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ABSTRACT Ruthenium oxide materials were evaluated as possible non-carbon-based supports for fuel cell catalysts. The effects of
composition and morphology of ruthenium oxide materials on the conductivity and corrosion stability in the gas-diffusion electrode
(GDE) configuration were thoroughly investigated. The compositions of the bulk and surface of three ruthenium oxide materials,
along with the surface area and surface morphology, were compared. We have found that all tested ruthenium oxide powders exhibited
higher corrosion stability compared to carbon. Full conversion of RuO2 · nH2O to the RuO2 phase by postreduction in a hydrogen
atmosphere leads to improved conductivity and corrosion stability.
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1. INTRODUCTION

The search for alternative energy is recognized as a
very important part of the efforts toward sustainabil-
ity. Fuel cells are currently explored for automotive,

stationary, and portable applications. There has been a
substantial acceleration of the research in fuel cell power
systems to meet the established targets toward these ap-
plications. Improvement of electrocatalytic materials for fuel
cells is envisioned mainly through the improvement in their
activity and durability and the reduction of catalyst costs.

Carbon blacks are used as supports for the catalytically
active phase in state-of-the-art, low-temperature polymer
electrolyte membrane (PEM) and phosphoric acid fuel cell
(PAFC) electrocatalysts. As such, they are an important
component of electrocatalytic layers. Corrosion of the car-
bon support on the cathode side of a fuel cell has been
identified as one of the major detrimental factors in the
durability of electrocatalysts and, subsequently, entire fuel-
cell-based power devices. The carbon corrosion process is
facilitated by the highly corrosive environment of the fuel
cells, and also by transient conditions during start-up and
shutdown cycles, resulting in cathode voltage excursions to
high anodic/oxidative overpotentials. Under such conditions,
carbon corrosion is even more pronounced in the presence
of a platinum phase, known to catalyze carbon oxidation (1).
Earlier studies of carbon corrosion were centered around the
PAFCs (2-6). The stability of the carbon supports in PEM

fuel cells is the focus of the latest work in this area (1, 7-9).
Increased stability and durability of platinum electrocatalysts
supported on carbon is possible through enhancement of the
platinum-carbon support interaction by using more corro-
sion-resistant carbon supports and/or by using platinum
alloys (1). Another route to improving the durability of fuel
cell systems is to use novel corrosion-resistant noncarbon-
aceous supports, such as metal oxides.

There are a number of requirements that the new materi-
als have to meet to be considered as catalyst supports in
proton-exchange fuel cells. They have to provide good
electrical and structural properties at low cost. There have
been several reports on the investigations of conductive
metal oxides for application as supports (10-15). Sasaki et
al. have shown the utilization of metal oxide supports for
low-content platinum electrocatalysts (13, 14). They have
demonstrated an improved performance of these materials
toward oxygen reduction and methanol oxidation. Scheiba
et al. have reported the results of their study of hydrous
ruthenium oxide as a support for electrocatalysts in DMFCs
that showed an increased proton conductivity and catalyst
utilization in monoethanolamine (MEA) testing along with
limited promotion of carbon monoxide and methanol oxida-
tion (15). The previous investigations of the corrosion stabil-
ity of hydrous and anhydrous ruthenium oxides were done
in the context of their application for the electrolytic evolu-
tion of chlorine and oxygen from aqueous solutions (16-18).
The anodic corrosion of these materials was linked to the
hydrous component, and it was reported that mild heat
treatment of the oxide improves the stability and electro-
catalytic activity of these materials (16, 18). The majority of
the literature reporting the physical characterization of
ruthenium oxide materials was done in the context of their
application as capacitors (19, 20). The information about the
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effect of the structure and morphology on the corrosion
stability of ruthenium oxide materials as supports for fuel
cell electrocatalysts is very limited. The cost of alternative
fuel cell catalyst support materials, such as ruthenium oxide,
is a concern. Therefore, increasing the utilization of noncar-
bonaceous fuel cell catalyst supports should be targeted as
a main engineering objective. In the current work, we aim
to elucidate potential advantages in the performance char-
acteristics of metal oxide fuel cell catalyst supports.

