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Abstract

The exploration of high-efficiency transition metal-nitrogen—carbon (M—N-C) catalysts is crucial for accelerating the kinetics
of oxygen reduction/oxygen evolution reactions (ORR/OER). Fine-tuning the distribution of accessible metal sites and the
correlated triphase interfaces within the M—N—C catalysts holds significant promise. In this study, we present an integrated
electrocatalyst comprised of tip-enriched NiFe nanoalloys encapsulated within N-doped carbon nanotubes (NiFe @ CNTs),
synthesized using an in-situ wet-electrochemistry mediated approach. The well-defined NiFe @CNTs catalyst possesses a
porous heterostructure, synergistic M—N,—C active sites, and intimate micro interfaces, facilitating accelerated redox kinetics.
This leads to exceptional OER/ORR activities with a low overall AE of 630 mV. Experimental results and density functional
theory calculations unveil the predominant electronic interplay between the apical bimetallic sites and neighboring N-doped
CNTs, thereby enhancing the binding of intermediates on NiFe @CNTs. Molecular dynamics simulations reveal that the local
gas—liquid environment surrounding NiFe@CNTs favors the diffusion/adsorption of the OH™/O, reactants. Consequently,
NiFe@CNTs contribute to high-performance aqueous Zn—Air batteries (ZABs), exhibiting a high gravimetric energy den-
sity (936 Wh kg, 1) and superb cycling stability (> 425 h) at 20 mA cm2. Furthermore, solid-state ZABs based on NiFe @
CNTs demonstrate impressive electrochemical performance (e.g., peak power density of 108 mW cm™>, specific energy of
1003 Wh ngn") and prominent flexibility. This work illuminates a viable strategy for constructing metal site-specific, cobalt-
free, and integrated M—N-C electrocatalysts for multifunctional catalysis and advanced/flexible energy storage applications.
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1 Introduction

The imperative shift towards a low-carbon economy and
the escalating global energy consumption necessitates the
development of high-performance renewable energy stor-
age systems. Among these, the rechargeable zinc—air bat-
tery (ZAB) becomes a promising option due to its high
specific energy (1218 Wh kg™!), low cost, reliable security
features, and long-term rechargeability [1, 2]. However, the
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constrained kinetics of oxygen reduction/oxygen evolution
reactions (ORR/OER), characterized by intricate multi-
proton/electron transfer pathways, pose a significant bot-
tleneck. Addressing this challenge requires suitable bifunc-
tional catalysts at the air cathode to reduce charge/discharge
polarization and promote the electrochemical performance
of existing ZABs [3-5]. Platinum-group precious metals
(Pt, Ir, and Ru) have historically dominated the catalysis
of oxygen electrochemistry, yet their scarcity and limited
catalytic tolerance have impeded large-scale application
[6]. Therefore, the pursuit of intrinsically active, stable,
and inexpensive bifunctional catalysts is vital for advanc-
ing rechargeable ZABs [7]. In addition, traditional slurry-
casting methods for cathodes typically involve the loading of
electrocatalysts onto conductive substrates using adhesives/
binders [8]. However, these inert binders and suboptimal
interfacial contacts between the electrocatalysts and the con-
ductive substrates diminish the accessibility of active sites
on the catalyst surfaces, ultimately compromising battery
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performance during prolonged cycling or under intensified
mechanical stress [9]. To address this issue, a prevailing
strategy involves the rational construction of binder-free,
self-supporting electrocatalysts through the direct bottom-up
growth of active species on the conductive supports without
the use of binders [10]. Nevertheless, achieving ideal binder-
free electrocatalysts with superior bifunctionality, high dura-
bility, and mechanical resilience for oxygen catalysis and
practical ZABs remains a formidable challenge [11].

Among various non-precious metal-based electrocata-
lysts, transition metals with elaborate nanoarchitecture
or atomically dispersed within a nitrogen-doped carbon
matrix, i.e., heterogeneous M@NC (M =Fe, Co, Ni, etc.)
oxygen electrocatalysts, emerge as state-of-the-art candi-
dates [12-14]. Considerable efforts focus on engineering
the single-metal reactive sites through extrinsic (e.g., mor-
phological features, hierarchical porosity, surface/interfacial
contact area, etc.) or intrinsic (e.g., phase composition, local
atomic structure, and chemical coordination environment,
etc.) regulations to enhance the electron transfer and mass
transport of the bifunctional catalysts for improved OER/
ORR activities [15-20]. Introducing a second metal into
M@NC facilitates further modulation of the electronic/
geometric structure of single metal sites due to synergistic
bimetallic interplay and adjustable M—N, configuration. This
enhances the bonding strength between the active centers
and the oxo-intermediates leading to increased utilization
efficiency of the catalytic atoms [21-24]. Therefore, the
distribution and stabilization of highly unsaturated metal
centers become indispensable within a heteroatom-doped
carbonaceous matrix via metal-support interactions [25, 26].
Nonetheless, most M@NC catalysts, formed through the co-
pyrolysis of metal, carbon, and nitrogen precursors, such as
the metal-organic-framework (MOF) precursors, may suf-
fer from insufficient tuning of the morphology homogeneity
and the local structure surrounding the reactive sites, par-
ticularly when bimetals are concurrently incorporated [23,
27, 28]. To achieve balanced adsorption of intermediates
over competitive OER/ORR sites along respective reaction
paths, it is profoundly significant to increase the active-site
density (metal loading of >3 wt%) and precisely regulate the
local chemical environment of the bimetal active sites in the
bifunctional catalysts [29].

