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A B S T R A C T   

A structural engineering strategy is proposed to fabricate trifunctional electrocatalysts supported by carbon 
cloth, composed of NiFe-LDH nanosheets aligned on Co-embedded N-doped carbon triangle plates with inter-
woven carbon nanotubes (Co@NC-CNTs@NiFe-LDH), which is employed as a freestanding electrode for both 
flexible Zn-air batteries and self-powered water splitting. This unique 3D hierarchical structure and the strong 
interfacial coupling between the NiFe-LDH and Co@NC-CNTs facilitate the transport of oxygen species as well as 
electrons and achieve synergy between the integrated nano-scaled structures with different functional compo-
nents. As expected, a large peak power density of 194 mW cm− 2 and outstanding durability for 760 h are ob-
tained in the as-assembled rechargeable Zn-air battery. The resultant water splitting device acquires a cell 
voltage of 1.66 V at 10 mA cm− 2 and the as-assembled Zn-air battery has been successfully employed in a self- 
power water splitting system, demonstrating a great potential prospect for practical renewable energy 
applications.   

1. Introduction 

The demand for traditional fossil fuels has stimulated rising interest 
in environment friendly storage and conversion of renewable energy 
[1,2]. Rechargeable metal-air batteries, fuel cells and electrochemical 
water splitting are promising clean and renewable energy conversion 
and storage technologies that have attracted wide attention [3,4]. 
Nevertheless, the sluggish kinetics and large overpotential problem in 
the electrochemical oxygen reduction reaction (ORR), oxygen evolution 
reaction (OER), and hydrogen evolution reaction (HER) largely impede 
the achievement of high energy efficiency and output power in a variety 
of relevant applications [5,6]. Pt-based compounds have been serving as 
benchmark catalysts for ORR and HER, whereas OER electrocatalysts are 
mainly focused on Ir/Ru-based materials [7,8]. However, the problems 
such as high price, resource scarcity and poor stability with these 

precious metals seriously limit their actual applications in industry. 
Moreover, catalysts consisting of a single kind of precious metal usually 
fail to offer multifunctional activity of ORR, OER and HER [9,10]. 
Therefore, developing non-precious alternatives with multifunctional 
performances for all these electrocatalytic reactions are urgently desired 
for the commercialization of these green energy systems. 

To date, many researchers have concentrated on developing multi-
functional catalysts towards electrocatalytic ORR, OER and HER by 
means of combining diverse functional components [11,12]. For 
example, Gu et al. provided a trifunctional catalyst made of Mo2C 
nanosheets grown on Co-embedded N-doped carbon polyhedron 
(Co@NC), which exhibited the favorable trifunctional activity of ORR, 
OER and HER due to the synergy between the Mo2C nanosheets and 
Co@NC [13]. The heterogeneous materials can fuse the advantages of 
different active components and endow the composite catalysts with 
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interfacial functionality [14]. However, the understanding of the 
interaction of multiple active sites in the ORR, OER and HER process is 
still ambiguous in many aspects. Especially, different components of 
functional catalysts may shield each other and sometimes even cause 
negative performance interference, making it more difficult to realize 
reasonable integration of high-performance composite electrocatalysts 
[15]. Therefore, it is of great significance to clarify the catalytic mech-
anism of multi-component materials and establish the rational design 
principles of advanced trifunctional catalysts. 

