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ABSTRACT: Electrocatalysts with high activity for the oxygen evolution reaction (OER) play a pivotal role in various electro-
chemical devices such as water electrolyzers and metal-air batteries. Electronic interactions between these catalysts and
chemical reactants control the activity and efficiency, and hence need to be optimized, but only the cation components have
been of interest. Here, through the optimization of both cation and anion components, we demonstrate that a Ruddlesden-
Popper-type oxychloride Sr2CoosFeo.203Cl successfully outperforms BaosSrosCoosFeo203-5, which is a well-known highly ac-
tive OER catalyst. Moreover, Sr2CoosFeo.203Cl also catalyzes the oxygen reduction reaction (ORR) and minimizes the overpo-
tentials of both the ORR and OER, compared with previously reported conventional perovskite-type catalysts. We discuss
possible descriptors of the catalytic activity of Sr2Co1-xFexO3Cl to clarify the origin of its activity, and highlight a new reaction

pathway for OER that involves catalysis by both Co and Fe.

Introduction

There has been growing interest in energy-storage de-
vices such as water-splitting devices,! regenerative fuel
cells,>* and rechargeable metal-air batteries.>” Since one of
the biggest challenges with these devices is the sluggish ki-
netics of the oxygen evolution reaction (OER), much effort
has been devoted to the development of OER catalysts. Alt-
hough some precious metal oxides (e.g., IrO2 and RuO3)
show good OER activities,? their high cost and scarcity have
hindered their large-scale implementation. Therefore,
many studies have sought to identify cost-effective transi-
tion-metal catalysts with high OER activity.? Among various
crystal structures, a family of perovskite compounds such
as ABOs single perovskites,1011 A2BB’0¢ or AA’B20s double
perovskites, 1215 AB’3B4012 quadruple perovskites,1617
An+1BnO3s+1 Ruddlesden-Popper-type layered perovskites!s-
20, and others with unique structure /hybrids21.22 (4, A’ = lan-
thanides or alkaline earth metals, B, B’ = transition metals)
is considered to be an attractive choice in terms of its struc-
tural and compositional flexibility.?? Several studies on per-
ovskites as OER catalysts have clarified that the choice of
the B-site cation plays an important role, and their OER per-
formance is maximal when d-electrons in the e; orbital of
the B-site cation is near unity.2425 Partial substitution of
their A- or B-site cations is also an important strategy be-
cause the electronic configuration in the eg orbital of their
B-site or O p-band center can be modified indirectly.122526

Recently, in contrast, some studies have clarified that, for
transition metal oxides, partial or total substitution of their
oxygen anion by other anions is another effective strategy
for enhancing OER activities.?”-3¢ We have also demon-
strated that Ruddlesden-Popper-type Co-based layered

perovskite oxychlorides Sr2Co03Cl and Sr3Co20sClz, which
can be synthesized by a simple solid-state method in ambi-
ent air, function as highly active OER catalysts, and clarified
that their enhanced OER activities can be attributed to their
upshifted O p-band centers.3! From the viewpoint of cation
selection, on the other hand, there is room for improvement
in the composition of their transition metal sites: oxychlo-
rides still have the potential to achieve better OER perfor-
mance. As has been widely reported,??-3¢ Fe doping in Co-
based transition metal catalysts is one of the most familiar
and effective strategy for OER enhancement, which moti-
vated us to investigate the OER activity of Co-Fe-based per-
ovskite oxychlorides. On the other hand, the role of Fe in en-
hanced OER activities is not universal for the above-men-
tioned OER catalysts: SrCo1-xFex0Os-5 (stabilization of its per-
ovskite structure),3? PrBaosSrosCo1sFeos0s+s (lower theo-
retical overpotential at Fe site),'3 BaosSrosCoosFeo203-s and
PrBaCoz(1-nFe2x0¢-5 (altered intrinsic properties such as
charge stabilization of Co and thermodynamic metastabil-
ity),3334 LiCoO: (synergistic interplay of Co and Fe),35 CoFe
layered double hydroxides (LDHs, formation of y-phase and
O-bridged Fe-Co reaction centers),3¢ Therefore, it is also im-
portant to identify the role of Fe in OER activity for the pre-
sent perovskite oxychlorides.

