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Abstract: Metal-organic frameworks are becoming increasingly important in electrocatalysis as the
hydrogen production sector grows. However, their electrocatalytic capability is limited by their
inclination to agglomerate and the insufficient exposure of active sites. In this work, a three-step
strategy was used to develop a bifunctional electrocatalyst with porous Prussian blue analogs sup-
ported on carbon nanofibers. The use of electrospun carbon nanofibers as conductive substrates can
successfully address the problem of easy aggregation. Moreover, the etching procedure with tannic
acid creates a porous structure that effectively regulates the electrical structure and exposes additional
active sites. The resulting catalyst performs well in both the hydrogen evolution reaction and the
oxygen evolution reaction, and also exhibits good stability in overall water splitting. The findings of
this study present new concepts for the design and fabrication of metal-organic frameworks-based
materials in the realm of electrocatalysis.

Keywords: Prussian blue analogs; electrocatalysts; hydrogen evolution reaction; oxygen evolution

reaction; nanofiber

1. Introduction

The search for alternative fuels has gained increasing significance in addressing the
energy crisis [1,2]. Hydrogen has emerged as a prominent fuel and has garnered consid-
erable attention [3]. Various methods exist for hydrogen evolution, with electrocatalytic
water splitting being widely regarded as a promising solution due to its renewability and
environmental sustainability [4-6]. Water splitting involves two key reaction processes:
the oxygen evolution reaction (OER) and the hydrogen evolution reaction (HER) [7-10].
However, the overall efficiency of water electrolysis is hindered by the slow kinetics of these
reactions. The widespread industrial implementation of electrocatalytic water splitting
necessitates the advancement of electrocatalysts that exhibit high activity, low cost, and
robust durability. In the realm of electrocatalytic water splitting, precious metals are ac-
knowledged as highly efficient catalysts owing to their high activity [11-14]. Nevertheless,
their high cost presents a barrier to widespread commercial adoption. Therefore, there is
an urgent need to design cost-effective and high-performing catalysts as alternatives to
precious metals [15-17].

Due to their extensive surface area, plentiful pores, and adaptable morphological
characteristics, metal-organic frameworks (MOFs) have attracted considerable interest in
the realms of energy and environment [18-20]. Pristine MOFs have been demonstrated as
advanced electrocatalysts for both the HER and OER. For example, Choi and colleagues
developed a novel approach to create transition-metal-based 3D MOF materials with
diverse architectures using pulsed laser ablation in organic solvent [21]. The resulting
MOF materials have metal ligands that are prominently exposed to the metal active sites,
leading to an enhanced electrochemical performance. The Co-MOF demonstrates superior
electrochemical performance in both half-cell reactions (HER and OER) and overall water
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splitting. This is attributed to the high theoretical catalytic activity of cobalt, which is
associated with its low energy barrier for hydrogen adsorption. Notably, pristine MOFs
may experience the aggregation of active species, resulting in limited exposure of active
sites and reduced structural stability in alkaline environments. To address these challenges,
it is common practice to incorporate a conductive substrate to provide structural support
for the MOF [22-24]. Liao et al. designed a cerium-doped Co-MOF grown on carbon paper
in the shape of a nanoflower [25]. The composite exhibited ideal OER performance, with a
low overpotential to achieve the targeted current density. The insertion of carbon paper has
strong support and the ability to transport electrons. The structural feature provides the
electrocatalyst with abundant channels. In another example, Tian et al. developed a binder-
free hybrid electrocatalyst for water splitting on Ni foam by incorporating P-doped MOF
materials [26]. This hybrid architecture, consisting of 2D nanosheets and 3D nanospheres,
was designed to enhance mass transport and expose active sites. The Ni foam can enhance
electron pathways and increase surface area, resulting in a larger electrode—electrolyte
contact area.

