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A B S T R A C T   

Advancing zinc-air battery (ZAB) technology necessitates the development of air cathode electrocatalyst systems 
that demonstrate high reactivity and stability. We introduce a novel method to fabricate a robust catalyst-support 
hybrid. This hybrid comprises Co-doped Pt nanoparticles (NPs) anchored on metal oxide (Ex-PtCoWO) nano
fibers (NFs), synthesized via electrospinning followed by selective metal ex-solution. Controlling the ex-solution 
of metal NPs leads to a highly active and stable oxygen reduction reaction (ORR). Moreover, the three- 
dimensional CoWO4-x NFs network enhances the surface exposure of ex-solved metal NPs, thereby aiding both 
selective ex-solution and the provision of active sites for the oxygen evolution reaction (OER) during ZAB 
recharge. The Ex-PtCoWO NF exhibits an ORR half-wave potential of 0.89 V and an OER potential of 1.69 V at 
10 mA cm− 2 in alkaline media. ZABs utilizing Ex-PtCoWO NF show an extended cycle life of over 240 h with 
reduced charge-discharge polarization, compared to commercial catalysts.   

1. Introduction 

Rechargeable zinc-air batteries (ZABs) are emerging as next- 
generation energy storage devices due to their superior theoretical en
ergy density (~1218 Wh kg− 1), which surpasses that of practical 
lithium-ion batteries (~400 Wh kg− 1). This advantage, combined with 
their inherent safety from the use of aqueous electrolytes and cost 
competitiveness (10 $ kW− 1 h− 1) derived from the abundance of zinc 
metal anodes, positions ZABs favorably [1–3]. However, their practical 
application faces challenges, primarily the poor cycle life caused by 
sluggish cathode reactions, specifically the oxygen reduction reaction 
(ORR) and oxygen evolution reaction (OER) during discharging and 
charging, respectively [4,5]. Traditional air cathode catalysts, employ
ing novel metals such as Pt and metal oxides such as IrO2 and RuO2 with 
carbonaceous supports, have shown degradation in catalytic activity due 
to agglomeration or detachment from the supports and carbon support 

oxidation or corrosion, prompting the exploration of highly active and 
sustainable catalyst-support systems [6–8]. 

To address the limitations of carbonaceous supports, inorganic 
metal-based supports such as oxides, carbides, nitrides, borides, and 
layered double hydroxides have been actively investigated [9–12]. 
These materials offer significant advantages, including robustness, 
corrosion resistance, and an effective platform for enhancing catalyst 
activity. While metal oxides such as TiO2-x have received considerable 
attention, research focusing on combinations of metal oxides and 
nanoparticles (NPs) is gaining momentum [13]. However, the low 
electrical conductivity of metal oxides poses a challenge for their use as 
supports, necessitating facile electron transport. Combinations of metal 
catalysts with carbides (e.g., Pt/Mo2C, Pt/WC) or nitride supports (e.g., 
Ir/Co4N, Ru/NiWNx, Pt/TiN) have been proposed, but challenges in 
thermal treatment and ensuring long-term stability under specific 
operating conditions remain critical for broad commercialization 

* Corresponding author. 
** Corresponding author at: Textile Innovation R&D Department, Korea Institute of Industrial Technology, 143, Hanggaul-ro, Sangnok-gu, Ansan-si, Gyeonggi-do 

15588, the Republic of Korea. 
E-mail addresses: sunyonglee@hanyang.ac.kr (C.S. Lee), kryoon@kitech.re.kr (K.R. Yoon).  

Contents lists available at ScienceDirect 

Applied Catalysis B: Environment and Energy 

journal homepage: www.elsevier.com/locate/apcatb 

https://doi.org/10.1016/j.apcatb.2024.124371 
Received 19 March 2024; Received in revised form 19 June 2024; Accepted 4 July 2024   

mailto:sunyonglee@hanyang.ac.kr
mailto:kryoon@kitech.re.kr
www.sciencedirect.com/science/journal/09263373
https://www.elsevier.com/locate/apcatb
https://doi.org/10.1016/j.apcatb.2024.124371
https://doi.org/10.1016/j.apcatb.2024.124371
https://doi.org/10.1016/j.apcatb.2024.124371
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcatb.2024.124371&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Applied Catalysis B: Environment and Energy 358 (2024) 124371

2

[14–18]. 
Kim and Yoon et al. recently developed a straightforward fabrication 

process for highly conductive black tungsten oxide (WO3-x) nanofiber 
(NF) supports for fuel cell catalysts. This process involves thermal 
reduction during calcination to increase oxygen vacancies, thereby 
reducing the intrinsic band gap and enhancing the electrical conduc
tivity of the supports. The increased oxygen vacancies on the surface of 
WO3-x NFs also allowed for the accommodation of an extremely high 
mass loading of Pt NPs (~5 nm in size), demonstrating high ORR activity 
and durability in HClO4 solution and highlighting potential of WO3-x in 
electrocatalysis applications [19]. The versatility and distinctive surface 
activity of WO3-x have led to its widespread use in various fields, 
including gas sensors [20], photocatalysts [21], and electrocatalysis in 
ZABs [22–24]. However, challenges such as NP detachment or 
agglomeration during synthesis persist, often due to low interfacial 
stability between different catalyst and support phases, as well as the 
redox reaction mechanism involving repeated dissolution, particularly 
during ZAB discharge and charge reactions [25]. 

The ‘ex-solution’ phenomenon has been identified as a promising 
synthesis method for achieving uniformly dispersed metal NPs on metal 
oxide supports, effectively preventing agglomeration through their 
socket-like coupling [26,27]. This process involves the selective pre
cipitation of metal ions from the host oxide to the surface through a 
single heat treatment [28]. Metal NPs formed by ex-solution exhibit 
exceptional thermal and chemical stability, along with uniform particle 
size distribution, proving useful in applications like solid oxide fuel cells, 
electrolyzers and gas sensors [29–31]. Despite the focus on 
well-structured dopants and supports, an increasing interest in exploring 
a wider range of materials has emerged, including nanostructured and 
various-component systems, for the investigation of similar ex-solution 
behavior and expand potential applications. Jang et al. have recently 
demonstrated the potential of WO3 as a host oxide for ex-solution in gas 
sensors [32]. Notably, the reduction of WO3 is accelerated in the pres
ence of an Ir component, and the ex-solution of Ir NPs is dynamically 
occurring. Thus, exploring various combinations with WO3 is deemed 
crucial. 