In recent years, zeolitic imidazolate frameworks (ZIFs) have been 
widely used as ideal precursors to pyrolyze into composites on account 
of the existence of abundant metal and nitrogen species. The ZIF-derived 
materials commonly contain N-doped porous carbon and metal nano-
particles with rich ORR and HER sites, but these properties need to be 
further improved to satisfy the requirement of rechargeable Zn-air bat-
tery and electrolyzed water splitting [16,17]. At the same time, NiFe 
layered double hydroxide (NiFe-LDH) is generally regarded as excellent 
OER catalyst, but insufficient HER/ORR activities, poor stability and low 
conductivity severely limit its application [18,19]. The core of rationally 
integrating various active components into a composite catalyst lies in 
how to adequately expose active sites to the electronic conduction and 
ion transport pathways [20,21]. In terms of electron conduction and ion 
transport, the electrocatalytic process involves the gain and loss of 
electrons by the reactants from the electrode and the transport of re-
actants between the catalyst surface and electrolyte solution [22]. The in 
situ constructed N-doped carbon nanotubes (CNTs) integrated with 
porous carbon skeleton to form a hierarchical structure, which is 
conducive to the electrolyte entering the internal space of the materials 
and maximizing the transmission of electrons and electrolyte during the 
electrocatalytic process [23]. Besides, the traditional methods employed 
to prepare electrodes usually require mixing of the electrocatalyst and 
the inactive binder and dispersing on the conductive substrate. This 
technique usually results in the partial loss of active sites and pores, 
which inevitably causes a drop in the battery capacity as well as an in-
crease in the overpotential [24,25]. In contrast, the fabrication of self- 
supported electrocatalysts would avoid the porosity and activity loss 
due to the multiple functions as catalytically active sites and a current 
collector simultaneously [26]. It is therefore very desirable for overall 
water splitting and Zn-air battery applications to prepare binder-free 
electrodes in a way that the active sites can be arranged at specific lo-
cations and ensure sufficient exposure of the sites to electron conduction 
and ion transport pathways. 

As a proof-of-concept study, a structural engineering strategy is 
proposed to synthesize an efficient trifunctional electrocatalyst on the 
flexible carbon cloth (CC) support as free-standing air electrodes for 
high-power-density flexible Zn-air batteries and self-powered water 
splitting, which is composed of NiFe-LDH nanosheets on Co– embedded 
N-doped carbon triangular plates with interwoven carbon nanotubes 
(denoted as Co@NC-CNTs@NiFe-LDH). This composite with a unique 
hybrid hierarchical architecture was readily prepared by inducing py-
rolysis to generate Co@NC-CNTs and growing ultrathin NiFe-LDH 
nanosheets. The CNTs protruding from the Co@NC carbon triangle 
plate surface play a very important role in protecting ORR and HER 
active sites from being shielded by NiFe-LDH nanosheets and facilitating 
ion and electron transport during electrocatalytic processes. Meanwhile, 
NiFe-LDH grown on the three-dimensional (3D) conductive carbon 
substrate solves its own problems of poor electrical performance and 
self-aggregation, and provides abundant OER active sites. As expected, 
the Co@NC-CNTs@NiFe-LDH catalyst exhibits excellent electrocatalytic 
activities and great cycling stability towards ORR, OER and HER. The 
density functional theory (DFT) results show that the synergetic influ-
ence between the NiFe-LDH and the Co@NC-CNTs can effectively 
enhance the multifunctional electrocatalytic performances. Further-
more, the assembled rechargeable Zn-air battery using the Co@NC- 
CNTs@NiFe-LDH electrode delivers a large peak power density of 194 
mW cm− 2, high specific capacity of 786 mAh g− 1, and long-term cycling 

stability for 760 h at 10 mA cm− 2. Besides, water splitting devices with 
the electrocatalyst electrode exhibit a cell voltage of 1.66 V at 10 mA 
cm− 2, and a self-powered electrochemical water splitting system was 
also constructed to demonstrate the prospect of the multifunctional 
catalyst for practical applications. 

2. Experimental section 

2.1. Materials 

Carbon cloth (CC, WOS1002) was purchased from Taiwan CeTech. 
Cobalt nitrate hexahydrate (Co(NO3)2⋅6H2O), 2-methylimidazole (2- 
MIM), dicyandiamide, nickel nitrate hexahydrate (Ni(NO3)2⋅6H2O), 
ferric nitrate nonahydrate (Fe(NO3)3⋅9H2O) and urea were purchased 
from Sinopharm Chemical Reagent Co., Ltd. All reagents used in this 
study are analytical grade without further purification. 

2.2. Synthesis of ZIF-L-Co 

In a typical procedure, CC (3 cm × 4 cm) was hydrophilic pretreat-
ment with concentrated HNO3, rinsed with deionized (DI) water, and 
then ultrasonicated in ethanol and DI water several times. A specific 
amount of Co(NO3)2⋅6H2O (2 mmol, 582 mg) was dissolved into 
deionized water (40 mL) to achieve a pink solution and quickly poured 
into the 40 mL of aqueous solution of 2-MIM (16 mmol, 1.32 g). The 
mixture was sonicated for 5 min before a piece of pretreated CC was 
immersed into the mixture solution and kept still at room temperature 
for 4  h. Afterward, the ZIF-L-Co precursor was taken out and washed 
three times with DI water. 