Prussian blue analogs (PBAs) are typical MOFs made up of metal ions, transition metal
ions, and ligands [27]. PBAs have the structural advantages of MOFs, as well as the sim-
plicity of the synthesis process, low cost, and outstanding electrochemical performance [28].
Therefore, PBAs have shown promise as an electrode material for water splitting. Using an
iterative coprecipitation method, Zhang et al. created trimetallic heterostructured core-shell
nanoboxes based on PBA. The PBA core and shell were created with the shell synthesized
via chemical etching. Because of its unique structure and composition, the obtained Ni-
Co@Fe-Co PBA has more exposed active sites and possesses excellent electrocatalytic HER
performance [29]. Despite the advancements made, the development of a proficiently
designed PBA-based bifunctional electrocatalyst for the overall water splitting process
remains a challenging endeavor [30-33].

Herein, bimetallic PBAs have been successfully decorated on conductive electrospun
carbon nanofibers (CNFs) to create a composite electrocatalyst. Tannic acid (TA) was
introduced to etch the assembled PBA, resulting in abundant nanopores on the PBA and
exposed metal active sites. The contact area between the developed electrocatalyst and the
electrolyte solution has been increased, and the charge transfer has been promoted. The
optimized electrocatalyst exhibited a low overpotential of 139 mV (for HER) and 342 mV
(for OER) at 10 mA cm~2 in 1 M KOH electrolyte. The durability of the electrocatalyst was
excellent because of the supportive CNFs.

2. Experimental Section
2.1. Materials

Potassium hydroxide (KOH), sulfuric acid (H,SOj), hydrochloric acid (HCI), ethanol,
N,N dimethylformamide (DMF), and potassium ferricyanide (K3 [Fe(CN)¢], 98.0%) were
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Polyacryloni-
trile (PAN, M,, = 150,000), Nafion solution (5 wt%) and RuO; (99.9%) were purchased
from Sigma Aldrich (China). Polyvinyl pyrrolidone (PVP, My, = 1,300,000) and tannic acid
(TA) were purchased from Aladdin (Shanghai, China). Cobalt acetylacetonate (97.0%) was
acquired from Macklin Biochemical Technology Co., Ltd. (Shanghai, China). Pt/C (20 wt%)
was obtained from Alfa Aesar (China).

2.2. Preparation of Catalysts

First, 0.2 g PVP and 1.0 g PAN were dissolved in 10 mL DMF and magnetically
stirred into a uniform solution. Then, 0.5 g cobalt acetylacetonate power was added and
stirred for 6 h to prepare electrospinning precursor solution. The flow rate of the precursor
solution was set to 0.017 mL min~! for collection. The distance from the tip to the receiving
aluminum foil was 12 cm and the voltage of the electrospinning was 14 kV. Finally, a piece
of light pink nanofiber membrane was obtained. The fiber membrane was oxidized at
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240 °C in air atmosphere for 1 h, and then carbonized at 800 °C in nitrogen atmosphere for
2 h with a heating rate of 5 °C min~!. The obtained sample was named as CoO@CNFs.

The CoFe-PBA@CNFs composite was synthesized through a straightforward assem-
bly process. Initially, the Co@CNFs membrane was immersed in a 0.1 M Kj [Fe(CN)4]
solution and agitated gently for 5 min to achieve uniform soaking. Subsequently, a diluted
hydrochloric acid was gradually introduced into the solution until the pH reached 1, and
the soaking process was continued for 6 h. Following the reaction, the resulting product
was thoroughly rinsed with a substantial quantity of deionized water and subsequently
subjected to vacuum drying at 60 °C to yield CoFe-PBA@CNFs.

Next, 0.1 g tannic acid powder was dissolved in 20 mL deionized water to form a
TA solution. The obtained CoFe-PBA@CNFs was then immersed in the TA solution and
etched for 10 min. Subsequently, it was rinsed with deionized water and ethanol multiple
times before being dried under vacuum at 60 °C for several hours. This process led to
the synthesis of CoFe-PBA@CNFs-TA-10. To investigate the impact of etching duration,
additional control samples were etched for 5 min (CoFe-PBA@CNFs-TA-5) and 15 min
(CoFe-PBA@CNFs-TA-15), respectively.

