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Abstract

La ¢Sr 4Co, ,Fe 05 5 (LSCF), a perovskite material, is widely recognized as an excellent catalyst for the oxygen evolu-
tion reaction (OER). An anion doping strategy was implemented to enhance the presence of highly oxidation-active 0>~/
O~ species crucial for the electrochemical reaction, effectively replacing oxygen. The introduction of 5 mol% fluorine to
LSCEF resulted in improved OER performance, comparable to that of commercial noble catalysts. Furthermore, we confirmed
that fluorine-doped LSCF enhanced the oxygen reduction reaction (ORR) performance, establishing its effectiveness as a
bifunctional catalyst. Moreover, when utilized as an air electrode in a homemade zinc-air battery cell, the electrochemical
performance of the doped LSCF remained stable after repeated charge/discharge tests. These findings underscore the potential
application of anion doping in electrochemical devices.
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1 Introduction batteries, composed of metal electrodes, oxygen electrodes,

and electrolytes, are considered promising for various appli-
Owing to escalating demand for green and sustainable  cations to meet future energy requirements [1, 2]. Compared
energy sources, there is a significant focus on develop-  to Li-ion batteries, Zn—air and Li—air batteries exhibit
ing low-cost and efficient energy technologies. Metal-air
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exceptionally high energy densities among rechargeable
batteries. While Li—air batteries offer the highest theoreti-
cal specific energy of 11,140 Wh kg~!, they face challenges
with water sensitivity, the use of organic electrolytes, and
technical and economic hurdles. On the other hand, Zn—air
batteries, with a lower theoretical specific energy of 1084
Wh kg_l, are more attractive due to their stable alkaline
electrolytes that do not induce significant corrosion [3-5].

Despite these advantages, several key issues, including
the kinetics of the oxygen evolution reaction (OER) and oxy-
gen reduction reaction (ORR), low cyclic performance, and
large overpotentials, need to be addressed for commerciali-
zation of Zn-air batteries. The efficiency of both ORR and
OER is crucial for battery performance during discharge and
charge, respectively [4-6]. However, developing catalysts
suitable for both reactions is challenging due to significantly
disparate reaction conditions regarding electrical potential.
While Pt and Ir-oxide-based materials are commercially
effective catalysts, their widespread application is hindered
by production costs and scarcity. Therefore, developing tran-
sition metal-based catalysts with outstanding performance
and relatively low cost is imperative.

Perovskite oxides (ABOj;), where A is a rare earth metal
and B is a transition metal, are considered promising elec-
trocatalysts for Zn-air batteries due to their high electronic
and ionic conductivity and catalytic activity. Perovskite
oxides have been explored as catalyst materials because the
amount of saturated oxygen and conductivity can be eas-
ily controlled by partially replacing A- and B-cations [7].
An iron-rich perovskite, La, ¢St 4Co, ,Fe(, 405 5 (LSCF), is
known for its decent OER/ORR performance and stability,
attributed to the formation of a structurally disordered layer
at the surface [8]. While some results of applying LSCF as
a catalyst for room temperature devices have been reported,
further investigation is required to enhance the catalytic
properties and durability of the material for ORR/OER
applications [8-10].

In parallel, while numerous research results have focused
on the effects of A- and B-site cation doping in perovskite
oxide, the doping of F, Cl, Br, and S anions at the oxygen
position has garnered less attention compared to cation dop-
ing [11-13]. This less frequent exploration of anion doping
has led to increased interest. Shao’s group demonstrated that
F doping in perovskite oxides could reduce the density of
valency electrons of O*>~ and decrease the chemical bonding
energy between cations and anions, resulting in a remarkable
improvement in oxygen mobility and permeability [12]. Li
et al. also reported that F-doped Sr,Fe; sMo 505 oF ;, as
the Solid Oxide Electrolysis Cell (SOEC) cathode, exhibited
enhanced catalytic performance for CO, reduction reactions,
with increased surface oxygen species concentration, CO,
adsorption, and bulk oxygen vacancy concentration [13].
Anion doping has been shown to positively impact physical
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properties related to catalytic properties, such as stability
enhancement by controlling electronic structure, crystal
structure, and oxygen movement through the addition of a
small amount of dopant. Among them, F, with its strong
electronegativity, when doped at an oxygen site, is known
to weaken the bonding force between metal and oxygen,
facilitating the release of oxygen from the lattice and creat-
ing a large number of active species for OER/ORR [14].
The O*~ site of perovskite oxide is partially substituted by
F~ in the presence of F sources, and the M-F-M ligands
reduces the transition metals while decreasing their elec-
tron valence. Simultaneously, oxygen ions on the surface
are activated, inducing highly oxidizing O>~/O~ species,
which act as highly catalytic reactive sites for OER/ORR
[15]. LSCF is well-known as a commercial material for fuel-
cell electrodes and various electrochemical energy storage
devices, and it has gained attention as a bifunctional catalyst
for OER/ORR. However, the anion doping effect on LSCF
with regard to OER/ORR at room temperature is not clarifi-
cation thoroughly. In this study, F anions are selected as the
anion dopant for oxygen to investigate the effect on OER/
ORR. F dopant in oxygen sites affects the lattice structure
and electrochemical performance of LSCF. In particular,
the enlarged lattice volume and the weakened bond strength
between oxygen and B-site metal increases the amount of
electrochemically active species, which induces intensi-
fied OER/ORR performance and stability. Ultimately, the
enhanced performance as an air electrode as evaluated with
a cycle test shows that anion-doped LSCF can be a potential
candidate for the bifunctional catalyst for Zn-air batteries.