In this study, we have investigated the corrosion stability
of commercially available and produced-in-house ruthenium
oxide materials. We have developed a procedure for making
gas-diffusion electrodes (GDEs) that contain ruthenium oxide
material in the active layer. The performance of ruthenium
oxide-based GDEs toward oxygen reduction and the impact
of material corrosion on the oxygen reduction performance
are evaluated. Conclusions on the effect of the bulk and
surface compositions, surface area, and surface morphology
on the corrosion stability of the ruthenium oxide materials
are discussed.

2. EXPERIMENTAL SECTION
Ruthenium oxide material was produced at Cabot by flame

pyrolysis. Another two ruthenium oxide powder materials were
obtained from ESPI Metals and J&J Materials. The materials
were characterized as received and after postreduction in a
hydrogen environment at 250 °C for 2 h. 10% Pt/Vulcan XC-
72 was purchased from ETEK.

Gas-diffusion electrodes (GDEs) were made in a two-step
procedure. First, the gas-diffusion layer (GDL) was made by
pressing of the 35 wt % Teflon-modified Vulcan XC-72 (XC-35)
at 125 °C and 16 000 lb of pressure for 10 min. Next, the ink
was prepared as follows: 30 mg of RuO2, 250 mg of a 5% Nafion
solution, and 650 mg of deionized (DI) water were sonicated
for 5 min; then 12 mg of XC-35 and isopropyl alcohol were
added and sonicated for another 5 min. The ink was then
applied to the GDL layer using a Los Alamos painting technique
at 75 °C. Also, electrodes were made using the ink formulation
without the carbon, and in this case, the ink was made of RuO2,
Nafion, and DI water only. The GDEs were electrochemically
evaluated using a EG&G Princeton Applied Research poten-
tiostat/galvanostat model 273A. Steady-state polarization curves
were obtained in galvanostatic mode at room temperature in a
2 M H2SO4 liquid electrolyte. For anodic polarization tests,
currents ranging from 10 to 30 mA were applied. An acceptable
steady-state transient was achieved in 10 min. O2 was supplied
to the air-breathing side of the GDE at atmospheric pressure.
For all GDEs, the loading of Ru was 6.7 mg, assuming pure
RuO2. The electrode area was 9.61 cm2, translating to a RuO2

loading of 2.1 mg/cm2. The electrochemically active surface area
was calculated by using the specific capacitance for RuO2 of C
) 85 µF/cm2. In inductively coupled plasma atomic emission
spectrometry (ICP-AES) measurements, the acceptable relative
standard deviation (RSD) is up to 5.00%. R2 of calibration
standards is 99.896%. The minimum acceptable R2 value is
99.5%.

X-ray photoelectron spectroscopy (XPS) analysis was per-
formed on a Kratos Axis Ultra X-ray photoelectron spectrometer
with a monochromatic Al KR source operated at 300 W. Data
analysis quantification was performed using CasaXPS software.
The Ru 3d spectrum has two spin-orbit components corre-
sponding to Ru 3d5/2 [lower binding energy (BE) side of Ru 3d]
and Ru 3d3/2 (higher BE side). The separation between these
components is 4.2 eV. The data were fitted with a series of
mixed Gaussian-Lorentzian functions. The full-width at half-

maximum of the 3/2 components is larger than that of the 5/2
components. The ratio of the primary spin-orbit components
and the satellite components was constrained to be 0.67. An
asymmetric function was used to curve-fit the RuO2 component
of the Ru 3d peak and the O2- component of the O 1s peak (21).
The asymmetric function was used to reflect the fact that the
positive hole created by the photoelectric effect interacts with
the mobile conduction electrons. C 1s components then were
added to complete the curve-fit. X-ray diffraction (XRD) data of
samples were acquired with a Bruker D8 Advance powder
diffractometer. The angular resolution in 2θ scans was 0.02°
for the wide-angle 2θ scans from 20° to 90°. Thermogravimet-
ric analysis (TGA) was performed on a TA Instruments SDT
Q600 TGA/DSC. High-resolution transmission electron micros-
copy (HRTEM) micrographs were obtained on a JEOL 2010 200
kV transmission electron microscope. Scanning electron mi-
croscopy (SEM) images were acquired using a Hitachi S-5200
scanning electron microscope.