In the present work, we selected Sr2Co03Cl for the incor-
poration of Fe, since the synthetic route and magnetic prop-
erties of Sr2Co1-xFex03Cl, which is essential for theoretical
calculation, has been reported previously.3” We first inves-
tigated OER activities of Co-Fe-based layered perovskite ox-
ychlorides Sr2Co:1-xFex03Cl, and discuss the effect of the in-
corporation of Fe on their OER properties. The incorpora-
tion of Fe dramatically enhances their OER activity, and the
OER activity of Sr:CoosFeo203Cl outperforms that of
BaosSrosCoosFeo203-5s (BSCF). Moreover, Sr2CoosFeo.203Cl



can serve as a highly active bifunctional catalyst for both the
OER and oxygen reduction reaction (ORR). OER free-energy
diagrams of the oxychlorides clarified that the incorpora-
tion of Fe into Sr2Co03Cl dramatically lowers their theoreti-
cal OER overpotentials by providing a new synergistic dual-
site mechanism where Co and Fe have different roles in cat-
alyzing the OER.

EXPERIMENTAL SECTION

Preparation and Characterization of Catalysts

Sr2Co1-Fex03Cl  were prepared by a solid-state
method.3738 SrCo1-xFexO3-s compounds were firstly synthe-
sized by heating a stoichiometric mixture of SrCO3 (99.99%,
Wako Pure Chemical), Co304 (99.5%, Sigma-Aldrich), and
Fe203 (99%, Sigma-Aldrich) at 1333 K for 1 day in air. Then,
Sr2Coz(1-nFe2x0s precursors were prepared by heating the
SrCo1-xFexO3-sat 1123 K for 1 day in flowing Ar gas.3° Finally,
Sr2Coz(1-yFe2x0s, SrCOs, and SrClz-6H20 (99%, Nacalai
Tesque) by 1 : 1 : 1 molar ratio were mixed, and heated at
1123 K for 1 day in air. More details including methods for
the preparation of LaCoOs (LCO), LaSrCoO4 (LSC214), BSCF,
and IrOz which were used as OER-benchmarking catalysts
are provided in the Supporting Information.

X-ray diffraction (XRD) measurements were conducted
using a RINT-2200 (Rigaku) with CuKa radiation. Scanning
electron microscopy (SEM) observations were performed
with an S3000-H (Hitachi). Energy-dispersive X-ray spec-
troscopy (EDX) was carried out with an EX-220 (Horiba) at-
tached to the chamber of the SEM apparatus. Specific sur-
face area measurements by the Brunauer-Emmett-Teller
(BET) analysis were performed with a BELSORP-max (BEL
Japan). X-ray photoelectron spectroscopy (XPS) was carried
outusing a 5500MT (ULVAC-PHI) with MgKa radiation. The
energy scale was calibrated by using a C 1s peak equal to
284.8 eV. Room-temperature Mdossbauer spectra with a
transmission setup using a >’Co/Rh source were obtained at
the Research Institute for Production Development (Kyoto,

Japan).
Density Functional Theory (DFT) Calculations

DFT calculations with a Hubbard U correction for Co 3d
(Uetr = 3.3 eV) and Fe 3d (Uetr = 4.0 eV) electrons were per-
formed with the Vienna Ab initio Simulation Package
(VASP).#0 The energy was calculated using the generalized
gradient approximation (GGA) of DFT proposed by the
Perdew-Wang functional (PW91).41 The electronic states
were expanded using a plane wave basis set with a cutoff of
500 eV. The Monkhorst-Pack k-point mesh was set with a
separation of ca. 0.07 A-1. As has been suggested previously,
all calculations were performed by considering spin states
of Co and Fe as both high spins.3” We chose the (001)-Co02
termination with SrO subsurface for theoretical calculation
(see details in the Supporting Information).

Electrochemical Measurements

A three-electrode cell with a rotating disk electrode
(RDE) setup was used for measurements of ORR and OER
polarization curves and chronopotentiograms. Pt wire and
in-house reversible hydrogen electrode (RHE), which was
fabricated by suppling ultrapure Hz gas to a double-walled
glass tube, where a piece of Pt mesh was placed, with glass

