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B-Site Doping Boosts the OER and ORR Performance of
Double Perovskite Oxide as Air Cathode for Zinc-Air

Batteries

Cagla Ozgur,” Tuncay Erdil,” Uygar Geyikci,” llker Yildiz," Ersu Lokcu, and

Cigdem Toparli*™

Double perovskite oxides are key players as oxygen evolution
and oxygen reduction catalysts in alkaline media due to their
tailorable electronic structures by doping. In this study, we
synthesized B-site doped NdBaCo,Fe, 05 ; (@=1.0, 1.4, 1.6, 1.8)
electrocatalysts, systematically probed their bifunctionality and
assessed their performance in zinc-air batteries as air cathodes.
X-ray photoelectron spectroscopy analysis reveals a correlation
between iron reduction and increased oxygen vacancy content,
influencing electrocatalyst bifunctionality by lowering the work
function. The electrocatalyst with highest cobalt content,
NdBaCo, gFey,0s ., 5 exhibited a bifunctionality value of 0.95V,

Introduction

Renewable energy sources such as solar, and wind have
emerged as the most promising alternatives to conventional
fossil fuels. Nonetheless, a fundamental challenge lies in the
effective storage of the energy harnessed from these sources
within power generation facilities. Therefore, it is crucial to
develop cutting-edge energy storage systems that are reliable,
efficient, and extremely safe. Due to their substantial theoretical
specific energy densities, cost-effectiveness, and safety charac-
teristics, zinc-air batteries (ZABs) have garnered considerable
interest within the spectrum of energy storage devices as a
prospective and sustainable electrochemical energy storage
solution for the future."* The practical viability of ZABs requires
an economically feasible, highly efficient, and chemically stable
catalyst for both the oxygen evolution reaction (OER) and the
oxygen reduction reaction (ORR) occurring at the air
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outperforming other synthesized electrocatalysts. Remarkably,
NdBaCo, sFe,,0s.5 demonstrated facilitated charge transfer
rate in oxygen evolution reaction with four-electron oxygen
reduction reaction process. As an air cathode in a zinc-air
battery, NdBaCo, gFe,,0s_ ; demonstrated superior performance
characteristics, including maximum capacity of 428.27 mA h at
10 mAcm™ discharge current density, highest peak power
density of 64 mWcm™, with an enhanced durability and
stability. It exhibits lowest voltage gap change between charge
and discharge even after 350 hours of cyclic operation with a
rate capability of 87.14 %.

electrode.”™ In the contemporary landscape, state-of-the-art

electrocatalysts like IrO,, Pt/C, and RuO, find application in
these batteries to expedite these reactions. Despite their
elevated bifunctional activity of these electrocatalysts for both
OER/ORR, their high cost and scarcity reduces the enhancement
of ZABs toward commercial viability.®'” Hence, it is crucial to
design enduring, effective, and economically viable bifunctional
electrocatalysts for OER and ORR, to be employed in the air
cathode of rechargeable ZABs.!""'?

Double perovskite oxides (designated as A,BB'Og) display
enhanced stability and superior electrocatalytic performance
when compared to their single perovskite oxide
counterparts.”*"”" These compounds possess two distinct
octahedral sites, designated as BOy and B'O;, comprised of
alternating pairs of B and B’ atoms bound to oxygen. The
disposition of cations within the B-site, along with the oxidation
state of the transition metal, emerge as the primary factors
governing the electrocatalytic efficacy of double perovskite
oxide catalysts." In that context, metal-oxygen covalency,
hybridization of metal M 3d and oxygen O 2p, plays a critical
role on the electrocatalytic performance of these materials."*?
Furthermore, perovskite oxide structure with a structured net-
work of oxygen vacancies can improve the transport of oxygen
ions and conductivity, which can enhance the kinetics of both
OER and ORR.***" Therefore, several approaches have been
employed to tailor the surface electronic structure and increase
the number of active sites for electrochemical reactions.?*="
One of the simple and fast method to adjust electronic
characteristics of perovskite oxide is a doping strategy.®*>” For
instances, doping divalent Sr** cations into LaCoO; at the A-site
significantly enhances its electrocatalytic activity by increasing
the concentration of oxygen vacancies and promoting higher

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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oxidation states of B-site Co cations, thereby improving Co 3d-
0 2p hybridization.® Similarly, doping Co into LaMn,,Co,0; at
the B-site enhances OER performance by promoting the

conversion of OOH™ to O, via mixed Mn*"/Mn®" oxidation electrocata

states.”>?

In other study, Kim etal. reported that doping

transition-metal oxides such as Fe**, Ni**, Cu>*, and Mn’* into  employing

the B-sites of NdBa,;sCay,5C0,0s5, 5 catalyst enhances electron

and oxygen-ion mobility by promoting the formation of oxygen  odologies

vacancies in double perovskite oxides.*” Moreover, researches
shows us that doping both A and the B-site can enhance the

bifunctional activity. For example, perovskite oxides with Ba  cathode le

and Sr occupying the A site demonstrate fast ion transport

ing X-Ray diffraction (XRD), scanning electron microscopy (SEM),
X-Ray photoelectron spectroscopy (XPS) and ultraviolet photo-
electron spectroscopy (UPS) was performed. The bifunctional

lytic performance in OER and ORR of these electro-

catalysts was assessed via rotating disc electrode (RDE) setup,

cyclic voltammetry (CV), linear sweep voltammetry

(LSV), and electrochemical impedance spectroscopy (EIS) meth-

for comparative analysis. Ultimately, the electro-

catalysts were incorporated into ZAB as air electrode. Electro-
catalyst with lowest iron content, NdBaCo, sFe,,0s_ ; at the air

d to notable improvements in the ZAB's perform-

ance. Notably, the ZAB featuring the NdBaCo,Fe,_,O; , ; electro-

kinetics, whereas compositions rich in Co at the B-site exhibit  catalyst exhibited an improved maximum capacity of

higher kinetic coefficients compared to those rich in Fe.

