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Perovskite oxides are promising materials for the ORR in alkaline media. However, catalytic layers pre-
pared from perovskite powders suffer from high Ohmic losses and low catalyst utilization. An addition
of carbon to the catalytic layers greatly improves the performance of the electrodes in the ORR. In this
work composite thin film electrodes comprised of a perovskite oxide (either LaCoOs or LaggSro>MnO3)
and pyrolytic carbon of the Sibunit family were investigated in aqueous 1M NaOH electrolyte using
cyclic voltammetry and rotating disc electrode (RDE) method with the objective to unveil the influence
of carbon on the catalyst utilization and on the ORR electrocatalysis. By systematically varying the oxide
to carbon ratio we arrive to the conclusion on the dual role of carbon in composite electrodes. On the
one hand, it is required to improve the electrical contact between perovskite particles and the current
collector, and to ensure maximum utilization of the perovskite surface. On the other hand, carbon plays
an active role in the ORR by catalyzing the O, reduction to H,0,. Composite electrodes catalyze the 4e~
ORR in contrast to carbon which is only capable of catalyzing the 2e~ reduction. For LaCoO3; composite
electrodes, carbon is responsible for the catalysis of the first steps of the ORR, the role of LaCoO3 being
largely limited to the hydrogen peroxide decomposition and/or reduction. For Lag gSro>MnO3; composite
electrodes, along with the catalysis of the chemical decomposition and/or reduction of H,0, produced
on carbon, the perovskite also significantly contributes to the first steps of the ORR. The results of this
work suggest that the ORR on the carbon and the oxide components of composite cathodes must be con-
sidered as coupled reactions whose contributions cannot be always separated, and that neglecting the
contribution of carbon to the ORR electrocatalysis may lead to erroneous values of the catalytic activity
of perovskite materials.
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1. Introduction

The cathodic oxygen reduction reaction (ORR) is one of the most
important processes in energy conversion systems such as fuel cells
and metal-air batteries. The sluggish kinetics of the ORR is largely
responsible for the voltage losses in proton exchange membrane
fuel cells (PEMFC) and other types of low temperature fuel cells
[1,2]. Therefore numerous studies are focused today on the devel-
opment of new electrocatalysts for the ORR [2-4]. During the last
decade the research has been mainly focused on the ORR in acid
electrolytes due to the rapid development of PEMFCs. However, the
advent of anion exchange membranes with high conductivities and
satisfactory stabilities has boosted the interest towards the ORR in
alkaline media.
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The early studies of the ORR in aqueous alkaline electrolytes
were performed on metal electrodes and date back to 1960s [5-7].
It was suggested that likewise the ORR in acidic electrolytes, in alka-
line media the reaction may either follow a “direct” 4e~ (Eq. (1))
or a “series” pathway. The former involves the rupture of the 0—O
bond at initial steps, while the latter occurs through formation of
HO,~/H,0,' (Eq.(2)). The peroxide intermediate can either diffuse
away from the electrode, or be further reduced to OH™ in an elec-
trochemical reaction (Eq. (3)). Alternatively, it may decompose into
0, and H,O0 in a chemical reaction (Eq. (4)). It is obvious that each
of the equations below comprises a number of elementary steps
which are still not fully understood.

0, +2H,0 + 4e~ — 40H™ 1)
0, +H,0 + 2~ — HO,~ +OH- 2)

! Depending on the pH; pKa (H»0,)=11.7 [8].
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HO,~ +H,0 + 2e~ — 30H" 3)
H,0, — 03 +2H50 (4)

In contrast to the ORR in acidic media, which occurs at a rea-
sonable rate only on noble metal electrodes, the ORR in alkaline
media is catalyzed by a wider range of materials, including oxides
[9-11], and carbon materials [12,13]. It was already clear from the
early studies that transition metal oxides can catalyze either the
“direct” pathway (Eq. (1)), or the electroreduction of peroxide (Eq.
(3)) and/or its decomposition (Eq. (4)). Electrocatalytic activity of
oxides in the H,0, reduction (Eq. (3))/decomposition (Eq. (4)) has
motivated many researchers to use them for improving the elec-
trocatalysis of the ORR on carbon, typically supporting only the 2e~
reaction (Eq. (2)) at reasonable overvoltages [12,13].

In this work, perovskite oxides are studied as the ORR electro-
catalysts in alkaline media in view of their potential applications
in alkaline fuel cells with solid polymer electrolytes (SAFC). The
perovskite structure ABOs; can incorporate almost any metal
cation either in A or in B position thanks to some tolerance to
the distortions of the structure [14,15]. Thus, the properties of
perovskite-based catalysts can be tuned by varying the composi-
tion of oxides, offering vast possibilities for electrocatalysis. Here
we focus on LaCoO3 and Lag gSrp>MnO3, which have demonstrated
high catalytic activity in the ORR and OER (oxygen evolution reac-
tion) [16-19].

