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Rechargeable aqueous Zn—air batteries (ZABs) are promising due to
their high energy density (1370 Wh kg 1), safety, and environmental
friendliness, but their development is hindered by slow oxygen redox
kinetics. Herein, we have synthesized Pt nanoparticle-embedded NiFe
layered double hydroxide (Pt/NiFe-LDH) nanoflowers via an in situ
reduction method. As a cathode, Pt/NiFe-LDH can exhibit remarkable
bifunctional activity with an impressive AE value of 0.631 V, which
achieves a half-wave potential of 0.861 V for the oxygen reduction
reaction and a low overpotential of 262 mV at 10 mA cm™2 for the
oxygen evolution reaction, surpassing commercial Pt/C and RuO,
benchmarks. When deployed in ZABs, the Pt/NiFe-LDH cathode
delivers remarkable cycling stability over 1300 h.

The urgent requirement to alleviate the energy crisis is intensi-
fying the demand for sustainable, large-capacity electrochemi-
cal energy storage and conversion devices.'™* Rechargeable
aqueous zinc-air batteries (ZABs) have been emerging as one
of the most promising candidates due to their high theoretical
energy density of 1370 Wh kg™, as well as good safety and
environmental friendliness.’ Typically, aqueous ZABs operate
based on the reaction of Zn + O, <> ZnO, in which the air
cathode plays the pivotal role during the discharge and charge
processes.® Unfortunately, the sluggish oxygen reduction reac-
tion (ORR)/oxygen evolution reaction (OER) kinetics of the
cathode result in inferior battery performance.” The commercial
noble metal-based cathode electrocatalysts such as Pt/C, RuO,,
and IrO, are currently considered as an ideal benchmark to
improve the ORR/OER kinetics,® but their widespread application
in ZABs is severely constrained by high cost and poor operational
stability.” To address these issues, the design of electrocatalysts is
of great necessity to deliver high utilization of noble metals,
catalytic activity, and stability."

Among noble metals, Pt has been identified as one of the
most efficient catalysts for the ORR rather than the OER."
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However, Pt nanoparticles tend to agglomerate, causing severe
deterioration of catalytic activity.'* In general, an appropriate
catalyst support is quite needed to disperse Pt so as to improve
its catalytic properties and utilization."® NiFe layered double
hydroxide (NiFe-LDH) can serve as a good carrier to support
noble metals due to three advantages: (1) their unique layered
structures could provide a large surface area and abundant
active sites,"* (2) the abundant surface hydroxyl groups and
interlayer multivalent anions to stabilize and uniform Pt,'*> and
(3) they are stable towards alkaline electrolytes. Consequently,
if the Pt/NiFe-LDH hybrid was formed, Pt could deliver superior
ORR performance while NiFe-LDH showed good OER activity.

In this work, we have tried to synthesize Pt/NiFe-LDH hybrids
via an in situ reduction method. This approach leverages NiFe-
LDH as a carrier to uniformly disperse Pt nanoparticles while
synergistically integrating their catalytic functions. The design is
based on Fermi level alignment; due to the higher Fermi level of
NiFe-LDH compared to Pt, electrons transfer from NiFe-LDH to
Pt, resulting in charge redistribution which enables efficient
bifunctional oxygen electrocatalysis.'® The as-prepared Pt/NiFe-
LDH has exhibited superior bifunctional performance, which
achieves a low AE of 0.631 V with a positive half-wave potential
(E1/2) of 0.861 V versus RHE for the ORR and a low overpotential of
262 mV at 10 mA cm > for the OER, surpassing commercial Pt/C
and RuO,. Furthermore, Pt/NiFe-LDH-based ZABs exhibit excel-
lent cycling stability at 2 mA cm > for over 1300 h. This work
provides us with a new avenue for rationally designing and
synthesizing efficient oxygen electrocatalysts toward practical
implementation for energy storage and conversion systems.

A schematic illustration of the synthesis of Pt/NiFe-LDH is
depicted in Fig. 1. Firstly, the NiFe-LDH nanoflowers were
synthesized via a hydrothermal process. After that, H,PtCls
was introduced into the LDH precursor solution under contin-
uous stirring to ensure its homogeneous dispersion and the
following adsorption of H,PtCls onto LDH. An instantaneous
color change of the solution could be clearly observed from deep
yellow to black (Fig. S1), indicating the reduction of H,PtCls into
Pt nanoparticles by NaBH,. Ultimately, Pt nanoparticles were
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Fig. 1 Schematic illustration for the synthetic process of Pt/NiFe-LDH.

uniformly loaded on the nanoflowers, and the Pt, Ni, and Fe
loadings in Pt/NiFe-LDH were determined to be approximately
13.8, 33.7, and 14.9 wt%, respectively, via inductively coupled
plasma optical emission spectrometry (ICP-OES) as shown in
Table S1.