Merkle etal. reported that

BaysSrosCo,.,Fe,0; _, reduces the energy required for O-vacancy

[411

formation, thanks to the proximity of electronic states’ density
to the Fermi level. This proximity makes it easier to reduce Co**

to Co®" compared to Fe*" to Fe

3+ [42]

42827 mAh at 10 mAcm™2, superior peak power density of
incorporating cobalt into 64 mWcm™2, exceptional durability, and stability even over a
span of 350 hours of cyclic charge-discharge.

Results and Discussion

Here, we formulated electrocatalysts by introducing B-site

doping into double perovskite oxide structures, specifically for

utilization in rechargeable ZABs. We successfully synthesized a
series of NdBaCo,Fe,,Os.s (NBCF) compounds, where ‘a’ The crystal

assumes values of 1.0, 1.4, 1.6, and 1.8 denoted as NBCF double
perovskite oxides. Through systematic investigation, we pro-
ceed to compare their bifunctional electrocatalytic performance
in OER/ORR, elucidating the influence of varying cobalt and iron
content on the electrocatalytic activity. Electrocatalysts denoted

as NdBaCo,Fe, 05 5 (with ‘a’ value of 1.0, 1.4, 1.6, and 1.8) were ides of Nd,

synthesized using the modified sol-gel Pechini method and
subsequently subjected to calcination. Following this thermal
treatment, comprehensive material characterization encompass-

Characterization of the Crystal Structure

structure of the NBCF double perovskite oxides was

examined through XRD. Figure 1 provides a visualization of the
XRD patterns alongside the outcomes of the Rietveld refine-
ment analysis. The XRD patterns distinctly indicate that all the
NBCF double perovskite oxides exhibit a single phase. Remark-
ably, no distinctive peaks corresponding to the oxides, hydrox-

Ba, Co, Fe, or impurities were detected. Furthermore,

the structural characteristics, including the space groups and
crystal structure of the NBCFs, were determined using the
Rietveld Refinement methodology. The results revealed that
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Figure 1. (a) XRD patterns of NBCF double perovskite oxides. Rietveld refinement analysis for the XRD of (b) NdBaCoFeO; . ; (CoFe) (c) NdBaCo, 4FeqOs . 5
(Co1.4Fe0.6) (d) NdBaCo, ¢Fe,,0s ., ; (Co1.6Fe0.4) () NdBaCo, gFe,,0;5, 5 (Co1.8Fe0.2).
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Table 1. Lattice parameters, crystal volume, crystal structure and space group for CoFe, Co1.4Fe0.6, Co1.6Fe0.4 and Co1.8Fe0.2.
a b C Crystal volume Crystal structure Space group
NdBaCoFeO;, 5 (CoFe) 3.90908 3.90284 7.76516 118.47 Orthorhombic Pmmm
NdBaCo, ,Fe,¢Os . ; (Co1.4Fe0.6) 3.90752 3.90533 7.68501 117.27 Orthorhombic Pmmm
NdBaCo, ¢Fe, 405 5 (Co1.6Fe0.4) 3.90198 3.90198 7.64396 116.38 Tetragonal P4/mmm
NdBaCo, gFe,,0s . 5 (Co1.8Fe0.2) 3.90304 3.90304 7.62614 116.17 Tetragonal P4/mmm

CoFe and Co1.4Fe0.6 exhibit an orthorhombic crystal structure,
with a designated space group of “Pmmm.” Upon an increase in
cobalt content alongside a decrease in iron content, the crystal
structure transitions to a tetragonal configuration, aligning with
the space group “P4/mmm.” Lattice parameters and total crystal
volumes for the NBCF double perovskite oxides are provided in
Table 1. Notably, CoFe displays greater lattice parameters and a
correspondingly larger crystal volume of 118.47 A, whereas
Co1.8Fe0.2 exhibits comparatively smaller lattice parameters
and a crystal volume of 116.17 A>. The presence of larger iron
ionic size led to a more pronounced lattice distortion, resulting
in increased total volume when the double perovskite oxide
has higher iron content.

We conducted a morphological examination of the synthe-
sized NBCF double perovskite oxides with SEM, as depicted in
Figure 2. The SEM images revealed particles at the submicron
scale, typically measuring several hundred nanometers. While
there was some variation in the shape and size of these
particles, there was overall consistency in terms of particle size

Figure 2. CoFe’s (a) SEM images at 50000x magnification (b) SEM images at
10000x mag. (c) EDS Mapping of Nd, Ba, Co,Fe, and O. Co1.4Fe0.6’s (d) SEM
images at 50000x magnification () SEM images at 10000x mag. (f) EDS
Mapping of Nd, Ba, Co,Fe, and O. Co1.6Fe0.4's (g) SEM images at 50000x
magnification (h) SEM images at 10000x mag. (i) EDS Mapping of Nd, Ba,
Co,Fe, and O. Co1.8Fe0.2’s (j) SEM images at 50000x magnification (k) SEM
images at 10000x mag. () EDS Mapping of Nd, Ba, Co,Fe, and O.
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and shape across all the perovskite oxides. This suggests that
any potential impact of particle size and morphology on
electrocatalytic activity can be considered minimal. To gain
insights into the elemental distribution within the double
perovskite oxides, we employed energy-dispersive X-ray (EDX)
mapping. The EDX mapping results for NBCF double perovskite
oxides, illustrated in Figure 2, indicated a uniform distribution
of all elements, including Nd, Ba, Co, Fe, and O, throughout the
particles.