Herein, we propose a simple fabrication process for a cobalt and 
tungsten-based oxide NF with ex-solved Co-doped Pt NPs on the surface, 
creating a highly durable bifunctional catalyst-support hybrid material 
for ZABs air cathode. This hybrid material is produced through the 
electrospinning of a single polymer solution followed by step-wise 
thermal treatments. The thermally reduced Pt/CoWO4-x (Ex-PtCoWO) 
NF hybrid exhibits excellent bifunctional performance in half-cell tests, 
attributed to the selective ex-solution of Co-doped Pt NPs. The Co-doped 
Pt NPs facilitate reactant accommodation for ORR and electron trans
port through a strongly adhered CoWO4-x support, ensuring high reac
tivity over an extended period. Furthermore, the three-dimensionally 
networked CoWO4-x (0 < x ≤ 1) NF increases the surface exposure of ex- 
solved metal NPs, acting as a medium for selective ex-solution and 
providing active sites for OER. This Co-doped Pt-anchored CoWO4-x NF 
hybrid functions synergistically as a single catalyst unit for both ORR 
and OER, delivering high coulombic efficiency in repeated discharge- 
charge cycles (over 240 hours) in ZABs and outperforming cells using 
commercial ‘Pt/C + IrO2’ mixed catalysts. These results offer a meth
odology for the facile production of nanostructured, ex-solved multi- 
component catalyst-support hybrids and provide a design strategy for air 
cathodes, contributing to the practical implementation of ZABs. 

2. Experimental section 

2.1. Materials 

Tungsten (VI) chloride (WCl6, 99.9%), polyvinylpyrrolidone (PVP, 
Mw = 1300,000), acetic acid (CH3COOH, reagent plus, >99%), plat
inum chloride (PtCl4, >99%), cobalt acetate hydroxide (Co 
(CH3CO2)2⋅4 H2O), 20% Pt/C, and IrO2 were purchased from Sigma- 

Aldrich. N, N-dimethylformamide (DMF, anhydrous, 99.8%) was pur
chased from DAEJUNG chemical & metals. All materials were used as 
received without further purification. 

2.2. Synthesis of PtWO, CoWO and PtCoWO NFs 

The fabrication of PtWO, CoWO, and PtCoWO NFs involved elec
trospinning and subsequent thermal treatments. Initially, a mixture of 
1.5 g of WCl6 and 1.5 g of PVP was dissolved in 10 g of DMF, stirred for 
24 h until complete dissolution. The solution, transparent with a cobalt 
blue color, was subsequently augmented with 216 mg of PtCl4, 306 mg 
of Co(CH3CO2)2⋅4H2O, and 0.25 g of CH3COOH. For PtWO NF, only the 
Pt precursor (216 mg) was added, whereas CoWO NF incorporated 
solely the Co precursor (306 mg) into the WCl6 polymer solution. This 
mixture was magnetically stirred overnight to ensure homogeneity. The 
solution was transferred to a 10 mL syringe equipped with a 25 G 
stainless steel needle for electrospinning. The solution was injected at a 
rate of 0.2 mL h− 1, with a working distance of 15 cm from the needle tip 
to a grounded substrate. An electric field, generated by a 15 kV high DC 
voltage, facilitated the ejection of the solution from the needle tip, 
enabling the collection of electrospun NFs on an aluminum foil sub
strate. The as-spun NFs were dried in an oven at 60 ºC for 1 h to 
adequately evaporate residual solvents. The resulting composite NFs 
were calcined at 400 ºC for 1 h at a heating rate of 5 ºC min− 1 in ambient 
air. This step was crucial to remove polymeric components and crys
tallize oxide materials, culminating in the formation of Pt and Co- 
dissolved WO3-based NFs. 

2.3. Synthesis of Ex-PtWO, Ex-CoWO and Ex-PtCoWO NFs 

To induce the ex-solution process in PtCoWO NFs, a reduction heat 
treatment was conducted in a 4% H2/Ar atmosphere. This process 
spanned 1 h within a temperature range of 500–800 ºC, employing 100 
ºC intervals and a heating rate of 5 ºC min− 1. The resulting NFs were 
labeled as Ex-PtCoWO 000 NFs, with 000 representing the specific 
reduction temperature. Parallelly, Ex-PtWO 700 NF and Ex-CoWO 700 
NF were synthesized under identical conditions. This approach was 
adopted to facilitate a comparative analysis of their electrochemical 
performance with Ex-PtCoWO 700 NF. The synthesis details compari
sons are thoroughly outlined in Table S1. 

2.4. Characterizations 

The morphological characteristics of the fabricated hybrid materials 
were examined using various advanced microscopic techniques. Field 
emission scanning electron microscopy (FE-SEM; SU8010, Hitachi Co., 
Japan), transmission electron microscopy (TEM; JEM-ARM200F, JEOL, 
Japan), and Titan Double Cs corrected TEM (Titan cubed G2 60–300, FEI 
Co., USA) were employed for detailed morphological observation. 
Thermogravimetric analysis (TGA; Q500, TA Instruments, USA) was 
performed to assess the thermal stability and decomposition patterns of 
the materials. This analysis was conducted with a heating rate of 20 ºC 
min− 1 in a mixed N2/O2 atmosphere (7:3 v/v) over a temperature range 
of 25–900 ºC. A UV–Vis- spectrophotometer (V770; JASCO, Japan) was 
used to measure the optical absorbance and determine the bandgap 
energy. Chemical bonding states within the materials were investigated 
via X-ray photoelectron spectroscopy (XPS; K-Alpha, Thermo Scienti
fic™, USA) equipped with Al Kα radiation (1486.6 eV). The crystalline 
structures of the materials were characterized using high-resolution 
powder X-ray diffraction (XRD; D/Max–2500/PC, Rigaku with a Cu Kα 
radiation source; λ = 1.5418 Å, Japan). Additionally, phase transitions 
occurring during calcination were monitored by high-temperature in- 
situ XRD (X’Pert PRO, Malvern Panalytical with a Cu Kα radiation 
source; λ = 1.5418 Å, USA). For surface structure analysis, O2 temper
ature programmed desorption (O2-TPD) was conducted using a Micro
trac MRB instrument (BELCAT, USA). The Brunauer–Emmett–Teller 
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(BET) surface area of the NFs was evaluated using a surface area 
analyzer (BET; ASAP 2010, Micromeritics, USA). Electron paramagnetic 
resonance (EPR) experiments were conducted with by using an X-band 
spectrometer (Bruker EMX/plus spectrometer, Germany) at low tem
perature (-100 ºC) and a frequency of operating 9.65 GHz. Furthermore, 
to probe the local atomic structure and bond lengths related to the 
adsorbing atoms, Extended X-ray Absorption Fine Structure (EXAFS) 
measurements were carried out at the hard X-ray 1D X-ray absorption 
spectroscopy (XAS) KIST-PAL beamline, located at the Pohang Accel
erator Laboratory. The facility operates at 3.0 GeV with a maximum 
storage current of 360 mA. The collected EXAFS data were processed 
using the ATHENA software and simulated with ARTEMIS. 

