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Abstract: The electric conductivity-dependence of the number
of electrons transferred during the oxygen reduction reaction is
presented. Intensive properties, such as the number of electrons
transferred, are difficult to be considered conductivity-depen-
dent. Four different perovskite oxide catalysts of different
conductivities were investigated with varying carbon contents.
More conductive environments surrounding active sites, ach-
ieved by more conductive catalysts (providing internal electric
pathways) or higher carbon content (providing external electric
pathways), resulted in higher number of electrons transferred
toward more complete 4e reduction of oxygen, and also
changed the rate-determining steps from two-step 2e process to
a single-step 1e process. Experimental evidence of the con-
ductivity dependency was described by a microscopic ohmic
polarization model based on effective potential localized
nearby the active sites.

Electron conduction to electroactive sites is one of the
necessary requirements for electrochemical reactions on
electrodes in which the electroactive sites were immobilized.
The statement sounds evident when considering a counter-
extreme case that an active site embedded in an insulating
matrix would not work for electrochemical reactions. Intro-
ducing conducting materials, such as carbon particles, to
electrodes has proved helpful as a support for electrocatalysts
in fuel cells (for example, platinum supported by carbon, or
Pt/C),[1] dye-sensitized solar cells,[2] and as a conducting agent
for lithium ion battery electrodes.[3] It should be carefully
considered which factors determining reaction rates or
currents are affected by the electron pathway development
increasing electron conduction throughout electrodes.
Increasing the number of electroactive sites (as an extensive
property) connected to the electric pathways is probably the
primary reason for improvements in reaction rate.[4]

Decreases in ohmic loss leading to macroscopic potential
drop is the second reason.[5] On the other hand, it is not clear
whether the electron conduction affects intrinsic or intensive
parameters characterizing electron transfer reactions. Rather,

it is difficult to imagine that the standard rate constant (ko in
k = ko exp(¢an Fh/RT) from the Butler-Volmer equation,
and not the exchange current (io) and the number of electron
transfer (n) on each active site change with more conductive
environments.[6] In this work, we demonstrate that the
intrinsic parameters of electron transfer varies by tuning
electron conduction. The intrinsic and intensive parameters of
interest here, which are independent of the number of active
sites, are the number of electrons transferred for the overall
process (noverall) and rate-determining step (nRDS).

The oxygen reduction reaction (ORR) was selected as
a model system because its noverall, which is determined by
peroxide formation, varies between 2 and 4. The values are
determined by configuration of oxygen adsorption depending
on the nature of catalyst active sites: 4e for bidentate
adsorption versus 2e for end-on (monodentate) configuration
on platinum catalysts.[7] ORR, especially by oxide catalysts,
consists of four one-electron (1e) elementary steps in series
with four surface species on active sites along a turnover
track: ¢OH¢!¢OO2

¢!¢OOH¢!¢O2
¢!¢OH¢ (Fig-

ure 1a).[7a,8] Dioxygen molecules sit on metal atoms (M) of
metal oxide catalysts in the monodentate configuration. The
bond breakage of O¢O of the surface peroxide (the 2e
transfer product formed after the second step in Figure 1 a) at

Figure 1. a) Four one-electron elementary steps constituting ORR on
metal active sites (M) of metal oxide catalysts. Solid and dashed
arrows with e¢ indicate the directions of external and internal electron
transfer from potentiostats and the metal active site, respectively.
Blue- and red-colored elements come from electrolyte (0.1m KOH)
and dissolved oxygen, respectively. Oxidation numbers were indicated
on top of the corresponding atoms. b) Electrical conductivities (s) of
perovskite oxide catalysts in Arrhenius plots. Inset: Linear scale
conductivity comparison between NBSCO0.9 and NBSCO0.93 for clarity.
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step 3 is the step determining whether the overall reaction
proceeds through a 2e or 4e electron transfer. A 4e transfer
would be more encouraged if the peroxide intermediate were
able to stay on the active sites (M) long enough to go forward
to the next species before desorption, or if the rate of the steps
after the peroxide formation (steps 3 and 4) were faster than
that of the previous steps (steps 1 and 2).