3. RESULTS AND DISCUSSION
3.1. Physical Characterization. XRD experiments

on powdered RuO2 materials were carried out to identify the
phases present in the materials. The XRD measurements on
three different ruthenium oxide parent metal oxides are
shown in Figure 1. When compared to the reference (library)
data, all three samples are shown to consist of a rutile RuO2

phase. Significant differences in the diffraction line broaden-
ing indicate materials with different crystallite size, translat-
ing to differences in the Brunauer-Emmett-Teller (BET)
surface area, also indicated in Table 2. The XRD pattern of
the reduced Cabot ruthenium oxide material has peaks due
to two phases, metallic ruthenium and ruthenium oxide.
Quantification of ruthenium oxide versus metallic ruthenium
phases, however, is difficult because of the different scat-
tering cross sections for these two phases. Also, it is impor-
tant to note that XRD is a bulk technique while corrosion
processes occur on the surface. A detailed discussion of the
surface species is further presented.

Figure 2 shows TGA data collected under a nitrogen
atmosphere for the ruthenium oxide materials. There are
two distinctive regions of mass loss in the analyzed temper-
ature range, suggesting that there are two types of processes.
The weight loss in the temperature range above 1000 °C
corresponds to the decomposition of RuO2 to Ru metal. The
weight percent loss measured for all materials in this tem-
perature range is close to the value calculated based on the
loss of two oxygen atoms per ruthenium atom. This indicates
that ruthenium oxide materials predominantly consist of
RuO2 and do not contain metallic ruthenium. The weight
losses observed in the temperature range of 25-500 °C for
Cabot and J&J Materials ruthenium oxide materials are most
likely due to desorption of bound H2O and OH groups. On
the basis of the weight percent loss in this temperature
range, we can speculate that the hydrous content of ruthe-
nium materials is close to 0% for ESPI Metals material, about
7% for Cabot material, and about 11% for J&J Materials
ruthenium oxide.

The conductivity of the ruthenium oxide powders was
evaluated using a built-in-house device that allowed mea-
surement of the resistance, while controlling the mass and
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thickness of the oxide layer. Considering that the bulk of the
material consists of ruthenium in the 4+ oxidation state, all
three materials should display significant (metal-like) elec-
tronic conductivity. Ruthenium oxide materials (ESPI Metals
and J&J Materials) have electric resistivity below the detec-
tion limit of the multimeter used, indicating sufficient con-
ductivity of these materials. It may seem surprising that for
the Cabot ruthenium oxide the XRD measurements confirm
the existence of an electronically conductive phase, but
electronic conductivity measurements indicate the signifi-
cant dielectric nature of the material. The reason lies in fact

that the XRD measurements are bulk property measure-
ments and almost insensitive to the surface composition.
TGA, while providing information about the water content,
does not allow one to differentiate the surface content from
the bulk. Therefore, a surface-sensitive tool, such as XPS, has
been employed to investigate the surface composition that
may be different from the bulk composition.

High-resolution Ru 3d XPS spectra acquired from ruthe-
nium oxide materials shown in Figure 3 demonstrate that
surface ruthenium in all materials is in the mixed state. Six
components in the Ru 3d spectrum correspond to ruthenium

FIGURE 1. XRD patterns of ruthenium oxide materials from (a) Cabot, (b) Cabot, reduced in a hydrogen environment at 250 °C for 2 h, (c)
ESPI Metals, and (d) J&J Materials.

Table 1. Curve Fit of High-Resolution Ru 3d XPS Spectra

sample

Ru1, %
RuO2 screened

final state
Ru2, %

RuO2 · nH2O

Ru3, %
RuO2 unscreened

final state

RuO2 (ESPI Metals) 66 15 19
RuO2 (J&J Materials) 54 27 19
RuO2 (Cabot) + XC-35 24 47 28
reduced RuO2 (Cabot) + XC-35 88 0 12