XPS was employed to analyze the surface chemical
composition and chemical states of the elements presented in
the NBCF electrocatalysts. Figure 3 shows the XPS core level
spectra of Fe 2p, and Co 2p. In Figure 3a,c, Fe (ll) 2p,,, satellite
can be clearly seen which exhibit Fe,O;. Hence, for CoFe and
Co1.4Fe0.6 iron is present in both Fe™® and Fe™* oxidation
states in the structure? However, for Col.6Fe0.4 and
Co1.8fe0.2 Fe (Il) 2ps, satellite which implies FeO appears in the
Fe 2p XPS spectra (Figure 3e,g).*” Hence, as the iron amount in
the NBCF double perovskite oxide decreases, the oxidation
state of iron decreases to Fe™. In Figure 3(b,d,f,h) Co 2p spectra
(Co 2p;p, and Co 2p,,, peaks located at 780 eV, and 796 eV
binding energies respectively) exhibit Co;0,, implying all the
samples have the same state of Co.

Figure 4 shows the fitted O 1s XPS spectra for NBCF
electrocatalysts. Fitted O 1s XPS spectra exhibits the oxygen
vacancy, and lattice oxygen at binding energies of 531 eV, and
529 eV respectively. Oxygen vacancy peak accounts for 46.57,
58.40, 59.78, and 57.65% of the overall O 1s XPS spectra peak
area, whereas the lattice oxygen peak constitutes 37.45, 26.37,
23.34 and 27.51% of the total area for CoFe, Co1.4Fe0.6,
Co1.6Fe0.4 and Co1.8Fe0.2 respectively. Hence, as the cobalt
amount in the NBCF double perovskite oxide increases the
oxidation state of iron transitions from +3 to +2, whereas the
oxidation state of cobalt remains unchanged. Consequently,
there is an escalation in the concentration of oxygen vacancies
within the structure.

Electrochemical Characterization of the Electrocatalysts

To comprehend the electrocatalytic efficiency of NBCF electro-
catalysts, a RDE in conjunction with a standard three-electrode
system was employed. LSV tests were conducted employing an
Ag/AgCl reference electrode, and the subsequently recorded
potentials were then converted to the reference RHE scale. The
geometric area of the glassy carbon electrode, measured at
0.0707 cm?, was used to normalize the LSV profiles (Figure 5a).

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 3. XPS survey spectra of Fe 2p and Co2p respectively for (a,b) CoFe (c,d) Co1.4Fe0.6 (e,f) Co1.6Fe0.4 (g,h) Co1.8Fe0.2.
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Figure 4. XPS O 1s spectra for (a) CoFe (b) Co1.4Fe0.6 (c) Co1.6Fe0.4 (d)
Co1.8Fe0.2.

Notably, overpotential values of the NBCF electrocatalysts were
evaluated at a current density of 10 mAcm™, a fundamental
limit for comprehending a catalyst’s electrocatalytic activity as
established in the literature. As a result of this investigation, the
determined overpotential values for the NBCF electrocatalysts
are as follows: 439 mV for CoFe, 384 mV for Co1.4Fe0.6, 428 mV
for Co1.6Fe0.4, and 444 mV for Co1.8Fe0.2. Consequently, it is
evident that Co1.4Fe0.6 showcases the lowest overpotential
within the spectrum of the NBCF electrocatalysts. Moreover,
these overpotential values for the NBCF electrocatalysts exhibit
comparability with those of benchmark electrocatalysts, namely
IrO,, RuO,(=300-450 mV in 0.1 M KOH), and Pt/C that have
been previously reported in the literature.®*=*"" Furthermore,
Tafel plots were derived to facilitate a comparative assessment
of the reaction kinetics inherent in the NBCF electrocatalysts, as
depicted in Figure 5b. Tafel slopes are 106 mVdec™' for CoFe,
83 mVdec' for Col.4Fe0.6, 86 mVdec ' for Col.6Fe0.4, and
96 mVdec™' for Co1.8Fe0.2. Despite Co1.4Fe0.6 displaying a

ChemPhysChem 2024, e202400531 (5 of 12)