Preferably, arrays of N-doped carbon nanotubes (NCNTs)
have exhibited impressive attributes for constructing effi-
cient M@NCNTs catalysts, benefiting from directional
channels that facilitate electron and ion transport [30].
However, the hydrophobic nature of typical NCNTSs and the
random distribution of metal nanoparticles (NPs) on their
surfaces may interfere with the entry of H,O/OH", oxygen
molecules, and other intermediates into the interior metal
active sites within the CNTs [31]. To achieve highly active
M@NCNTs catalysts, simple and universal synthesis of dual

metal sites at the target locations in dense, defect-rich CNTs
holds immense promise, though it is rarely reported [32]. In
addition to tailoring active species on the catalyst surface,
establishing stable and optimal gas (O,)-solid (catalyst)-lig-
uid (electrolyte) interfaces of the electrocatalysts is equally
important [33]. The complete OER/ORR process occurring
at the triphase zone is complex, involving interrelated key
steps of O,/electrolyte diffusion, multi-step electron transfer,
and surface reactions on the active sites [34]. Enhancing the
utilization efficiency of active sites and bifunctional oxygen
catalysis can be achieved by forming desirable triphase reac-
tion interfaces with moderate hydrophobicity/hydrophilicity
and effective contact area. Feng et al. recently discovered
that a porous carbon host with curved surfaces can effec-
tively engineer the local coordination microenvironment of
FeN, sites by modifying the Fe d-band centers, contributing
to superior ORR performance [35]. Accordingly, if metal
active sites are intentionally grown at the apex of highly-
curved NCNTs, the synergistic interactions of bimetal-N—C
moieties may energetically activate the reaction sites and
further optimize the correlated three-phase interfaces simul-
taneously [12]. Moreover, by mimicking the apical growth
mechanism of natural plants, such top-dominant active sites
have better access to O,/OH™ reactants for desirable oxygen
catalysis compared to lateral or bottom active sites in con-
ventional M@NCNTs-based catalysts.

In response to the aforementioned concerns, we have
developed self-supporting and integrated electrocatalysts
comprising tip-enriched NiFe nanoalloys encapsulated
within NCNT arrays (denoted as NiFe @CNTs). The well-
designed NiFe@CNTs were synthesized in situ using a
convenient wet-electrochemistry-mediated approach. Spe-
cifically, pre-rooted bimetallic NiFe nanoalloys served as
patterned templates and catalytic seeds for the apical growth
of NCNT nanoarrays, concomitantly wrapping the metal
NPs during the vapor deposition process. Leveraging the
advantages of a 3D interconnected conductive network,
porous heterostructure for mass transfer, and especially tip-
enriched bimetallic sites, NiFe@CNTs exhibited exceptional
bifunctional activities with a low overpotential of 220 mV
at 10 mA cm™ and a half-wave potential (E,,) of 0.82 V.
Both experimental and theoretical results unveiled the tip-
effect of the nanoalloys, strongly interacting with active
NCNTs to promote the electronic synergism of M—N,—C,
favoring appropriate reactant/intermediate adsorption and
balanced hydrophilicity for improved three-phase reaction
interfaces. The superiority of the NiFe@CNTs electrocata-
lyst was further illuminated as a binder-free air cathode in
both aqueous ZABs and solid-stated flexible ZABs, yield-
ing high specific capacities, impressive peak power density,
outstanding rate capabilities, and prominent cycling stability.
This work elucidates the enhanced utilization efficiency of
metal site-specific and integrated M—N-C electrocatalysts,
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providing an alternative strategy for designing multifunc-
tional heterogeneous catalysts for advanced/flexible energy
storage applications.