filter at its bottom, were used as the counter and the refer-
ence electrodes, respectively. Catalyst films with a composi-
tion of 250 pg cm-2 (oxides or oxychlorides), 50 pg cm-2
(Vulcan XC-72, Cabot), and 50 pg cm-2 (AS-4, Tokuyama)
were formed on a glassy-carbon RDE (disk area: 0.2826 cm-
2) by drop-casting a catalyst ink dispersed in 1-hexanol and
used as the working electrode. ORR and OER polarization
curves were obtained in oxygen-saturated 1.0 mol dm-3
KOH at a scan rate of 10 mV s-1. Rotation rates were set at
400, 600,900, 1200, and 1600 rpm for ORR, and 1600 rpm
for OER. For OER Tafel plots, average currents of positive
and negative scans were normalized by the BET surface
area of the catalysts. Four-step chronopotentiometry was
conducted continuously at BET-normalized current densi-
ties of 0.1, 0.2, 0.5 and 1.0 mA cm-2ger each for 15 min.
(Pseudo)capacitances and Co3*/Co?* redox behaviors were
investigated by cyclic voltammetry in Ar-saturated 1.0 mol
dm-3 KOH at a rotation rate of 0 rpm. Diffusion coefficients
accompanied by redox reactions of Co was also measured in
the same setup with chronoamperometry based on a diffu-
sion model proposed by Van Buren et al. (see details in the
Supporting Information).*2 Detection of evolved oxygen
was performed with a rotating ring disk electrode (RRDE:
Pt ring and GC disk). Catalyst films were formed on the GC
disk electrode in the same manner as RDEs and were used
as the oxygen-evolving electrode. The evolved oxygen was
re-reduced at the Pt ring electrode held at 0.4 V (vs. RHE).
Calibration of collection efficiency was conducted in 2.0
mmol K3[Fe(CN)e] in 1.0 mol dm-3 KOH.

A two-electrode home-made cell with electrode areas of
3.14 cm? was assembled for performance comparison of the
catalysts as rechargeable zinc-air batteries. Working elec-
trodes were prepared by spray-coating a catalyst layer
(1.35 mg cm~2 oxide or oxychloride, 1.35 mg cm-2 Vulcan XC-
72 and 0.30 mg cm-2 polytetrafluoroethylene) on a carbon
paper (EC-TP1-120T, Toray). A solution of 6.0 mol dm-3
KOH containing 0.20 mol dm3 ZnO, Zn foil (99.5%, Nilaco)
and ultrapure oxygen gas were used for the electrolyte,
counter electrode, and gas source, respectively. A current
density of 5.0 mA cm~2 was applied and its direction was
switched every 10 min.

RESULTS and DISCUSSION

Characterization Results of Sr,Coi-xFexOsCl

Based on an analysis by SEM-EDX, all oxychlorides had
the desired elemental compositions with average particle
sizes of several micrometers (Figure S1 and Table S1).
Mossbauer spectra measured at room temperature (Figure
S2) revealed that the isomer shifts of all fitted components
were ca. 0.3 mm s7%, indicating that the valence state of Fe
in oxychlorides was +3. In addition, the theoretical energy
for the formation of an oxygen vacancy (Figure S3) showed
that it is much more difficult to form an oxygen vacancy on
oxychlorides than on BSCF,2>43 and hence the present ox-
ychlorides would be oxygen stoichiometric compounds.
Based on the above results, the detailed chemical formulae
of the present oxychlorides are considered to be
Sr2CoMy«Fel,03Cl. Wide-range XRD patterns (Figure 1a) re-
vealed that, while a trace amount of SrsCos015 was observed
as an impurity for oxychlorides with x = 0.0 and 0.1, this
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Figure 1. Structural properties of Sr2Coi-xFexOsCl. (a) (left)
Wide-range and (right) narrow-range XRD patterns of
Sr2Co1-xFex03Cl. (b) Lattice parameters of Sr2Co1-xFexO3Cl.