2.5. Computational details 

Spin-polarized density functional theory (DFT) calculations were 
conducted using the Vienna ab initio simulation package (VASP) 
[33–35], based on a plane wave basis set. The calculations set a cut-off 
energy of 400 eV. To determine the electron exchange and correlation 
energy, the generalized gradient approximation (GGA)-level revised 
Perdew–Burke–Ernzerhof functional (RPBE) was employed [36–38]. 
The Brillouin zone sampling adhered to a 2 × 2 × 1 k-point mesh, 
following the Monkhorst-Pack scheme. The convergence criteria for 
electronic and geometrical optimization were established at 10− 5 eV and 
10− 2 eV Å− 1, respectively. To elucidate the ex-solution mechanism, two 
distinct systems based on the monoclinic CoWO4 (100) slab model were 
constructed. The first system, referred to as the PtCoWO4 (100) system 
(denoted as PtCoWO4), was designed to determine which element sur
faces first during the ex-solution process. The second system featured a 
Pt NP supported on the CoWO4 (100) system (labeled as Pt/CoWO4), 
post-Pt ex-solution (refer to Fig. S1). This model aimed to assess the 
influence of Pt NP on Co ex-solution. Each slab system comprised three 
repeating layers, with one bottom layer fixed in its bulk position. These 
systems were centered in a 20 Å vacuum gap along the z-direction. The 
oxygen vacancy formation energy (Evac) was calculated using Eq. (1). 

Evac = Eslab with vacancy + Eoxygen − Eslab (1)  

where Eslab with vacancy was the total energy after oxygen vacancy for
mation, Eoxygen was the gas phase energy of oxygen, and Eslab was the 
total energy of the stoichiometric surface. 

To evaluate the catalytic activity of ORR and OER, we investigated 
three different systems based on the ex-solution process described 
above: CoWO4, PtCoWO4, and PtCo alloy NPs supported on the CoWO4 
slab (referred to as PtCo/CoWO4). Simple clusters composed of 5 atoms 
were modeled to distinguish the effect of alloying (refer to Fig. S1). 
Reaction energy diagram for ORR and OER were plotted to determine 
the overpotential, serving as a simple descriptor for comparing activity 
in DFT calculations. The changes in Gibbs free energy (ΔG) for each 
reaction step in ORR (with the reverse reaction is OER) were calculated 
as follows: 

ΔG1 : O2(g) + ∗ + (H+ + e− ) ↔ OOH∗

ΔG2 : OOH∗ + (H+ + e− ) ↔ O∗ + H2O(l)

ΔG3 : O∗ + (H+ + e− ) ↔ OH∗

ΔG4 : OH∗ + (H+ + e− ) ↔ H2O(l) + ∗

The ORR and OER overpotential (ηORR, ηOER) were determined from 
the reaction energy diagram using the following equation [39–41]. 

ΔG(U) = ΔE + ΔZPE − TΔS + neU  

Where ΔE is the reaction energy, ΔZPE is the zero-point energy 
correction, ΔS is the change in entropy, and U is the applied potential. 
The chemical potential of the solvated proton and electron pair (H+ + e-) 

under standard conditions (pH2 = 1 bar, aH+ = 1, T = 298.15 K) was 
calculated as 0.5μ0

H2(g) − eU, assuming equilibrium at the standard 
hydrogen electrode [41,42]. 

2.6. Electrochemical measurements 

Electrochemical performance assessments were conducted using a 
three-electrode system, which included an electrode rotator (RRDE-3A, 
ALS) and a potentiostat analyzer (ZIVE MP1, WonATech). A glassy 
carbon electrode (GCE; 5 mm diameter) served as the rotating disk 
electrode (RDE) in this setup. Prior to the experiments, each GCE was 
polished with alumina solution on a polishing cloth. For the electro
catalyst preparation, 5 mg of the catalysts (either Ex-PtCoWO NFs or a 
‘Pt/C + IrO2’ mixture) was blended with 50 µL of Nafion™ 117 solution 
(5 wt%, Sigma Aldrich) as a binder and 1 mL of an organic solvent 
mixture (IPA: DI = 1:1 v/v). This mixture was subsequently sonicated 
for 1 h to achieve a homogeneous catalyst ink. Subsequently, 14 µL of 
this ink was carefully dropped onto the GCE (loading density: 
0.2 mg cm− 2), ensuring complete coverage, and dried at 60 ºC for 
20 min. In the electrochemical setup, the catalyst-loaded GCE was uti
lized as the working electrode. A Hg/HgO electrode (saturated in 1 M 
NaOH) and a Pt coil were employed as the reference and counter elec
trodes, respectively. 

Linear sweep voltammograms (LSVs) were recorded at a sweep rate 
of 5 mV s− 1. Chronoamperometry was performed at a constant poten
tial. Electrochemical impedance spectroscopy (EIS) measurements were 
conducted at 1.6 V, over a frequency range from 100 kHz to 0.1 kHz 
under an alternating current (AC) voltage. The number of electrons (n) 
transferred during the ORR was calculated using the Koutecky− Levich 
(K-L) equations, denoted as Eqs. (2) and (3). 

1
J
=

1
JL

+
1
Jk

=
1

bw1/2 +
1
JK

(2)  

b = 0.62nFCo(Do)
2/3v− 1/6 (3)  

where j, jL, jK, and ω are the measured disk current density, diffusion 
limiting current density, kinetic current density, and angular rotation 
rate (rad s–1), respectively. F is the faradaic constant (96,485 C mol–1), 
C0 is the concentration of bulk oxygen in the electrolyte (1.26 × 10− 6 

mol cm− 3 for 0.1 M KOH); D0 is the diffusion coefficient of oxygen in 
the electrolyte (1.93 × 10− 5 cm2 s − 1 for 0.1 M KOH), and v is the ki
nematic viscosity of the electrolyte (1.09 × 10− 2 cm2 s − 1 for 0.1 M 
KOH). Using this equation, we attempted to eliminate the mass transport 
effects from the measured currents to extract kinetic information during 
ORR. All measured potentials were calibrated to a reversible hydrogen 
electrode (RHE) potential using the Nernst Eq. (4): 

ERHE = EHg/HgO + E0
Hg/HgO +0.059pH (4)  

2.7. Fabrication and performance evaluation of a container-type ZAB 

The electrochemical performance of full cell tests was assessed using 
container-type ZAB cells. In these cells, a Zn foil (Alfa Aesar, 250 µm- 
thick, 99.9%) served as the anode, while air electrodes were fashioned 
from Ex-PtCoWO NF-based catalysts sprayed onto a carbon cloth 
(loading density: 0.8 g cm− 2). For control purposes in ZAB tests, air 
electrodes were similarly constructed using a mixture of commercial 
20% Pt/C and IrO2 (1:1 w/w) sprayed onto a carbon cloth (loading 
density: 0.8 g cm− 2). The container-type cells were filled with 6 M KOH 
electrolyte. A non-woven carbon paper gas diffusion layer (GDL; SGL, 
39BB) was utilized on the air cathode side to facilitate gas diffusion and 
selectively absorb O2 from the ambient air. Additionally, a polytetra
fluoroethylene (PTFE) membrane (SciLab) was incorporated as an 
additional layer to retard electrolyte evaporation. To evaluate the per
formance of the ZABs, initial charge and discharge behaviors, power 
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density, and cyclic performance were measured using a multichannel 
battery-testing system (WBCS3000L, Won-Atech) under ambient con
ditions (at 25 ºC and 45% of relative humidity). The specifics of the 
measurement conditions are elaborated in the corresponding Results 
and Discussion section. 