2 Results and Discussion
2.1 Morphology and Composition of Catalysts

The self-supported NiFe@CNTs catalyst was synthesized
via an in-situ route which combines facile electrodepo-
sition/etching with a catalytic vapor deposition process.
As illustrated in Fig. 1a, NiFeCu consisting of dense NP
aggregates were initially deposited onto carbon cloth
(CC) fibers by applying a voltage of —0.75 V at room
temperature (Fig. S1, Fig. S2a, b). Subsequently, apply-
ing a reverse voltage of +0.3 V selectively etched/oxi-
dized metallic Cu to Cu?*, which dissolved to generate
NiFe, as confirmed by the prominent diffraction peaks
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corresponding to the (1 1 1), (2 0 0), and (2 2 0) planes
of NiFe alloys (JCPDs No. 47-1417, Fig. S3). Scanning
electron microscope (SEM) images of NiFe in Fig. 1b
reveal its ordered porous structure of hollow nanoflowers
after electroetching. Ultimately, the uniformly rooted NiFe
nanoalloys act as a patterned template and available seeds
to actively catalyze the upward growth of CNTs through
typical vapor-liquid-solid (V-L-S) deposition, using
dicyandiamide (DCD) as the carbon/nitrogen source [36].
As shown in Fig. 1c, the obtained NiFe @CNTs possess
neat and vertically aligned nanoarrays with top-concen-
trated bright metal NPs (as indicated by the red dashed
circles). X-ray diffraction (XRD) patterns of NiFe @CNTs
exhibit a strong graphitic-carbon peak located near 26°,
along with weakened peaks of NiFe alloy as compared
to NiFe (Fig. S3), implying the encapsulation of NiFe
nanoalloys by carbon layers. The loading of nickel and
iron in CC-supported NiFe@CNTs is determined to be
3.83 wt% and 0.73 wt% according to inductively coupled
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Fig. 1 a Scheme for the synthesis of self-supported NiFe@CNTs. SEM image of b NiFe. ¢ NiFe@CNTs. d—f HR-TEM images of NiFe@CNTs.
g EDS elemental mapping images of NiFe @CNTs. High-resolution XPS spectra for NiFe, Ni@CNTs and NiFe@CNTs. h Ni 2p. i Fe 2p
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plasma optical emission spectrometer (ICP-OES) tests
(Table S1). Through such a wet-electrochemistry-regulated
synthetic approach, the produced monolithic NiFe@CNTs
catalysts are significantly robust with excellent mechani-
cal bendability and superior electrical conductivity due to
seamlessly bonded nanoarrays catalysts with a 3D porous
CC substrate (Fig. S4a-d).

High-resolution transmission electron microscopy (HR-
TEM) images of NiFe@CNTs reveal the bamboo-shaped
CNTs with a radial size of 50-100 nm, wherein the top
domain of curved carbon layers tightly encases spherical
NPs (Fig. 1d, e). The lattice spacings of 0.127 nm, 0.180 nm,
and 0.208 nm of the internal NPs correspond to the (2 2 0),
(200), and (1 1 1) crystalline planes of the alloyed NiFe
phase in NiFe@CNTs (Fig. 1f) [37]. Figure 1g shows the
energy disperse spectroscopy (EDS) elemental maps of
NiFe@CNTs, where C and N elements are uniformly spread
in the entire CNT matrix, while Ni, Fe, and O elements are
interspersed within the top region of N-doped CNT. Relevant
quantitative analysis demonstrates that the mass fraction
ratio of Ni: Fe is 3.67:1, approximating the aforementioned
ICP result (Fig. S5a, b, Table S2). These results further vali-
date the construction of structurally ordered N-doped CNTs
with tip-enriched and encapsulated NiFe nanoalloys. This
unique structure of NiFe@CNTs is primarily attributed to
the electrodeposited NiFe nanoalloys with small particle
size, patterned nanopores, and suitable bimetal composition,
essential for catalyzing the closed-end tip growth of N-doped
CNTs by spontaneously incorporating the metallic NPs
within the tip through excessive segregation/precipitation of
carbon vapor and dynamic reconstruction of the nanotube tip
[38]. For comparison, both NiFe-N@CNTs (Fig. S6a, Fig.
S7, synthesized with directly electrodeposited NiFe alloys
on CC without electroetching to form a porous structure)
and Ni@CNTs (synthesized without Fe inclusion) (Fig. S8a,
b) demonstrate random orientation of CNTs and multiple
distribution of partial metal NPs inside the nanotubes rather
than completely tip-enriched. By varying the precursor salt
bath, electrodeposition voltage, and etching potentials, other
self-supported catalysts of monometal (Ni) or bimetallic
alloy (NiCo, NiMn, and NiCu) embedded CNTs can also
be achieved, though further material optimization is still
underway (Experimental section, Fig. S8-S12). The Raman
spectrum of NiFe @CNTs reflects the characteristic D band
(1376 cm™!), G band (1585 cm™"), and the broad 2D band
(2870 cm™') from the N-doped multi-walled CNTs with
few wrinkled graphene layers (Fig. S13) [7]. Compared to
Ni@CNTs (0.93), the higher I;y/I ratio of 1.03 and the red
shift in the 2D band of NiFe @ CNTs imply more disordered
edge defects and a higher degree of structural defects in the
carbon lattices, thus exhibiting better electroactivity toward
oxygen catalysis with the introduction of Fe [39, 40]. In
light of its simplicity, versatility, and scale-up capability, this

wet-electrochemistry-assisted synthetic strategy is suitable
for building high-quality, self-supporting transition metal/
alloy@CNTs catalysts.