2.3. Materials Characterization

The microstructures of the catalyst were examined using a scanning electron micro-
scope (SEM, ZEISS Gemini 300) and a transmission electron microscope (TEM, FEI Tecnai
F20). The catalyst’s elemental composition was studied using an X-ray diffractometer (XRD,
Bruker D8 Advance) in the 26 range of 10 to 90°. Raman spectroscopy (Renishaw in Via)
was investigated using a 532 nm laser. The valence states of elements on the catalyst were
determined using an X-ray photoelectron spectroscopy (XPS, Thermo Fisher ESCALAB
250Xi). Micromeritics TriStar 113020 was used to collect isotherms of N, adsorption and
desorption.

2.4. Electrochemical Measurements

The electrochemical measurements were conducted using a standard three-electrode
system in 1.0 M KOH, controlled by a CHI 630E (Shanghai Chenhua, China) electrochem-
ical workstation. The working electrode was a glassy carbon electrode with a 5 mm
diameter, coated with the catalyst. The reference electrode was an Ag/AgCl electrode,
and the counter electrode was a graphite rod. Prior to the electrochemical test, the elec-
trolyte was purged with nitrogen for 30 min to eliminate air in the solution. 90% iR
compensation was applied to all the experimental data. All the potentials presented in
this work were calibrated to the reversible hydrogen electrode by using the equation
(EruE = Eag/agal + 0.059 xpH + 0.197 V). Linear sweep voltammetry (LSV) curves were
obtained at a sweep rate of 5 mV s~! in the potential range of 0.1 V to 0.3 V (vs. RHE).
The double layer capacitance (Cq;) was determined using cyclic voltammetry (CV) at scan
rates of 10, 20, 30, 40, and 50 mV s~!. Electrochemical impedance spectroscopy (EIS)
was performed within a frequency range of 0.1 to 10° Hz, with a test potential of —0.2 V
(vs. RHE) in 1.0 M KOH. For stability tests, the CV potential ranged from 0.1 to —0.2 V
(vs. RHE), and the scan rate was 100 mV s~ 1. LSV curves were measured before and after
2000 CV cycles. The chronoamperometry curve was obtained by testing the electrocatalyst
at a specific potential. A 5 mg catalyst was dispersed in a mixed solution of 480 uL ethanol
and 20 pL. 5 wt% nafion solution, and then treated with ultrasonic for 30 min to form a
uniform slurry. Finally, 100 uL of the catalyst slurry was slowly dropped onto a piece of
nickel foam (1 cm x 1 cm) to obtain both cathode and anode for overall water splitting,

with a loading amount of 1 mg cm 2.

3. Results and Discussion

The preparation process of the CoFe-PBA@CNFs-TA-10 catalyst is shown in Figure 1.
Firstly, the Co@CNFs nanofibrous membrane was prepared through electrospinning and
calcination. After being soaked in K3 [Fe(CN)g; solution, Co?* and K3 [Fe(CN)g] assembled
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on the surface of the fiber, forming CoFe-PBA nanocubes. Finally, the CoFe-PBA@CNFs-
TA-10 catalyst was fabricated through a facile TA etching process.

Carbonization

Assembly Etching
> >
CoFe-PBA TA
Co@CNFs CoFe-PBA@CNFs CoFe-PBA@CNFs-TA-10

Figure 1. Schematic illustration of the synthesis procedure of the CoFe-PBA@CNFs-TA-10.