2.3. Synthesis of Co@NC-CNTs 

The ZIF-L-Co precursor and 0.10 g of dicyandiamide were placed in 
separate ceramic boats and dicyandiamide was put on the upstream side 
of the tube furnace, which was annealed at 400 ◦C for 2 h and then 
heated at 750 ◦C for another 2 h in N2 atmosphere with a heating rate of 
2 ◦C min− 1, to obtain Co@NC-CNTs. 

2.4. Synthesis of Co@NC-CNTs@NiFe-LDH 

Briefly, the Co@NC-CNTs was immersed in an aqueous solution (36 
mL) containing Ni(NO3)2⋅6H2O (0.75 mmol, 212 mg), Fe(NO3)3⋅9H2O 
(0.25 mmol, 101 mg) and urea (5 mmol, 300 mg). Then, the mixture 
solution was transferred into a 50 mL Teflon-lined autoclave and treated 
at 120 ◦C for 3 h. The Co@NC-CNTs@NiFe-LDH was washed several 
times with DI water. To investigate the influence of deposition time, the 
sample was also prepared at different hydrothermal reaction times (1, 
12 h), which was labeled as Co@NC-CNTs@NiFe-LDH-1 and Co@NC- 
CNTs@NiFe-LDH-12. 

2.5. Synthesis of NiFe-LDH and Co@NC@NiFe-LDH 

For comparison, the similar hydrothermal reaction was employed to 
synthesize the pure NiFe-LDH on CC. The Co@NC@NiFe-LDH sample 
was obtained by the similar process as Co@NC-CNTs@NiFe-LDH, except 
without adding dicyandiamide during the pyrolysis treatment. 

2.6. Materials characterizations 

X-ray diffraction (XRD) patterns on Bruker D8 Advance diffractom-
eter with Cu-Kα radiation was used to verify the crystal structure of 
samples. The scanning electron microscopy (SEM) was carried out by 
employing Hitachi S-4800 scanning electron microanalyzer with an 
acceleration voltage of 15 kV. The transmission electron microscopy 
(TEM) and high-resolution TEM (HRTEM) and elemental mappings were 
acquired using a JEM-2100F field emission TEM at 200 kV. The X-ray 
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photoelectron spectroscopy (XPS) were made using ESCALab MKII X-ray 
photoelectron spectrometer with Mg Kα X-ray as the excitation source. 
The specific surface areas and corresponding pore size distributions 
were performed on nitrogen adsorption–desorption isotherms at 77 K 
with Micrometrics ASAP 2020. Raman spectra were conducted on a 
Renishaw in Via-Refles and 532 nm laser excitation with working dis-
tances on a 50 × lens. 

The supporting information contains details of electrochemical 
measurements, Zn-air batteries assembly, and DFT calculations. 

3. Results and discussion 

The fabrication strategy of the Co@NC-CNTs@NiFe-LDH trifunc-
tional electrocatalyst is schematically illustrated in Fig. 1a. Initially, the 
leaf-like ZIF-L-Co precursor was grown directly on a CC substrate via 
facile method of Co(NO3)2 with 2-methylimidazole (2-MIM) in aqueous 
solution. Examined by the SEM images (Fig. S1), the ZIF-L-Co triangle 
plate exhibits an average thickness of about 300 nm and an average 
length of several micrometers, and the XRD result reveals that all the 
diffraction peaks of ZIF-L-Co match well with the simulated ZIF-L-Co 