diminished Tafel slope, signifying accelerated reaction kinetics,
it is noteworthy that the Tafel slopes across the spectrum of
NBCF electrocatalysts are closely aligned, indicating a high
degree of similarity in their reaction kinetics. Then, the charge
transfer rate of the NBCF electrocatalysts was assessed through
the utilization of EIS. The EIS findings distinctly indicate that the
conductivity of the Co1.8Fe0.2 electrocatalyst surpasses that of
the other NBCF double perovskite oxide electrocatalysts (Fig-
ure 5¢). This enhanced conductivity exhibited by the Co1.8Fe0.2
electrocatalyst highlights its enhanced ability for charge transfer
during the OER. Although the slightly elevated overpotential
observed for the Co1.8Fe0.2 electrocatalyst in comparison to
the other NBCF counterparts, its charge transfer rate remains
prominent feature. Furthermore, electrochemically active sur-
face area (ECSA) of the NBCF electrocatalysts was determined
using the double layer capacitance (Cy), as portrayed in
Figure 5d. The calculated Cg values for CoFe, Co1.4Fe0.6,
Col1.6Fe0.4, and Co1.8Fe0.2 were determined as 4.01, 9.04,
14.06, and 8.93 mFcm™2, respectively. This analysis establishes
that Co1.6Fe0.4 betters the other electrocatalysts in terms of
ECSA, signifying its larger electrochemically active surface area.
ECSA analysis indicates that the heightened electrocatalytic
performance of Col1.4Fe0.6 does not stem from its electro-
chemically active surface area; rather, it may be attributed to its
intrinsic activity. Lastly, for a comprehensive grasp of the
intrinsic activity of the electrocatalysts, the mass activity (MA)
and specific activity (SA) were evaluated (Figure 5e). The
electrocatalysts’ mass loading was employed to compute the
mass activity, whereas the specific activity was determined
utilizing the ECSA. Remarkably, Co1.4Fe0.6 emerged as notably
superior to the other electrocatalysts in terms mass activity and
specific activity. Specifically, MA and SA of Co1.4Fe0.6 were
quantified at 33.53 Ag™' and 0.318 mAcm™, respectively, out-
performing the benchmark electrocatalyst RuO,'s corresponding
MA (8.87 Ag™") and SA (0.06224 mAcm~).*¥ This demonstrates
the improved intrinsic activity exhibited by Co1.4Fe0.6. Fig-
ure 5f displays Mott-Schottky plots for NBCF electrocatalyst. All
the electrocatalysts demonstrate p-type behavior, as evidenced
by the negative slope observed after 1.2V vs RHE, which
corresponds to the working range of the oxygen evolution
reaction at 1.23 V vs RHE. Notably, there is no transition from n-
type to p-type semiconductor behavior in the potential range
between 1.2V and 1.7 V. The determination of the flat-band
potential (Eq,) relies on linear extrapolation within the p-type
behavior region. A more positively shifted flat-band potential
indicates a greater restriction on electrocatalytic OER
activity.”**® Among the NBCF double perovskite oxide electro-
catalysts, Co1.4Fe0.6 exhibits low Eg at 1.53 V vs. RHE, aligning
with its overpotential value of 384 mV. Co1.4Fe0.6 demon-
strates superior OER electrocatalytic activity with the lowest
flat-band potential. Consequently, it can be deduced that
Co1.4Fe0.6 holds potential as a promising candidate for an OER
electrocatalyst, attributable to its lower overpotential and
enhanced intrinsic activity. Conversely, the Co1.8Fe0.2 electro-
catalyst exhibits higher charge transfer rate, accompanied by an
overpotential and ECSA analogous to those of conventional
OER electrocatalysts.

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 5. (a) LSV curves for OER activity (b) Tafel plots (c) EIS (d) Electric double layer capacitance (e) Mass activity and specific activity (f) Mott-Schottky plots

for CoFe, Co1.4Fe0.6, Co1.6Fe0.4 and Co1.8Fe0.2.

Figure 6 illustrates the analysis of ORR activity for the NBCF
double perovskite oxide electrocatalysts, aiming to identify the
electrocatalysts’ bifunctional OER/ORR performance. In a man-
ner analogous to the approach adopted for OER activity
assessment, LSV curves were obtained initially. Notably, the
potentials recorded for CoFe, Co1.4Fe0.6, Co1.6Fe0.4, and
Co1.8Fe0.2 stand at 0.52, 0.64, 0.65, and 0.73V, respectively,
corresponding to a current density of —1 mAcm™2 (Figure 5a).
This affirms that Co1.8Fe0.2 boasts a superior ORR activity
compared to the other NBCF electrocatalysts. Furthermore, the
Tafel slopes, deduced from the Tafel plots, are determined as
—179, —234, —328, and —281 mVdec™' for CoFe, Col.4Fe0.6,
Co1.6Fe0.4, and Co1.8Fe0.2, respectively (Figure 6b). Conse-
quently, it can be deduced that the reaction kinetics of the
Co1.8Fe0.2 electrocatalyst for ORR is comparable with those of

ChemPhysChem 2024, e202400531 (6 of 12)

the other NBCF electrocatalysts. The Koutecky Levich (K—L)
equation was utilized to determine the electron transfer
number and kinetic current densities of the electrocatalysts.
K—L plots were generated through performing LSV in a voltage
range of 1.2V to 0.14 V versus RHE at varying rotation speeds
(800, 1200, 1600, 2000 rpm (Figure S1), employing a scan rate of
5mVs~". As the rotational speed of the working electrode
increased, a corresponding elevation in the reduction current
was observed, attributed to enhanced mass transport at the
working electrode’s surface. The higher rpm facilitated im-
proved oxygen diffusion from the electrolyte to the electro-
catalyst’s surface. Notably, Co1.8Fe0.2 consistently exhibited a
higher reduction current density at a constant potential and
rotational speed. The K—L plots exhibited linearity, supporting
the notion that the ORR follows first-order kinetics (Figure S2).
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Figure 6. (a) LSV curves for ORR activity (b) Tafel plots (c) K—L plots (d) Electron transfer number (n) and kinetic current density (Jk) for CoFe, Co1.4Fe0.6,

Co1.6Fe0.4 and Co1.8Fe0.2.

At a low voltage of 0.15V versus RHE, the electron transfer
number (n) was determined to be 3.649, 2.704, 2.733, and 3.998
for CoFe, Co1.4Fe0.6, Co1.6Fe0.4, and Co1.8Fe0.2, respectively
(Figure 6d). Considering that the electron transfer number for
Co1.8Fe0.2 is closer to 4, it can be inferred that the 4-electron
ORR process predominates in Co1.8Fe0.2.5"*?

