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Abstract: The perovskite SrNb0.1Co0.7Fe0.2O3¢d (SNCF) is
a promising OER electrocatalyst for the oxygen evolution
reaction (OER), with remarkable activity and stability in
alkaline solutions. This catalyst exhibits a higher intrinsic OER
activity, a smaller Tafel slope and better stability than the state-
of-the-art precious-metal IrO2 catalyst and the well-known
BSCF perovskite. The mass activity and stability are further
improved by ball milling. Several factors including the
optimized eg orbital filling, good ionic and charge transfer
abilities, as well as high OH¢ adsorption and O2 desorption
capabilities possibly contribute to the excellent OER activity.

As global energy demand is rapidly increasing, the discovery
of cost-effective, highly active catalysts for energy conversion
and storage is of prime importance in the societal pursuit of
sustainable energy.[1] Among potential electrochemical pro-
cesses, the oxygen evolution reaction (OER) during water
oxidation is the key step for renewable-energy technologies,
such as water splitting, rechargeable metal–air batteries, and
regenerative fuel cells.[2] However, the kinetics of OER
(2H2O$4H+ + O2 + 4e¢ in acidic media or 4OH¢$2H2O +

O2 + 4 e¢ in alkaline media) are sluggish and often require
a considerable overpotential relative to thermodynamic
potential of the reaction (1.23 V vs reversible hydrogen
electrode, RHE, at standard temperature and pressure) to
reach a desirable current density, such as 10 mAcm¢2 (on
a basis of 10% solar-to-fuel conversion efficiency).[3] Thus, the
development of efficient electrocatalysts with low overpoten-

tial and good long-term stability in OER catalysis is
constantly being pursued. Currently, IrO2 and RuO2 have
been identified as the most active catalysts for the OER, but
the scarcity and high cost of each limit their wide applica-
tion.[4] Accordingly, extensive research is urgently needed to
develop alternative OER electrocatalysts that are inexpen-
sive, sufficiently active, and stable upon prolonged exposure
to oxidizing conditions in alkaline solutions. Over the years,
a great number of alternative OER catalysts based on
abundant 3d transition metals have been studied, including
metal oxides (hydroxides),[5] chalcogenides,[6] phosphates,[3a,7]

molecular compounds,[8] and advanced metal oxides/carbon
composite catalysts.[9]

ABO3-type oxides known as perovskites, where A is
commonly a rare-earth or alkaline earth element and B is
commonly a transition metal, are widely used in solid oxide
fuel cells (SOFCs) and oxygen permeation membranes.[10]

Perovskite oxides have lately been of particular interest for
renewable-energy technologies owing to their reported high
specific catalytic activity (mAcm¢2

oxide) toward the OER in
alkaline conditions.[11] Suntivich et al. reported a descriptor to
rational design perovskite (ABO3) electrocatalysts with high
OER activity. They found that a near-unity occupancy of the
eg orbital of the first-row transition metal in the perovskite
oxides can enhance the intrinsic activity for the OER in
alkaline solution.[11a] Based on this descriptor,
Ba0.5Sr0.5Co0.8Fe0.2O3¢d (BSCF) and SrCo0.8Fe0.2O3¢d (SCF)
perovskites have been developed as highly active catalysts,
with intrinsic activity significantly surpassing that of the state-
of-the-art precious-metal IrO2.

[11a, 12] However, BSCF and SCF
materials readily undergo changes in their local structure,
switching from corner-sharing to edge-sharing octahedral
with concomitant formation of an amorphous phase under
OER conditions.[12] As a consequence, substantial progress is
still needed to develop perovskite-type OER catalysts with
improved activity and stability.

Herein, we report a novel perovskite SrNb0.1Co0.7Fe0.2O3¢d

(SNCF) as a highly active catalyst for the OER in alkaline
solution. The SNCF perovskite showed higher intrinsic OER
activity than IrO2 catalyst and BSCF perovskite. This
enhanced OER activity may be attributed to the optimized
eg orbital filling, good ionic and charge transfer abilities, as
well as high OH¢ adsorption and O2 desorption capabilities.
The SNCF perovskite also exhibited excellent durability
under harsh OER cycling conditions. Furthermore, the mass
activity and stability of SNCF can be further enhanced by ball
milling (the ball-milled SNCF sample is noted as SNCF-BM).
These results strongly suggest the potential for an efficient,
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robust, and economic OER electrocatalyst based on SNCF
perovskite oxide.