Various electrode configurations have been applied to study
the ORR/OER electrocatalysis on perovskites, including pellets
[16,17,20], gas-diffusion electrodes [21-25], films obtained by
painting the oxide slurry on a metal foil [26,27], or by spreading
oxide particles and a binder, with or without carbon, on a glassy
carbon support [18,28-31]. The thin film approach is compatible
with the rotating disc (RDE) [28] and the rotating ring disc electrode
(RRDE), the advantage compared to the gas-diffusion electrode con-
sisting in a more reliable separation of kinetic and mass transport
contributions. While pellets allow to avoid binders or other addi-
tives, their disadvantage lies in the high porosity and concomitant
internal diffusion complications. For example, Bockris and Otagawa
[32] estimated the roughness factor of perovskite pellets prepared
by solid state synthesis as ca. 1000. Moreover, electrode formula-
tions containing perovskites alone usually suffer from high Ohmic
losses, posing problems for the ORR investigation but also for prac-
tical applications of perovskite materials as fuel cell cathodes.

Addition of carbon powders significantly improves the conduc-
tivity of oxide-based electrodes. Several studies have proven that
carbonisrequiredinorder toincrease the electrocatalytic efficiency
of oxide materials [23,25]. However, an appreciable catalytic activ-
ity of carbon in the ORR in alkaline media brings up a question on the
separation of contributions from the two components in these com-
posite materials. Recent studies of the ORR on perovskite oxides
neglect the contribution of carbon into the ORR kinetics, even if
the latter is added to the thin film electrodes [28,29]. Therefore,
the objective of this work is to unveil the role of carbon in per-
ovskite/carbon composite cathodes, and to verify the correctness
of conventional approaches to quantify the activity of perovskites
by either neglecting or subtracting the contribution of carbon to the
ORR kinetics. In order to achieve this goal, we vary systematically
the oxide to carbon ratio and study electrochemical and electro-
catalytic properties of thin film composite electrodes using cyclic
voltammetry and the RDE method. The results of this work suggest
that the ORR on the carbon and the oxide components of com-
posite cathodes must be considered as coupled reactions whose
contributions cannot be always separated. Thus, either neglecting
or subtracting the contribution of carbon to the ORR electrocatalysis
may lead to erroneous values of the catalytic activity of perovskite
materials.

2. Materials and methods
2.1. Synthesis and characterization

Ceramic samples of LaCoO3; and LaggSrp,MnO3; were syn-
thesized with the sol-gel method described in Ref. [33] using
polyacrylamide gel. Samples were annealed in air at 650 °C for 1 h,
and milled in a planetary mill in the presence of ethanol for 3h
at 120 rpm using WC balls. The phase purity of compounds was
verified by X-ray powder diffraction recorded with Huber G670
Image plate Guinier diffractometer (CuKa1 radiation, curved Ge
monochromator, image plate detector). Unit cell parameters were
refined by the full profile Rietveld analysis using the GSAS program
package [34,35].

The morphology of the samples was analyzed by scanning elec-
tron microscopy (SEM), while the elemental distribution of the
composite electrodes was studied using the energy-dispersive X-
ray spectroscopy (EDX) and the elemental mapping methods (Jeol
6007F). The specific surface area of powders was determined by
Brunauer, Emmett and Teller (BET) method (Micromeritics).

2.2. Electrode preparation

In this work, the effect of the quantity of carbon at a con-
stant loading of perovskite (91 wg cmg*ezo) and the quantity of
perovskite at a constant loading of carbon (37 pg cmgezo) on
the ORR were studied. Carbon of the Sibunit family (BET sur-
face area 65.7m2 g~ ') was chosen for its high purity, avoiding
reactions catalyzed by impurities, and high electrical conductiv-
ity [36-38]. The desired amounts of the oxide and carbon powder
were mixed together (Table 1). Milli-Q water (18.2 M2 cm, Pure-
lab) was added to get a desired suspension of the powder: 0.67 g L~!
of perovskite for the samples with the constant amount of per-
ovskite, and 0.27 gL~! of carbon for the samples with the constant
amount of carbon. The suspension was then treated in an ultrasonic
bath during 30 min to break down agglomerates and disperse par-
ticles. A glassy carbon (GC) RDE (0.07 cm? geometric area, Autolab)
was successively polished with 1.0, 0.3 and 0.05 pm alumina slurry
(Escil) to get a mirror finish. 3.2 L of the catalyst suspension was
taken under sonication to keep a homogeneous mixture, drop cast
onto the GC support following the procedure adapted from Schmidt
et al. [39], and dried under N,. This last operation - deposition and
drying — was repeated three times in order to get a homogeneous
coverage of the electrode and to improve the reproducibility. After
drying, 2 wL of an alkaline AS-4 ionomer from Tokuyama Company
(0.011 wt.% solution in water) was added as a binder to improve the
stability of the thin layer electrode. In order to better identify the
contribution of carbon, electrodes containing only carbon (no per-
ovskite) and ionomer were prepared following the same procedure
and the quantities as indicated in Table 1.

The thickness t of the catalytic layer was estimated using Eq. (5):

t =mq/(r? pr) + my /(7r? pa) (5)

Here m; and m; stand for the mass of the perovskite oxide and
carbon, respectively; p; and p, for the density of the perovskite
oxide and carbon, respectively; ris the radius of the RDE (0.15 cm).
The powder densities of materials used in this study were estimated
as 0.65 and 0.4 g cm~3 for perovskite oxides and the Sibunit carbon,
correspondingly.