(Fig. S2) [27]. After being pyrolyzed in the presence of dicyandia-
mide, the arrays of Co@NC-CNTs carbon triangle plates can be yielded. 
During the pyrolysis process, the organic ligands in ZIF-L-Co are 
carbonized to form active carbon and N moieties at lower pyrolysis 
temperature, which was accompanied by the conversion of Co2+ into Co 
nanoparticles (NPs) and Co-Nx species. Subsequently, the coordination 
interaction between Co atoms and ammonia released by the decompo-
sition of dicyandiamide accelerated the volatilization of Co NPs, which 
further catalyzed the growth of CNTs [28,29]. The SEM images are 
displayed in Fig. 1b, c confirm that the as-obtained Co@NC-CNTs have a 
well-organized hierarchical structure. Particularly, a large number of 
one-dimensional CNTs are located on the surface of the well-structured 
carbon triangle plates, while two-dimensional carbon triangle plates are 
wrapped around CC to form a 3D network, which is expected to promote 
the absorption of electrolyte and release of gas bubbles [30,31]. As 
shown in Fig. S3, the XRD pattern of Co@NC-CNTs displays that the 
diffraction peak around 26◦ can be attributed to the diffraction from the 
carbon cloth substrate, and the rest peaks belong to metallic Co (JCPDS 
No.15-0806) [32]. 

The obtained Co@NC-CNTs were then employed as the scaffold for 

Fig. 1. (a) Schematic illustration of the formation of the Co@NC-CNTs@NiFe-LDH electrocatalyst. SEM images of the (b, c) Co@NC-CNTs and (d, e) Co@NC- 
CNTs@NiFe-LDH samples. 
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the hydrothermal growth of NiFe-LDH nanosheets on their surface, to 
obtain the Co@NC-CNTs@NiFe-LDH product with a hybrid hierarchical 
architecture. As revealed in Fig. 1d and e, the triangle-plate structure of 
the Co@NC-CNTs arrays is maintained after the dispersion of LDH 
nanosheets on the surface. The TEM image (Fig. 2a) further proves that 
hierarchical structure of Co@NC-CNTs@NiFe-LDH is composed of car-
bon matrix, NiFe-LDH and twisted CNTs. Meanwhile, the Co NPs (yellow 
circles) are evenly embedded in carbon matrix, located at the CNT ends. 
The HRTEM image (Fig. 2b) also displays that Co NPs are wrapped in the 
graphitized carbon layers. The distinct lattice fringes of 0.21 nm and 
0.36 nm are described as (111) plane of metallic Co and (002) plane of 
graphitic carbon, respectively. Moreover, Fig. 2c reveals that the NiFe- 
LDH nanosheets exhibit a fringe spacing of 0.26 nm (NiFe-LDH (204) 
plane), and are attached to the surface of the bamboo-like CNTs (white 
dashed lines), indicating the effective coupling with the conductive 
network [33]. The selected area electron diffraction (SAED) pattern 
shows the crystal structure of Co@NC-CNTs@NiFe-LDH, and the 
diffraction rings are consistent with the Co and NiFe-LDH crystalline 
characteristics (Fig. 2d). The elemental mapping results (Fig. 2e) further 
verify that Co, Fe, Ni, C, N and O elements are uniformly distributed 
throughout the Co@NC-CNTs@NiFe-LDH product, proving the homo-
geneous adherence of NiFe-LDH nanosheets on the entire triangle plate. 
For the aim of comparison, the pure NiFe-LDH nanosheets with the 
length of several hundred nanometers and thickness of 10–30 nm were 
grown directly on the carbon cloth (Fig. S4). In addition, the control 
sample Co@NC@NiFe-LDH was synthesized by anchoring NiFe-LDH 
nanosheets on the surface of Co@NC that was absent of CNTs (Fig. S5). 