The SEM image of the Co@CNFs is shown in Figure 2a. The nanofibers have a high
aspect ratio and a uniform diameter of approximately 500 nm. During the following assembly
process, Co?* as metal source and K3 [Fe(CN)g] as ligand were assembled on the surface of the
nanofibers to form CoFe-PBA nanocubes, as depicted in Figure 2b [34]. In addition, a diluted
HCl solution was slowly added to the K3 [Fe(CN)¢] solution in order to activate Co species
from the fiber surface and promote the growth of CoFe-PBA on the fiber [35]. The uniformly
dispersed CoFe-PBA crystals on the fiber surface have a regular cubic structure with 100 nm
in edge length. In contrast, serious agglomeration occurs when the CoFe-PBAs are prepared
without a supporting matrix, which is not conducive to the exposure of catalytically active
sites. After the TA etching process, a large number of holes and cracks (highlighted with
white circles in Figure 2c,d) are generated on the smooth surface of CoFe-PBA nanocubes.
As shown in Figure 2e,f, small nanocubes with nanoholes are attached to the surface of the
carbon nanofibers, and this morphology is propitious to the increase in the active sites and
the transportation of electrons. The lattice spacing of the crystal is 0.204 nm, which belongs
to the (400) lattice plane of the CoFe-PBA crystals [36-38]. The presence of CoFe-PBA is also
confirmed by the electron diffraction image in Figure 2g, which suggests that the TA etching
process did not alter the pristine CoFe-PBA’s crystal structure. The image consists of several
crystalline surfaces with discrete spots that correspond to CoFe-PBA. The corresponding
element mapping images (Figure 2h) reveal that the C, N, O, Co, and Fe elements are evenly
distributed on the nanofibers.

The XRD analysis of the prepared CoFe-PBA@CNFs and CoFe-PBA@CNFs-TA-10, as
depicted in Figure 3a, reveals diffraction peaks at 17.5°, 24.9°, and 35.6°, corresponding
to the crystal faces (200), (220), and (400) of K,Co [Fe(CN)4] (JCPDS no. 75-0038), respec-
tively [4]. These distinct diffraction peaks indicate the high crystallinity and purity of the
obtained CoFe-PBA nanocubes. The diffraction peaks obtained from CoFe-PBA@CNFs-TA-
10 were found to be similar to those obtained from CoFe-PBA@CNFs, confirming that the
etching process did not affect the crystal structure of the porous material [7]. Furthermore,
Raman spectral analysis was performed to elucidate the structure of the catalysts, as shown
in Figure 3b. The two characteristic broad peaks located at 1351 cm ! and 1592 cm ™! belong
to the typical defect induction band (D band) of carbon and the graphite induction band
(G band), respectively [39]. Considering the increase in the D band, there is an increment in
the degree of defects for the CoFe-PBA@CNFs-TA-10 sample.
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Figure 2. (a,b) SEM images of CoO@CNFs and CoFe-PBA@CNFs. (c,d) SEM images of CoFe-PBA@CNFs-
TA-10. (e) TEM image. (f) HR-TEM image. (g) SAED pattern. (h) EDX elemental mappings of
CoFe-PBA@CNFs-TA-10.

Moreover, nitrogen adsorption—-desorption isotherms and pore size distribution curves
for CoFe-PBA@CNFs and CoFe-PBA@CNFs-TA-10 are presented in Figure 3c,d. According
to the Brunauer—-Emmet-Teller model, the specific surface areas of the CoFe-PBA@CNFs
and CoFe-PBA@CNFs-TA-10 samples were determined to be 125.2 m? g~! and 211.9 m?
g~ !, respectively. Notably, CoFe-PBA@CNFs-TA-10 exhibited a larger specific surface area,
which could enhance the direct contact between the catalyst and the electrolyte solution.
Additionally, the characteristic type IV curve and the pore size distribution concentrated
around 3 nm indicate a mesoporous structure of the CoFe-PBA@CNFs-TA-10. This structure
is advantageous for the penetration of electrolyte ions and the removal of generated H,
and O, bubbles.
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Figure 3. (a) XRD patterns. (b) Raman spectra. (c,d) N, adsorption-desorption isotherms (insets:
pore size distribution) of CoFe-PBA@CNFs and CoFe-PBA@CNFs-TA-10.