X-ray photoelectron spectroscopy (XPS) was performed
to further analyze the catalyst surface and chemical states.
A full-scan spectrum of the corresponding catalyst confirms
the presence of all the expected elements (Fig. S14a-c). The
N 1s spectra of Ni@CNTs and NiFe@CNTs exhibit four
peaks attributed to pyridinic-nitrogen (398.20 eV), graphitic-
nitrogen (400.93 eV), NO, (404.00 eV), and metal-nitrogen
(M-N,, 398.97 eV), respectively. (Fig. S14d). The addition
of Fe is observed to increase the pyridinic-nitrogen content
from 20.8% for Ni@CNTs to 27.8% for NiFe@CNTs, and
the M—N, content increased from 39.8 to 45.9%, correspond-
ingly. Generally, pyridinic-nitrogen assists in anchoring
metal sites and forming thermodynamically stable M—N,
bonds, often serving as active sites during ORR [23]. In the
Ni 2p spectra, the three sets of featured peaks correspond to
the metallic Ni® (853.00 eV, 871.41 eV), Ni** (855.35 eV,
873.35 eV), and Ni** (856.92 eV, 875.33 eV), respectively
(Fig. 1h). Compared to NiFe, the average valence states of
nickel in Ni@CNTs and NiFe @CNTs are decreased due to
an increased content of Ni° and Ni?*, along with decreased
Ni** species. Three pairs of distinct peaks in the Fe 2p spec-
tra are attributed to the Fe® (706.20 eV, 721.70 eV), Fe>*
(711.39 eV, 724.64 eV), and Fe’* (714.18 eV, 727.65 eV),
separately (Fig. 1i). NiFe@CNTs exhibit a higher content of
Fe?" as compared to NiFe. Notably, the nickel (Ni**, Ni**)
and iron (Fe**, Fe*™) peaks with higher oxidation states pos-
itively shift towards lower binding energies. This may be
associated with the charge transfer from the N-doped CNT
matrix to NiFe alloy through strong M-N, interactions [41,
42). Furthermore, both Ni** and Ni** in NiFe @CNTs shift
by approximately 0.1 eV to higher binding energy compared
with Ni@CNTs. This implies electron transfer from Ni to
Fe, enhancing synergistic electronic interactions within
the bimetallic NiFe alloys, thereby effectively regulating
the electronic states of single-metal atomic sites towards
improved OER and ORR performance [43, 44].

Figure 2a shows the electron paramagnetic resonance
(EPR) spectra of NiFe@CNTs and Ni@CNTs under a low
temperature of 77 K. The intensity of Lorentz lines is posi-
tively correlated with the number of unpaired electrons.
NiFe@CNTs exhibit a stronger signal than Ni@CNTs, sug-
gesting that NiFe@CNTs contain more unpaired electrons
and a distinctly coordination-unsaturated local environment
[45, 46]. Furthermore, we simulated the local electronic
states of NiFe@CNTs to gain an in-depth understanding of
the charge transfer between the components. The electron-
transfer behavior is elucidated by the first principles differ-
ential charge calculation, where the yellow (red) and cyan
(blue) pieces represent the electron-accumulation and elec-
tron-deficient regions, respectively. As shown in Fig. 2b—d,
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Fig.2 a Low-temperature EPR spectra of NiFe@CNTs and Ni@
CNTs. b—d 3D electron density difference of NiFe-NC in NiFe@
CNTs (The yellow color represents the electron- accumulation area
while the blue color represents the electron-deficient area. The balls

the 3D charge-density difference reveals the charge transfer
from the NiFe alloys to the N-doped carbon, accumulating
at the electronegative nitrogen over the carbon layer surface.
Previous studies indicate that such electron-rich N-doped
carbon surfaces are advantageous for catalytic performance
[47, 48]. Figure 2e and f displays the corresponding 2D slice
of the charge-density distribution for NiFe-NC in NiFe@
CNTs. Due to the electronegativity difference between
the metals and nitrogen atoms, frequent electron exchange
occurs between NiFe and the N-doped CNTs. This result
is reasonable as delocalized & electrons surrounding the
highly curved CNT tips could easily transfer and alter the
d-band center of the closely contacted metal species, ulti-
mately modulating the surface electronic structure of the tip-
enriched NiFe alloys@CNTs for increased electrochemical
reactivity [38].

2.2 Electrochemical Performance of Bifunctional
Oxygen Electrodes

A typical three-electrode system was employed to assess

the electrochemical activities of catalysts towards bifunc-
tional oxygen catalysis. The as-obtained self-supported
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with brown, white, green, and orange are C, N, Ni and Fe, respec-
tively). e, f Isosurface of differential charge density: 2D slices of
charge density distribution