Pt/C (40 wt.% Pt on carbon black, Alfa Aesar) was utilized as a
benchmark of the ORR activity. The surface area of Pt particles on
the electrode was estimated using the coulometry of the hydrogen
underpotential deposition and found to be 1.34 cm?.
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Table 1
Loading, surface area and estimated thickness of the electrodes.

Constant perovskite loading

Constant carbon loading

Perovskite loading (g cm;ezo) 91 91 91 91 91 0 46 91 180
Perovskite surface area (cm? cmg’ez0
LaCoOs 9.1 9.1 9.1 9.1 9.1 0 4.6 9.1 18
LagsSro2MnO; 16 16 16 16 16 0 7.8 16 31
Carbon loading (pg cmgezo) 0 18 37 140 820 37 37 37 37
Carbon surface area (cm? cm;ezo) 0 12 24 90 540 24 24 24 24
Content of perovskite in the composite (wt.%) 100 83 71 40 10 0 56 71 83
Layer thickness (um) 1.4 1.9 23 4.8 22 0.9 1.6 23 3.7
2.3. Electrochemical characterization
The electrochemical measurements were performed in a stan-
dard three-electrode cell. All parts of the electrochemical cell in
contact with the alkaline electrolyte were in Teflon whereas the
rest was in Pyrex. 1 M NaOH electrolyte was prepared from an extra LaCoO,

pure NaOH solution (Acros Organics, 50 wt.% solution in water)
and Milli-Q water (18.2 MS2cm, Purelab). Since the preparation
was performed in air, carbonate impurities cannot be completely
excluded. The counter electrode was a platinum wire, and the work-
ing electrode was a RDE described in Section 2.2. A Hg/HgO/1 M
NaOH electrode (IJ Cambria Scientific) was used as a reference.
Its potential was calibrated vs. the reversible hydrogen electrode
(RHE) in the same electrolyte and was equal to +0.93V vs. RHE.
In what follows the electrode potentials are given in the RHE
scale. The electrolyte resistance as measured by the electrochemi-
cal impedance spectroscopy was equal to ca. 15 2. No IR correction
was applied. All electrochemical measurements were performed
using Autolab potentiostat with an analog scan generator at a
scan rate of 10mVs~! at 25°C. The RDE onto which a thin film
of perovskite/carbon composite was applied was immersed in a
N,-purged electrolyte and cyclic voltammetry (CV) measurements
were performed until a stable voltammogram was obtained. The
latter was then used as a background for the ORR measurements.
The potential window was restricted to +0.43V/+1.23V vs. RHE
in order to avoid the irreversible oxide reduction at more nega-
tive, or the carbon oxidation at more positive potentials. Stable
voltammograms were observed in this potential range. Then, O,
was bubbled through the electrolyte for at least 45 min to get a
saturated solution, and RDE voltammograms were taken at various
rotation speeds of 400, 900, 1600, 2500 rpm. At 10 mV s~ scan rate,
the difference of the positive and the negative ORR scans after the
background correction (a CV under N, atmosphere) was negligible.
All experiments were made two or three times, the experimental
error of the catalyst deposition on the RDE was estimated to be
within 10%.

3. Results and discussion
3.1. Materials characterization

The BET surface area was measured as 10m2 g~! for LaCoO3
and 17m2 g1 for LaggSro»MnO3. XRD patterns shown in Fig. 1
confirm that LaCoOs is a single phase compound, and that an admix-
ture of ca. 2wt.% of WC resulting from the ball milling is present
in Lag gSrp2MnOs. The unit cell parameters are shown in Table 2.

Table 2
Unit cell parameters of LaCoOs; and LapgSro>MnO; obtained by the Rietveld
refinement.

Compound Space group Unit cell parameters
LaCoO3 R-3c a=5.3852(2) A, =60.678(1)°
LaggSro2MnO3 R-3c a=5.4732(1)A,a=60.416(2)°

.

Intensity

H Lag ¢Sry ;MNO,

200 30.0 40.0 50.0 60.0 700 80.0 90.0
2Theta

Fig. 1. XRD patterns of LaCoO3 and LaggSro>MnOs.

SEM analysis revealed that samples consist of wm size agglomer-
ates which comprise nanoparticles with the size around 100 nm. A
typical SEM image of the perovskite powder is presented in Fig. 2
for LaCoOs.

In order to explore the morphology of the composite
oxide/carbon electrodes they were studied with SEM/EDX. Fig. 3
shows a SEM image, an EDX spectra, and an elemental mapping of
LaCoOs/carbon electrode. The SEM image (Fig. 3a) shows agglomer-
ates whose size ranges from several hundred nm to a few pm. The
elemental mapping suggests that perovskite and carbon are well
intermixed in the catalytic layer and allows to distinguish areas
enriched either in perovskite (high Co intensity) or in C. For exam-
ple, one may notice a perovskite agglomerate (see enclosed area
in Fig. 3a) featuring high concentration of Co (Fig. 3d) but impov-
erished in carbon (Fig. 3¢). Although the presence of carbon in the

Fig. 2. SEM image of the LaCoO3 powder.