impurity was not observed for x = 0.2, suggesting that more
than 20% substitution of Fe in Sr2Co0s3Cl enhanced the
phase stability of oxychlorides. A similar trend has been ob-
served for a family of Sr-Co-Fe-based perovskite oxides,
which argues that the incorporation of Fe improved their
stability of perovskite structure.3244 All of the other peaks
were assigned to the Ruddlesden-Popper-type structure,
and the peak shifts associated with their Fe contents were
dependent upon their Miller indices (Figure 1a, right). Ac-
cordingly, the changes in the a- and c-axis lattice constants
(obtained using “CellCalc” software*>) had different trends
(Figure 1b). As for c-axis lattice constants, a similar trend
that mixed-Co/Fe compounds had smaller c-axis lattice con-
stants than pure Co and Fe compounds was reported.3” This
contraction behavior might be originated from shortened
Co/Fe—Cllength caused by increased disorder in their B site.
37 On the other hand, a linear relationship following Ve-
gard’s law was observed for the a-axis lattice constant,
which suggested that more homogeneous solid solutions
were formed along the ab plane. The difference of a-axis lat-
tice constants for Sr2Co03Cl and Sr2Fe0s3Cl was 0.26 A,
which was better agreement with the differences in effec-
tive ionic radii*¢ for high spin Co3* (0.61 A) and Fe3* (0.645
A) than those for low spin Co3* (0.545 A) and Fe3+ (0.55 A).
In comparison to the previous literature,3” we observed
clear linearity for the a-axis lattice constant in the present
study. While a mixture of Fe;03 and Sr2C020s was used in
the previous study,’” we used a Sr2Coz(1-yFe2x0s precursor
to synthesize oxychlorides: a more homogeneous mixture
of Co and Fe. Based on the above results and the almost lin-
ear relationship of their lattice volumes, we confirmed that
solid solutions of Co-Fe-based layered perovskite oxychlo-
rides were successfully prepared using Sr2Cozq-gFezxOs
precursors.

OER Activity

Figure 2a shows OER polarization curves of
Sr2Co1-xFex03Cl with x = 0.0, 0.2, 0.5, 0.8 and 1.0, and bench-
mark catalysts (LCO, LSC214, BSCF, and Ir02) in oxygen-
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Figure 2. Catalytic activities of oxychlorides and other oxides.
(a) OER polarization curves of Sr2Co1-xFexOsCl (x = 0.0, 0.2, 0.5,
0.8 and 1.0), LaCo0Os3, LaSrCo04, Bao.sSro.sCoo.sFeo.203-5 (BSCF)
and Vulcan composite electrodes. (b) OER polarization curves
of (black) Sr2CoosFeo.203Cl and (brown) BSCF. Solid lines rep-
resent results from a catalyst layer consisting of perovskites
and AS-4, and dashed lines represent those from a layer con-
sisting of perovskites, Vulcan and AS-4. Polarization curves
were obtained in oxygen-saturated 1.0 mol dm-3 KOH at 1600
rpm.

saturated 1.0 mol dm-3 KOH at a rotation rate of 1600 rpm.
Their OER activities were maintained for at least 10 cycles,
except for x = 1.0 (Figure S4). Interestingly, even the incor-
poration of only 10% Fe dramatically enhanced its OER ac-
tivity (Figure S5), and the oxychloride with x = 0.2 showed
the highest OER activity. This enhancement was very inter-
esting because Sr2Fe03Cl (x = 1.0) showed quite low activi-
ties. Normally, Co"-Fe' mixed perovskite oxides show a
gradual change in activity as a function of their composition;
for example, LaCo1-xFex03 in the literature** and our results
(Figure S6). The detailed mechanism of this activity-en-
hancement will be discussed later. We should note that ver-
ification of the measured oxidation current has been carried
out by a technique using an RRDE (Pt ring/GC disk). In the
technique, evolved oxygen at the catalyst layer on the GC
disk electrode were re-reduced at Pt-ring electrode held at
0.4 V (vs. RHE).2547 The resultant collection efficiency of the
Sr2Co08Fe0203Cl composite catalyst at the ring electrode
were ca. 0.35 (Figure S7), which was in good agreement
with the calibrated value (N = 0.36, Figure S8), indicating
that the resultant oxidation current was almost fully from
OER.

The OER overpotential of Sr2CoosFe203Cl at 10 mA cm~2
decreased by ca. 50 mV compared with Sr2Co03Cl, and by ca.
60 mV compared with BSCF, which indicates that
Sr2Co08Fe0203Cl was comparable in catalytic activity to
state-of-the-art perovskite catalysts such as CaCusFes012,1®
a hybrid of LaSrsCoisFe15010-5/Lao.25Sr0.75C005Fe0s03-522
and PrBaosSrosCo1sFeos0s+5.13 The superior OER activity of
Sr2Co0.8Fe0203Cl was not limited to 1.0 mol dm-3 KOH (pH =
14), but was also seen with 0.1 mol dm=3 KOH (pH = 13)
(Figure S9). Another interesting feature of Sr2CoosFeo.203Cl
is that carbon was not necessary for the OER (Figure 2b). In
general, carbon activates oxide catalysts such as BSCF, and
therefore, carbon is essential to build catalyst electrodes.*?
Furthermore, the OER activity of Sr2CoosFeo203Cl without
carbon was still higher than that of a BSCF electrode with
carbon, meaning that only Sr2CoosFeo203Cl had a high OER
activity. These results clearly indicate that Sr2Coo.8Feo.203Cl
is attractive as a practical OER anode, where the oxidative



decomposition of carbon is inevitable from a thermody-
namic viewpoint.+?