The XRD pattern of as-obtained Co@NC-CNTs@NiFe-LDH sample 

(Fig. 3a) further displays the presence of the diffraction peaks of NiFe- 
LDH phase (JCPDS No.26–1286) except the peaks of graphitic carbon 
and metallic Co. The energy-dispersive spectroscopy (EDS) reveals that 
the Co@NC-CNTs@NiFe-LDH contains Co, Ni, Fe, N, C and O elements, 
with the atomic ratio of Ni to Fe of about 2.6: 1, which approaches the 
theoretical value of 3 (Fig. S6). The Raman spectra exhibit two distinct 
vibrational bands at 1340–1360 cm− 1 (D band) and 1590–1610 cm− 1 (G 
band), corresponding to the presence of disordered and graphite carbon, 
respectively (Fig. 3b) [34]. The intensity ratios of the D band to G band 
(ID/IG) for the Co@NC-CNTs and Co@NC-CNTs@NiFe-LDH are 1.01 and 
1.07, respectively, implying the enhanced structural disorder after the 
growth of NiFe-LDH [35]. As revealed by the obvious hysteresis loop in 
the N2 adsorption–desorption isotherm curves and pore size distribution 
(Fig. 3c and Fig. S7), the Co@NC-CNTs@NiFe-LDH exhibits a meso-
porous property with a calculated high Brunauer-Emmett-Teller (BET) 
surface area of 193.71 m2 g− 1, which is slightly higher than that of the 
Co@NC-CNTs catalyst (185.80 m2 g− 1). The larger BET surface area and 
mesoporous structural nature can provide a relatively large number of 
active sites to promote electrochemical reactions [36]. 

Surface chemical states and composition of Co@NC-CNTs@NiFe- 
LDH catalyst were also examined by XPS. The presence of Co, Fe, Ni, 
N, C and O elements in Co@NC-CNTs@NiFe-LDH is revealed by XPS 
survey spectrum (Fig. S8). The high-resolution C 1 s spectrum exhibits 
four types of C species, corresponding to C–C (284.7 eV), C-O/C-N 
(285.8 eV), C = O (289.3 eV) and π-π* (291.8 eV) (Fig. S9) [24]. The 
high-resolution N 1 s spectrum displayed in Fig. S10 can be deconvo-
luted into three fitted peaks: pyridinic N (398.6 eV), Co-Nx or pyrrolic N 
(399.9 eV), graphitic N (401.9 eV) [15,37]. Notably, pyridinic N and 

Fig. 2. (a) TEM image, (b, c) HRTEM images, and (d) the corresponding SAED pattern of the Co@NC-CNTs@NiFe-LDH sample. (e) EDS elemental mapping images 
for Co, Fe, Ni, C, N and O elements of the Co@NC-CNTs@NiFe-LDH catalyst. 
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Fig. 3. (a) XRD pattern of the Co@NC-CNTs@NiFe-LDH sample. (b) Raman spectra of the Co@NC-CNTs and Co@NC-CNTs@NiFe-LDH samples. (c) N2 adsorp-
tion–desorption isotherm and (d) high-resolution Co 2p XPS spectrum of the Co@NC-CNTs@NiFe-LDH and Co@NC-CNTs samples. (e, f) Fe 2p and Ni 2p XPS spectra 
of the Co@NC-CNTs@NiFe-LDH and NiFe-LDH samples. 

Fig. 4. (a) LSV curves for ORR at a rotating speed of 1600 rpm for the Co@NC-CNTs@NiFe-LDH, Co@NC-CNTs, Co@NC@NiFe-LDH and NiFe-LDH catalysts. (b) 
ORR polarization curves of the Co@NC-CNTs@NiFe-LDH catalyst recorded at various rotating rates. (c) Chronoamperometric curves of the Co@NC-CNTs@NiFe-LDH 
and commercial Pt/C catalysts. (d) LSV curves of OER with iR-correction for various catalysts. (e) Corresponding Tafel plots for OER. (f) OER durability test at 20 mA 
cm− 2 and LSV curves before and after 1000 cycles for the Co@NC-CNTs@NiFe-LDH catalyst. (g) LSV curves of HER with iR-correction for various catalysts. (h) 
Corresponding Tafel plots for HER. (i) HER durability test at 20 mA cm− 2 and LSV curves before and after 1000 cycles for the Co@NC-CNTs@NiFe-LDH catalyst. 
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pyrrolic N in Co@NC-CNTs@NiFe-LDH are beneficial for HER due to 
their lone electrons which could elicit electron and activate hydrogen, 
while abundant M− Nx bonds and graphitic N can favor OER and ORR 
[38]. The high-resolution Co 2p XPS spectrum (Fig. 3d) is deconvoluted 
into four pairs of doublets: metallic Co (778.6 and 793.6 eV), Co3+