In conclusion, to comprehend the bifunctional OER/ORR
electrocatalytic activity the potential gap between current
densities of —1 mAcm™ and 10 mAcm™ was used to calculate
the bifunctionality (BI) value. The Bl parameter provides insight
into the catalyst’s elevated OER/ORR electrocatalytic activity
within an alkaline environment. In this study, the BI values
stand at 1.15, 0.97, 1.01, and 0.95V for CoFe, Co1.4Fe0.6,
Co1.6Fe0.4, and Co1.8Fe0.2, respectively. Consequently, among
the NBCF double perovskite oxide electrocatalysts, Co1.8Fe0.2
demonstrates enhanced bifunctional OER/ORR electrocatalytic
activity characterized by a low Bl value.

Zn-Air Battery Performance Evaluation
Rechargeable ZABs were assembled utilizing a zinc plate as the
anode, NBCF double perovskite oxides as the air cathodes, and

an electrolyte consisting of 6 M KOH with an additive of 0.2 M
Zn(OAC),. In rechargeable ZABs, the air cathode plays a pivotal

ChemPhysChem 2024, e202400531 (7 of 12)

role in both the charging process involving OER and the
discharging process involving ORR. The overall reactions
occurring within the ZABs are represented as follows:

At the air cathode : O, + 2H,0 + 4e™ < 40H"
At the zinc anode : Zn + 40H™ « Zn(OH),*” + 2e~
Zn(OH),*~ < ZnO + H,0 + 20H"

Overall reaction : 2Zn + O, « 2ZnO

The polarization curves illustrating the charge and discharge
characteristics of the ZAB utilizing NBCF cathodes are presented
in the Figure 7a. The Co1.8Fe0.2-based ZAB necessitates 2.086 V
and 1.069 V during the charging and discharging respectively,
to attain a current density of 10 mAcm™2 Conversely, other
NBCF-based ZABs exhibit larger voltage differentials, notably
equimolar CoFe displaying the most substantial difference
between discharging and charging, as depicted in the Fig-
ure 7a. This phenomenon indicates a minimal distinction
between charge and discharge processes, underscoring the
favorable compatibility of the Co1.8Fe0.2 double perovskite
oxide electrocatalyst with both OER and ORR. Moreover, the
Co1.8Fe0.2-based ZAB demonstrates the highest and notable
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Figure 7. ZABs with NBCF- based air cathodes’ (a) Peak power density plots with charge and discharge polarization curves (b) Capacities at 5 mAcm™2 (c)
Capacities at 10 mAcm~2 (d) Capacities at 50 mAcm~? (e) Rate capability from 0 to 20 then 0 mA cm~? (f) Durability performance in the first hour of cyclic

charge-discharge (e) Cyclic charge-discharge at 5 mAcm 2

peak power density, reaching 64 mWcm™ at a higher current
density of 135 mAcm™. In contrast, the second-best peak
power density is observed in the Col.4Fe0.6-based ZAB at
59 mWcm™ but at a lower current density of 120 mAcm™
Equimolar CoFe exhibits the smallest peak power density,
observed at the lowest current density of 100 mAcm™2.

Figure 7b,c and Figure 7d presents the discharge capacities
of NBCF-based ZAB under 5mAcm™2 10mAcm™ and
50 mAcm™ current densities respectively. Notably, the ZABs
exhibit higher capacities at 5 mAcm™ compared to 10 mAcm™
and 50 mA cm™2 Specifically, the Co1.8Fe0.2 achieves a capacity
of 44334 mAh at 5mAcm™2, 42827 mAh at 10 mAcm™2 and
251.74mAh at 50 mAcm™ This suggests that Co1.8Fe0.2
demonstrates a stable capacity across different current den-
sities, with its capacity retention being less influenced by
increasing current density. In contrast, the Co1.4Fe0.6-based
ZAB shows a strong dependence on current density, with the
highest capacity of 477.28 mA h at 5mAcm~2 the second-
lowest capacity of 32459 mAh at 10 mAcm™ and lowest
capacity of 225.18 mAh at 50 mAcm~2 among the other NBCF
based ZABs. This indicates that the capacity of Co1.4Fe0.6-

based ZAB may not be sustained at higher current densities,

ChemPhysChem 2024, e202400531 (8 of 12)

while Co1.8Fe0.2 maintains the capacity that is not significantly
lower even at higher current densities. Consequently,
Co1.8Fe0.2 exhibits greater stability, making it a more reliable
battery than Co1.4Fe0.6, despite its slightly lower capacity
change at lower current densities.

The rate capability and cyclic discharge stability of NBCF-
based ZABs were evaluated by systematically varying the
discharge rate from 0 to 20mAcm™ and subsequently
returning to 0 mAcm™2, while monitoring the output voltage
(Figure 7d). The Co1.8Fe0.2-based ZAB exhibited exceptional
rate capability and stability. Initially, the output voltage was
1.29V, and after 400 minutes of operation, it decreased to
1.14V, corresponding to 87.14% of the initial output voltage.
Notably, this electrocatalyst displayed the lowest voltage
retention after 400 minutes of continuous operation under
various discharge current densities compared to other NBCF-
based ZABs.