We further investigated the surface chemical properties of CoFe-PBA@CNFs-TA-10
using XPS, as shown in Figure 4. The XPS spectra reveal the presence of Co, Fe, C, N,
and O elements in the CoFe-PBA@CNFs-TA-10 sample (Figure 4a). The high-resolution
spectra of Co 2p and Fe 2p are shown in Figure 4b and Figure 4c, respectively. The high-
resolution Co 2p spectral fitting analysis shows two valence states of Co. Among them,
the characteristic peaks with binding energies of 778.2 eV and 793.5 eV belong to Co’",
while the other two characteristic peaks with binding energies of 782.1 eV and 797.1 eV
belong to Co?* [40]. The presence of high valence state Co facilitates the interaction with
oxygen intermediates, thereby enhancing the performance of OER. The satellite peaks
associated with binding energies of 786.4 eV and 801.5 eV belong to Co 2p3,, and Co
2p1 /7, respectively [41]. As shown in Figure 4c, the high-resolution Fe 2p spectrum shows
the corresponding satellite peaks at the binding energies of 715.7 eV and 735.3 eV, which
can be attributed to Fe 2p3/, and Fe 2pq /5, respectively [42]. The two spin-orbit peaks at
708.2 eV and 721.5 eV are assigned to Fe?" in CoFe-PBA, while the peaks at 711.7 eV and
724.6 eV are assigned to Fe3* [15]. The different valence states of Fe indicate that the TA
etching not only introduces porous structures but also produces unsaturated metal sites in
CoFe-PBA@CNFs-TA-10. When the etching duration is extended, the exposed Fe atoms
on the surface of the CoFe-PBA cube could re-coordinate with TA molecules. In the Co 2p
and Fe 2p spectra, compared with CoFe-PBA@CNFs, the peak area ratio of Co3* /Co?* for
CoFe-PBA@CNFs-TA-10 increases from 0.18 to 0.32, and the peak area ratio of Fe?* /Fe3t
increases from 1.48 to 2.34. The results suggest that the TA etching regulates the electronic
structure of the metal active sites, induces the valence change in metal active sites, and
potentially optimizes the hydrogen adsorption free energy (AGy*). Figure 4d shows that
the high-resolution C 1s spectrum consists of three peaks, namely C-C/C=C (284.6 eV),
C-N (285.6 V), and C=0 (288.5 eV) [43]. To gain insight into the nitrogen-doped structure
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of the catalyst, we analyzed the N 1s spectra (Figure 4e). The two characteristic peaks
at 397.6 eV and 401.4 eV are pyridine-N and pyrrolic-N, respectively [18]. The presence
of pyridine-N creates defects that promote charge transfer on carbon nanofibers, while
the presence of pyrrolic-N facilitates rapid electron transfer [19]. The high-resolution O
1s spectra are shown in Figure 4f. The three peaks at 529.9 eV, 531.9 eV, and 533.2 eV
correspond to the metal-oxygen bond (M-O), C-OH bond of the phenol hydroxyl group in
TA and the adsorbed H,O molecule on the surface, respectively [20,44,45].
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Figure 4. (a) XPS survey spectra. (b) Co 2p, (c) Fe 2p, (d) C 1s, (e) N 1s, and (f) O 1s XPS spectra of
CoFe-PBA@CNFs-TA-10 and CoFe-PBA@CNFs.

The HER properties of Co@ CNFs, CoFe-PBA@CNFs, CoFe-PBA@CNFs-TA-5, CoFe-
PBA@CNFs-TA-10, and CoFe-PBA@CNFs-TA-15 were initially investigated in 1.0 M KOH
solutions using a standard three-electrode system. The LSV curves of the electrocatalysts
at a sweep rate of 5 mV s~! are depicted in Figure 5a, while Figure 5b illustrates the
corresponding overpotentials for all catalysts. At a current density of 10 mA cm~2, CoFe-
PBA@CNFs-TA-10 displayed an overpotential of only 139 mV, which is lower than that of
Co@CNPFs (253 mV), CoFe-PBA@CNFs (229 mV), CoFe-PBA@CNFs-TA-5 (175 mV), and
CoFe-PBA@CNFs-TA-15 (190 mV), indicating its superior HER performance. The Tafel
slope value of CoFe-PBA@CNFs-TA-10 (76.2 mV dec™1) was found to be close to that of
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Pt/C (44.2 mV dec™!) and lower than that of Co0@CNFs (147.5 mV dec~!), CoFe-PBA@CNFs
(112.5 mV dec™!), CoFe-PBA@CNFs-TA-5 (96.5 mV dec™!), and CoFe-PBA@CNFs-TA-15
(120.8 mV dec '), indicating a significant enhancement in the kinetics of the HER reaction
following 10 min of TA etching. The HER process in an alkaline environment involves
the Volmer, Heyrovsky, and Tafel steps. Based on the Tafel slope, it follows the Volmer—
Heyrovsky mechanism, with the rate-determining step being the Heyrovsky step for the
CoFe-PBA@CNFs-TA-10 [46].
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Figure 5. Evaluation of HER electrocatalytic performance of catalysts in 1.0 M KOH. (a) LSV polarization
curves. (b) Comparison of overpotentials of the electrocatalysts at the current density of 10 mA cm 2.
(c) Tafel plots. (d) Double layer capacitance plots. (e) Nyquist diagram of different catalysts. (f) Polariza-
tion curves before and after 2000 CV cycle (inset: the chronoamperometric curve).

