from hydrogen penetration [33]. Recently,
t was also demonstrated that RuO2 could be reduced to Ru in a 1%

2/99% N2 atmosphere at elevated temperature (150–250 ◦C) [34].
herefore, it is believed that the Ru species present in our Pt–Ru
etal oxide catalysts are first reduced to a more easily dissolved

orm, such as hydrous Ru oxides before leaching out and crossing
ver to the cathode.

.2. Effects of carbon dioxide concentration on anode degradation

In addition to the study of the impacts of hydrogen concentra-
ion on Ru crossover, the effects of carbon dioxide concentration
ere also evaluated, as fuel produced from reformate-based fuel

ell systems typically contains a significant fraction of carbon diox-
de (20%). Again, using the above-mentioned proprietary anode
ST, three different concentrations of carbon dioxide were fed into
he anode: 0, 1, and 20 vol.%. The hydrogen concentration of the
lends was kept between 70 and 72 vol.% and the remainder was
alanced with nitrogen (see Table 1). It should also be noted that
he potential cycling profiles (not shown) of the various tests were

ig. 3. % Performance loss as a function of anode AST cycle number. AST performed
nder different hydrogen concentrations.
1 70 0 30
2 72 1 27
3 72 20 8

identical. Therefore, any differences observed in the experiments
were not due to differences in cycling pattern, but rather the true
effects from the compositions of the fuel blend.
Fig. 4. Cathode CO stripping CVs–AST under different CO2 concentrations. Temper-
ature: 65 ◦C; scan rate: 20 mV s−1. (a) 0% CO2; (b) 1% CO2; (c) 20% CO2.
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In the absence of carbon dioxide during the AST, 9% of voltage
−2
ig. 5. Cathode CO stripping peak shift as a function of AST cycle number under
ifferent CO2 concentrations. Temperature: 65 ◦C; scan rate: 20 mV s−1.

njection of 1 and 20 vol.% carbon dioxide, respectively. It should be
ointed out that in the case of cycling with 20 vol.% carbon dioxide,
he formation of an oxidation peak at approximately 0.6 V is asso-
iated with the changes in Pt surface structure and not due to Ru,
s the same oxidation peak was observed in a Ru-free anode AST
ycling experiment. In the case of injecting 1 vol.% carbon dioxide,
he rate of CO stripping peak shift was approximately halved (i.e.
he CO stripping peak potential shift after 2000 AST cycles with
vol.% carbon dioxide was similar to that after 1000 AST cycles
ithout carbon dioxide) (see also Fig. 5). The results indicate that

he Ru coverage on the cathode was lower when the AST was run
n the presence of CO2, suggesting that the presence of CO2 could
inder Ru dissolution and crossover.

The relative changes in the cathode catalyst surface area deter-
ined by two different methods (CO stripping and hydrogen

esorption) also supported the proposition. As shown in Fig. 6, the
athode surface area loss estimated by hydrogen desorption for the
EA cycled in the presence of 20 vol.% carbon dioxide was found

o be the lowest, followed by 1 vol.% carbon dioxide, and lastly
vol.% carbon dioxide. Since Ru only provides minor contribution

o the hydrogen adsorption/desorption charge, a higher degree
f Ru contamination would result in a lower hydrogen adsorp-
ion/desorption charge, or a higher surface area loss by hydrogen

esorption [24]. Hence, the observed order suggests that cycling
ithout carbon dioxide led to the most severe Ru contamination

mong the different tests, agreeing well with the relative shifts in
O stripping peak potential.

ig. 6. % Catalyst area losses characterized by CO stripping and hydrogen desorption
s a function of AST cycle number under different CO2 concentrations. Temperature:
5 ◦C; scan rate: 20 mV s−1.
Fig. 7. % Increase in cathode DLCC as a function of AST cycle number under different
CO2 concentrations. Temperature: 65 ◦C; scan rate: 20 mV s−1.

Contrary to the relative order in surface area loss by hydrogen
desorption, yet concurring with the above notion, the relative order
in surface area loss by CO stripping displayed the opposite trend
(i.e. cycling in the absence of carbon dioxide led to the lowest sur-
face area loss by CO stripping). It is known in literature that Ru
contamination causes an overestimation of catalyst surface area by
CO stripping as the CO stripping charge incorporates contributions
from other surface processes in the same potential range. It has
been reported that up to 45% of the CO stripping charge was due
to non-CO related surface processes [35]. Therefore, the order of
Ru contamination suggested above was further supported by the
observed trend for surface area loss by CO stripping.

The changes in cathode DLCC, which is highly indicative of Ru
contamination, are shown in Fig. 7. Cycling without carbon diox-
ide injection resulted in the highest cathode DLCC increase while no
increase was observed in the case of cycling in 20 vol.% carbon diox-
ide. Again, the results agreed well with the other CV characteristic
changes.