Scanning electron microscopy (SEM) reveals NiFe-LDH’s
nanoflower morphology with interwoven nanosheets (Fig. 2a
and Fig. S2a), providing abundant active sites. Pt deposition
preserves this framework (Fig. 2b and Fig. S2b). Transmission
electron microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM) techniques confirm ultrafine Pt
nanoparticles uniformly anchored on nanosheets (Fig. 2c), with
0.226 nm lattice fringes attributed to the (111) plane of Pt
(Fig. 2d and Fig. S3). The average diameter of the Pt nano-
particles was calculated to be about 8 nm, with a narrow size
distribution (Fig. S4). The high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) image
and the corresponding energy dispersive spectroscopy (EDS)
mapping images (Fig. 2e and f) verify the homogeneous dis-
tribution of Fe, Ni, and Pt, confirming successful reduction.

The crystal structure and surface chemical states of the NiFe
layered double hydroxide and Pt/NiFe-LDH were characterized.
X-ray diffraction (XRD) patterns (Fig. 3a) confirm that both
materials maintain the NiFe-LDH structure (JCPDS 51-0463),
with characteristic (003) and (006) peaks at 11.5° and 23.3°. In
comparison with NiFe-LDH, all the diffraction peaks of Pt/NiFe-
LDH show no significant shift and no obvious Pt-related signal
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Fig. 2 Morphological characterization of NiFe-LDH and Pt/NiFe-LDH.
SEM images of (a) NiFe-LDH and (b) Pt/NiFe-LDH; (c) TEM image of Pt/
NiFe-LDH; (d) HRTEM image of Pt/NiFe-LDH; (e) HAADF-STEM image of
Pt/NiFe-LDH; and (f) element mapping images of Pt/NiFe-LDH.
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Fig. 3 Structural characterization of NiFe-LDH and Pt/NiFe-LDH. (a) XRD
patterns of NiFe-LDH and Pt/NiFe-LDH; XPS spectra of (b) Ni 2p, (c) Fe 2p
and (d) Pt 4f in NiFe-LDH and Pt/NiFe-LDH; (e) UPS spectra of NiFe-LDH
and Pt/NiFe-LDH; and (f) schematic diagram of electron transfer.

can be identified, indicating that the loading of Pt nano-
particles does not change the crystal structure of LDH. X-ray
photoelectron spectroscopy (XPS) analysis reveals Ni, Fe, O
(Fig. 3b, ¢ and Fig. S5), and Pt (Fig. 3d) in Pt/NiFe-LDH. The Ni
2p spectrum shows Ni*>* (2p;, at 855.4 €V, 2p;, at 872.9 eV) and
Ni** (2ps), at 856.7 €V, 2py,, at 874.5 eV) species, with Pt/NiFe-
LDH exhibiting a 0.4 eV higher Ni 2p;, binding energy and
increased Ni** content versus NiFe-LDH. The Fe 2p spectrum of
NiFe-LDH can be separated into peaks attributed to Fe’* (2ps, at
710.5 eV and 2p4, at 723.3 eV), proving the existence of oxidized
Fe in NiFe-LDH. And the Fe** peaks reveal a positive shift of
0.15 eV in Pt/NiFe-LDH, which should be caused by the incor-
poration of Pt as well. Pt 4f spectra display metallic Pt® (4f,/, at
70.1 eV and 4f;, at 74.1 eV), P™" (4f,, at 72.0 eV and 4f;), at
75.5 eV), and Pt*" (4f,, at 73.9 eV and 4f5, at 77.1 eV), confirming
Pt reduction. Overall, the XPS spectra in Pt/NiFe-LDH compared
with NiFe-LDH indicate that Ni and Fe are oxidized after the
incorporation of Pt, owing to electron transfer from Ni and Fe to
Pt."” Ultraviolet photoelectron spectroscopy (UPS) measurements
determine work functions (@) of 2.38 eV (NiFe-LDH) and 2.47 eV
(Pt/NiFe-LDH).'® And the work function of Pt/NiFe-LDH is found
to be between that of Pt (5.75 eV)'® and NiFe-LDH. Consequently,
after the formation of the hybrid, electrons could spontaneously
transfer from NiFe-LDH to Pt (Fig. 3f), consistent with the XPS
results. The modified electron distribution effectively optimizes
the catalytic activity of NiFe-LDH."®