(780.9 and 795.9 eV), Co2+ (782.5 and 797.5 eV), and two satellite 
peaks [39,40]. As illustrated in Fig. 3e, the high-resolution Fe 2p spectra 
can be split into Fe 2p3/2 (709.1 and 713.7 eV) and Fe 2p1/2 (722.2 and 
726.8 eV) and two satellite peaks, indicating the presence of Fe2+ and 
Fe3+ states [41]. In Ni 2p XPS spectra (Fig. 3f), the two spin–orbit 
doublets located at 855.8/873.1 eV and 857.2/874.5 eV correspond to 
the binding energies of Ni2+ and Ni3+ species, respectively [42,43]. In 
addition, the peaks of Ni 2p and Fe 2p for Co@NC-CNTs@NiFe-LDH 
show a negative shift of 0.3–0.4 eV compared with pure NiFe-LDH, 
suggesting the existence of electron accepting effects of Ni and Fe spe-
cies. On the contrary, the Co 2p in Co@NC-CNTs@NiFe-LDH signifi-
cantly shifts to higher binding energies than Co@NC-CNTs, which 
indicates a more electron positive nature of Co species. Considering that 
the electronegativity values of Fe3+ and Ni2+ are higher than those of 
Co2+ and Co, the greater electronegativity indicates that the metal 
element possesses the stronger ability to attract electrons [44]. There-
fore, the construction of Co@NC-CNTs@NiFe-LDH interface can modify 
the local electronic structures of Ni and Fe cations, so that electrons 
transfer from Co species to Ni, Fe species. Similar electron transfer 
phenomenon has also been reported in the related literature [45,46]. 
Besides, the O 1 s spectrum of Co@NC-CNTs@NiFe-LDH is deconvoluted 
into three peaks, corresponding to the adsorbed water molecules, hy-
droxyl groups (–OH) and metal–oxygen bonds (M− O), and the relative 
right shift of the O 1 s spectrum than NiFe-LDH further confirms the 
interaction between NiFe-LDH and Co@NC-CNTs (Fig. S11). 

The as-prepared samples grown on the CC were used as electrodes to 
estimate electrocatalytic ORR, OER and HER activities in an alkaline 
solution. To collect the ORR current from the working electrode, a piece 
of Co@NC-CNTs@NiFe-LDH was directly attached to the glassy carbon 
electrode using a polytetrafluoroethylene (PTFE) sleeve (Fig. S12). As 
shown in Fig. 4a, Co@NC-CNTs@NiFe-LDH displays a high limiting 
current density of 15.2 mA cm− 2 at 0.3 V (vs. RHE), which is much 
higher than Co@NC-CNTs (9.2 mA cm− 2) and pure NiFe-LDH (5.6 mA 
cm− 2). The LSV polarization curves show a steady increase of the current 
density from 0.80 to 0.30 V, which can be ascribed to the 3D-structured 
electrode directly tested for ORR [47,48]. The half-wave potential (E1/2) 
is specified as the potential at − 3.0 mA cm− 2 in order to properly assess 
the ORR performance, according to previous literature [35]. As sum-
marized in Fig. S13, the Co@NC-CNTs@NiFe-LDH catalyst exhibits 
better E1/2 (0.87 V) and kinetic current density (Jk, 11.2 mA cm− 2) than 
Co@NC-CNTs and pure NiFe-LDH, confirming that the interfacial 
coupling effects of the two components can greatly facilitate ORR. Be-
sides, the Co@NC-CNTs@NiFe-LDH catalyst displays a smaller Tafel 
slope of 120 mV dec− 1 (Fig. S14), which is significantly lower than those 
of Co@NC-CNTs (176 mV dec− 1), Co@NC@NiFe-LDH (210 mV dec− 1) 
and NiFe-LDH (230 mV dec− 1), demonstrating the superior ORR cata-
lytic kinetics. Rotating disk electrode (RDE) experiments (Fig. 4b) were 
carried out by varying rotating speeds, and the current density was 
found to increase linearly with respect to the rotating speed increasing 
from 625 to 2500 rpm, implying first-order reaction kinetics to the ORR. 
With the Koutecky-Levich (K-L) plots (Fig. S15), the electron transfer 
number (n) for Co@NC-CNTs@NiFe-LDH can be estimated to be around 
4. To more accurately measure the ORR activity and the number of 
electrons transferred during the ORR process, the Co@NC-CNTs@NiFe- 
LDH was scratched from the CC to make a standard working electrode. 
As illustrated in Fig. S16, the limiting current density of Co@NC- 
CNTs@NiFe-LDH reaches 5.6 mA cm− 2 and E1/2 approaches 0.86 V, 
which is comparable to commercial Pt/C. Furthermore, the ORR activity 
of Co@NC-CNTs@NiFe-LDH outperforms that of most reported non-
precious metal catalysts (Table S1). The rotating ring-disk electrode 
(RRDE) tests (Fig. S17) were further conducted to collect the disk 