2 Results and Discussion

To ascertain the structural changes in the final prod-
uct, La, ¢Srj ,Cog,Fe( 305 F, (LSCFF, x=0, 0.01, 0.03,
0.05, 0.075, and 0.10), denoted as LSCFF00, LSCFFO1,
LSCFF03, LSCFF05, LSCFFO075, and LSCFF10, powders
were analyzed using X-ray diffraction (XRD) in the range of
20 to 80 degrees, as illustrated in Fig. 1a. The corresponding
peaks indicate the successful formation of a single perovs-
kite when x is below 0.5, consistent with the standard card
(PDF# 74-2203). However, impurity peaks are observed
when x is 0.075 or more, revealing the presence of SrF,
(PDF#06-0262) in the powders. As the fluorine (F) content
increases from 0 to 0.10, the highest peak (Fig. 1b) shifts
slightly to a lower angle. TEM images (Fig. 1c) confirm that
the intended elements (La, Sr, Co, Fe, O, F) are distributed
homogeneously over the crystalline surface. The (110) peak
of LSCFFO05 is negatively shifted from 20=32.58° (of the
pristine LSCF) to from 26=32.54°. The crystalline symme-
try of the pristine and F-doped LSCEF, refined with the space
group I4/mmm (Table S1), is maintained as a tetragonal
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Fig.1 Element and structural characteristics of LSCFF powders:
a XRD patterns of LSCFF sintered at 950 °C in 20-80°, b enlarged
XRD patterns of a at 31-34°, ¢ STEM-EDX analysis results of
LSCFFO05

structure even after doping. This could be attributed to lat-
tice expansions due to charge compensation induced by F
doping, initiating the reduction of valence-changeable B-site
cations rather than the oxidation of invariable A-site cations.
Valence-negative-shifted metal cations exhibit a larger ionic

radius than their more positive counterparts, increasing the
distance between two neighboring M cations [14]. As dis-
played in Table S1, F doping increases the lattice parameters
along the a, b, and ¢ axes (with the c-axis parameter show-
ing the greatest increase), resulting in volume expansion.
Another probable reason for the crystalline expansion is
the transformation of the Co(O/F)4 octahedron due to the
reduction of the Co/Fe ion by F doping [15]. In summary,
lattice expansion due to F doping results from the charge
compensation of anions and changes in the structure of the
transition metal oxide; this will be discussed in the following
XPS result analysis.

The X-ray photoelectron spectroscopy (XPS) peaks dis-
playing the potential-state distributions of elements on the
surface of the synthesized LSCFFs are shown in Fig. 2. XPS
confirms the presence of F in LSCF, with a characteristic
peak at 683.5 eV for F (Fig. 2a). The estimated F content
using commercial titration equipment (perfect ION comb F,
Mettler Toledo) aligns with the intended ratio (Table S2).
Figure 2b and c depict the O 1 s spectra of LSCFF00 and
LSCFFO05, respectively, deconvoluted into four differ-
ent peaks corresponding to lattice oxygen species (O,
528.3 eV), highly oxidative oxygen (022_/0_, 529.1 eV),
surface-absorbed hydroxyl group of oxygen (~OH/O,,
530.0 eV) species, and surface-adsorbed water species
(H,0, 532.0 eV) [16]. The concentration of highly oxidative
oxygen species in LSCFFO05 is approximately twice that of
LSCFF00, known to improve catalytic OER/ORR properties
[17-22]. Based on this result, we can infer that the active
oxygen species in the electrochemical reaction increases
by F doping. Additionally, the Fe 2p spectra split into two
peaks (Fe 2p,,, and Fe 2p,,,) on account of spin — orbit
splitting. The Fe 2p,,, spectra are fitted with three fitting
peaks, as presented in Fig. 2d and e and Table S4, which
can be assigned to three types of oxidation states of Fe. As
expected from the XRD analysis, the number of reduced Fe
oxidation states, Fe?*, increased in LSCFFO05 compared to
LSCFFO00, indicating a significant decrease in the valence
of surface Fe cations. This tendency to reduce cations was
revealed similarly in cobalt, another B-site element (Fig. S4
and Table S5). As expected, F~doping primarily reduces the
proportion of Fe** in LSCFF05, weakening the covalency of
the M — O bond and facilitating the release of lattice oxygen
ions, ultimately leading to the generation of an active surface
for OER/ORR [23].