3. Results and discussion 

3.1. Synthesis and morphological evolution of Ex-PtCoWO NFs 

The comprehensive fabrication process of Ex-PtCoWO NFs is illus
trated in Fig. 1. The synthesis began with the preparation of a homo
geneous PVP solution, containing W, Co, and Pt precursors dissolved in 
DMF. This solution was loaded into a syringe for the electrospinning 
process, which was conducted under an applied voltage of 15 kV. The 
resultant as-spun composite NFs exhibited a smooth surface with an 
average diameter of 178 nm, as shown in Fig. S2. The as-spun NFs 
initially displayed no discernible crystalline peaks, with a broad shoul
der in the 20–30º range, attributed to the turbostratic carbon structure 
present in the chain of PVP [43], as indicated by the XRD pattern in 
Fig. S3. 

TGA was employed to investigate the thermal behavior of the pre
cursors and PVP during calcination in air (Fig. S4). An initial weight 
reduction of about 15% was observed around 282 ºC, mainly due to the 
evaporation of the organic solvent. This was followed by a notable 
weight loss between 282 and 396 ºC, corresponding to the pyrolysis of 
the polymeric component and the decomposition of chloride and acetate 
precursors [44,45]. The weight continued to decrease up to 524 ºC, due 
to the removal of organic residues, leaving approximately 35% of the 
initial weight from the as-spun fibers. 

To optimize the ex-solution behavior in catalyst-support hybrids, we 
closely examined the microstructures of samples subjected to oxidation 
heat treatment at both 400 ºC and 500 ºC. As shown in Fig. S3, distinctive 
crystalline peaks were observed in the XRD patterns of the sample heat- 
treated at 400 ºC, indicating a phase transition to the crystalline phases 

WO3 and CoWO4 within PtCoWO NFs. Despite these phase trans
formations, the PtCoWO NFs retained their fibrous morphology, exhib
iting an average diameter of 157 nm (Fig. S5). However, in the NF 
sample treated at 500 ºC, significant grain growth and aggregation of Pt 
NPs were observed, with NP sizes reaching nearly 5.28 nm (Fig. S6). 
Notably, these pre-synthesized NPs were not expected to participate in 
the ex-solution process. Consequently, the primary heat treatment 
temperature was set to 400 ºC in air, with the expectation that organic 
residues would be eliminated during subsequent high-temperature heat 
treatments. 

The 2nd heat treatment of PtCoWO NFs involved thermal reduction 
at various temperatures (ranging from 500–800 ºC, in 100 ºC in
crements) in a 4% H₂/Ar atmosphere using a tube furnace. As the tem
perature increased, the color of the NFs transitioned from yellowish to 
darker shades, indicating a reduction in the bandgap of WO3 and an 
expansion of the light absorption wavelength range (Fig. S7) [46]. 
Notably, the ex-solution behavior of multi-metallic components (Pt and 
Co) varied with the reduction temperature, as depicted in the inset of 
Fig. 1. In multi-component systems, variation in ex-solution behavior 
can be attributed to the reducibility of metal elements and their binding 
energy with lattice oxygen [25]. For instance, Pt ex-solution predomi
nated at lower temperatures, while Co ex-solution became more signif
icant at higher temperatures. Thus, we found that the presence of other 
metal components influences the ex-solution process. Excessive growth 
of ex-solved NPs was observed at the higher temperatures. This 
multi-component ex-solution phenomenon was thoroughly analyzed 
using a combination of microscopic and crystallographic techniques, 
supported by computational simulations. 

The microstructural changes of Ex-PtCoWO NFs, as influenced by 
varying temperatures during the 2nd heat treatment, were explored 
using SEM images. Fig. 2a–d clearly illustrate that all samples main
tained their overall nonwoven NF structures. Notably, as the heat 
treatment temperature increased, the mean diameter of NFs reduced 
from 147 to 125 nm, accompanied by an increase in surface roughness. 
Additionally, small pores became evident post 700 ºC heat treatment 

Fig. 1. Schematic of the fabrication procedure of Ex-PtCoWO NFs, including electrospinning, and the thermally-induced ex-solution process.  

C. Lee et al.                                                                                                                                                                                                                                      



Applied Catalysis B: Environment and Energy 358 (2024) 124371

5

(Fig. 2c). These surface changes occur due to the volatilization of 
organic residues and the decomposition of the precursor materials. 
Further temperature elevation resulted in significant grain growth in the 
NFs (Fig. 2d), eventually leading to the disintegration of the one- 
dimensional (1D) fibrous structure in Ex-PtCoWO NFs treated at 900 
ºC, as shown in Fig. S8. 

To delve deeper into the observed surface morphological changes, 
the specific surface areas of the NF samples, both before and after the 
reduction heat treatment, were analyzed via the BET method. The BET 
surface area of the Ex-PtCoWO 700 NF, depicted in Fig. S9, was found to 
be 13.91 m2 g− 1, approximately twice as high as that of the PtCoWO NF 
(6.04 m2 g− 1). Furthermore, the pore volume of the Ex-PtCoWO 700 NF 
increased to 0.116 m g− 1 following the 2nd heat treatment, indicating 
an enhancement in both specific surface area and porosity, corrobo
rating the SEM findings. O2-TPD analysis, shown in Fig. S10, was per
formed to assess the relationship between the surface characteristics of 
the catalyst O2. For each experiment, the sample was pretreated in a 5 % 
O2 atmosphere for 1 h at 200 ºC, then cooled in O2 flow. Next, the 
sample was then purged with He gas and heated at a rate of 5 ºC per 
min− 1 up to 450 ºC. In the case of ORR, high adsorption capacity of O2 on 
the surface, is advantageous, whereas for OER, the easy detachment of 
O2 after the reaction is favorable for continuous reactions. Peaks below 
400 ºC were linked to the desorption of physically adsorbed oxygen [47]. 

While the PtCoWO NF exhibited a lower oxygen desorption peak at 259 
ºC, the Ex-PtCoWO 700 NF showed a broader peak at a substantially 
lower temperature (~110 ºC), validating that the ex-solved sample 
augments oxygen adsorption and desorption on its surface, thereby 
enhancing catalytic activity [48,49]. 

TEM images, depicted in Fig. 2e–h, confirmed the presence of ex- 
solved metal NPs on the metal oxide NFs surface at all reduction tem
peratures. These NPs are small in size, indicating high dispersion and a 
large surface area, essential for surface reactivity. The mean particle size 
of the ex-solved NPs increased with rising temperature: 5.42, 5.82, 6.33, 
and 7.49 nm for Ex-PtCoWO 500, 600, 700, and 800 NFs, respectively, 
as indicated in Fig. 2i and Fig. S11. Notably, NPs ex-solved at 800 ºC 
exhibited rapid clustering and growth, leading to their migration into 
the bulk region due to the enlarged pores created through the ex- 
solution phenomenon. High-resolution TEM (HRTEM) images revealed 
the overall NF structure with sparsely ex-solved NPs and the growth of 
larger particles resulting from the partial reduction of the WO3 phase to 
metallic W (Fig. S12). Hence, Ex-PtCoWO 700 NF was selected for 
further analysis due to its uniform dispersion of ex-solved NPs and 
minimal particle growth. 