The phase structure of SNCF was first analyzed by room-
temperature X-ray diffraction (RT-XRD) with the typical
pattern presented in Figure 1a. Rietveld refinement revealed
the SNCF to possess a tetragonal structure with lattice
parameters of a = 3.8808 è and c = 7.7679 è and a space
group of P4/mmm. The reliability of the Rietveld refinement
is Rp = 1.29%, Rwp = 2.24 %, and c2 = 1.74, which is satisfac-
tory with respect to goodness of fit. The inset in Figure 1a
depicts the crystal structure of the tetragonal SNCF perov-
skite. The tetragonal phase structure of SNCF was further
confirmed by three key selected-area electron-diffraction
(SAED) patterns along the three h100i, h110i, h221i zone axes
(Figure 1b–d) and corresponding high-resolution transmis-
sion electron microscopy (HRTEM) images (Figure 1e–g).
The tetragonal structure with space group P4/mmm for SNCF
is consistent with the results reported by S. Van Rompaey
et al.[13] The XRD pattern of ball-milled SNCF (SNCF-BM) is
shown in the Supporting Information, Figure S1. The broad-
ened diffraction peaks of lower comparable intensity dis-
played by the SNCF-BM material indicate the reduced grain
size after ball milling.

The electrocatalytic activity of SNCF perovskite for the
OER was evaluated by linear sweeping voltammograms
(LSVs) in O2-saturated 0.1m KOH at a scan rate of 5 mVs¢1

and rotation speed of 1600 rpm. Similar measurements were
performed on the SCF, BSCF, and IrO2 catalysts for
comparison. The potential is referenced to the reversible

hydrogen electrode (RHE), which was calibrated as described
in the Experimental Section (Supporting Information, Fig-
ure S2). All potential values are iR-corrected during each
LSV to compensate for the resistance of the solution. In
Figure 2a, the LSVs of SNCF showed an OER onset potential
(1.53 V) that is similar to SCF and BSCF, and slightly higher
than the IrO2 catalyst (1.47 V). However, ball-milled SNCF
(SNCF-BM) exhibited a comparably low onset potential
(1.49 V) and a greater catalytic current than the IrO2 catalyst.
Notably, conductive carbon showed negligible OER activity
in the potential range studied. It is important to compare the
relative values of the overpotential h required to achieve
a current density of 10 mAcm¢2, which is a metric relevant to
solar fuel synthesis.[14] Remarkably, the SNCF-BM catalyst
afforded such current density at a comparably small h value
(ca. 0.42 V), which is more negative than that of SNCF (h =

0.50 V), SCF (h = 0.53 V), BSCF (h = 0.51 V), and IrO2 (h =

0.45 V). The SNCF electrocatalyst also showed higher activity
than some currently reported high-performance OER cata-
lysts (Supporting Information, Figure S3), such as double-
perovskite PrBaCo2O5¢d (PBC),[11b] spinel-like LiCoO2,

[15]

and the rhombohedral perovskite LaNiO3¢d (LN).[11c,16]

Each crystal structure was identified by their respective
XRD patterns (Supporting Information, Figure S4).

To gain more information on the kinetics of OER, the
Tafel plots of SNCF, BSCF, and IrO2 catalysts were drawn in
Figure 2b. The Tafel slopes are 76, 94, and 83 mVdec¢1

(millivolt per decade of electrical current density) for SNCF,
BSCF, and IrO2, respectively. The SNCF catalyst exhibits the

Figure 1. a) Refined X-ray diffraction (XRD) profiles of the SNCF
sample. Observed (blue circles), calculated (red solid line), differences
(green line, bottom), and calculated Bragg positions (vertical purple
bars) for each phase are presented. Inset: the tetragonal SNCF crystal
structure (Sr purple, Co red/yellow, O green/pale and dark blue. The
position of Fe and Nb is the same as Co. b) SAED patterns (b–d) and
the corresponding HRTEM images (e–g) of the h100i, h110i, h221i
zone axes for SNCF.

Figure 2. a) Linear sweeping voltammograms (LSVs) for the OER on
rotating disk electrodes comprised of the SNCF, SCF, BSCF, IrO2, and
SNCF-BM catalysts in O2-saturated 0.1m KOH solution at 1600 rpm.
The background OER activity of a thin-film Nafion-bonded carbon thin-
film electrode is shown for reference. b) Tafel plots of the SNCF, BSCF,
IrO2 and SNCF-BM catalysts. c) OER specific activity (SA) of the
SNCF, BSCF, IrO2, and SNCF-BM catalysts as a function of potential.
Inset: specific activity of the SNCF, BSCF, IrO2, and SNCF-BM
catalysts at an overpotential of h = 0.5 V. d) Mass activity (MA) based
on the oxide weight of the SNCF, BSCF, IrO2, and SNCF-BM catalysts
at an overpotential of h = 0.5 V.
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smallest Tafel slope among the studied materials. Further-
more, the specific activity (mA cm¢2