Furthermore, the cyclic charge-discharge performances of
NBCF-based ZABs were assessed at a constant current density
of 5mAcm™ at 5-minute intervals to understand their electro-
chemical durability under continuous charge-discharge condi-
tions. Initially, the Co1.8Fe0.2-based ZAB exhibited charge and
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discharge voltages of 1.98V and 1.18V, respectively, with a
voltage gap of only 800 mV. In contrast, other NBCF-based
ZABs, such as Co1.6Fe0.4, Co1.4Fe0.6, Co1.2Fe0.8, and CoFe,
had voltage gaps of 822 mV, 846 mV, 840 mV, and 897 mV,
respectively (Figure 7f). The Co1.8Fe0.2-based ZAB consistently
demonstrated the smallest voltage gap. Over time, some NBCF-
based ZABs experienced a loss of stability. The Co1.6Fe0.4-
based ZAB lasted approximately 110 hours, Co1.2Fe0.8 lasted
about 180 hours, and CoFe lasted about 200 hours before
exhibiting a significant increase in their voltage gap. In contrast,
the Co1.8Fe0.2 and Col1.4Fe0.6 batteries lasted more than
350 hours with a minimal increase in their voltage gap (Fig-
ure 7g). Even after this extended period, the voltage gap of the
Co1.8Fe0.2 ZAB increased by only 41 % from the initial voltage
gap after 350 hours, reaching 1.13 V. The voltage gap of the
Co1.4Fe0.6-based ZAB increased to 1.37 V.

When comparing the performance of NBCF-based ZABs, it
becomes evident that while some configurations outperform
Co1.8Fe0.2 under specific conditions, overall, Co1.8Fe0.2-based
ZAB exhibits the best rechargeable zinc-air battery perform-
ance. For instance, Co1.4Fe0.6 achieves the highest capacity at
5 mAcm 2 but experiences a decline in capacity at 10 mAcm
and 50 mAcm™, whereas Co1.8Fe0.2 maintains its capacity
across different discharge currents. Co1.4Fe0.6 has a similar
cyclic charge-discharge time as Co1.8Fe0.2 but demonstrates
lower voltage stability. Additionally, its rate capability and peak
power density are substantially lower than those of Co1.8Fe0.2-
based ZAB. Despite CoFe-based ZAB showing a rate capability
comparable to Co1.8Fe0.2, overall experimental results indicate
that CoFe is the least effective cathode for rechargeable ZAB.
Experimental data reveals that the electrocatalyst with the
highest cobalt content, i.e, Co1.8Fe0.2, exhibits the highest
peak power density (64 mWcm™), the highest capacity at
10 mAcm™ discharge current density (428.27 mAh), a stable
capacity retention, the highest rate capability (87.14%), and the
longest cyclic charge-discharge time (350 hours), along with the
lowest voltage gap after 350 hours. While the OER overpotential
and Tafel slope of Co1.8Fe0.2 are moderate, its distinct
advantages lie in its low resistivity and high charge transfer rate
compared to other NBCF electrocatalysts. Notably, Co1.8Fe0.2
stands out in ORR performance, featuring the lowest onset
potential, highest limiting current, low kinetic current density,
and efficient ~4-electron transfer processes. The calculated
electron transfer number for Co1.8Fe0.2 is 3.998, close to 4,
indicating highly efficient ORR performance. The impact of ORR
efficiency is evident in discharge-based experiments, such as
peak power density, capacity measurements, and rate capability
tests.

Analysis of the Electronic Structure

The work functions of NBCF electrocatalysts and UPS studies
were performed by applying a bias voltage of —7 eV, the UPS
spectra are shown in Figure 8a. The work function (¢) was
calculated by subtracting the He (I) radiation (21.22 eV) from
the high-binding-energy cut-off. The Fermi edge calibration was
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Figure 8. (a) UPS spectra (b) XPS valence band spectra of CoFe, and
Co1.8Fe0.2.

performed with a sputter-cleaned Ag standard to ensure that all
energies were referenced to a common Fermi level (0 eV). Thus,
the work function was calculated using the following equation:
¢=h, — E..om Where h, is the incident photoelectron energy
(21.22 eV), E .o Was determined from the linear extrapolation
with the baseline of the secondary electron onset.”® The work
function of Co1.8Fe0.2 is reduced to 3.06 eV from 3.6 eV for the
CoFe, indicating the higher intrinsic conductivity of Co1.8Fe0.2
electrocatalyst which is compatible with the EIS results. The
positioning of the O p-band center in relation to the Fermi
energy (EJ) provided an alternative characterization of electro-
catalytic performance. Thus, the valence band (VB) spectra of
CoFe, and Co1.8Fe0.2 is shown in Figure 8b. VB spectrum shows
us O 2p electronic states that are hybridized with Co 3d and Fe
3d derived states. Co 3d and Fe 3d states are marked as “A and
B” in the 0- 6 eV region, whereas O 2p character dominating in
the 4-13 eV region farther from E; marked as “C”" in the XPS
valence band spectra.>**® XPS valence band spectra confirms
that both Co1.8Fe0.2 and CoFe displays the hybridization of O
2p and Co/Fe 3d orbitals that reduces the charge transfer gap
between the electrocatalyst surface and oxygen intermediate
species (02*, OH*, O*, OOH*) in the alkaline electrolyte solution.
This facilitates the exchange of 0,>~/OH™ on the surface for
OH™ regeneration.””