HRTEM, HAADF-STEM, and EDS mapping were employed to 
examine the microstructure and atomic composition of the ex-solved 
NPs. HRTEM analysis of Ex-PtCoWO 700 NF revealed a lattice fringe 

Fig. 2. Microstructure of Ex-PtCoWO NFs. (a–d) SEM images and (e–h) high-resolution TEM images of Ex-PtCoWO NFs obtained from the 2nd heat treatments at 500, 
600, 700, and 800 ºC, respectively. (i) Mean particle size analyses of ex-solved NPs for Ex-PtCoWO NFs. (j) High-angle annular dark-field scanning TEM (HAADF- 
STEM) image of Ex-PtCoWO 700 NF. (k) Energy dispersive X-ray spectrometry (EDS) mapping images with corresponding element maps of overlay, Pt (red), Co 
(green), and W (blue). 
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spacing of 0.223 nm, corresponding to the (111) plane of Pt, confirming 
the high crystallinity of Pt as indicated by fast Fourier transform (FFT) 
pattern (Fig. S13). EDS mapping of the ex-solved NPs on Ex-PtCoWO 700 
NF showed that the majority of the NPs were composed of Pt, with a 
minor presence of Co atoms also detected within the ex-solved NP region 
(Fig. 2j-k and Fig. S14). This suggests a successful incorporation of Co 
into the Pt NPs, potentially enhancing their catalytic properties. 

3.2. Chemical and crystallographic analysis of Ex-PtCoWO NFs 

The structural transformations of Ex-PtCoWO NFs during the 2nd 
heat treatment were meticulously monitored using in-situ XRD analysis.  

Fig. 3a illustrates the XRD patterns of PtCoWO NFs under a diluted H2 
atmosphere at a heating rate of 5 ºC min− 1, mirroring the conditions of 
the fabrication process. Initially, the metal oxide phases (WO3 and 
CoWO4, denoted by dashed blue lines) persist up to 500 ºC, subsequently 
undergoing thermal reduction to the WO2.73 phase (indicated by dashed 
green lines) in the temperature range of 600–700 ºC. Beyond 800 ºC, a 
further reduction to the metallic tungsten phase (W, highlighted by 
dashed red lines) is observed, with the W phase becoming predominant 
at 800 ºC. 

XPS analysis was employed to investigate the valence states and 
compositional elements of Ex-PtCoWO NFs. The emergence of metallic 
peaks verifies the ex-solution of metal NPs [50]. Initially, PtCoWO NFs 

Fig. 3. (a) In-situ XRD patterns obtained from Ex-PtCoWO NFs in the temperature range of 25–800 ºC. XPS spectra in (b) Pt 4 f, (c) Co 2p, (d) O 1 s region for Ex- 
PtCoWO NFs, (e) Pt L3-edge XANES spectra, (f) simulated EXAFS-FT spectra. The details are placed within the orange box. 
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display spectra characteristic of high crystallinity metal oxides with 
elevated oxidation levels (Pt2+ and Pt4+) (Fig. S15). Fig. 3b displays the 
Pt 4 f spectra, where peaks at 71.1 and 74.3 eV correspond to the 4f7/2 
and 4f5/2 peaks of Pt0, respectively. Furthermore, the distinct peak sets 
at 72.4 and 74.3 eV, and 76.8 and 79.3 eV are attributable to the 4f7/2 
and 4f5/2 peaks of Pt2+ and Pt4+ in Ex-PtCoWO 500 NF, respectively 
[51]. Remarkably, even in Ex-PtCoWO 500 NF, which is subjected to a 
relatively low-temperature treatment, metallic peaks are predominantly 
observed. This is attributed to the high reducibility of Pt. The distinctive 
metallic peaks correlate closely with the ex-solved NPs as observed in 
Fig. 2e. Notably, the Pt0 peaks shift from 71.1 eV to 71.6 eV with an 
increase in the temperature of the 2nd heat treatment, signifying a 
change in the electronic structure due to the interaction between metal 
NPs and the support material. This energy shift toward higher binding 
energies can also be explained by the chemical change attributed to the 
formation of a PtCo alloy, as evidenced in the EDS mapping in Fig. 2k 
[52,53]. The alteration in chemical states potentially supplies additional 
electrons, thereby enhancing ORR activity [54]. 

The Co 2p spectra were deconvoluted into Co0, Co2+, Co3+, and 
satellite peaks, each exhibiting doublet structures as depicted in Fig. 3c. 
The peaks of Co2+ (781.3 eV) and Co3+ (784.3 eV) indicate the presence 
of Co in the form of CoWO4 within the bulk region. [55]. The appearance 
of the metallic Co0 peak (778.1 eV) in Ex-PtCoWO 600 NF suggests the 
formation of metallic Co at temperatures exceeding 600 ºC, attributable 
to its higher reduction potential compared to Pt. Notably, the proportion 
of metallic Co gradually increased from 5.4% to 8.7% as the reduction 
temperature increased. This indicates an ex-solution process in which 
metallic Co atoms are released from the support material. These metallic 
Co species likely contribute to the formation of a PtCo alloy, resulting in 
Co-doped Pt NPs on the surface of the support NFs. 

The O 1 s spectra were deconvoluted into OL, OV, and OC peaks 
centered at 530.2, 531.5, and 533.5 eV, respectively (Fig. 3d). The OL 
represents the surface lattice oxygen in the metal oxide support, OV 
indicates oxygen vacancies, and the OC refers to chemically absorbed 
species such as water molecules or hydroxyl groups on the surface. The 
integrated peak area of OV increased progressively during the reduction 
process, indicating a rise in the number of oxygen vacancies (Fig. S16c) 
[56,57]. Additionally, EPR spectroscopy was used to directly confirm 
the presence of oxygen vacancies in the NF. The EPR results corroborate 
the XPS analysis, showing a consistent trend of increasing oxygen va
cancies (for further details, refer to Fig. S17). These generated oxygen 
defects are instrumental in altering the electronic structure of materials, 
thereby impacting electrical conductivity [58]. 

The chemical valence state and stoichiometry of W in the oxide NFs 
were confirmed in Fig. S18. Characteristic peaks at 37.81 eV and 
35.69 eV correspond to W 4f5/2 and W 4f7/2 electrons, respectively, 
indicating the presence of W6+ species in the support NFs. As the 
reduction temperature rises, peaks corresponding to lower oxidation 
states of tungsten, specifically W5+ (33.7 eV), W4+ (32.3 eV), and 
metallic W0 (31.4 eV), become more pronounced (Fig. S16d). This trend 
indicates a progressive reduction of tungsten oxides, further supporting 
the structural changes observed in the Ex-PtCoWO NFs. This finding 
suggests a partially nonstoichiometric crystalline surface structure, 
promoting the ex-solution and mobility of Pt and Co elements and 
enhancing charge transport [59]. However, the overall crystalline oxide 
structure is retained up to Ex-PtCoWO 700 NFs, as confirmed by XRD 
and the persistence of the W6+ peak. 