Table 2. Results of the Corrosion Stability Measurements of Ruthenium Oxide Materials: Values of Corrosion
Current and ICP-AES Analysis

sample
BET,
m2/g

I at
1.2 V RHE, mA

I/mass,
mA/mg

I/BET,
mA/m2

I/ESA,
mA/m2

concn,
mg/L

RSD of
three replicates, %

Ru loss,
%

RuO2 (ESPI Metals) 7 8.4 1262 156.5 30.5 0.179 1.74 0.5
RuO2 (J&J Materials) 122 24 3605 30.3 11.9 0.184 1.72 0.6
RuO2 (Cabot) + XC-35 38 5.4 811 25.4 38.1 2.69 0.8 8.1
Reduced RuO2 (Cabot) + XC-35 17 8 1202 72.1 100.0 1.089 0.47 3.3
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components. Components at 280.8 eV (5/2 component) and
285 eV (3/2 component) are due to RuO2. The second doublet
is around 282.5 eV (5/2 component) and 286.7 eV (3/2
component). A recently published assignment of the peak
at 282.5 eV to crystalline ruthenium was based on the visual
analysis of the shoulder of the spectrum rather than decon-
volution of the spectrum (22). As demonstrated here, de-
convolution of the spectrum reveals more than one doublet
on as-received ruthenium oxide materials. The changes in
the amount of the peak at 282.5 eV are accompanied by the
changes in the overall water content determined by TGA and
by XPS analysis of oxygen spectra, supporting its assignment
to RuO2 · nH2O. Thus, after reviewing available literature
regarding the nature of the species within the BE range of
the second component in the ruthenium spectra, we assign

this component to hydrous ruthenium oxide (RuOxHy or
RuO2 · nH2O). The third doublet is around 283.5 eV (5/2
component) and 287.7 eV (3/2 component). The nature of
the peak at 283.5 eV has been the subject of debate in the
literature (21). Some believe that this component is due to
ruthenium oxide in higher oxidation states, while others
attribute this peak to the unscreened final state, shifted to
higher BEs as compared to the screened final state at around
281.3 eV. Table 1 shows the relative amounts of species,
corresponding to combined 5/2 and 3/2 components of Ru 3d
peaks. Among the three materials, ruthenium oxide from
ESPI Materials has the highest amount of ruthenium in the
RuO2 form and the lowest amount (15%) in the form of
RuO2 · nH2O. Ruthenium oxide (J&J Materials) has a some-
what higher content of RuO2 · nH2O (27%). The main form
of ruthenium in Cabot material is RuO2 · nH2O (47%). Five
components were used to curve-fit O 1s spectra (not shown).
The component at 529.4 eV is due to O2- species (oxygen
bound to ruthenium). The component at 530.6 eV can be
due to RuO3 and/or OH-. The peak at 531.6 eV is attributed
to OH- species. The last two components, at 532.8-534 eV,
can be assigned to adsorbed H2O and/or CO and CO2 species
(21). OH- and H2O are dominating the structure of the
untreated ruthenium oxide (Cabot) material. Generally,
water can be bound to the RuO2 surface as a chemically
bound layer and/or physically adsorbed within the micro-
pores (22). The physically adsorbed water is expected to
evaporate under UHV conditions and, therefore, is not
detected in the O 1s XPS signal.

FIGURE 2. TGA analysis of ruthenium oxide materials under nitro-
gen. Ramp rate 10 °C/min.

FIGURE 3. High-resolution Ru 3d XPS spectra of ruthenium oxide materials from (a) Cabot, (b) Cabot, reduced in a hydrogen environment at
250 °C for 2 h, (c) ESPI Metals, and (d) J&J Materials.
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Postreduction in a hydrogen atmosphere was used to
convert ruthenium to valence IV. After reduction in a hy-
drogen atmosphere at 250 °C, the amount of RuO2 signifi-
cantly increases (Figure 3b). After reduction at 250 °C,
concentrations of peaks due to RuO2 in screened and
unscreened final states are are 88% and 12%, respectively.
RuO2 · nH2O was effectively converted to RuO2. Analysis of
O 1s spectra has revealed a significant increase in O2-

species and a decrease in OH- and H2O. Therefore, the
important conclusion is that materials produced on the flame
pyrolysis platform with aqueous precursor solutions show
bulk conversion to the conductive phase of RuO2, but the
surface composition corresponds to an insulating hydrated
state, RuO2 · nH2O. The increased electronic conductivity of
materials exposed to a reducing atmosphere is due to bulk
conversion to metallic ruthenium (XRD) and surface conver-
sion to RuO2 (XPS).