Materials Characterization after Battery Test

To understand the potential changes in the crystal structure of
the Co1.8Fe0.2 electrocatalyst, XRD analysis was conducted
following a 350-hour cyclic charge-discharge test. Figure 9
illustrates the XRD patterns of the Co1.8Fe0.2 double perovskite
oxide both before and after the cyclic charge-discharge experi-
ment. After the test, the XRD analysis of the Co1.8Fe0.2 air
cathode reveals peaks indicative of a tetragonal structure,
aligning with the space group “P4/mmm”. Additionally, supple-
mentary peaks corresponding to potassium oxide, potassium
peroxide, and potassium hydroxide derivatives emerge in the
XRD pattern, originating from the 6 M KOH electrolyte.
Furthermore, the presence of zinc oxide peaks in the XRD
pattern is attributed to the reduction of the Zn anode during
the operation of the ZAB battery or the presence of Zn(OAc),
additive in the electrolyte. Consequently, it is concluded that
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Figure 9. XRD patterns for Co1.8Fe0.2 before and after the cyclic charge-
discharge ZAB experiment.

the crystal structure of Co1.8Fe0.2 remains stable even after
350 hours of cyclic charge-discharge testing.

Conclusions

Our results indicate that an increase in the Co content
generates alterations in both the crystal and electronic
structures, leading to an enhancement in bifunctional electro-
catalytic performance. The crystal structure transformation from
orthorhombic in CoFe to tetragonal in Co1.8Fe0.2 corresponds
with the increase in Co content. Additionally, the oxidation
state of iron transitions from + 3 to+ 2, and the oxygen vacancy
content rises with higher cobalt content. Notably, the increase
in the oxygen vacancy content is correlated with the improved
bifunctional electrocatalytic activity. Co1.8Fe0.2 exhibits the
fastest charge transfer rate, optimal oxygen reduction reaction
(ORR) performance with ~4 electron transfer number, and a
noteworthy bifunctionality value of 0.95 V. In zinc-air batteries,
the Co1.8Fe0.2-air cathode demonstrates remarkable perform-
ance, including a peak power density of 64 mWcm™, high
capacity of 428.27 mAh at 10 mAcm™ current density, and
prolonged cyclic stability exceeding 350 hours at a constant
5mAcm™2 charge-discharge current density with minimal
increase in voltage gap. Comparative analysis with NBCF
electrocatalysts reveals superior performance of the Co1.8Fe0.2-
based zinc-air battery, characterized by enhanced capacity,
durability, and efficiency related to its lower work function
value of 3.06 eV. This investigation underscores the substantial
impact of B-site cation ratios on oxygen vacancy generation,
achieved by modulating the oxidation state of iron while
maintaining cobalt’s oxidation state. Our findings emphasize
the potential for synthesizing NBCF with controlled cation ratios
and oxygen vacancies, resulting in profound effects on bifunc-
tional electrocatalytic performance and zinc-air battery effi-
ciency.

ChemPhysChem 2024, e202400531 (10 of 12)

Experimental Section

Fabrication of Double Perovskite Oxides

NdBaCo,Fe, .05, ; (Where 'a’ assumes values of 1.0, 1.4, 1.6, and 1.8),
denoted as NBCF double perovskite oxides, were synthesized
through a modified sol-gel Pechini method. Stoichiometric quanti-
ties of Nd(NO,);-6H,0 (Sigma Aldrich), Ba(NO;), (Alfa Aesar 99 %),
Co(No,),.6H,0 (Alfa Aesar 98.9-102.0 %), and Fe;(NO,);.9H,0 (Sigma
Aldrich) were dissolved in deionized water and subjected to stirring
on a hot plate at 100°C. Subsequently, the solution was
supplemented with citric acid and acrylamide as chelating agents.
Following water evaporation, the resultant gel underwent drying at
approximately 225°C for approximately 24 hours, succeeded by
calcination at 600°C for 15 hours. At the final stage, the calcined
powders were subjected to annealing at 1000°C to obtain single
phase material.

Materials Characterization

The crystal structure analysis of the samples was conducted
through room temperature powder XRD employing Ni-filtered Cu
Ko radiation (A=1.5406 A) within a 20 range spanning 20° to 90°.
Rietveld Refinement Method, facilitated by the EXPGUI interface
and GSAS software was employed to refine the crystal structure.To
investigate the microstructure and morphology of the synthesized
NBCF powders, a Scanning Electron Microscope (FEI Nova Nano
SEM 430) was utilized. For the computation of the specific surface
areas of the NBCF double perovskite oxides, the Brunauer-Emmet-
Teller (BET) methodology was employed within the context of a
relative pressure range of P/P,=0.055 to 0.30. The specific surface
areas were determined through nitrogen (N,) adsorption-desorp-
tion isotherms, using Quantachrome Corporation’s Autosorb-6
apparatus. Prior to analysis, the samples underwent vacuum
degassing at 300°C for a duration of two hours. The chemical
compositions of the NBCFs were examined using XPS facilitated by
PHI 5000 Versa Probe spectrometer, employing Al Ko radiation as
the excitation source. All of the peaks were calibrated with a
standard C 1s spectrum at 284.6 eV. UPS experiments carried out
(Physical Electronics (PHI), Versa Probe 5000) under high vacuum
with a base pressure of 1x10°° mbar. The He gas discharge lamp
(21.22 eV) was used as the UV light source in UPS measurements.