86 T. Poux et al. / Catalysis Today 189 (2012) 83-92

Fig. 3. (a) SEM image, (b) EDX spectrum averaged across the frame, and elemental mapping of (c) C and (d) Co for LaCoOs3 + Sibunit composite deposited on a glassy carbon

support. Dash line encloses an agglomerate of LaCoOs particles.

electrode is confirmed by EDX, Sibunit particles could not be clearly
visualized and distinguished from the perovskite.

3.2. Cyclic voltammetry of perovskites in supporting electrolyte:
influence of carbon

The addition of carbon was found to strongly affect CVs of
LaCoO3 and Lag gSrp,MnO3 oxides (Fig. S1 in Supplementary data).
In order to better visualize the influence of carbon on the measured
total capacitance of the electrodes, difference voltammograms
were constructed by subtracting the CV of pure carbon from the CV
of the composite perovskite/carbon electrode containing the same
amount of carbon (Fig. 4). Two effects are observed upon addition
of carbon to the thin film electrodes. First, for both oxides the total
capacitance increases with the quantity of carbon. One may assume
that carbon improves the contact of perovskite particles with the
current collector and thus allows higher utilization of their sur-
face. Second, the difference between the anodic and the cathodic
peak potentials shrinks, suggesting that the addition of carbon
decreases the Ohmic resistance of the layer. For LaggSrg>MnO3,
the total capacitance seems to level off around 37 pg cmg‘ez0 of
carbon, whereas, for LaCoOs, it keeps increasing. The difference
observed between two oxides is in agreement with the higher
intrinsic conductivity of LaggSrg>,MnO3 (43Scm~! at 25°C [40])

compared with LaCoOs3 (1.5Scm™! at 25°C [41]). This is due to the
Sr doping of LaggSrgoMnO3 which insures the presence of elec-
tronic and ionic defects, leading to an increased conductivity of the
perovskite [42,43].

CVs in supporting electrolyte confirm that, in agreement with
the literature data [23,25], carbon is indeed required for improv-
ing the quality of the thin film oxide electrodes. Although intrinsic
conductivities of LaCoO3 and Lag gSrg,MnOs3 are relatively high, the
Ohmic resistance of compacted perovskite powders is dominated
by the contact resistance between particles. Addition of carbon
allows “wiring” oxide particles and improving particle-particle as
well as particle-current collector electrical contact. This leads to
a strong decrease of the Ohmic resistance and an enhancement of
the surface utilization. For example, for LaCoO3 redox peaks shift
by more than 100 mV upon carbon addition. For currents on sub-
mA level (0.01 mA cm~—2 x 0.07 cm?) this suggests a layer resistance
above 100 k€2. Simultaneously, the total capacitance increases by
more than a factor of 2 suggesting ca. 2 times higher utilization
of the perovskite surface. Note however that some type of oxy-
gen spillover from the oxide to the carbon surface, similar to what
has been earlier reported in Ref. [9], cannot be fully excluded. The
improvement of the oxide layer conductivity is expected to affect
its measured catalytic activity in the ORR, which will be discussed
in the next section.
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Fig. 4. Difference voltammograms obtained by subtracting CVs of Sibunit (Fig. S1a)
from corresponding CVs of perovskite/Sibunit composite electrodes (Fig. S1b and c)
in Np-purged 1M NaOH at 10mVs~! for LaCoOs (a) and LaggSro>MnOs3 (b). Mea-
surements were performed with a constant amount of perovskite (91 g cmg’ezo)
and variable amount of carbon. Color codes: 0 (pink), 18 (red), 37 (orange) and
140 pg cmgez0 (green). Currents are normalized to the geometric area of the elec-
trode. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)

3.3. Rotating-disk electrode study of the ORR on
perovskite/carbon composites: influence of carbon and perovskite
loadings

The ORR activity of LaCoO3; and LaggSrg>;MnO3 oxides was
studied with various quantities of carbon (Table 1) and com-
pared with the activity of GC, Pt/C, and electrodes containing
variable amounts of carbon using the RDE. Fig. 5b and c indicate
that electrodes containing perovskites without carbon show very
low onset potentials, and ORR currents not reaching the diffusion
limiting plateau. This is especially true for LaCoO3; whose onset
potential is close to that of glassy carbon. For Lag gSrg>,MnO3, sim-
ilar RDE data were observed by Tulloch and Donne [18] who did
not add carbon to the electrode layer. One may see that addi-
tion of carbon strongly increases the activity of the perovskite thin
film electrodes which shows up in a systematic shift of the RDE
voltammograms towards positive potentials, and an increase in
the absolute value of the limiting current. The evolution of voltam-
mograms is similar for composite and for pure carbon electrodes
(Fig. 5a). Hence, we start the discussion with the analysis of the ORR
data for GC and for carbon film electrodes. This will then help in the
understanding of the results for perovskite/carbon composites.