ox) normalized to real
oxide surface area, as estimated from BET measurements
(Supporting Information, Figure S5), were also plotted as
a function of potential (Figure 2c, inset). To our knowledge,
the specific activity (SA) reflects the intrinsic activity of
a catalyst for OER. From Figure 2 c, at h = 0.5 V (h that
needed to afford a current density of 10 mAcm¢2 for SNCF),
we found that SNCF catalyzes the OER with an intrinsic
activity at least an order of magnitude higher than the IrO2

catalyst and is about twice that of BSCF, respectively.
However, SNCF-BM displayed a higher Tafel slope
(90 mVdec¢1) and lower specific activity than SNCF (Fig-
ure 2b,c). These results suggested that the intrinsic activity
was deteriorated significantly by the ball milling process like
that reported for BSCF by Shao-Horn et al.[11a] Unfortunately,
the cause of this phenomenon is still unknown, but it is
a worthy topic of future research.

In general, perovskite catalysts typically display low
surface areas (< 2 m2 g¢1) owing to their high calcination
temperatures (> 800 88C), which always results in low mass
activity for both the oxygen reduction reaction (ORR) and
the OER.[11a, 17] Thus, reducing particle size is an efficient way
to improve the mass activity of perovskite electrocata-
lysts.[11d, 16, 18] To reach this goal, ball milling is an easy and
effective strategy to make particles in the submicrometer
range (Supporting Information, Figure S6).[11a, 19] The mass
activity of the SNCF, BSCF, IrO2, and SNCF-BM catalysts at
h = 0.5 V is shown in Figure 2d. The mass activity of SNCF-
BM is 93.15 Ag¢1, which is about 2.5 and about 1.5 times
higher than that of the BSCF and IrO2, respectively. As
expected, SNCF showed lower mass activity than SNCF-BM
owing to its comparatively fewer OER active sites. Although
the ball-milling process increased the specific surface area to
some extent, it did not result in sufficient miniaturization of
the SNCF particles. Therefore, nanostructured perovskites
could be more promising alternative electrocatalysts in terms
of further improvements to mass activity. According to the
comparison of the OER activities, for example, h =

10 mAcm¢2, Tafel slopes, specific activity, and mass activity
(Supporting Information, Table S1), the SNCF catalyst is
attested to possess the best intrinsic OER activity and its mass
activity could be further enhanced through ball milling.

Long-term stability is another critical parameter that
determines the practicability of electrocatalysts. To assess this,
we performed continuous potential cycling between 1.147 and
1.947 V (versus RHE) for SNCF and SNCF-BM, with SCF,
BSCF, and IrO2 as reference, in O2-saturated 0.1m KOH. As
shown in Figure 3a–d, after 1000 cycles, the OER current at
1.947 V (versus RHE) for SNCF slightly decreased by 7.9%,
while much higher degradation rates of 15.6, 14.4, and 21.6%
were observed for SCF, BSCF, and IrO2, respectively. The
good durability of the SNCF perovskite could be explained by
the incorporation of high-valence Nb5+ cations on the B-site,
serving to effectively enhance phase stability.[20] In contrast,
SCF and BSCF was unstable because of a change of the local
structure from corner-sharing to edge-sharing octahedral that
accompanied leaching of Ba2+and Sr2+ during cycling in
alkaline solution.[12] IrO2 displayed a sharp loss in OER

activity owing to oxidation of the surface Ir4+ to the water-
soluble IrO4

2¢ anion, as has been widely reported.[21] Remark-
ably, the durability of SNCF could be further improved
through ball milling. SNCF-BM exhibited the best durability,
with almost no OER activity decay (Figure 3e). This may be
ascribed to better mechanical adhesion between active
material and the GC (glassy carbon) substrate for SNCF-
BM owing to higher specific surface area, which reduces the
possibility of mechanical spalling from the electrode. Com-
bining the above merits, the SNCF perovskite featured also an
excellent durability during long-term operation.