The electrochemical active surface area (ECSA) serves as a crucial parameter for
characterizing the effective surface area of catalysts [47]. The evaluation of ECSA in-
volves the use of Cyj, as depicted in Figure 5d, where the CoFe-PBA@CNFs-TA-10 catalyst
demonstrates a relatively high Cq; value of 34.6 mF cm 2, significantly surpassing that
of CO@CNFs (12.1 mF cm~2), CoFe-PBA@CNFs (15.3 mF cm~2), CoFe-PBA@CNFs-TA-5
(21.7 mF cm~2), and CoFe-PBA@CNFs-TA-15 (21.1 mF cm~2). These findings indicate that
the CoFe-PBA@CNFs-TA-10 catalyst, subjected to a 10 min TA etching process, exhibits a
larger electrochemically active surface area compared to other catalysts [48]. This can be
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attributed to the release of hydrogen from TA molecules attached to the CoFe-PBA surface,
leading to the disruption of its coordination bonds and the formation of a porous structure
with a larger specific surface area, thereby enhancing the HER activity [49,50].

Furthermore, EIS measurements were employed to assess the electrode’s conductivity.
The Nyquist diagram in Figure 5e illustrates that the CoFe-PBA@CNFs-TA-10 catalyst
exhibits the smallest charge transfer resistance (Rt = 5.31 }), indicating the significant role
of the porous structure in enhancing electrical conductivity [51]. Additionally, the CoFe-
PBA@CNFs-TA-10 catalyst demonstrates good stability, as evidenced by the LSV curve in
Figure 5f, which remains largely unchanged after 2000 CV cycles. The chronoamperometry
test (inset of Figure 5f) further confirms the catalyst’s remarkable durability in the HER
when operated continuously for 24 h at a current density of 10 mA cm~2 in 1.0 M KOH
electrolyte, with little degradation.