The O,-temperature programmed desorption (TPD)
experiments were conducted to assess the desorption capa-
bility of the catalyst for surface oxygen (Fig. 3). Peaks
appearing at temperatures below 400 ‘C are attributed to
alpha oxygen (a-oxygen), corresponding to the desorption
of surface-physisorbed oxygen, while peaks above 400 C
are attributed to beta-oxygen (f-oxygen) released from the
lattice [24]. Alpha oxygen is desorbed from weakly adsorbed
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Fig. 3 O,-TPD profiles of LSCFF00 and LSCFF05

oxygen species on the surface at relatively low temperatures,
whereas beta-oxygen originates from tightly bonded lattice
oxygen released at high temperatures [25]. In comparison to
LSCFFO00, LSCFFO5 exhibits increased desorption of both
physisorbed and lattice oxygen on the surface. The broader
peak of adsorbed oxygen at a relatively low temperature

indicates that these species can be more easily separated
from the surface and can serve as an electrochemical cata-
lyst. This result aligns with the XPS analysis, confirming
that the desorption of oxygen generated through F doping
is further accelerated, facilitating the movement of oxygen
and contributing to OER activity [26].

The electrocatalytic activity of the as-prepared catalyst
toward OER/ORR was evaluated in an O,-saturated 0.1 M
KOH electrolyte using Rotating Disk Electrode (RDE). The
OER catalytic activity of LSCFF catalysts was then inves-
tigated using linear sweep voltammetry (LSV) curves, as
shown in Fig. 4a. F doping enhanced OER activity, and
among them, LSCFFOS5 is the most active. In the case
of LSCFFO5, the onset potential (1.60 Vyyp) decreased
compared to the sample without doping, LSCFF00 (1.63
Viug), reducing the potential-gap difference between
ORR and OER. Interestingly, the Tafel slope of LSCFF05
(100 mV dec™), related to the OER reaction rate and activa-
tion energy, is lower than that of the commercial OER cata-
lyst, IrO, (116 mV dec™!) (Fig. 4b). However, when at the
content of F is x=0.075, the activity decreases again, similar
to the pattern observed in Xiong's group's BSCF catalyst
doped with F. The decrease in OER performance of LSCFF
at this composition could be because F would be present in
the crystal in excess beyond that, affecting B-O-B bonds,
thereby changing the perovskite structure itself. In this case,
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two M-F bonds would replace the M—O-M bond, and there
is no B-site cation reduction. [3] Therefore, the decrease in
the OER performance above x=0.075 is expected to be due
to a decrease in the highly oxidation-active O*~/O~ species
(Fig. S3). The improved catalytic properties are supported
by electrochemical impedance spectroscopy and CV meas-
urements (Fig. S5 and S6). The charge-transfer resistance,
associated with the electrochemical reaction rate, is the low-
est in LSCFFO5 due to the highly increased electrochemi-
cally active species such as O*7/O~ species. Accordingly,
it can be concluded that the OER reaction is accelerated by
these species generated by F doping.

The ORR catalyst performance of LSCFFs shown in
Fig. 4c was compared with Pt/C, widely used as a commer-
cial ORR catalyst. Although the onset potential of LSCFFs
for ORR was not close to that of the precious metal cata-
lyst (Pt/C), the ORR onset voltage positive-shifted as the
doping amount increased. The values were 0.52, 0.57, 0.59,
0.58, and 0.58 Vgyyp for LSCFF00, LSCFFO1, LSCFFO03,
LSCFFO05, and LSCFFO075, respectively, at 10 mA cm®™. The
Tafel slope was also the lowest with the LSCFF05 sample,
resulting from the catalytic enhancement attributed to F dop-
ing on the oxygen site (Fig. 4d).