For the GC electrode, one may notice a particular shape of the
RDE voltammogram which shows a broad maximum around 0.55V
vs. RHE and, as discussed below, does not attain the diffusion
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Fig. 5. Positive scans of the RDE voltammograms of GC-supported thin films of car-
bon Sibunit (a), LaCoOs + Sibunit (b), and Lag gSro>MnQOs3 + Sibunit (c) in O,-saturated
1M NaOH at 900 rpm and 10mV s~!. Measurements were performed with a con-
stant amount of perovskite (91 g cmgezo) for (b) and (c), and variable amount of
carbon. Color codes: 0 (pink), 18 (red), 37 (orange), 140 (green) and 820 g cmg’ez0
(light blue). Grey and black lines show RDE curves for GC and Pt/C, respectively. Cur-
rents are normalized to the geometric area of the working electrode and corrected
to the background currents measured in the N, atmosphere. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of the article.)

limiting current in the potential window studied. This was also
observed by Tammeveski et al. [44] and explained by the surface
functional group mediated oxygen reduction to hydrogen perox-
ide. The most active sites responsible for the positive onset of the
ORR and the maximum in the RDE are limited in number, and were
attributed to quinone groups. The RDE shape was quantitatively
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modeled [44] within an EC mechanism with the first step being
reversible reduction of quinone to semiquinone surface groups. The
latter chemically react with molecular oxygen to form superoxide
radical which gives rise to HO, ™ either in a chemical or in an elec-
trochemical consecutive step. The onset and the shape of the RDE
voltammogram thus depend on the type and the red-ox potential
of active surface groups on the GC surface.

When a carbon film is deposited on the GC electrode, the RDE
curve shifts positive as expected due to the increase of the active
surface area (see Table 1). An increase of the amount of carbon
results in a systematic positive shift of the ORR onset and the half-
wave potential Eq, (Fig. 6) and an increase of the absolute value of
the limiting current. The RDE voltammograms of carbon electrodes
and their positive shift with an increasing amount of carbon are
in agreement with the well-known fact that carbon materials are
active catalysts of the ORR in alkaline media [12,13]. Fig. 7a shows
the Koutecky-Levich plots of the limiting currents for GC and for
carbon film electrodes with various loadings. For the highest car-
bon loading of 820 g cm,gez0 the measured limiting current is in
reasonable agreement with the theoretical value calculated using
the Levich equation (Eq. (6)):

= _0.62AnFDf)/23v—1/6c02w1/2 (6)
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Fig. 7. Koutecky-Levich plots of the ORR current measured at +0.5V vs. RHE by
thin layer RDE method in O, saturated 1M NaOH at 10mVs~! for carbon Sibunit
(a), LaCoOs +Sibunit (b) and Lag gSrg2MnOs + Sibunit (c). Measurements were per-
formed with a constant amount of perovskite (91 g cm;ezo) for (b) and (c), and
variable amount of carbon. Color codes: 0 (pink), 18 (red), 37 (orange), 140 (green)
and 820 pg cmgezo (light blue). Grey and black symbols stand for GC and Pt/C elec-
trodes, respectively. Dotted lines represent theoretical current values for 2 and 4
electrons in 1 M NaOH at 25 °C. Currents are normalized to the geometric area of the
electrode and corrected to the background currents measured in N, atmosphere.
Error bars represent standard deviation from at least two independent repeated
measurements. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)

for the following parameter values [13]: the concentration
of O in the saturated 1M NaOH electrolyte at 25°C, Cp, =
8.4x 1077 mol cm~3, the diffusion coefficient Do, =1.64 x
10> cm? s-!, the kinematic viscosity v=0.011cm2s~!, the
number of electrons n=2, and the geometric surface area
A=0.07 cm?. This is in agreement with the current understand-
ing of the ORR on carbon electrodes which in the investigated
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potential interval predominantly proceeds to hydrogen peroxide
[12,13,44].

It should be noted however that nonzero y intercepts are
observed for carbon and composite electrodes with carbon load-
ing below 820 g cmyg, as well as for GC (Fig. 7). Various reasons
can be proposed to account for this phenomenon, namely (i) an
inhomogeneity of the catalyst distribution on the current collec-
tor, (ii) a diffusion resistance in the ionomer film [30,45], (iii) an
0, concentration gradient within a thick catalyst film [46], or (iv)
a limited number of active sites leading to the adsorption limita-
tion [46,47]. The linearity of Koutecky-Levich plots insures that the
characteristic size of eventual inhomogeneities of the electrode lay-
ers is inferior to the thickness of the diffusion layer, which allows to
discard the first hypothesis. The apparent thickness of the ionomer
film in this work was estimated as ca. 15 nm, which makes the
second hypothesis very unlikely. The third option does not seem
realistic either since the intercept drops down with the thickness of
the film. Finally, the most likely explanation of the nonzero y inter-
ceptdecreasing with the film thickness is a limited number of active
sites on the carbon surface. As the loading of carbon increases, the
number of active sites increases as well, and the current attains the
diffusion limiting value determined by the Levich equation. This
explanation is also in agreement with the data for GC reported in
this work as well as in the literature [44].