Perovskite oxides, recently highlighted as catalysts for
oxygen reduction and evolution,[8, 9] are potential materials for
investigating the conductivity dependency of intrinsic param-
eters of ORR because of possible variation of their con-
ductivities. To investigate the conductivity dependency of
noverall and nRDS, four different perovskite oxide catalysts with
different electron conductivities were prepared:
Ba0.5Sr0.5Co0.8Fe0.2O3 (BSCFO) at less than 0.4 S cm¢1 as its
room-temperature electron conductivity (sRM);
La0.8Sr0.2CoO0.79 (LSCO) at 1000 Scm¢1; NdBa0.25Sr0.75Co2O5+d

with d = 0.9 and 0.93 (NBSCO0.9 and NBSCO0.93) at 5400 and
6200 Scm¢1, respectively (Figure 1b). BSCFO and LSCO are
simple cubic perovskites (ABO3; A = alkaline and/or rare
earth metals, B = transition metals) while NBSCOs are
double perovskites having alternative layers of different A
site elements (Ba/Sr and Nd; Supporting Information, Fig-
ure S1). Metallic conduction of the highly conductive NBSCO
is explained by their narrow direct band gaps (Egap) between
valence bands (VB) extended above Fermi level (EF) and
conduction bands (CB; see the Supporting Information for
detailed discussion and calculations).[10] On the contrary, the
poorly conductive counterpart BSCFO showed indirect band
gaps characteristic of semi-metals with wide direct band gaps.

The degree of ORR completion, indicated by noverall, is an
important parameter to describe the ORR as a series of
reactions. The overall current relevant to ORR, which is
measured on the disk compartment of rotating ring–disk
electrodes (RRDEs), does not result only from the complete
reduction of oxygen to hydroxide ions through a four-electron
(4e; noverall = 4) transfer pathway (O2 + 2H2O + 4e¢!
4OH¢).[11] A two-electron (2e; noverall = 2) transfer pathway
(O2 + H2O + 2e¢!HO2

¢+ OH¢) is partly responsible for the
ORR current, not completing a turnover of ORR but
generating peroxide as an intermediate product. The inter-
mediate HO2

¢ was detected by ring electrodes oxidizing the
peroxide to oxygen at + 0.4 V so that noverall was calculated by
comparing between the currents of the disk and ring electro-
des (Figure 2a). Interestingly, the noverall values (or noverall as
their average) were estimated to be higher on more con-
ductive catalyst layers (Figure 2b). We controlled the electric
conduction through internal and external pathways by using
catalysts of different conductivities and increasing carbon
contents in electrodes. At a fixed carbon content (for
example, 5 wt. %), 4e ORR processes were encouraged by
more conductive internal electric pathways resulting from
higher conductivities of catalysts: noverall was estimated at 3.9
for the most conductive NBSCO0.93 versus at 3.25 for the least
conductive BSCFO. However, the difference of noverall

between catalysts became smaller as the carbon contents
increased (Figure 2 b). Higher carbon content resulted in
increasing numbers of external electric pathways with shorter
electron travelling length, with noverall approaching 4. With 50

wt.% carbon, therefore, there were no significant differences
of noverall between catalysts.

The conductivity-dependent contribution of 4e or 2e
processes to the overall currents on the perovskite oxide
catalysts could be understood from the viewpoint of effective
potential localized nearby active sites. The values of noverall

(for instance, noverall is the average value of the noverall between
0.33 V and 0.53 V) depended on overpotential (h ; Figure 3a):
higher h (or the more negative potential) resulted in larger
noverall. Even if the overpotential dependency trend was
consistent over all samples, the critical overpotential (hc) at
which the noverall began to decrease dramatically shifted in the
direction to higher h (or more negative potential) from 0.65 V
to 0.52 V with decreasing carbon contents in the most resistive
BSCFO. However, more conductive catalysts (LSCO and
NBSCO) showed no significant change in hc with carbon
contents except for 0 wt. % C. This indicates that more
resistive situations caused by resistive catalysts and/or small
carbon contents have reduced ohmic potential and require
a higher overpotential to complete the 4e reaction.

Based on the overpotential dependency of noverall, the
catalytically active sites of low-conductivity perovskite cata-
lysts (such as BSCFO) can be schematically categorized into
fully and less polarized sites (Figure 3b). Both sites benefit
from the kinetic gain by the catalytic activation energy
reduction. The fully polarized sites, experiencing high h and

Figure 2. a) Voltammograms of disk current of ORR in 0.1m KOH at
cathodic scan (10 mVs¢1) on 1600 rpm. 5 wt.% carbon was used for
BSCFO, LSCO, and NBSCO (Loading density, L =0.8 mg total cm¢2