Figure 3a and Table S2 show BET-normalized Tafel plots
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Figure 3. Electrode performance of oxychlorides and oxides. (a)
Tafel plots of the catalysts. Error bars represent standard devi-
ation obtained from at least three independent measurements.
(b) Four-step (0.1, 0.2, 0.5 and 1.0 mA cmger~2) chronopotenti-
ograms of the catalysts.

(see Figure S10 and Table S3 for their BET data) and Tafel
slopes of the representative oxychlorides and benchmark
catalysts. Clearly, Sr2CoosFe020sCl had better OER perfor-
mance than BSCF in terms of their Tafel plots and Tafel
slopes. Moreover, much better specific activity of
Sr2Co0.8Fe0203Cl than IrO: exhibits its superiority as an OER
catalyst. The smaller value of the Tafel slope for
Sr2Co0.8Fe0203Cl implies that it had faster OER kinetics than
Sr2Co0sCl, which can be associated with the electronic in-
teraction between Co and Fe, as we discuss later. Chronopo-
tentiometry was performed to evaluate the short-term sta-
bility of the oxychlorides (Figure 3b). As with other meth-
ods used in the present study, Sr2CoosFeo203Cl showed the
highest OER activity with almost no decrease in activity. The
stable OER current of Sr2CoosFeo20sCl was further con-
firmed in a prolonged chronopotentiometry for 12 h at 10
mA cm~?cc (Figure S11). Further post-OER characterization
associated with surface reconstruction is an ongoing work.
The total number of moles of electrons during chronopoten-
tiometry calculated from the OER current from Figure 3b
was roughly 100 times larger than that of catalysts loaded
on RDE. Therefore, it was clearly proved that the measured
oxidation current was not due to oxidative decomposition
of the oxychlorides, but rather from electrocatalytic oxygen
evolution (see Supporting Information for detailed calcula-
tion).

In addition to its high OER activity, Sr2Coo.sFe0203Cl also
showed fairly good ORR activity (Figure 4a,b). As a result,
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Figure 4. ORR and battery performance of oxychlorides. (a)
ORR polarization curves of (black) Sr2Co03Cl and (red)
Sr2Co0.8Feo0.203Cl in oxygen-saturated 1.0 mol dm-3 KOH at 400
rpm. (b) Koutecky-Levich plots of the corresponding oxychlo-
rides. (c) Charge-discharge voltages of prototype rechargeable
zinc-air  batteries using (black)  Sr2Co003Cl, (red)
Sr2Coo0.8Fe0203Cl and (yellow) LaCoOs catalysts at a current
density of 5.0 mA cm-2.

the sum of its ORR and OER overpotentials (defined by -50
HA cm-2ger for ORR overpotential and 100 pA cm-2ger for
OER overpotential) was as low as BaosSrosCoosFeo203-
5|LaosSro2Mn03-s|Nb-doped SrTiOs: thin film, which is
known as a bifunctional catalyst with high specific activities
(Table S4).5° Moreover, as can be seen in the results with a
prototype rechargeable zinc-air battery (Figure 4c), not
only the OER overpotential but also the sum of the ORR and
OER overpotentials of Sr2Coo0.sFeo203Cl were considerably
lower than those of LCO, which is a conventional bifunc-
tional catalyst. It should be emphasized that the lower OER
overpotential of Sr2Coo.sFeo203Cl consequently contributes
to the higher ORR potential because oxidative decomposi-
tion of carbon, which is considered to play an electrocata-
lytic role to reduce Oz to HO2- during the ORR,>152 was sup-
pressed during the OER. In addition to catalytic activity,
Sr2Co0.8Feo.203Cl showed the most stable ORR/OER voltages
during cycles, proving another advantageous feature of the
oxychloride as an oxygen electrode catalyst.