Electrochemical Measurements

The electrochemical performance of NdBaCo,Fe, O ; (where ‘a’ is
1.0, 14, 1.6, and 1.8) double perovskite oxides was evaluated
utilizing a RDE system (BASI) coupled with a GAMRY Reference
3000 potentiostat/galvanostat/ZRA. The experimental setup in-
cluded a standard three-electrode cell, comprising an Ag/AgCl
reference electrode, a platinum wire counter electrode, and a glassy
carbon electrode (GCE) serving as the working electrode.The GCE
was coated with a 10 pL catalyst ink, prepared by mixing 5 mg of
Super-P carbon, 10 mg of NBCF powder, 200 pL of a 5 wt % Nafion
solution (Sigma-Aldrich), and 2 ml of ethanol. Consequently, a mass
loading of 0.15 mg,eo.CMyiy > Was achieved on the GCE. Prior to
initiating the experiments, a 0.1 M potassium hydroxide (KOH, Alfa,
99.99%) electrolyte solution, unless specified otherwise, was
saturated with oxygen for approximately 30 minutes. This stand-
ardized setup was consistently employed throughout the exper-
imental procedures.

Throughout the experimental proceedings, a continuous supply of
oxygen gas was maintained within the electrolyte to uphold the
equilibrium between O, and H,0 at 1.23 V, while RDE operated at a
fixed speed of 1600 rpm. Initially, a series of 10 CV cycles spanning
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the potential range of 0.2 to 1.11V vs Ag/AgCl was executed to
activate the surface of the NBCF electrocatalysts. LSV tests were
conducted within the potential window of 0.2 to 1.1 V vs Ag/AgCl,
utilizing a scan rate of 10 mVs™' to assess the OER activity. The
potentials recorded were transformed to the reversible hydrogen
electrode (RHE) scale using the Nernst Equation. During the
evaluation of OER activity, gaseous evolved at the electrode surface
is tried to sweep out from the surface by rotating the electrode.
However, for precise evaluation scanning electrochemical micro-
scopy (SCEM) can be used to calculate effective surface area.””*®
Tafel slopes were determined under steady-state conditions with
the chronoamperometry (CA) technique within a potential range of
0.50 to 0.90 V versus Ag/AgCl, with 0.01 V increments. EIS measure-
ments were conducted at 1.641V vs. RHE. This assessment
encompassed AC voltage with an amplitude of 10 mV, spanning a
frequency range of 10° to 1072 Hz.

The determination of the electrochemically active surface area
(ECSA) of the electrocatalysts involved the utilization of double
layer capacitance (Cg), derived from CV analyses performed across
distinct scan rates within the non-faradaic region. In an oxygen-
saturated 1 M KOH solution, CVs were attained over a potential
range between 0.2 and 0.3 V vs. Ag/AgCl at scan rates of 10, 20, 30,
40, 60, 80, 100, and 120 mVs™' for NBCF electrocatalysts (Fig-
ure $3).°% A graph depicting scan rate against the reciprocal of the
difference between anodic and cathodic current densities (AJ/2=
(J,-J)/2) was then constructed at 0.25V vs. Ag/AgCl®®®" Subse-
quent linear fitting enabled the determination of Cy for the NBCF
electrocatalysts, employing one-half of the slope. ECSA was
subsequently computed by dividing Cy by the specific capacitance
(Cs), equal to 0.040 mFcm™ in 1M KOH according to the
literature.®” After that, the mass loading and ECSA of the electro-
catalysts were employed for the computation of mass activity
(Ag™") and specific activity (mAcm™?) of the electrocatalysts
respectively.

Finally, the protocols for CV and LSV tests were replicated to
elucidate the ORR activity of NBCF electrocatalysts. The sole
distinction lay in the range of potentials applied, spanning from
0.1V to (—1.2) V vs. Ag/AgCl. Following this, the Tafel slopes of the
electrocatalysts were deduced upon the acquisition of Tafel plots.
Several LSV experiments were conducted at a scan rate of 5 mVs™
within the voltage range of 0.2 to —0.8 V versus Ag/AgCl, employ-
ing different rotation speeds (400, 800, 1200, 1600, and 2000 rpm)
(see Figure S2 in the Supporting Information). These experiments
aimed to assess the kinetic current density and electron transfer
number of NBCF electrocatalysts employing the Koutecky-Levich
(K-L) equation.2*53

Measurement of Zn-Air Battery Performance

In the context of ZABs, the anode was composed of a zinc foil,
while the cathode was constructed through the implementation of
NBCF electrocatalysts, and the electrolyte consisted of a combina-
tion of 6.0 M KOH and 0.2 M Zn(OAc),. The composition of the
cathodes included a carbon foam acting as a gas diffusion layer,
alongside NBCF electrocatalysts and a PTFE film. This air cathode
facilitated the ingress of oxygen from the surrounding environment
into the cell, concurrently preventing any loss of electrolyte. The
power densities of the NBCF-based ZABs were determined across
current densities spanning from 0 to 200 mAcm™, alongside the
generation of charge and discharge polarization curves. Subse-
quent to a full discharge at a current density of 5 mAcm™2, the
capacities of the NBCF-based ZABs were calculated. Following the
computation of capacities, the ZABs rate capabilities and cycling
stabilities were determined by contrasting its output voltage during
discharges at rates varying from 0 to 20 mAcm™2, subsequently
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returning to 0 mAcm 2 The cycling charge-discharge performances
of the NBCF-based ZABs were subsequently assessed at a constant
current density of 5mAcm™ during which both charge and
discharge durations remained at 5 minutes.

Supporting Information Summary

The authors have added complementary experimental results
(Linear Sweep Voltammetry at different rotation speeds,
Koutecky- Levich (K—L) plots at various voltages, and Cyclic
Voltammetry scans at different scan rates) in Supporting
Information.
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