catalysts directly served as the working electrode with-
out any additional current collectors or additives. Unless
otherwise stated, the standard hydrogen electrode (RHE)
potential was used for the reference potentials mentioned.
As shown in Fig. 3a, NiFe@CNTs exhibit a remark-
ably low overpotential of 220 mV at a current density of
10 mA cm™ (Ej=1p=1.45 V), significantly smaller than that
of RuO, (280 mV), NiFe (260 mV), Ni@CNTs (225 mV),
and the CNTs counterpart (290 mV), which was prepared
by post acid-etching of NiFe@CNTs to remove the metal-
lic components, respectively. Additionally, NiFe@CNTs
demonstrate a low overpotential of 395 mV to achieve a
high current density of 100 mA cm™2. The superior OER
kinetics on the surface of NiFe@CNTs is further evidenced
by its low Tafel slope (93.1 mV dec™!), lower than that of
RuO, (165.4 mV dec™!), NiFe (193.1 mV dec™"), Ni@CNTs
(326.0 mV dec™!), and CNTs (183.6 mV dec™)), respectively
(Fig. 3b). Accordingly, the derived electrochemically active
surface area (ECSA) of NiFe@CNTs (86.20 mF cm™?) dis-
tinctly surpasses that of NiFe-N@CNTs (75.52 mF cm™2),
and is several times higher than that of Ni@CNTs
(21.75 mF c¢cm~2) and NiFe (6.45 mF cm~?) (Fig. S15a-
e). The increased ECSA of NiFe@CNTs is synergistically
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contributed by three factors. Firstly, tip-enriched bimetallic
alloys in ordered CNTs can provide more accessible active
sites. Secondly, bamboo-like CNT arrays being rooted
on porous and 3D conductive CC substrate are conferred
with high specific surface area, and shortened pathways for
directed electron transfer and ion diffusion, thus facilitating
the exposure of active sites [30]. Thirdly, the involvement
of suitable Fe favors the bimetallic effect, between Ni and
Fe species, leading to easier electronic interactions between
the metal sites and the N-doped carbon possessing abundant
edge defects for improved electroactivity [16]. To evaluate
the long-term OER stability, NiFe@CNTs were tested under
a high current density of 100 mA cm™ and it maintained at
a potential of 1.67 V after 20 h (Fig. 3c). In contrast, the
RuO, electrode exhibited an obvious decay tendency dur-
ing the first 5 h. Nyquist plots of NiFe @CNTs also indicate
increased OER electroactivity with extremely low interfacial
charge-transfer resistance compared to other electrodes (Fig.
S16a).

The ORR electrocatalytic activity of the catalysts was
measured in an oxygen-saturated 0.1 M KOH solution. Fig-
ure 3d presents the LSV curves of the electrodes for ORR.
NiFe@CNTs exhibit an onset potential of 0.95 V, outper-
forming NiFe, Ni@CNTs, CNTs, and Pt/C, respectively.
Additionally, NiFe@CNTs achieved an impressive half-
wave potential (E,,) of 0.82 V and an acceptable ultimate
diffusion current density, close to the Pt/C benchmark. The
electrochemical impedance spectroscopy (EIS) curve of

Log current density (mA cm)

Time (h)

KOH. e ORR Tafel plots. f Chronoamperometric measurements of
NiFe@CNTs and Pt/C at constant potential (0.5 V vs. RHE)

NiFe @CNTs further indicates its favorable charge-transfer
resistance at the electrode/electrolyte interface (Fig. S16b),
shedding light on the comparable intrinsic catalytic activity
to the Pt/C counterpart. Figure 3e shows that NiFe@CNTs
have a Tafel slope of 93.7 mV dec™!, which is lower than the
other contrast electrodes, reflecting the accelerated interfa-
cial kinetics of NiFe @CNTs toward the ORR process. When
operating at a constant potential of 0.5 V, NiFe@CNTs can
maintain its electroactivity well with higher current reten-
tion of 93.3% than that of Pt/C (77.1%) after 10 h (Fig. 3f).
Compared to recently reported high-efficiency bifunctional
oxygen catalysts based on bimetal hybrids, our self-sup-
ported NiFe@CNTs catalyst still stands out with prominent
OER/ORR bifunctionality (Table S3). Particularly, we have
investigated the morphology and composition variation of
the self-supported electrocatalyst after prolonged OER/ORR
processes. SEM images of NiFe@CNTs reveal the inevi-
table carbon corrosion/oxidation of several highly active
CNTs and particle coarsening over the catalyst surfaces dur-
ing high-voltage reaction conditions, along with increased
exposure of the active sites from the bimetallic nanoalloys,
though the pristine nanostructure of NPs-embedded CNTs
can be roughly sustained (Fig. S17a, b). This phenome-
non can be further inferred by the significantly decreased
strength of the carbon peak accompanied by more pro-
nounced characteristic peaks of the NiFe alloys for NiFe@
CNTs after OER and ORR tests (Fig. S18). Nevertheless, the
fundamental chemical composition of NiFe @ CNTs was well
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preserved to demonstrate its exceptional operational stability
upon continuous oxygen catalysis. Additionally, the OER/
ORR performance of the set of similarly-prepared catalysts,
i.e., NI@CNTs, NiCo@CNTs, NiMn@CNTs, and NiCu@
CNTs, were studied without further optimization (Fig. S19a,
b). Preliminary results show that NiIMn@CNTs exhibited
low OER overpotentials while NiCo@CNTs obtained con-
siderable ORR activity.