OER Descriptors of Sr.Cor-xFexOsCl

The key factors that underlie the present enhanced OER
activity are different than those for well-known BSCF for the
following reasons. While BSCF is a highly oxygen-deficient
compound,?543which can promote OER kinetics via a mech-
anism involving lattice-oxygen sites,>35* Sr2CoosFe0203Cl is
an oxygen-stoichiometric compound. Furthermore, from
the viewpoint of its e filling of Co, while Co for BSCF is in an
intermediate spin state (Co?8*, t2g%eg'2), which is known to
be a key factor for its high OER activity,?> Sr2CoosFe0.203Cl
has a high spin state (Co3*, tzg*e4?).37-3855 To explain the high-
est OER activity of Sr2CoosFe0203Cl, we have to explore
other possible mechanisms. We first conducted first-princi-
ples calculations for O p-band centers, which have been sug-
gested to be a descriptor for OER activities of oxide



catalysts.'? Despite the fact that OER activity order of
Sr2C003Cl and LaSrCoO4 can be explained by their O p-band
centers,3!  those of Sr2€o003Cl, Srz2Co0.75Fe02503Cl,
Sr2Co05Fe0s03Cl and Sr2FeOsCl (Table S5) did not follow
their OER activity order, suggesting that the O p-band center
of Co-Fe-based oxychlorides is not applicable to their OER
descriptor. This might be due to the fact that charge-trans-
fer energies, which is indirectly associated with the rate-de-
termining step of OER among perovskites with different B-
site cations, depend not only on their O p-band centers, but
also their unoccupied B 3d-band centers.?¢ Also, XPS Co 2p,
Fe 2p and O 1s spectra of oxychlorides (Figure S12) were
almost invariant, except for O 1s of x = 1.0, suggesting that
the valence states of the B-site elements and relative con-
tents of 022-/0- were not a dominating factor for their OER
activities.

Next, we calculated the free energies of OER intermedi-
ates by assuming a four-step mechanism at a Co or Fe site
(Table S6). Figure 5a shows computed OER free-energy di-
agrams of Sr2Coo.75Feo2503Cl at a single Co or Fe site. Theo-
retical overpotentials of Sr2Co0.75Fe02503Cl were calculated
to be 1.63 V at Fe site and 1.64 V at Co site. Compared with
Co-Fe system, theoretical overpotential of Sr2Co03Cl were
also almost the same (1.64 V) although their rate-limiting
steps were different. Different from
PrBaosSrosCoisFeosOs+ssystem,'® these calculations indi-
cated that Fe in Sr2Co0.75Feo.2503Cl does not have higher in-
trinsic OER activity, and that a simple one-site mechanism
does not explain the experimental finding of enhanced OER
activities. On the other hand, the free energies of their OOH*
intermediates were quite different. While the free energies
of relaxed Co—OOH (Figure 5b, left) and Co—OH followed a
scaling relation of AGoon — AGon = 3.1 eV,¢ those of relaxed
Fe—OOH (Figure 5b, right) and Fe—OH did not follow the
scaling relationship, due to stabilization of the proton in Fe-
OOH by neighboring O (i.e., —Co—(OH)—Fe(00)—). Similar
behavior has been observed for some hybrid or multi-tran-
sition metal catalysts: MnOx/Au5? Co oxides/Au,585°
NiO/NiFe LDH,% and y-FeOOH/y-NiOOH?®! in alkaline media,
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Figure 5. Energy diagram of OER on single-site oxychlorides.
(a) Free-energy diagrams of Sr2Co0s3Cl and Sr2Coo.75Fe.2503Cl
involving a conventional four-step mechanism on a Fe or Co
site. (b) Snapshots of (left) relaxed Co—OOH and (right)
Fe—OOH intermediates. Grey, green, and red spheres represent
0, Sr, and H atoms, respectively. Blue and brown polyhedrons
represent those of cobalt and iron, respectively.