We evaluated the oxygen reduction reaction (ORR) perfor-
mance of Pt/NiFe-LDH using rotating disk electrode (RDE)
measurements. Samples with different H,PtCls and NiFe-LDH
mixing durations (2 h, 12 h, 24 h) reveal that the prolonged mixing
time is associated with enhanced ORR activity (Fig. S6a and b),
evidenced by positive shifts in half-wave potential (E;,) and
reduced Tafel slopes. The sample with 24 h mixing time, which
shows the best catalyst activity in the samples, was chosen for
further tests. Pt/NiFe-LDH exhibits superior activity with E;, =
0.861 V vs. reversible hydrogen electrode (RHE), outperforming
commercial Pt/C (0.828 V), and comparable limiting current
density (5.07 mA cm™? vs Pt/C’s 5.57 mA cm °) (Fig. 4a). Pt/
NiFe-LDH shows faster ORR kinetics (Tafel slope = 69.11 mV dec ™
vs. Pt/C’s 72.49 mV dec ') (Fig. S7a). For the oxygen evolution
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Fig. 4 The electrocatalytic activities of Pt/NiFe-LDH, NiFe-LDH, Pt/C, and
RuO:;. (a) LSV ORR curves in O, saturated 0.1 M KOH at 1600 rpm; (b) LSV
OER curves in 1 M KOH at 1600 rpm; (c) half-value current density
difference at 1.12 V vs. RHE with scanning rate; (d) comparison of the
performance of various electrocatalysts.29728

reaction (OER) (Fig. 4b), Pt/NiFe-LDH achieves an overpotential of
262 mV at 10 mA cm™ > (1.492 V vs. RHE), surpassing NiFe-LDH
(1.494 V) and RuO, (1.536 V), with favorable kinetics (Tafel slope =
27.71 mV dec” ' vs. RuOy’s 51.67 mV dec ') (Fig. S7b). Optimized
electron transfer between NiFe-LDH and Pt enhances efficient
bifunctional oxygen electrocatalysis. Mixing time minimally affects
OER performance (Fig. S6¢ and d), confirming that Pt incor-
poration preserves LDH’s OER active structure while enabling
bifunctionality. Electrochemical double-layer capacitance mea-
surements reveal Pt/NiFe-LDH’s higher double-layer capacitance
(16.21 mF cm™ > vs. Pt/C’s 15.82 mF cm ), indicating greater
active site exposure (Fig. 4c). Fig. 4d shows the comparison of
the performance of various electrocatalysts.

ZABs employing Pt/NiFe-LDH as the air electrode catalyst
were fabricated (Fig. 5a), with comparative systems using NiFe-
LDH and Pt/C + RuO,. The Pt/NiFe-LDH-based ZAB achieves an
open-circuit potential of 1.44 V, surpassing NiFe-LDH (1.36 V) and
approaching Pt/C + RuO, (1.47 V) (Fig. S8). At current densities of
2-10 mA cm ™, Pt/NiFe-LDH exhibits discharge plateaus compar-
able to Pt/C + RuO, and superior to NiFe-LDH (Fig. S9), demon-
strating excellent rate capability and reversibility. The specific
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Fig. 5 Performance of the assembled rechargeable ZABs with Pt/NiFe-
LDH, NiFe-LDH and Pt/C + RuO; catalysts. (a) Schematic diagram of zinc-
air battery; (b) discharge curves at 2 mA cm~2; (c) long-term cycling
performance of ZABs.
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capacity reaches 769.1 mAh g~ " at 2 mA cm™ >, exceeding that of
both Pt/C + RuO, (765.9 mAh g~ ') and NiFe-LDH (750.8 mAh g™ ")
(Fig. 5b). Power density outperforms that of Pt/C + RuO, and
NiFe-LDH (Fig. S10). Electrochemical impedance spectroscopy
(Fig. S11) shows that the Pt/NiFe LDH catalyst exhibits a signifi-
cantly lower charge transfer resistance when compared to NiFe
LDH catalysts. As an exemplification for practical applications, a
little fan can be powered by the Pt/NiFe-LDH-based ZAB. Remark-
ably, the Pt/NiFe-LDH-based ZAB maintains stable cycling for
1300 h at 2 mA cm ™2 with only a 4.2% energy efficiency loss
(62.8% to 58.6%), while Pt/C + RuO, fails after 40 h and NiFe-LDH
after 380 h (Fig. 5c). These results confirm Pt/NiFe-LDH as a
superior bifunctional catalyst enabling ZABs with exceptional
capacity, power density, and durability.

In summary, we successfully synthesise Pt nanoparticles
loaded on NiFe-LDH nanosheets as a high-performance bifunc-
tional electrocatalyst for rechargeable ZABs. The hybrid catalyst
takes advantage of the synergistic interaction between the
excellent ORR activity of Pt and the inherent OER ability of
NiFe-LDH. The Pt/NiFe-LDH achieves an ORR E;,, of 0.861 V
and an OER overpotential of 262 mV at 10 mA cm™ >, which
outperforms Pt/C and RuO, and presents a AE of 0.631 V. ZABs
employing Pt/NiFe-LDH demonstrate exceptional cycling stabi-
lity (1300 h), initial energy efficiency (62.8%), and power density
(30.51 mW cm™?). This study not only advances the design of
bifunctional electrocatalysts but also expands a universal synth-
esis paradigm for transition metal hydroxide-supported noble
metal hybrids.
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