Density functional theory (DFT) computations were
employed to interpret the catalytic kinetics of Ni@CNTs
and NiFe @CNTs. Ideally, the OER/ORR process follows a
four-electron transfer reaction pathway [10, 49]. The afore-
mentioned results hint at the key role of the NiFe alloy in
the improved bifunctional catalytic process. To clarify the
contribution of exact active sites in the hybrid catalyst, four
local configuration models of NiFe@CNTs were rationally
established and optimized (Fig. S20a-c). Specifically, NiFe-
NC (NiFe) represents the bimetallic NiFe active sites bridg-
ing with the edges of N-doped CNTs (Fig. 4a), NiFe-NC
(NC) describes the active sites of N-doped carbon bridging
the top NiFe alloys (Fig. 4b), Ni-Fe represents the isolated
NiFe clusters serving as active sites near the top CNTs
(Fig. 4c), and N-C (C) is the N-doped CNT sites that don't
interact with metals (Fig. 4d). For comparison, Ni-NC (Ni),
Ni-NC (NC), and Ni sites without Fe participation were also
discussed (Fig. S21a-c). Figure 4e demonstrates the calcu-
lated free energy diagrams of diverse oxo-intermediates
(OH*, O*, and OOH*) adsorbed on the surface of different
active sites for OER [47]. The conversion between OOH*
and O, is the rate-determining step (RDS) for NiFe-NC
(NiFe), Ni-NC (Ni), Ni-Fe, and Ni, with an energy bar-
rier of 0.52 eV, 0.62 eV, 0.44 eV, and 0.82 eV, respectively.
However, as for NiFe-NC (NC), Ni-NC (NC), and N-C
(C), the conversion between O* and OOH* became the
RDS due to the unique surface structure and modulation of
N-doped CNTs [50]. OER and ORR are chemically inverse
reactions [51, 52]. During the ORR pathway in Fig. 4f, the
free energy of the rate-determining step (RDS) exhibits an
increasing order as follows: NiFe-NC (NC) (0.11 eV) <Ni
(0.36 eV) <NiFe-NC (NiFe) (0.44 eV) <Ni-NC (NC)
(0.52 eV) <Ni—Fe (0.57 eV) <Ni—-NC (Ni) (0.65 eV) <N-C
(NC) (0.67 eV). (Fig. S20-23 Table S4, 5). These results
prove the positive effect of Fe incorporation to fulfill bime-
tallic synergistic interaction and remarkably reduce energy
barriers for NiFe@CNTs, which benefits optimized adsorp-
tion of intermediates by the diatomic active sites, acceler-
ating the OER/ORR kinetics [16]. Figure 4g summarizes
the free energy profiles of the four different catalytic sites
in NiFe@CNTs. Under the alkaline condition of 1.23 V,
the adsorption/desorption of intermediates on the surface
of NiFe-NC (NC) is more thermodynamically favorable
by lowered energy barriers, thus dominantly contributing
to improved OER/ORR kinetics. This finding accords well
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with the latest research indicating that porous carbon sup-
port with highly curved surfaces can efficiently tune the
local coordination environment and electronic structure of
the metal sites for appropriate adsorption of O-containing
intermediates [35]. Synergistically, NiFe-NC (NiFe), Ni—Fe,
and N-C (C) can also enable more exposed active sites for
intermediates binding, giving rise to dramatically enhanced
intrinsic activities of the integrated NiFe@CNTs catalyst.

2.3 Electrochemical Performance of Aqueous ZABs

Contact angle (CA) tests were conducted on the catalysts.
NiFe exhibits high hydrophobicity with a CA of 134° due
to the poor affinity between the nonpolar metallic nanoal-
loys and the polar water molecules (Fig. S24a-c). After the
formation of NiFe@CNTs, the catalyst surfaces become
extremely hydrophilic with a CA of 50°, facilitating the pen-
etration of the alkaline electrolyte. Interestingly, we etched
the NiFe NPs on the top of NiFe@CNTs by acid treatment
and found that the post-treated CNTs showed hydropho-
bic surfaces with poor infiltration ability of OH™ and H,O
species. This indicates that tip-enriched NiFe NPs signifi-
cantly regulate the hydrophilic-phobic microenvironment at
the catalyst/electrolyte interfaces through the unique pore
structure and surface reconstruction of the highly curved
CNTs matrix by interacting with metal-N species [30, 35,
53, 54]. Furthermore, molecular dynamics (MD) simula-
tions were employed to study the diffusion distribution of
oxygen and water molecules over the NiFe @CNTs catalyst
surfaces. Two optimized structural models of tip-enriched
NiFe@CNTs and middle-dispersed NiFe @ CNTs were ana-
lyzed under actual battery reaction conditions, using 6 M
KOH as the electrolyte and applying an external potential of
1.5 V to the environment. Figure 5a and b depicts the time-
dependent distribution of H,O/OH™ and O, over the two
catalyst models. From 0 to 10 ns, most of the O, molecules
gradually penetrated the CNTs and stayed between the metal
alloys, while most of the H,O/OH™ species tended to gather
and distribute on the top of CNTs. For tip-enriched NiFe @
CNTs, a small amount of H,O/OH™ could permeate into
and further stay near the top of CNTs due to the hydrophi-
licity of NiFe@CNTs. The statistical distributions of H,O
and O, are shown in Fig. 5c. Both H,0 and O, species were
concentrated at 0.7-1.0 along the Z axis, i.e., close to the
apical NiFe alloys of tip-enriched NiFe@CNTs. In contrast,
for middle-dispersed NiFe @CNTs, H,0 was concentrated at
0.7-0.9 along the Z axis (near the top CNTs), while O, was
concentrated at 0.4-0.6 along the Z axis (near the middle
NiFe alloys). These results unveil that tip-enriched bimetal-
lic nanoalloys optimize the local gas/liquid environment of
NiFe @CNTs, favoring accelerated diffusion/adsorption of
the OH™/O, reactants within a more balanced three-phase
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Fig.5 Molecular dynamics simulation of O, and H,O diffusion
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aqueous ZAB based on a self-supporting NiFe@CNTs air cathode.