XAS provided deeper insights into the local chemical structure of Ex- 
PtCoWO 700 NF. Fig. 3e displays the X-ray absorption near-edge 
structure (XANES) at the Pt L3 edge for Ex-PtCoWO 700 NF and Ex- 
PtWO 700 NF, with a Pt foil as a reference. An elevated white line 
area in Ex-PtCoWO 700 NF indicates a higher oxidation state of Pt 
components in comparison to Pt foil. This white line intensity is 
reflective of the d orbital density of states, influenced by various 
oxidation states and electron configurations [60]. The increased inte
grated white line intensity observed in Ex-PtCoWO 700 NF indicates a 

higher concentration of empty 5d orbital states (d holes), indicative of 
intensified interactions with Co atoms and the metal oxide support [61, 
62]. Insights into the local structure of the catalysts are revealed in the 
EXAFS spectra. As shown in Fig. 3f, a prominent peak at 2.60 Å in the Pt 
L3-edge spectra signifies the nearest coordination shells of Pt atoms, and 
approximately 1.75 Å in the Pt L3-edge spectra indicates Pt-O bonds. The 
reduced intensity peak around 2.60 Å for Ex-PtCoWO 700 NF and 
Ex-PtWO 700 NF corresponds to the Pt-Pt bond, indicating the disper
sion of the Pt cluster on the metal oxide support. Notably, a slight pos
itive shift compared to Pt foil, and a negative shift compared to Ex-PtWO 
700 NF, was observed. This implies an interaction between Co and the 
ex-solved Pt, as inferred from the simulated Pt-Pt length in Ex-PtCoWO 
700 NF, leading to an alloying effect within Ex-PtCoWO 700 NF [63,64]. 

3.3. DFT calculation of multi-component ex-solution and their 
electrocatalytic activities 

To elucidate the experimental observations regarding ex-solution, 
we conducted DFT calculations. These were performed in alignment 
with the experimental procedures, wherein the sequential ex-solution of 
Pt and Co on Ex-PtCoWO NFs occurred as the temperature increased. 
Initially, we constructed the CoWO4 (100) surface, hereafter referred to 
as CoWO4, as the foundational structure. From this, two distinct struc
tures were developed: PtCoWO4 and Pt/CoWO4 surfaces, with detailed 
descriptions provided in the computational section. 

A key factor in these calculations is the formation of oxygen va
cancies at elevated temperatures under H2 gas purging, which can result 
in the reduction of metal atoms within the lattice structure. We postulate 
that the ex-solution process begins with the individual reduction of 
metal atoms within the lattice. For these metal atoms to aggregate into 
nanoclusters through surface diffusion or agglomeration, they must first 
break their bonds with oxygen atoms [25]. Based on this assumption, we 
suggest that the preferential ex-solution of metal components correlates 
with the strength of oxygen vacancy formation energy. Specifically, we 
propose that the presence of Pt clusters reduces the energy required for 
oxygen vacancy formation, thereby facilitating the ex-solution of Co. 
This occurs because the creation of oxygen vacancies is a crucial step for 
enabling the migration and agglomeration of Co atoms on the surface. 
Thus, Pt clusters play a significant role in facilitating Co ex-solution by 
modifying the local energy environment surrounding cobalt atoms. 
Therefore, we calculated the Evac at various sites to determine which 
elements would be reduced first. For reference, we initially examined 
the Evac near Co (2.44 eV) and W (2.91 eV) element sites, as illustrated 
in Fig. 4a. Although the positive Evac values indicates that the formation 
of oxygen vacancies is energetically unfavorable, it remains plausible at 
high operating temperatures, which facilitate the reduction of metal 
elements. 

For the PtCoWO4 system, we analyzed three distinct sites: Co, W, and 
Pt. As depicted in Fig. 4b, the Pt site exhibited the lowest Evac (2.56 eV), 
followed by the Co site (2.83 eV) and the W site (3.74 eV). These results 
suggest that oxygen vacancies are most likely to form near the Pt site, 
making Pt the preferred element for ex-solution due to its lower Evac 
relative to Co and W. Following substantial Pt ex-solution, we hypoth
esized that ex-solved Pt atoms would tend to cluster. To evaluate the 
impact of Pt NPs on Co ex-solution, we considered two different Co sites: 
one proximal to the Pt NP (2.20 eV) and one distal (3.15 eV), as shown 
in Fig. 4c. Our calculations indicated that the formation of oxygen va
cancies near Pt NPs resulted in the lowest Evac across all Co sites, 
regardless of the system configuration. This suggests that the presence of 
Pt NPs significantly accelerates Co ex-solution by reducing the Evac at 
nearby Co sites. 

Another interesting aspect of this study was the observed changes in 
catalytic activity resulting from sequential ex-solution. Detailed exper
imental results will be discussed in subsequent section. Here, we focus 
on understanding and comparing the catalytic activity for ORR and OER 
across three different systems influenced by the ex-solution process: 
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CoWO4, Pt/CoWO4, and PtCo/CoWO4. In DFT calculations, determining 
the overpotential based on the binding energy of potential adsorbates is 
a fundamental method to estimate the performance of electrochemical 
reactions [65,66]. A lower overpotential directly correlates with higher 
catalytic performance, indicating a smaller driving force needed to 
initiate the chemical reaction. We investigated all possible adsorbates 
and binding sites to identify the most plausible reaction pathway in each 
system. The reaction energy diagram for ORR (in red) and OER (in blue) 
are shown in the Fig. 4e-g. 

In low-coordinated systems such as NPs, overly strong binding en
ergy typically hinders the reaction, particularly in ORR, where strong 
OH binding energy presents a major obstacle. Alloying different ele
ments into the Pt catalyst is a common strategy to weaken the OH 
binding energy. As shown in Fig. 4e-g, the reaction flattens in the final 
step (OH* → H2O(l)) due to the strong OH binding energy. In other 

words, the last step in ORR serves as the rate-determining step (RDS) in 
our systems. Consequently, the system with the weakest OH binding 
energy among CoWO4 (-0.09 eV), Pt/CoWO4 (-0.429 eV), and PtCo/ 
CoWO4 (-0.06 eV) exhibits the highest ORR activity. Based on the OH 
binding energy and reaction energy diagram, we assert that PtCo/ 
CoWO4 demonstrates the highest ORR activity. 