Finally, an accelerated degradation test (ADT) for 2,000
cycles was conducted in a potential window encompassing
an OER or ORR region (from 0.2 to 1.7 Vyyg) to verify
the bifunctionality of the catalyst, essential for determining
its practical applicability. Additionally, the LSCFF05 sam-
ple, which displayed the highest catalytic performance, was
measured using the LSV polarization curve data via ADT
for 2,000 times and 1,000 times under OER and ORR condi-
tions, respectively. The durability in these electrochemical
conditions is also an important factor for applications as a
bifunctional catalyst for ORR and OER reactions.

For the durability test, the LSV polarization curve was
measured 2,000 times. As shown in Fig. 5a, the initial OER
performance of the LSCFFO05 sample was lower than that of
IrO,, suggesting that LSCFF05 may be stable under OER
conditions. The durability of the LSCFF05 sample under
ORR conditions was also confirmed to be stable even after
1,000 consecutive measurements (Fig. 5b). The LSCFF05
sample and a commercial catalyst were applied to homemade
Zn-air batteries (Fig. 6 and Fig. S6). The continuous charge/
discharge experiment was conducted for approximately 8 h,
and despite repeated charge and discharge cycles, when the
Zn-air battery was paired with the LSCFF05 catalyst, stable
cycle performance was maintained compared to that of the
conventional noble catalysts, Pt/C +IrO,. The cycle per-
formance of Pt/C +1rO, gradually degraded after 50 min,
owing to the deterioration of Pt-based catalyst because of
dissolution, aggregation, and surface oxidation in alkaline
conditions. [27-29] Nevertheless, based on the results that
can be compared with that of noble metal catalysts, the
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LSCFFO05 catalyst can be a candidate extensive bifunctional
catalyst for various metal-air batteries, fuel cells, and related
electrochemical energy devices.

3 Experimental

The synthesis of fluorine-doped La, ¢St ,Cog ,Fe gO05_,
(LSCFF, x=0, 0.01, 0.03, 0.05, 0.075, and 0.1) denoted as
LSCFF00, LSCFF01, LSCFF03, LSCFF05, LSCFF075,
and LSCFF10, was conducted via the Pechini method. Stoi-
chiometric amounts of La(NO;);-6H,0 (Aldrich, 99 + %),
Sr(NOj3), (Aldrich, 99 + %), Co(NO;),-6H,0 (Aldrich,
98+ %), and Fe(NO;),-6H,0 (Aldrich, 98 + %) were dis-
solved in distilled water, along with corresponding amounts
of citric acid and ethylenediaminetetraacetic acid (EDTA),
using a stirring bar. The stoichiometry of Sr was adjusted
with SrF, (Aldrich, 99%) and Sr(NO3),. To set the pH value
of the solution to 8, NH;¢H,O was added as necessary when
all precursors were dissolved. The solution underwent heat-
ing to 600 °C for 4 h, resulting in a calcined powder. Sub-
sequently, the obtained powder was sintered at 950 °C in
an air-circulated oven. All synthesized powders underwent
high-energy ball milling at 450 rpm for 8 h, and dried at
80 °C for 12 h. Under wet-milling conditions, 12.5 ml of
ethanol was added to the reactor.

The structures of the synthesized LSCFFs were character-
ized by X-ray diffraction (XRD) using a Rigaku Ultima IV
instrument in Japan. XRD measurements were performed
with Cu Ka radiation within a range of 20° <20 < 80° and
a scan rate of 2.0° min~!. The crystal structures of the syn-
thesized LSCFF samples were determined through the Reit-
veld refinement method. X-ray photoelectron spectroscopy
(XPS) analysis was carried out on the sample surfaces using
an Axis-Supra instrument (Kratos) to identify the changes
in the chemical states of LSCFFs with increasing fluorine
dopants. Additionally, elemental data on the surfaces of the
samples were collected using high-resolution transmission
electron microscopy (HRTEM; Talos F200X) equipped with
an energy-dispersive X-ray (EDX) spectrometer.