(catalyst-electrolyte-oxygen) reaction microinterfaces for
boosted oxygen catalytic kinetics.

The actual bifunctional oxygen catalytic activities of
NiFe@CNTs were assessed in aqueous ZABs. The struc-
tural diagram of an alkaline rechargeable ZAB is depicted
in Fig. 5d, where the self-supported NiFe @CNTs catalyst
serves as the air cathode, and a polished zinc sheet func-
tions as the anode. For comparison, ZABs based on com-
mercial Pt/C +RuO, catalysts were also investigated. Due
to the excellent OER/ORR activities of the bifunctional
cathode, the NiFe@CNTs battery displays significantly
reduced charge/discharge overpotentials compared to the
Pt/C +RuO, counterpart under all current densities (Fig. 5e).

@ Springer

e Charge/discharge polarization curves. f Discharge curves of differ-
ent ZABs at various current densities (5, 10, 20, and 30 mA cm‘z). g
Constant current discharge capacity curves of ZABs at 20 mA cm™2.
h Long-term cyclic stability of NiFe@CNTs and Pt/C+RuO, ZABs
at 10 mA cm™2. Inset: the enlarged charge/discharge voltage profiles
for the 508th cycle

The NiFe@CNTs battery achieves a high open-circuit
voltage (V,.) of up to 1.53 V and a peak power density of
109 mW cm™2, outperforming the Pt/C + RuO, battery,
which shows a V. of 1.48 V and a peak power density of
93 mW cm~2 (Fig. S25a, b). Figure 5f illustrates the volt-
age plateaus of ZABs at various discharge currents of 5, 10,
20, and 30 mA cm™2, respectively. NiFe@CNTs maintains a
high voltage plateau with a slower voltage loss rate than that
of Pt/C+ RuO, as the discharge current gradually increases,
demonstrating impressive rate capability even under a high
current density of 30 mA cm™2. Additionally, the discharge
voltage recovers well when the current density is reversed
back to 5 mA cm™. At a current density of 20 mA ¢cm™2,
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the specific discharge capacity of the NiFe@CNTs bat-
tery is 800 mAh g=! (normalized to the mass of consumed
zinc), higher than that of the Pt/C +RuO,-based battery
(768 mAh g~!), and the former exhibits a high gravimetric
energy output of 936 Wh kg, ! (Fig. 5g).

As shown in Fig. 5h, after 520 h cycling (1581 charge/
discharge cycles) at 10 mA cm™2, the NiFe@CNTs battery
exhibits outstanding cyclic stability, maintaining a charge/
discharge voltage difference (AE) of just 0.77 V at the 508th
cycle (corresponds to a round-trip efficiency of 60%). This
performance significantly outperforms the Pt/C +RuO, bat-
tery, which exhibited noticeable performance degradation
with increasing charge voltages and decreasing discharge
voltages even within the first 100 h. The excellent cycling
performance of the NiFe @CNTs battery was further con-
firmed by charging/discharging at 20 mA cm™2, achieving
low charge/discharge gaps and round-trip efficiencies of
54 ~56% over 425 h/1065 cycles (Fig. S26). The battery per-
formance of NiFe@CNTs-based ZABs was also compared
with recently reported analogs (Table S6), confirming the
superior bifunctional oxygen activities and practical poten-
tial of NiFe@CNTs for enhanced ZABs. The morphology
and composition evolution of the NiFe@CNTs cathode after
extended battery cycling (80 h/200 cycles) at 20 mA cm™>
were further investigated. According to the morphological
and compositional characterizations after cycling, the origi-
nal nanoarray structure and basic chemical composition of
NiFe-embedded CNTs can be recognized and maintained
(Fig. S27 a-c, Fig. S28a, b). However, the cathode surface
showed noticeable coverage by rough discharge products,
likely amorphous ZnO deposits inevitably resulting from
constrained oxygen catalytic reactions during continuous
battery charge/discharge processes [4]. Moreover, initial
Ni® species were completely depleted, accompanied by
a significant increase in the ratio of Fe*™ and dominant
M-H,0/M-OH peaks in the cycled NiFe@CNTs cathode
(Fig. S29a-f). These changes are associated with the forma-
tion of high-valent metal hydroxide intermediates during
prolonged OER/ORR processes [55]. Moreover, tip-embed-
ded NiFe bimetals in N-doped CNTs can be well preserved
after battery cycling (Fig. S30a-e), further confirming the
superior mechanical and electrochemical tolerance of the
cathode catalyst.