Subsequently, we employed a conventional three-electrode system in a 1.0 M KOH
solution to examine the electrocatalytic properties of Co@CNFs, CoFe-PBA@CNFs, CoFe-
PBA@CNFs-TA-5, CoFe-PBA@CNFs-TA-10, and CoFe-PBA@CNFs-TA-15 for the OER process.
The results of the LSV at a scan rate of 5 mV s~! are depicted in Figure 6a, while Figure 6b
presents a bar graph illustrating the overpotentials of the catalysts. It is evident from the
data that CoFe-PBA@CNFs-TA-10 demonstrates the most superior OER electrocatalytic per-
formance, with an overpotential of only 342 mV at the current density of 10 mA cm~2. This
value is lower than that of RuO, (420 mV), Co@CNFs (384 mV), CoFe-PBA@CNFs (363 mV),
CoFe-PBA@CNFs-TA-5 (353 mV), and CoFe-PBA@CNFs-TA-15 (356 mV). The presence of
Fe species and Co®* active substances in CoFe-PBA following TA etching could effectively
promote multi-electron transfer and enhance the adsorption of OH" [22]. The porous nanos-
tructure can also facilitate mass and charge transportation. Figure 6c illustrates the Tafel
slopes of various catalysts, with CoFe-PBA@CNFs-TA-10 demonstrating the lowest Tafel
slope at 83.1 mV dec~!. This value is notably lower than those of RuO, (139.8 mV dec™ 1),
Co@CNFs (136.3 mV dec™ '), CoFe-PBA@CNFs (129.1 mV dec™!), CoFe-PBA@CNFs-TA-5
(107.7 mV dec 1), and CoFe-PBA@CNFs-TA-15 (114.2 mV dec™ 1), indicating the high intrinsic
catalytic activity of CoFe-PBA@CNFs-TA-10. Additionally, as depicted in Figure 6d, the
Cgq value of CoFe-PBA@CNFs-TA-10 is 39.3 mF cm 2, significantly surpassing the values
of Co@CNFs (10.8 mF cm~2), CoFe-PBA@CNFs (15.4 mF cm~2), CoFe-PBA@CNFs-TA-15
(28.1 mF cm~2), and CoFe-PBA@CNFs-TA-5 (29.9 mF cm~2). These findings indicate that
CoFe-PBA@CNFs-TA-10 possesses the largest ECSA. Consequently, the results suggest that
the catalysts subjected to 10 min of TA etching exhibited more porous structures and exposed
a greater number of catalytically active sites [52]. In addition, the Nyquist diagram (Figure 6e)
shows that CoFe-PBA@CNFs-TA-10 has a R of 5.48 (), which is much smaller than that of
other catalysts. This indicates a faster charge transfer rate [53,54]. As shown in Figure 6f,
the LSV curve of CoFe-PBA@CNFs-TA-10 remains almost unchanged after 2000 CV cycles,
indicating the excellent OER stability of the electrocatalyst. Furthermore, the enduring stability
of CoFe-PBA@CNFs-TA-10 was further investigated, as depicted in Figure 6f. Following 24 h
of uninterrupted operation at a consistent current density of 10 mA cm ™2, the current density
at CoFe-PBA@CNFs-TA-10 demonstrates negligible decline, showing its favorable long-term
OER stability.

The CoFe-PBA@CNFs-TA-10 catalyst demonstrated outstanding performance in both
the HER and OER in a 1.0 M KOH solution. To further evaluate its water splitting capa-
bilities, a test was conducted using a two-electrode system with all electrocatalysts coated
on nickel foam. The results, as depicted in Figure 7a, reveal that the CoFe-PBA@CNFs-
TA-10 catalyst exhibited remarkable catalytic performance in an overall water splitting
system, requiring only 1.76 V to achieve a current density of 10 mA cm~2, which is bet-
ter than the Pt/CJ||RuO; (1.78 V) measured in our previous work [55]. Furthermore, the
CoFe-PBA@CNFs-TA-10 catalyst demonstrated impressive durability at the same current
density, as shown in Figure 7b. These findings indicate that CoFe-PBA@CNFs-TA-10 holds
significant potential for high-efficiency water electrolysis applications.
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Figure 6. Evaluation of OER electrocatalytic performance of catalysts in 1.0 M KOH. (a) LSV polarization
curves. (b) Comparison of overpotentials of the electrocatalysts at the current density of 10 mA cm 2,
(c) Tafel plots. (d) Double layer capacitance plots. (e) Nyquist diagram of different catalysts. (f) Polariza-
tion curves before and after 2000 CV cycles (inset: the chronoamperometric curve).
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4. Conclusions

In summary, a bifunctional electrocatalyst with exceptional catalytic ability, CoFe-
PBA@CNFs-TA-10, was synthesized using a three-step strategy involving electrospinning,
in situ growth, and tannic acid etching. This study reveals that the high exposure of active
sites and the modulated metal active sites are key factors contributing to the improved
electrocatalytic performance. Under alkaline conditions, CoFe-PBA@CNFs-TA-10 required
overpotentials of only 139 mV (for HER) and 342 mV (for OER) to reach the current
density of 10 mA cm~2. Additionally, the catalyst demonstrated excellent long-term
stability. Our results could lead to the creation of cost-effective, highly active and durable
PBA-based bifunctional electrocatalysts. Computer simulation could be introduced in
the future to provide more insights into the catalytical mechanism and design similar yet
better electrocatalysts.
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