with total =oxide+ carbon). 80 wt.% carbon was used with Pt
(L =0.4 mg total cm¢2). Refer to Figure S3 for other carbon composi-
tions with the perovskite oxide catalysts. b) Number of electrons
transferred for overall processes (noverall). The values of noverall were
calculated from currents on disk and ring electrodes along cathodic
scan at the same rpm used in (a) during ORR. The average values
(noverall) were calculated by averaging noverall values at 0.33 V and 0.53 V.
c) Number of electrons transferred for the rate-determining step
(nRDS). nRDS values were calculated from Tafel slopes (b) by using the
relationship: b =60 mV dec¢1/(nRDS a), where the transfer coefficient
(a) was assumed to be 0.5. A single catalyst particle (yellow circle)
surrounded by multiple carbon black (black circles) represents carbon
compositions on the top of (b) and (c).
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completing the 4e pathway, are physical points where the
electric pathways provided by carbon meet the catalyst
surface with the chemical species, including O2. They are
found near the contact points between carbon black and
catalyst. The less polarized sites on the BSCFO surface,
without contact to external electric pathways or far from the
contact points between carbon and catalyst, experience small
h for ORR in the catalyst side-space charge region near the
electrolyte–catalyst interface owing to the resistive electron
pathways throughout BSCFO. Therefore, peroxide ions are
significantly produced from the less polarized sites before
completing the overall 4e turnover, probably because the
small h causes the rate of the steps after the peroxide
formation (steps 3 and 4) to be kinetically slow (Figure 1a).
The surface peroxide is desorbed kinetically when its stay on
an active site is longer than its possible retention time. This is
supported by the observation that higher carbon contents of
BSCFO-based electrodes increased noverall from 3.25 with
5 wt.% carbon to 3.8 with 50 wt.% carbon (Figure 2a). On
the other hand, all active sites of our highly conductive
NBSCO have h values high enough to promote ORR
efficiently along the 4e pathway with high noverall values,
even at low carbon contents. Insignificant changes in noverall

value with increasing carbon contents supports the idea that
electrons are supplied to the surface efficiently through the

NBSCO, even without external electron pathways (Fig-
ure 2a).

As well as using noverall as a measure of ORR completion,
nRDS provides information on the electron transfer number,
not for the overall ORR process but specifically for RDS.[12]

The values of nRDS are calculated from Tafel equation
(Figure S4): h = a + b log i where a = ln io/(anRDS f) and b =

¢2.3/(anRDS f) with f = F/RT (see the Supporting information
for glossary of symbols). The ORR was assumed to be
symmetric (a = 0.5) to obtain nRDS.

[13] Interestingly, nRDS

changed with electrode conductance, depending on catalyst
conductivities as well as carbon content (Figure 2c). The most
conductive double perovskites (NBSCO0.9 and NBSCO0.93)
showed small values of nRDS values less than 1.5 for all of the
carbon contents tested from 5 wt.% to 50 wt.%. In the
medium-conductivity perovskite LSCO, on the other hand, its
RDS at the lowest carbon content (5 wt.%) was identified
more as 2e transfer, and the nRDS changed from 2e to 1e
around 20 wt.% carbon. In the least conductive BSCFO, the
nRDS transition was observed at higher carbon contents from
50 wt. %. That is to, the more conductive catalyst layers are,
the closer to 1e process the RDS is.

Based on the results for noverall and nRDS, therefore, 1e
transfer RDS appears to be responsible for 4e ORR. This
conclusion is in agreement with the ohmic polarization
scenario, as discussed above. One or both of elementary
steps of 1 and 4 (Figure 1a), each from steps before and after
peroxide formation, were known to be highly possible RDS.[8]

In low-conductivity catalysts with poorly conductive environ-
ments, both of them are thought to be RDSs because nRDS was
estimated at 2. The latter RDS at step 4 would play a crucial
role of peroxide generation by delaying forward conversion of
surface peroxide to the next surface species. However, there is
a single RDS (nRDS = 1) with no RDS after the peroxide
formation (that is to say, RDS at 1; and nRDS = 1) in highly
conductive catalysts and even in poorly conductive catalysts
surrounded by highly conductive environments so that most
of the oxygen is completely reduced through the 4e process.

In this work, we described the conductivity-dependency of
the number of electrons transferred for ORR and its RDS.
Whether electric conduction throughout electrodes is
improved internally by using high-conductivity catalysts, or
externally by adding conducting agents such as carbon black,
completion of ORR by 4e transfer was promoted in more
conductive situations by a one-step 1e RDS before surface
peroxide formation. To our knowledge, this is the first
observation showing that intensive and intrinsic properties
of electrochemical reactions possibly depend on electric
conduction that have been easily thought to affect extensive
properties such as the effective amount of electroactive sites.
Therefore, electric conductivities of electrocatalysts should be
more seriously considered to obtain higher energy densities in
electrocatalysis-based energy devices such as fuel cells and
metal air batteries.

Figure 3. The effects of local potential distribution near the active sites
on noverall. a) Potential dependency of noverall. The critical overpotentials
(hc) at which the noverall dramatically decreases were indicated.
b) BSCFO and NBSCO as representative examples of less versus more
conductive catalysts, respectively. Overpotential (h) gradients decrease
with distance away from the contact point with carbon through the
body of the catalyst.
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