The BET surface area of the Cabot ruthenium oxide was
measured to be 38 m2/g. However, the BET surface area of
the reduced material is 17 m2/g, which is about 2 times lower
than the BET of the pristine ruthenium oxide (Cabot). One
of the possible explanations of the decrease in the BET
surface area can be adherance of the particles to each other.
The BET surface area of the ruthenium oxide (ESPI Metals)
is 7 m2/g, which is about 5 times less than the BET surface
area of Cabot ruthenium oxide. The ruthenium oxide mate-
rial obtained from J&J Materials has a much higher surface
area than other materials tested in this work. The measured
BET surface area is 122 m2/g.

TEM micrographs of ruthenium oxide powders are pre-
sented in Figure 4. TEM micrographs demonstrate various
morphologies and particle sizes of these materials. Ruthe-
nium oxide (Cabot) powder consists of particles of elongated
shape with lengths in the range of 20-120 nm. The elon-
gated shape of the particles is also observed in a high-
magnification SEM image (not shown). TEM micrographs of
the ruthenium oxide from Cabot, reduced at 250 °C in a
hydrogen atmosphere, indicate that upon reduction the
asymmetric shape of the crystallites becomes less pro-
nounced and the size of the particles decreases significantly,
although the particles fuse together to form more complex
aggregate structures. The morphology of the ruthenium
oxide (ESPI Metals) material is drastically different from the
morphology of the Cabot material. Contrary to the elongated
shape of the particles in the Cabot material (Figure 4a), the
ESPI Metals material is relatively monodispersed, hexago-
nally shaped particles with a diameter of about 50 nm
(Figure 4c). The TEM micrograph (Figure 4d) and high-
magnification SEM image (not shown) of the ruthenium
oxide (J&J Materials) demonstrate that the surface roughness
in this material is much higher than that for other RuO2

materials, leading to a significantly higher BET surface area.
Figure 5, representing low-magnification SEM images of
ruthenium oxide materials, shows that smaller ruthenium
oxide particles form large agglomerates.

3.2. Electrochemical Characterization. Cur-
rently, there are no procedures developed for testing the
corrosion stability of noncarbon supports. Subsequently,

FIGURE 4. HRTEM images of ruthenium oxide materials from (a) Cabot, (b) Cabot, reduced in a hydrogen environment at 250 °C for 2 h, (c)
ESPI Metals, and (d) J&J Materials.
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there are no metrics that would indicate what the corrosion
stability requirement is, i.e., what is “good enough”. In this
work, the methodology borrowed from carbon corrosion
testing was modified and applied to noncarbon materials.
The results of corrosion evaluation are shown in Figure 6.
Two cathodic polarization curves for each tested material are
shown. The first curve demonstrates the initial performance.

The second curve is obtained after the anodic polarization
of the GDE. This anodic polarization was performed to
accelerate the corrosion processes that occur during fuel cell
operation. The losses in the oxygen reduction performance
are result of corrosion of the electrode material. To be able
to quantify the material loss during corrosion measure-
ments, after the full corrosion protocol was applied, the

FIGURE 5. SEM images of ruthenium oxide materials from (a) Cabot, (b) Cabot, reduced in a hydrogen environment at 250 °C for 2 h, (c) ESPI
Metals, and (d) J&J Materials.

FIGURE 6. Corrosion testing in a gas-diffusion cell in a liquid electrolyte, O2, 0 psi. Cathodic polarization curves for (a) 10% Pt/Vulcan XC-72
(ETEK), (b) ruthenium oxide materials from ESPI Metals and J&J Materials, (c) ruthenium oxide material from J&J Materials, demonstrating
the effect of Teflon-modified carbon, and (d) ruthenium oxide from Cabot, demonstrating the effect of postreduction in hydrogen.
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liquid solution was filtered and submitted for ICP analysis.
Filtration was necessary to prevent inclusion of the material
lost during the physical deterioration of the electrode and
to account for only the part resulting from RuO2 corrosion-
dissolution. The results of the corrosion measurements,
along with the ICP data, are shown in Table 2.