and Co- or Ni-doped Ru02%? in acidic media. In these sys-
tems, the theoretical OER overpotential can be decreased
beyond the so-called “volcano limitation”¢3 because of the
stabilization of OOH* intermediates. In the present oxychlo-
rides, therefore, we propose a dual-site mechanism with hy-
droxide diffusion in the reaction step 4 in alkaline media
(Figure 6a), which corresponds to proton diffusion in acidic
media (Figure S13). It should be noted that the resultant in-
termediate after hydroxide diffusion at step 4 was shown as
—(OH)—Fe(00)—, which is a relaxed structure of Fe—OOH
(as displayed in Figure 6b). In this mechanism, Co and Fe
sites act as in a relay race: the intermediate formed on Co is
passed to Fe. The difference in free energy in reaction step
4 was ca. 0.055 eV uphill (Figure 6b), which is sufficiently
small that it is likely to occur at some rate at room temper-
ature. In alkaline media, once hydroxide diffuses from Co to
Fe sites, the next OER step on an Fe site is sufficiently down-
hill at any OER potential region, which probably accelerates

Co Fe Co Fe
v Voo
]

P i |
—I_' U=123V
—

R
f— I =
:—
| Dual sites U=156YV

Reaction coordinate

Figure 6. (a) A proposed dual-site mechanism for Sr2Coo.75Feo.2503Cl in alkaline media. (b) Free-energy diagram of Sr2Coo.75Feo.2503Cl

involving a new dual-site mechanism.



the further diffusion of hydroxide from Co to Fe sites. The
high diffusion coefficient accompanied by redox reactions
of Co especially at high Co content (Table S7) further sup-
ports that the step 4 proceeds at a certain Kinetic rate. The
calculated theoretical overpotential of Sr2Coo.75Feo.2503Cl
using the above-mentioned dual-site mechanism was 0.33
V, which is smaller than that of Sr2.Co0sCl (0.41 V). The dif-
ference of calculated OER overpotentials (80 mV) was in
good agreement with that of the BET-normalized experi-
mental values (ca. 60 mV at 1 mA cm-2ggr), indicating that
OER enhancement of Sr2C003Cl was successfully achieved
by the incorporation of Fe.

Finally, we conducted cyclic voltammetry for oxychlo-
rides in a potential range where OER did not occur (Figure
7). Clear redox peaks were observed for x=0 ~ 0.3 at ca. 1.0
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Figure 7. Cyclic voltammograms of Sr2Co1-xFexO3Cl in an Ar-sat-
urated 1.0 M KOH solution.

~ 1.2 V vs. RHE, which were also present even at the first
cycle of the negative sweep (Figure S14). Given that the va-
lence state of Co in the pristine oxychlorides was mainly +3
(Figure S12a), the observed redox peaks can be attributed
to Co3*/Co?*. A trend that the Co3*/Co?* redox potentials
were shifted to higher potentials with an increase in their
Fe contents could be ascribed to an electronic interaction
between Co and Fe, leading to a modification of cobalt d
electronic configuration.6#6> Both the peak areas of
Co3+/Co?* and the (pseudo)capacitances of oxychlorides,
which are associated with their electrochemically active
sites and electrochemical surface areas (ECSAs), respec-
tively, decreased with an increase in their Fe contents.
Therefore, the increase in their Fe contents had a negative
impact on their OER activities from the viewpoint of their
Co active sites and ECSAs. In addition, the electronic resis-
tivities of oxychlorides (Table S8) also monotonously in-
creased with an increase in their Fe contents, which also has
a negative impact on their OER activities. Taken together,
these results suggest that the incorporation of Fe is a dou-
ble-edged sword: it had both positive and negative impacts
on OER activities, and the Fe content was optimized at ca. x
= 0.2 in terms of reaction pathways, electronic conductivi-
ties, active sites, and ECSAs.

CONCLUSION

We investigated the OER activities of Sr2Co1-xFexO3Cl in al-
kaline media and demonstrated that the OER activity of
Sr2Co08Fe0203Cl was remarkably higher than that of BSCF.

Moreover, the finding that OER activity was almost com-
pletely independent of the existence of conductive additives
and the moderate ORR activity of Sr2Coo.sFeo.203Cl strongly
suggested that Sr2Coo.sFeo203Cl is a promising candidate not
only for use in OER anodes in water-splitting devices, but
also for bifunctional electrodes in metal-air batteries. The
calculated free energies of OER intermediates revealed that
Co and Fe sites worked synergistically. The high OER activ-
ity of Sr2Coo0sFe0203Cl could be attributed to its optimized
OER descriptors (i.e,, active sites, ECSAs, electronic resistiv-
ities, and reaction pathways) for the present oxychlorides.
These results demonstrate that tailoring both the cation and
anion compositions can be a powerful tool for enhancing ox-
ygen electrocatalytic activities of transition metal catalysts.
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