We now turn to the discussion of the ORR on LaCoOs; and
Lag gSrg2MnO3 oxides. The most striking influence of the addition
of perovskites to carbon is the increase of the absolute value of the
limiting current, which for oxide/carbon composites approaches
the value observed for Pt/C electrode and corresponding to the
transfer of 4e~. The slopes of Koutecky-Levich plots (Fig. 7b and
c) for oxide-based electrodes confirm transfer of 4e~ in the over-
all reaction. Contrary to carbon materials, transition metal oxides,
and perovskites in particular, are known to be active catalysts of
the catalytic hydrogen peroxide decomposition [48-50], as well
as its electrocatalytic reduction [51]. In addition, perovskites may
also be active in the first steps of the ORR by activating the O,
molecule and catalyzing its transformation into OH~ either via
a “series” H,0, route or via the so-called “direct” 4e~ pathway
occurring through 0,/0,~ splitting [18,29,51]. In order to bet-
ter understand the observed behavior, we compare the evolution
of the half-wave potential E;, for composite electrodes and for
the electrodes containing carbon alone. Fig. 6 shows E;j; and the
difference of Eqj, (AE;;;) between composites and pure carbon
electrodes, vs. the carbon loading. First of all, these results indicate
that LaggSrg2MnO3 has a higher mass activity in the ORR com-
pared to LaCoOs. Then, it can be observed that both perovskites
present higher half-wave potentials than carbon alone, but the
evolution with the carbon quantity is similar to that observed for
pure carbon. Moreover, while the maximum difference of Eyj, for
pure perovskites and composite electrodes amounts to more than
250mV, the difference between E;j, for pure carbon and com-
posites reaches at most 37 mV for LaggSrg>MnO3; and 18 mV for
LaCoOs. This confirms that the carbon contribution to the ORR on
composite perovskite/carbon electrodes cannot be neglected.

In order to better understand the role of perovskite oxides in
the ORR, electrodes with a constant amount of carbon and various
quantities of perovskites were studied (Fig. 8). The results displayed
in Fig. 8a suggest that an addition of LaCoO3; 46 g cmfgez0 to the
carbon electrode results in doubling the ORR current in the kinetic
and mixed region, while further increase of the LaCoO5 loading to
91 andthen 180 pg cmgg0 leads to a marginal increase of the cur-
rent in the kinetic and mixed region. Such a behavior is consistent
with an increase of the rate constant of the chemical dispropor-
tionation step as shown by the modeling work of Jaouen [52].
The catalytic activity of perovskites in the H,O, disproportiona-
tion has been demonstrated in numerous publications [48-50]. One
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Fig. 8. Positive scans of the RDE voltammograms of GC-supported thin films of
LaCoOs + Sibunit (a), and LaggSro>MnOs + Sibunit (b) in O,-saturated 1M NaOH at
900 rpm and 10 mV s~!. Measurements were performed with a constant amount of

carbon (37 pg cmgﬁo) and variable amount of perovskite. Color codes: 0 (black),

46 (purple), 91 (orange), 180 g crn,;ez0 (green). Currents are normalized to the

geometric area of the electrode and corrected to the background currents measured
in N, atmosphere. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)

should note however that the same effect is expected if LaCoO3
were active in the electrochemical H,O, reduction (Eq. (3)). This
suggests that once H,0, is produced on the carbon component
of a composite electrode, the role of LaCoOs is largely reduced to
the catalysis of H,O, transformations, either in the chemical dis-
proportionation (Eq. (4)) or the electrochemical reduction reaction
(Eq. (3)). More detailed mechanistic studies are required to differ-
entiate between these possibilities. Therefore, for LaCoO3/carbon
composites, the first steps of the ORR are mainly electrocatalyzed
by carbon. This is in part due to the lower specific surface area of
LaCoO5; compared to carbon, and in part due to its fairly low spe-
cific electrocatalytic activity [16,53]. The composite electrode may
thus be considered as a bifunctional catalyst with carbon catalyzing
the ORR into H,0,, and perovskite catalyzing further H,O, chemi-
cal/electrochemical transformations. Ultimately, O, on a composite
electrode is reduced to H,0, while carbon alone is only capable
to support the reduction to H,0,. Similar role was proposed for
MnOOH [54], and for Lag gCag 4Co03 [26,30] in oxide/carbon com-
posite electrodes.

For Lag gSrg2MnOs3 the behavior is quite different. The RDE curve
is shifted more positive compared to the one for LaCoOs, and the
increase of the amount of perovskite has a pronounced influence
on the ORR onset and on the shape of the RDE curves. Similar
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behavior was observed for LaMnO5 [21,22] and for Lag gSrg4Co03
[23]. This may be attributed to the contribution of Lag gSrg ,MnO3 to
the first steps of the ORR. Such a hypothesis is in agreement with the
work of Tulloch [18] where Lag gSrg>MnO3 electrode without car-
bon showed significant ORR activity. The exact mechanism of the
ORR being beyond the scope of this work, it should be noted how-
ever that a mechanism consisting of a reversible electrochemical
reaction occurring on the surface of carbon (like the above dis-
cussed quinine-semiquinone transformation), with a consecutive
chemical reaction of H,0O, formation, also on the surface of car-
bon, then followed by a chemical disproportionation of H,0, or its
electrochemical reduction on the perovskite surface, would also be
consistent with the observed experimental data.