For OER, the descriptor for activity estimation can differ as it is the 
reverse reaction of ORR. In this scenario, the first step (generation of 
OOH) serves as the RDS in NP-supported systems, except for CoWO4. 
Similar to the ORR, strong OOH binding became a bottleneck in OER. 
Interestingly, CoWO4 (3.121 eV) exhibits the weakest OOH binding 
energy compared to Pt/CoWO4 (2.525 eV) and PtCo/CoWO4 (0.774 eV) 
systems. The weak OOH binding energy in CoWO4 alters the RDS. Ac
cording to the overpotential calculations for both ORR and OER, we 
found that PtCo NPs formed through sequential ex-solution exhibit the 

Fig. 4. DFT calculations results. Oxygen vacancy formation energy at different sites in (a) CoWO4, (b) PtCoWO4, and (c) Pt/CoWO4. (d) Schematic of the sequential 
ex-solution mechanisms based on oxygen vacancy formation energy. Reaction energy diagram for ORR and OER on the (e) Pt/CoWO4, (f) PtCo/CoWO4, and (g) 
CoWO4 systems, respectively. 
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highest ORR activity, while the CoWO4 support demonstrates the 
highest OER activity, based on binding energy calculations. 

In summary, the Evac calculations using DFT were employed to 
elucidate the mechanisms of sequential ex-solution. The oxygen near Pt 
atoms was predominantly vacated when Pt and Co were incorporated 
into the NFs. The formation of Pt NPs through the Pt ex-solution 
mechanism notably expedited the Co ex-solution process, as repre
sented in Fig. 4d. These theoretical insights robustly corroborate the 
multi-component ex-solution phenomenon observed in the PtCoWO 
matrix, culminating in the formation of Co-doped Pt NPs, comparable to 
the series of experimental results. 

3.4. Electrochemical half-cell performances 

To evaluate the electrochemical performance of our synthesized 
samples, half-cell measurements were conducted using a three-electrode 
system, as depicted in Fig. 5. The working electrodes (catalysts loaded 
RDEs) were immersed in a 0.1 M KOH solution, which was purged with 
O2 and Ar gas for the ORR and OER, respectively. Fig. 5a displays the 
LSV curves in the ORR region for Ex-PtCoWO NFs subjected to various 
2nd heat treatment temperatures, alongside commercial Pt/C catalysts. 

The half-wave potentials for Ex-PtCoWO 500 NF, Ex-PtCoWO 600 NF, 
Ex-PtCoWO 700 NF, Ex-PtCoWO 800 NF, and Pt/C are 0.69, 0.78, 0.89, 
0.82, and 0.85 V versus RHE, respectively. This increase in half-wave 
potentials correlates with the progressive ex-solution of Pt and Co, 
which intensifies with rising heat-treatment temperatures. Notably, Ex- 
PtCoWO 700 NF demonstrated superior ORR performance compared to 
the other samples, even exceeding that of the commercial Pt/C catalyst. 
However, a decline in performance for Ex-PtCoWO 800 NF was 
observed, indicating that the coarsening of ex-solved NPs reduces the 
catalytically active surface area. 

In the Tafel plot (Fig. 5b), the exceptional reaction kinetics of Ex- 
PtCoWO 700 NF are evident, with a Tafel slope of 103.0 mV dec− 1, 
lower than the 105.3 mV dec− 1 of Pt/C. As shown in Fig. 5c, the current 
density increased with rotational speeds ranging from 400 to 2025 rpm, 
indicating ORR activity in Ex-PtCoWO 700 NF. The electron-transfer 
number (n), derived using the Koutecky–Levich (K-L) equation (inset 
of Fig. 5c), for Ex-PtCoWO 700 NF was calculated to be 4.0. This result 
suggests that the catalyst favors a four-electron pathway in ORR, as 
further evidenced in Fig. S19 [67]. 

Fig. 5d presents the LSV curves of Ex-PtCoWO NFs and the com
mercial IrO2 catalyst in the OER potential region. The trend in OER 

Fig. 5. Electrochemical half-cell performance and stability results in 0.1 M KOH. (a) ORR polarization curves for Ex-PtCoWO NFs and commercial Pt/C. (b) Tafel plot 
in the ORR regions derived from (a). (c) ORR polarization curves of Ex-PtCoWO 700 NF at different rotation electrode speeds (inset: K-L plot). (d) OER polarization 
curves for Ex-PtCoWO NFs and IrO2. (e) Tafel plot at the OER regions derived from (d). (f) Nyquist plots of Ex-PtCoWO NFs. (g) The proposed reaction mechanism of 
Ex-PtCoWO NFs toward OER and ORR, chronoamperometry of Ex-PtCoWO NFs and commercial catalysts at (h) 0.8 V (ORR region) and (i) 1.6 V (OER region). 
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activity mirrors that of ORR, with Ex-PtCoWO 700 NF achieving the 
lowest voltage (1.69 V) required to reach an anodic current density of 
10 mA cm− 2 among the Ex-PtCoWO NFs, only slightly higher than the 
1.68 V for IrO2. The Tafel slope of Ex-PtCoWO 700 NF is measured at 
115.6 mV dec− 1, demonstrating comparability with other NFs and even 
the IrO2 catalyst (116.2 mV dec− 1), as illustrated in Fig. 5e. EIS Nyquist 
plots, depicted in Fig. 5f, were measured to assess the charge transfer 
resistance. Ex-PtCoWO 700 NF exhibits the smallest semicircle di
ameters compared to the other samples, suggesting higher OER kinetics 
attributable to improved charge transport in the catalysts. The overall 
overpotentials of Ex-PtCoWO NFs were compared, and Ex-PtCoWO 700 
NF displayed the smallest overpotentials required to initiate ORR 
(0.34 V) and OER (0.46 V), as shown in Fig. S20. Furthermore, the 
exceptional bifunctional electrochemical performance of Ex-PtCoWO 
700 NF is comparable to, and in some cases, even surpasses that of 
recently published Pt-based electrocatalysts (see Table S2). 

To identify the active sites for each reaction, we synthesized Ex- 
PtWO 700 NF and Ex-CoWO 700 NF with component variations and 
compared their electrochemical performance. As indicated in Fig. S21, 
ORR activity was observed in the sample containing Pt atoms, whereas 
OER activity was evident in the CoWO4 structure. Based on these 
additional half-cell measurements, a proposed reaction mechanism for 
Ex-PtCoWO NFs as bifunctional catalysts toward ORR and OER is 

outlined in Fig. 5g. The ex-solved metal NPs play a crucial role in 
facilitating ORR. The superior ORR activity of Ex-PtCoWO 700 NF 
originates not only from the PtCo alloy, represented as Co-doped Pt NPs, 
but also from the robust interactions between the metal NPs and oxide 
supports, which enhance the oxygen redox reaction. Additionally, the 
1D CoWO4 NF matrix, characterized by a nonstoichiometric Co- 
incorporated WO3 structure, serves as an active site for OER. This is 
evidenced by the fact that only the sample with the CoWO4 NF matrix 
exhibited OER activity, as shown in Fig. S21. It also promotes charge 
transport and the migration of Pt and Co elements during ex-solution. 
The electrochemical measurement outcomes were found to correspond 
with the predictions derived from computational simulations, as evi
denced by Fig. 4e-g. 