The oxygen reduction performances before and after
anodic polarization of 10% Pt/Vulcan XC-72 (ETEK) and
ruthenium oxide (J&J Materials and ESPI Metals) materials
are shown in Figure 6a,b. 10% Pt/Vulcan XC-72 tested under
the same conditions has shown higher reduction currents
compared to ruthenium oxide materials; however, it exhib-
ited lower reduction currents than RuO2 samples after
anodic polarization. The higher overall cathodic (Figure 6b)
and anodic (Table 2) currents obtained on ruthenium oxide
supplied by J&J Materials compared to the sample provided
by ESPI Metals are not due to the intrinsic corrosion stability
but are due to the higher BET surface area of the J&J
Materials sample. When the anodic current, measured at 1.2
V versus reversible hydrogen electrode scale (RHE), is
normalized to the BET surface area and electrochemically
accessible surface area (ESA), currents due to corrosion of
these two materials are close. Moreover, both of these
materials demonstrated no decrease in the oxygen reduction
performance associated with corrosion of RuO2. Slightly
higher currents observed after anodic polarization are prob-
ably associated with changes in the ESA and/or more
complete surface conversion of hydrated RuO2 · nH2O to
RuO2. ICP-AES analysis confirmed that the loss of ruthenium
due to corrosion is less than 1%. Thus, the corrosion test
has shown that ruthenium oxide materials exhibit high
corrosion stability. We expect a significant improvement in
the oxygen reduction performance of ruthenium oxide upon
platinum deposition as well as the preserved corrosion
stability of the ruthenium oxide support. Figure 6c demon-
strates the differences in the performance of the electrodes
made of ruthenium oxide (J&J Materials) with and without
the addition of a carbon component (XC-35, Teflon-modified
XC-72) in the ink. Significantly lower cathodic currents are
observed for the electrode made of ruthenium oxide mixed
with Teflon-modified carbon. Reduction of the cathodic
current is, however, not due to the RuO2 dissolution (corro-
sion) but the physical loss in the ruthenium oxide powder
as a result of corrosion of the teflonized carbon matrix within
the GDE. This became apparent after the visual inspection
of the working solution, where ruthenium oxide precipitate
was observed. After the carbon materials were completely
excluded from the GDE preparation, the loss of RuO2 due to
the corrosion was much smaller. Figure 6d displays the
cathodic polarization curves for Cabot ruthenium oxide.
These electrodes were made using a mixture of ruthenium
oxide and Teflon-modified carbon, resulting in lower oxygen
reduction currents and deterioration of the electrode. How-
ever, when the as-received ruthenium oxide (Cabot) and
postreduced ruthenium oxide (Cabot) are compared, several
observations can be made. The sample made in-house in
which incomplete surface conversion to RuO2, i.e., surface

in the hydrated state, was confirmed by XPS measure-
ments showed initially a high corrosion loss, ca. 8%. A
postreduction step in hydrogen at 250 °C after 2 h
resulted in a significant improvement in the corrosion
stability, as evidenced by cathodic polarization curves and
ICP-AES analysis.

4. CONCLUSION
Ruthenium oxide materials with a higher surface con-

centration of RuO2 showed superior corrosion stability.
The loss of ruthenium during the corrosion tests was less
than 1% for these samples. We have found that conver-
sion of hydroxo groups present at the surface of ruthe-
nium oxide materials to the RuO2 phase by postreduction
in a hydrogen atmosphere leads to improved conductivity
and corrosion stability. The tested ruthenium oxide ma-
terials exhibited higher corrosion stability compared to
carbon used to form GDE. When carbon-containing GDEs
were subjected to corrosion measurements, false charac-
terization originated from corrosion of the carbon powder
in the electrode and a loss in the interfacial contact
between the teflonized carbon and metal oxide. At this
stage, it has been assumed that a loss of less than 5%
ruthenium, after the full corrosion stability protocol, is
sufficient for DMFC cathode applications. This assump-
tion, as well as the performance of platinum supported
on ruthenium oxide, will have to be verified in MEA
measurements, by evaluating the effect of corrosion on
the MEA and membrane performance.
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