The strong durability and superior activity of the SNCF
perovskite indicate that it may be viable as an efficient OER
catalyst. Understanding the source of the excellent OER
performance is critical for designing even better materials.
This could be related to the following several factors. Firstly,
the electronic configuration of Co, with an optimal eg orbital
filling (t2g

5eg
1.2), was present in SNCF. Figure 4 a shows the Co

2p3/2 XPS spectra of SNCF, which deconvoluted well into four
peaks characteristic of Co2+ and Co3+ and their shake-up
satellites (denoted as “sat”).[9b,22] The calculated Co3+/Co2+

ratios based on the area intensity was about 3.8, indicating
that the average Co valences of the SNCF is assigned to be
about 2.8. The valence state of Co in SNCF was further
confirmed, combining the oxygen non-stoichiometry (d) by
iodometric titration method (Supporting Information, Table
S2) with the Fe valences by Mçssbauer spectroscopy (Sup-
porting Information, Figure S7 and Table S3). Therefore, the
eg occupancy of cobalt in the SNCF perovskite is estimated to
be 1.2, assuming that the Co3+ ions are in intermediate spin

Figure 3. OER linear sweep voltammograms (LSVs) on rotating disk
electrodes for the a) SNCF, b) SCF, c) BSCF, d) IrO2 and e) SNCF-BM
catalysts before and after 1000 cycles of accelerated stability testing in
O2-saturated 0.1m KOH solution at 1600 rpm.
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states (IS) based on previous related studies.[23] However, it is
noteworthy that the spin state estimation of Co3+ ion inferred
from previous reports still gives rise to ambiguities owing to
the difficulty in precisely distinguishing the multiple spin
configurations. Therefore, further work is needed to confirm
the Co3+ spin state in the SNCF perovskite. The eg orbital
filling (t2g

5eg
1.2) in SNCF is optimal for OER activity, which is

the same as that in BSCF sitting on top of the volcano plot of
activity versus eg filling reported by Suntivich et al.[11a]

Secondly, SNCF possessed good ionic and charge-transfer
abilities between the electrolyte and the active material. Ion-
and charge transport are crucial factors in the performance of
efficient electrochemical OER catalysts. Charge transfer
resistances were obtained by electrochemical impedance
spectroscopy (EIS) measurements (Figure 4b). The charge-
transfer resistance (Rct) of SNCF (91.4 W) was smaller than
that of BSCF (107.4 W) and IrO2 (99.6 W). As a result, SNCF
possessed a faster charge-transfer rate than the BSCF and
IrO2 catalysts during OER process.[24] SNCF-BM exhibited
the lowest Rct (70.6 W), indicating that the charge-transfer
rate can be improved by increasing the active sites. Finally, the
SNCF perovskite showed good OH¢ adsorption and O2

desorption capabilities. As observed by Fourier transform
infrared (FTIR) spectroscopy (Figure 4c), a broad IR band
with a maximum at approximately 3467 cm¢1 appeared for the
measured samples after exposure to water, corresponding to
H-bonded OH stretching vibrations.[25] Obviously, SNCF
exhibited a stronger OH absorption band than BSCF and
IrO2, indicating that SNCF possesses a stronger OH¢

adsorption ability than either BSCF or IrO2. Figure 4d
showed the O2 temperature-programmed desorption (O2-
TPD) profiles of SNCF and BSCF. The desorption peaks of
SNCF occurred at nearly 256 88C, which is lower than BSCF
(286 88C), indicating a greater O2 desorption capability. These

features resulted in the SNCF perovskite being an outstand-
ing electrocatalyst for OER.

In summary, a novel tetragonal SrNb0.1Co0.7Fe0.2O3¢d

(SNCF) perovskite was developed as an efficient OER
catalyst with remarkable activity and stability in alkaline
solutions. The SNCF perovskite exhibited a higher intrinsic
OER activity and a smaller Tafel slope than the state-of-the-
art precious-metal IrO2 catalyst and the well-known BSCF
perovskite. Several factors, including the presence of Co2.8+ in
SNCF with an optimal eg orbital filling (t2g

5eg
1.2), good ionic

and charge-transfer abilities,and high OH¢ adsorption and O2

desorption capabilities possibly contribute to the observed
enhanced OER activity. To our knowledge, this material is the
perovskite with the highest intrinsic OER activity yet
reported. Moreover, SNCF also exhibited outstanding dura-
bility under harsh OER cycling conditions. Remarkably, the
OER mass activity of SNCF by ball milling (SNCF-BM) was
further improved, which was found to compare favorably
comparable with the benchmark IrO2. These merits speak to
the potential of the SNCF perovskite as a promising OER
catalyst for use in energy storage and conversion applications,
such as solar water splitting, fuel cells, electrolysis, and metal–
air batteries.

Keywords: intrinsic activity · energy storage and conversion ·
oxygen evolution reaction · perovskites
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