3.4. How to calculate the intrinsic electrocatalytic activity of
perovskites in perovskite/carbon composite electrodes

The above discussion shows that carbon actively participates
in the ORR on perovskite/carbon composites, the latter acting as
bifunctional electrocatalysts. Thus, the ORR on the carbon and
the oxide components must be considered as coupled reactions.
Depending on the catalytic activity of perovskite materials in vari-
ous steps of the multistep ORR mechanism, different mechanisms
may be expected. This poses problems for the evaluation of the
intrinsic electrocatalytic activity of perovskites. In the literature
the participation of carbon in the ORR on perovskite/carbon com-
posites is often neglected [28,29], the specific ORR activity being
calculated by normalizing the kinetic current to the surface area of
a perovskite material. However, this work demonstrates that the
contribution of carbon to the ORR cannot be neglected.

In case of a minor coupling of reactions on oxide and on carbon,
the contribution of the latter could be accounted for by subtracting
the ORR current measured on pure carbon electrodes. In order to
elucidate the applicability of such an approach to carbon/perovskite
composites we employed the following procedure. In the first place,
kinetic currents were calculated by performing the mass transport
correction by using Eq. (7):

=" = Ip| 7! + 5! (7)

with I is the ORR current, obtained from capacity-corrected
positive-going RDE scans, Ip the diffusion limited current, and Ig
the kinetic current. Considering that diffusion limited currents are
accessible only for some samples, the theoretical values of Ip (nor-
malized to the geometric surface area) of2.71and 1.36 mA cm,;ez0
were applied for the four and two electron reaction, respectively.
Then, the current density of the ORR on perovskites jf; was calcu-

lated by using Eq. (8):
+
AR

p
ABET

(8)

=

Here IP™¢ is the kinetic current of perovskite/carbon composite
determined using Eq. (7), I is the corresponding kinetic current
of carbon alone determined for the same quantity of carbon, and
A’éET is the surface area of perovskite calculated from the BET data.

Tafel plots calculated with the said procedure for composites
and Tafel plots for pure carbon normalized to the carbon surface
area are presented in Fig. 9 (Fig. S2 represents Tafel plots for com-
posites with constant amount of carbon and variable amounts of
perovskites). It can be observed that Tafel plots for carbon in the
interval of loadings from 18 to 140 pg cméez0 are almost super-
posed (Fig. 9a). Glassy carbon shows slightly higher kinetic current
densities, which is probably due to an underestimation of its active
surface area that was assumed to be equal to the geometric area.

The electrode with the highest amount of carbon presents slightly
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Fig. 9. Tafel plots from mass-transport corrected positive-going scans of GC-
supported thin film RDEs in O,-saturated 1 M NaOH at 10 mV s~!. (a) Sibunit carbon,
(b) LaCoQs +Sibunit, (c) LaggSro>MnOj3 +Sibunit. Measurements were performed
with a constant amount of perovskite (91 g cmgezu) for (b) and (c) and variable
amount of carbon. Color codes: 0 (pink squares), 18 (red diamonds), 37 (orange tri-
angles), 140 (greenrectangles)and 820 g cmgezo (light blue circles). Grey symbols
stand for the GC electrode, while black for the Pt/C electrode. Error bars represent
standard deviation from at least two independent repeated measurements. Currents
are normalized to the BET surface area of carbon for carbon electrodes, to the BET
surface area of perovskites after subtraction of the kinetic ORR current on carbon
for composite electrodes, to the platinum surface area for Pt/C, and to the geomet-
ric surface area for GC. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)
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lower current densities than other carbon electrodes. This under-
estimation can be explained by Eq. (9):

Ix = jk - Arear - Us 9

with j is the kinetic current density, A, the real surface area, and
ug the utilization factor, which accounts for the mass-transport or
Ohmic hindrance in the layer. For thin layers, the utilization factor
equals 1. For thick layers however, it is inferior of 1, due to the mass
transport hindrance of oxygen molecules within the catalytic layer
[46,55].

For LaCoOs, Tafel plots with various amounts of carbon are not
superposed (Fig. 9b). Indeed, itis observed that the higher the quan-
tity of carbon added to the composite electrode, the higher is the
kinetic current density. It is instructive to compare the degree of the
kinetic current enhancement with the increase of the total capac-
itance discussed in Section 3.2. For example, an increase of the
amount of carbon from 18 to 140 g cmggo leads to ca. factor of 2
enhancement of the total capacitance and ca. factor of 10 increase
of the kinetic current. In agreement with the discussion above this
confirms that the role of carbon extends beyond the improvement
of the layer conductivity, and involves also its active participation
in the mechanism of the catalytic ORR reduction. This suggests that
subtracting the ORR current in the absence of perovskite (Eq. (8))
does not allow to properly account for the carbon contribution.