The performance losses at 1 A cm−2 before and after the anode
AST cycling are shown in Fig. 8. It is apparent that injecting carbon
dioxide during AST cycling resulted in significantly lower perfor-
mance losses, in agreement with the relative degree of Ru crossover.
loss at 1 A cm was observed after 2000 cycles. With the injection
of 1 vol.% carbon dioxide during the AST cycling, the performance
loss after 2000 cycles was reduced more than two-folds (3.3% volt-

Fig. 8. % Performance loss as a function of anode AST cycle number. AST performed
under different carbon dioxide concentrations.
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ig. 9. % Performance loss and % increase in cathode DLCC as a function of anode
ST cycle number. AST performed under 72% hydrogen, 20% carbon dioxide, and 8%
itrogen. For DLCC, scan rate: 20 mV s−1.

ge loss). With 20 vol.% carbon dioxide, the performance loss was
nly minor (1.3% voltage loss after 2000 cycles). The results further
ignify the impact of Ru crossover on fuel cell performance and
urability. Additionally, a Ru-free MEA was cycled using the anode
ST for comparison. As shown in Fig. 9, the Ru-containing MEA
ycled in 20 vol.% carbon dioxide showed essentially identical per-
ormance losses and CV characteristic changes as the Ru-free MEA,
urther supporting that cycling in 20 vol.% carbon dioxide resulted
n very little to no Ru crossover.

Fig. 10 shows the Ru concentration in the cathode catalyst layers,
easured by NAA, after 2000 anode AST cycles. Based on the data,

t is now confirmed that cycling in 20 vol.% carbon dioxide yielded
ore than a 10-fold reduction in Ru contamination on the cath-

de. However, injecting carbon dioxide led to more severe anode
atalyst agglomeration (see Fig. 11). The catalyst crystallite sizes
ere determined by XRD using Scherrer’s formula (Eq. (2)). The

esults indicate that Pt agglomeration on the anode became more
referable in the presence of carbon dioxide as Ru dissolution was
uppressed. In contrast, there was no difference in cathode catalyst
rystallite size increase between cycling with and without carbon
ioxide during the anode AST.
= 0.9�

B cos �
(2)

ig. 10. Ru concentration in the cathode catalyst layers by NAA after 2000 anode
ST cycles.
Fig. 11. % Increase in Pt crystallite size after 2000 anode AST cycles.

3.3. Ru dissolution mechanism from Pt–Ru metal oxides

From the experimental results (both hydrogen and carbon diox-
ide concentration effects), it is evident that hydrogen and carbon
dioxide can, respectively accelerate and hinder the dissolution of
Ru. It was hypothesized in Section 3.1 that the Ru species in our
Pt–Ru metal oxide catalysts need to be reduced to a more unsta-
ble state before dissolving and crossing over to the cathode. In
conjunction with the fact that carbon dioxide impedes Ru disso-
lution, it is reasonable to believe that carbon dioxide can possibly
inhibit the hydrogen–Ru interaction by adsorbing onto the Ru oxide
surface at low potential regions, thereby prohibiting the reduc-
tion of Ru oxides and subsequent Ru dissolution. It is known that
there is strong interaction between carbon dioxide and transi-
tion metal/metal oxides, including Ru oxides [36,37], in ultra-high
vacuum conditions however, it must be noted that there is no pub-
lished relevant study on carbon dioxide–Ru interaction under fuel
cell conditions. It is also possible that carbon dioxide may use up
some free energy during its desorption in the potential cycling at
high potentials, so less energy is available to degrade the Ru anode.
Furthermore, water management may be affected favourably due
to the dissolution of carbon dioxide in water. Carbon monoxide,
which may be produced from the reverse water gas-shift reaction,
may also take part in the Ru degradation inhibition mechanism.
More studies are required to better understand the carbon dioxide
effect.

4. Conclusions

An anode AST was employed to study the effects of gas com-
positions during anode potential cycling on Ru dissolution and
crossover. Based on the performance losses and the changes in
cathode CV characteristics, such as the CO stripping peak potential
and DLCC, it was found that hydrogen accelerated the dissolu-
tion of Ru and hence led to more severe Ru crossover. In contrast,
the presence of carbon dioxide hindered the degradation of Ru,
as confirmed by NAA results, CV characteristic changes, and the
relative performance losses. In particular, the injection of 20 vol.%
carbon dioxide yielded very minor Ru crossover, which displayed
essentially identical trends as the Ru-free MEA after cycling. It

was hypothesized that the presence of carbon dioxide limited the
Ru–hydrogen interactions and inhibited possibly a preceding Ru
reduction step required for dissolution. It was also found that anode
Pt agglomeration became more severe and caused bigger increases
in catalyst size as Ru dissolution was suppressed. The results pro-
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