Long-term stability is a crucial factor in assessing the practical 
applicability of bifunctional catalysts [68]. Stability tests for Ex-PtCoWO 
700 NF and commercial catalysts were conducted in 0.1 M KOH using 
chronoamperometry measurements under potentials of 0.8 V and 1.6 V, 
with a rotational speed of 1600 rpm (Fig. S22). As shown in Fig. 5h, 
Ex-PtCoWO 700 NF retained 92.3% of its initial current density after a 
7 h measurement period, whereas Pt/C preserved only 85.8% of its 
initial current. Similarly, Ex-PtCoWO 700 NF maintained over 87.8% of 
its initial OER performance, in contrast to commercial IrO2, which 
experienced an approximately 15.2% reduction in initial current density 

Fig. 6. Full-cell performances of container-type ZABs based on Ex-PtCoWO 700 NF and ‘Pt/C + IrO2’. (a) Illustration of the air cathode with catalysts within the 
container-type ZABs. (b) Charge–discharge polarization curves. (c) Specific discharge capacity at a current density of 10 mA cm− 2. (d) Discharge voltage curves at 
different current densities, and (e) long cycling performance of ZABs at 2 mA cm− 2 (insets: extended regions at the beginning and after 200 cycles). The digital 
photograph image of (f) OCV in two ZABs in series and parallel, (g) LED light (2.2 V) powered by two ZABs in series, and (h) operation of an electric fan operated by 
two ZABs in parallel. 
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after continuous OER operation for 8 h (Fig. 5i). To confirm the stability 
of the Ex-PtCoWO 700 NF catalyst after use, SEM and TEM images were 
taken (Fig. S23). The SEM images indicated no significant structural 
changes in the nanofibers during the chronoamperometry test for the 
ORR and OER regions, while TEM images showed that the particle size 
of the ex-solved metal nanoparticles remained 6.60 nm, as tested at 
0.8 V, and 6.73 nm, as tested at 1.6 V. Additionally, the catalytic activity 
for ORR and OER was remeasured after the stability test (Fig. S24). 
Following the stability test conducted at 0.8 V, a decrease of 35 mV in 
the half-wave potential was observed, while after the stability test 
conducted at 1.6 V, the anodic current density of 10 mA cm− 2 shifted 
positively by 23 mV. These results indicate that the ORR and OER per
formance of Ex-PtCoWO 700 NF experienced less degradation compared 
to commercial Pt/C or IrO2, highlighting its excellent durability. 

3.5. Full-cell performances in ZABs 

To validate the practical applicability of the developed catalysts, we 
evaluated the full-cell performance using container-type ZABs. The 
schematic configuration of the container-type ZAB is depicted in Fig. 6a. 
In the air cathode construction, the catalysts either Ex-PtCoWO 700 NF 
or a mixture of ‘Pt/C + IrO2’ were applied to carbon cloth using the air- 
spray method. A GDL and a PTFE membrane were employed as sup
porting layers to facilitate air breathing and prevent electrolyte leakage 
through the open side of container, respectively. Zn foil served as the 
anode, and the container was filled with a 6 M KOH solution as the 
electrolyte. A photograph of the actual cell used in this work is shown in 
Fig. S25. 

As depicted in Fig. S26, the cell utilizing Ex-PtCoWO 700 NF main
tained its open-circuit voltage (OCV) at approximately 1.45 V for 8 h 
with almost negligible self-discharge. Fig. 6b presents the charge- 
discharge polarization curves of cells using Ex-PtCoWO 700 NF 
compared to the ‘Pt/C + IrO2’ mixture. The lower charge-discharge 
polarization and increased capacities observed in the Ex-PtCoWO 700 
NF cell can be attributed to its superior bifunctional catalytic activities, 
as indicated by the half-cell measurements. The discharge power density 
of the cells using Ex-PtCoWO 700 NF reveals a peak power density of 
55 mW cm− 2 at 105 mA⋅cm− 2 (Fig. S27), which exceeds that of the cell 
using ‘Pt/C + IrO2’ (43 mW cm− 2 at 71 mA⋅cm− 2). 

Fig. 6c showed the galvanostatic discharge curves of cells using Ex- 
PtCoWO 700 NF and ‘Pt/C + IrO2’. The specific capacity was calcu
lated based on the weight of zinc anode. The ZAB incorporating Ex- 
PtCoWO 700 NF exhibits a higher specific capacity of 883.6 mAh g− 1, 
compared to 711.6 mAh g− 1 for the ‘Pt/C + IrO2’ cell, indicating its 
superior energy density due to enhanced ORR stability. Furthermore, we 
compared the discharge rate performance at various current densities. 
The discharge potential plateaus of Ex-PtCoWO 700 NF were higher than 
those of ‘Pt/C + IrO2’ at increased current densities, specifically up to 
20 mA cm− 2 (Fig. 6d). Even at a current density of 20 mA cm− 2, the Ex- 
PtCoWO 700 NF cell maintained outstanding performance with a 
discharge voltage of 1.09 V. Galvanostatic cycling tests were conducted 
at a current density of 2 mA cm− 2 for 30 min per cycle, as shown in 
Fig. 6e. The Ex-PtCoWO 700 NF cell demonstrated stable cycle perfor
mance in the ZAB for 244 h, with a smaller voltage gap compared to the 
cell using commercial catalysts. Notably, as highlighted in the inset 
images, there were no significant voltage gap changes over 200 h 
(remaining between 0.90 and 0.95 V), whereas severe voltage polari
zation was observed in cells using ‘Pt/C + IrO2’ within less than 100 h. 

Fig. 6f illustrates the stable OCV of ZABs with Ex-PtCoWO 700 NF 
catalysts connected in series, almost doubling the voltage compared to 
ZABs in parallel. The series-connected two ZABs were able to supply 
adequate operational voltage to power a 2.2 V LED light (Fig. 6g). 
Additionally, the two ZABs in parallel successfully operated a fan 
requiring a 15 W motor (Fig. 6h). These demonstrations highlight the 
versatility and practical applicability of Ex-PtCoWO 700 NF catalysts in 
powering a wide range of electronic devices. 

4. Conclusion 

In summary, The Ex-PtCoWO 700 NF, a catalyst-support hybrid, was 
successfully synthesized via electrospinning followed by a thermal ex- 
solution process. This material exhibited superior ORR/OER activity, 
along with notable stability in alkaline environments. DFT calculations 
shed light on the mechanisms underpinning sequential ex-solution, 
particularly highlighting the preferential ex-solution of Pt, followed by 
Co, and elucidating the catalytic role of Pt NPs in expediting the ex- 
solution of Co. Moreover, rechargeable ZABs constructed with Ex- 
PtCoWO 700 NF demonstrated remarkable durability, higher power 
density, lower voltage gap, and improved cyclic charge/discharge per
formance compared to commercial catalysts, showcasing their feasi
bility for various electronic devices. We believe that this study 
introduces a synergistic ex-solution mechanism in a multi-component 
system, which could inspire the design of hybrid catalyst support sys
tem. Moreover, considering the rarity of ex-solution generated from NF- 
type oxide supports for ZAB air cathode materials, this work is expected 
to expand the scope of metal catalyst-oxide support materials for air 
batteries. 
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