In the case of LaggSrg>MnOs, for electrodes containing more
than 29% of carbon, Tafel plots are almost superposed confirm-
ing on the one hand that this amount of carbon is sufficient to
achieve a good electrical contact between Lag gSrg>MnOs3 particles,
and on the other hand that the catalytic activity of this perovskite
material in the electrochemical ORR is much superior of that of
carbon. For each electrode composition, LaggSrg>MnO3 is more
active than LaCoOs, as seen in Section 3.3. It should be also noted
that Lag gSrp,MnO3; demonstrates more pronounced voltammet-
ric peaks, compared to LaCoOs, in the potential interval of interest
(these are seen in the CVs under N, atmosphere), so its higher activ-
ity may be due to a redox mediation mechanism. Since the nature
of the peaks is not fully understood yet, such a hypothesis however
requires additional studies.

At the typical benchmark condition of 0.9V vs. RHE [2], and
for an electrode containing 60% of carbon, the current density is
3.3 and 8.6 pA cm;fide for LaCoO3 and LaggSrg>MnOs, corre-
spondingly. Without carbon, the current density at 0.9V vs. RHE

is1.6 pA cm_ 2, for LaggSrooMnOj3, while Bockris and Otagawa

[17] found around 0.1 pA cm_ 2. for LaCoOs and La;_,SryMnO3

oxide
pellets (~0.1 mA cmgg . 4. With a reported roughness factor
~1000 cm? cm?

“xide clectrode - Differences are probably related to
the Ohmic resistance and to the mass transport losses in the pellets,
and show that the thin film approach based on the application of
oxide/carbon composite layers leads to a better utilization of the
surface of oxide particles.

One may notice that the ORR activities of composite electrodes
are still inferior to the activity of the state of the art Pt/C catalyst, the
latter reaching 190 pA cmlgt2 at 0.9V vs. RHE (Fig. 9). It should be
noted however that as opposed to the noble metal loading, which is
constrained by the cost considerations, the loading of non-precious
metal oxide catalysts is limited only by the thickness constraints
because of the decline of the utilization factor caused by ohmic and
mass transport limitations in thick layers [2,28]. Thus, to compen-
sate for the lower specific activity one may envisage higher loadings
of metal oxide catalysts. Moreover, it is expected that fine tuning of
the perovskite composition will in the future allow to significantly
increase the specific activity of this promising class of materials
[29].

Convergence of Tafel plots for LaggSrg,MnOs3 at high carbon
loadings indicates that Eq. (8) may be applied for estimating the

intrinsic catalytic activity of this oxide material for a certain range of
carbon/perovskite ratios. We would like to stress however that this
conclusion cannot be generalized to all types of perovskite/carbon
composite electrodes since as discussed above a mechanism con-
sisting of carbon catalyzed formation of H,O, in a reversible
electrochemical reaction followed by a perovskite catalyzed H,0,
transformations would also be able to account for a significant pos-
itive shift of the onset of the ORR even if the oxide were inactive in
the ORR electrocatalysis.

4. Conclusions and outlook

This work shows that carbon is required in the catalytic layers
containing perovskite oxides in order to achieve high ORR activity.
Carbon in the catalytic layer plays a dual role. On the one hand, it
is required to improve the electrical contact between perovskite
particles and the current collector, and ensure maximum utiliza-
tion of the perovskite surface. On the other hand, carbon plays an
active role in the ORR by catalyzing O, reduction to H,0,. The ORR
on the carbon and the oxide components of composite cathodes
must be considered as coupled reactions whose contributions can-
not be always separated. Depending on the type and the surface
area of perovskite and of carbon, but also on the electronic con-
ductivity of the perovskite material, carbon may fully take over the
catalytic role of the electrochemical O, activation. In such a case
the role of perovskite is reduced to either chemical disproportion-
ation or electrochemical reduction of H,0,. Then, calculation of the
electrocatalytic activity by normalizing the measured kinetic cur-
rent to the surface area of perovskite (with or without subtraction
of the carbon contribution) will lead to erroneous results. This is
more pronounced for LaCoO5 than for Lag gSrg>MnOs in this work.

The quantity (and presumably the type) of carbon in the com-
posite electrodes must be carefully selected in order to ensure
the highest catalytic activity of the composite and depends on the
intrinsic conductivity of an oxide, and presumably the size of oxide
particles.

Thus, further development of perovskite materials for SAFCs
should go along with the understanding of the mutual influence
of perovskite and carbon in the catalytic layer and an improvement
of the composition and morphology of carbon/perovskite compos-
ites. This also requires the understanding of the ORR on composite
electrodes and of the participation of carbon and perovskite mate-
rials in chemical and electrochemical steps of the O, activation,
H, 0, reduction and decomposition. At present the available infor-
mation is not sufficient to conclude on the “direct” 4e~ vs. the
“series” 2e~ +2e~ ORR on perovskite materials. Further detailed
RRDE studies of the ORR, as well as investigations of the H,0,
chemical/electrochemical reactions on perovskites are required.

Note that the ORR on carbon materials cannot be fully neglected
even if perovskite materials are highly active in the “direct” 4e~
ORR. Indeed, if carbon is eventually part of the cathode layer of a
SAFC, H,0, produced on its surface must be either decomposed
or further reduced in order to prevent corrosion of the electrode
layer and the membrane. Thus, along with the ORR activity, per-
ovskites must possess significant activity in the H,O, reduction or
disproportionation.
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