2.4 Performance of All-Solid-State Flexible ZABs

To examine the practical applicability of self-supporting cata-
lysts for flexible/wearable batteries [56, 57], the as-prepared
NiFe@CNTs cathode was directly integrated into flexible
ZABs by using quasi-solid-state gel electrolyte, as schemati-
cally presented in Fig. 6a. The thin solid-state battery exhib-
ited a V. of 1.52 V, and an encouraging peak power density
of 108 mW cm™2, outperforming the Pt/C +RuO, battery

(Fig. 6b, c). At a discharge current of 5 mA cm~2, the NiFe @
CNTs-based flexible ZAB achieved a specific capacity of
829 mAh g, ~! (gravimetric energy density: 1003 Whkg, "),
while maintaining a specific capacity of 769 mAh g, ™' can
still be gained at an increased current of 20 mA cm~ (Fig.
S31a). As depicted in Fig. 6d, the NiFe @CNTs-based bat-
tery exhibited a small charge—discharge voltage gap of 0.77 V
at a constant current of 2 mA cm~2 and remained stable
over 24-h cycling, whereas the battery utilizing commercial
Pt/C+RuO, catalysts only lasted for 16 h. Upon increasing the
current density from 5 to 50 mA cm™2, the discharge voltage
plateau decreased from 1.27 to 1.08 V, but smoothly returned
to 1.27 V as the current reverted to 5 mA cm™> (Fig. S31b),
showing high energy output, exceptional rate capabilities, and
reversible durability of our flexible battery (Table S6).

With delight, we further evaluated the superior electro-
chemical performance of solid-state flexible ZABs under var-
ied device connections to meet integrated application require-
ments. As shown in Fig. 6e, when two flexible batteries are
connected in parallel, the charge/discharge gap equals that of
an individual battery and is nearly half of that of two batteries
connected in series, aligning well with the expected resistances
for flexible batteries through different connections (Fig. S32).
Therefore, NiFe @CNTs-based flexible ZABs can achieve any
desired voltage/energy output by connecting them in series
or parallel (Fig. S33a-c). Despite being subjected to various
external stresses, the flexible ZAB can still withstand mechani-
cal deformation and operate stably, as evidenced by the largely
unaffected charge/discharge profiles at different bending angles
(0°,90°, 120°, 180°) under 2 mA cm™2 (Fig. 6f). Furthermore,
the discharge performance of the flexible battery remains
consistent after uninterrupted bending cycles at a 90° angle
(Fig. 6g). Even after 1000 cycles of bending, the discharge
plateau only decays by 30 mV compared to the initial voltage,
showcasing the remarkable mechanical flexibility and high
bending strength of the flexible ZABs. Figure 6h demonstrates
the practical potential of our flexible ZABs as miniaturized or
portable power supplies for various applications (Video S1).
Encouragingly, three combined flexible ZABs can steadily
charge a smartphone, while two batteries connected in series
can illuminate and continuously power a homemade LED
board comprising 45 commercial LEDs under diverse bend-
ing conditions. All the above results signify the high specific
power/energy density, superior cyclic stability, and impressive
mechanical performance of NiFe @ CNTs-based ZABs for flex-
ible/wearable energy storage.

3 Conclusions
In summary, we propose tip-enriched NiFe nanoalloys

encapsulated in N-doped CNT arrays as binder-free
bifunctional oxygen catalysts. Utilizing a straightforward
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Fig.6 Performances of solid-state flexible ZABs. a Schematic dia-
gram of a solid-state flexible rechargeable ZAB based on NiFe@
CNTs air cathode. b Open circuit potentials; the plug-in illustration
displays the stable voltage provided by the NiFe@CNTs-based flex-
ible ZAB. ¢ Discharge polarization curves and the corresponding
power density curves. d Charge/discharge cyclic curves at a constant
current density of 2 mA cm™~2 e Charging and discharging curves of

wet-electrochemistry mediated synthetic approach, we
fabricate well-constructed NiFe @CNTs with a 3D porous
heterostructure and good electrical conductivity guaran-
tee, ensuring efficient electrolyte infiltration and charge
transport for enhanced oxygen catalysis on the catalyst
surface. Crucially, both experimental and DFT calcula-
tions elucidate that dispersed NiFe nanoalloys with a
synergistic bimetallic effect enrich the accessible active
sites at the top of CNTs, thereby modulating the elec-
tronic interaction between the M—N, moieties and the
defect-rich CNT matrix to reduce the energy barrier of
intermediates adsorption and promote redox kinetics. MD
simulation results further reveal that NiFe @ CNTs possess
more balanced triphase interfaces, facilitating favorable
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two flexible ZABs in series and in parallel combinations, respectively.
f Charge and discharge curves of the flexible battery at different bend-
ing angles. g The voltage curves of flexible ZAB bent at 90° and
recovered for different numbers of cycles (250, 500, 1000 cycles). h
Flexible ZABs charge a mobile phone (left) and drive the LED screen
under different bent conditions

O, diffusion and H,O/OH™ permeation. These advan-
tages synergistically contribute to the superior bifunc-
tionality of NiFe@CNTs, leading to remarkably lowered
OER and ORR overpotentials. As a result, rechargeable
aqueous ZABs based on NiFe@CNTs cathodes achieve
high gravimetric energy, long cycling life, and high rate
capability. Furthermore, monolithic NiFe@CNTs demon-
strate impressive electrochemical performance and superb
mechanical flexibility. Making them highly suitable for
high-performance solid-stated ZABs. This study provides
a convenient and scalable approach to constructing effi-
cient and binder-free M—N-C catalysts for multifunctional
catalysis and flexible/wearable batteries.
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