A rotating disk electrode (RDE) system (RDE-3A, ALS
Co., Ltd) with a potentiostat (VSP-300, Biologic) was
employed for measuring the electrocatalytic properties of
the LSCFF catalysts at room temperature. To investigate
these properties, a standard three-electrode system was uti-
lized, with the electrolyte consisting of 0.1 M KOH solution
(pH ~ 13). In the measurement setup, the counter and refer-
ence electrodes were a Pt foil and Hg/HgO (saturated 1 M
NaOH), respectively. The glassy carbon (GC) with catalyst
ink drop-casted was utilized as a working electrode. The
catalyst ink was prepared by blending 10 mg of oxide cata-
lyst, 2 mg of Vulcan XC-72r (average particle size 50 nm,
Fuel cell store), 100 pl of Nafion solution (5 wt%), and 2 ml

of the IPA-water solvent (1:3 v/v). The catalyst suspension
underwent ultrasonication for 1 h to homogeneously disperse
the catalyst. Subsequently, 4 pl of catalyst ink was drop-
casted onto a GC working electrode and dried for 10 min
at 60 °C in an air-circulated oven. The mass loading of the
catalyst on the working electrode was 0.324 mg,,,,; cm 2.

The electrolyte was purged with O, gas for 20 min before
activity measurement to ensure H,/H,O equilibrium at
1.23 V vs. reversible hydrogen electrode (RHE). Prior to
collecting linear sweep voltammetry (LSV) data for OER
and ORR, cyclic voltammograms (CVs) were obtained at
a scan rate of 100 mV s~! until no further change in the
curves between cycles was observed. After stabilization,
LSV measurements were performed at a rotation speed of
1600 rpm between 0.2 and 0.9 V vs. Hg/HgO (anodic scan)
at a scan rate of 5mV s~! for OER and 0.4 to —0.9 V vs. Hg/
HgO (cathodic scan) for ORR. Electrochemical impedance
spectroscopy (EIS) was conducted at 1.61 Vg under an
AC voltage of 5 mV within a frequency range from 100 kHz
to 0.1 Hz. iR correction was performed to compensate for
any ohmic resistance effects, which were denoted as E-iR
(i: current, and R: ohmic resistance measured by high fre-
quency AC impedance). Measured potentials values (vs. Hg/
HgO) were calibrated to RHE based on the Nernst equation:
Egpp = 0.0592 X pH + Eyg 1100 + Eqpplica-

The electrochemical performance of the LSCFFs as Zn-
air battery catalyst was evaluated using a two-electrode,
which comprises a counter electrode, electrolyte, and work-
ing electrode. A Zn foil (Alfa Aesar, 99.9%, USA) was uti-
lized for the counter electrode (0.62 mm thick, 1 X3 cm?
in area), and a 6 M KOH solution with 0.2 M zinc acetate
served as the aqueous electrolyte. The working electrode was
prepared by drop coating the LSCFFs ink with a mass load-
ing of 1 mg cm™ onto a carbon paper with 5 wt% of polyte-
trafluoroethylene (PTFE) (CNL energy, GDL 10 BCE). The
PTFE membrane at the cathode side was employed as the
O,-breathing selective layer for O, gas diffusion in ambient
air. The reference cathode consisted of commercial 20 wt%
Pt/C and IrO, powder (in the mass ratio 1:1) (Alfa Aesar,
USA). The electrochemical evaluation was conducted using
a battery-testing device (WBCS3000, WonATech) at a cur-
rent density of 2 mA cm~2 in a voltage range of 0.5-3.0 V
(vs. Zn/Zn**). Each discharge and charge period was set to
be 10 min. The charge/discharge polarization was measured
via a current sweep up to 100 mA cm~2 (Potentiostat, Zive
SP1, WonATech).

4 Conclusions
In this study, powders of La, (Sr,4,Co,Fe; 305 (x=0,

0.01, 0.03, 0.05, 0.075, and 0.1), referred to as LSCFF00,
LSCFF01, LSCFFO03, LSCFF05, LSCFF075, and LSCFF10,
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were synthesized and analyzed for their potential applica-
tion as a bifunctional electrocatalyst in Zn-air batteries. The
findings demonstrate that F doping can enhance the oxygen
reduction reaction (ORR) and oxygen evolution reaction
(OER) activity, as well as the stability of LSCF catalysts.
Notably, the OER performance of the LSCFF05 sample
was comparable to that of the state-of-the-art metal catalyst
IrO,. The F-doped LSCEF catalyst also exhibited improved
cyclic performance for OER/ORR, likely attributed to the
increased electrochemically active species resulting from
F doping at the oxygen site. This study suggests that the
LSCFFO5 catalyst holds promise as a potential bifunctional
catalyst for various metal-air batteries, fuel cells, and related
electrochemical energy devices.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13391-023-00483-8.
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