current density (Id) and ring current density (Ir). At the potential ranging 
from 0.8 to 0.3 V, the value of n close to four and low percentage of 
peroxide species (<5%) can be obtained. As a result, the Co@NC- 
CNTs@NiFe-LDH catalyst activity follows the four-electron transfer 
pathway to achieve efficient ORR activity, which can be therefore 
effectively used for practical applications such as metal-air batteries. 
With the addition of methanol into the electrolyte, the change of current 
density of the Co@NC-CNTs@NiFe-LDH catalyst is obviously smaller 
than that of Pt/C (Fig. S18), indicating higher methanol tolerance 
capability. The durability of Co@NC-CNTs@NiFe-LDH was examined by 
LSV and chronoamperometric measurements. After 1000 cycles, the E1/2 
value of Co@NC-CNTs@NiFe-LDH only drops by 10 mV (Fig. S19), 
while chronoamperometric analysis (Fig. 4c) reveals nearly constant 
current density (94%) for the time interval of 12 h (conventional Pt/C 
remaining only 46% of current density). These results demonstrate the 
good long-term stability of Co@NC-CNTs@NiFe-LDH catalyst towards 
ORR. 

The electrocatalytic OER and HER performances were investigated in 
a 1.0 M KOH electrolyte. As presented in Fig. 4d, the Co@NC- 
CNTs@NiFe-LDH catalyst displays higher OER activity, exhibiting a 
lower overpotential of 240 mV at 10 mA cm− 2, whereas Co@NC@NiFe- 
LDH, pure NiFe-LDH and Co@NC-CNTs show considerably large over-
potential of 258, 285 and 350 mV at 10 mA cm− 2, respectively. The OER 
activity of Co@NC-CNTs@NiFe-LDH is superior to commercial RuO2 
(Fig. S20) and the non-precious metal catalysts as recently reported in 
literature (Table S2). The Co@NC-CNTs@NiFe-LDH catalyst also shows 
a Tafel slope value of 96 mV dec− 1 (Fig. 4e), which is much smaller than 
all as-prepared samples, indicating favorable catalytic OER activity and 
kinetics. To determine the charge transfer resistance (Rct) of the material 
interface, electrochemical impedance spectroscopy (EIS) measurements 
were performed, and the as-obtained Co@NC-CNTs@NiFe-LDH catalyst 
exhibits the smallest Rct (3.71 Ω) among all the comparative catalysts 
(Fig. S21 and Table S3), implying significantly improved OER catalytic 
kinetics and electron transfer rate. In addition, double-layer capacitance 
(Cdl) was studied to examine the electrochemical surface areas (ECSA) of 
the as-obtained catalysts. The Co@NC-CNTs@NiFe-LDH product ex-
hibits a Cdl value of 34 mF cm− 2, much larger than Co@NC-CNTs and 
NiFe-LDH samples (Fig. S22 and S23), illustrating that the integration 
Co@NC-CNTs with NiFe-LDH greatly increases the catalytic active sites. 
The multi-step chronoamperometric curve of the Co@NC-CNTs@NiFe- 
LDH performed with a current density increasing from 10 to 200 mA 
cm− 2 (Fig. S24) indicates that the potential quickly achieves a steady 
state and remains almost unchanged at each step, demonstrating 
impressive conductivity and good mass transportation. The CV dura-
bility test was measured with 1000 cycles, and the LSV curve of the 
Co@NC-CNTs@NiFe-LDH almost overlapped with the initial cycle. 
Moreover, the Co@NC-CNTs@NiFe-LDH catalyst was maintained at 20 
mA cm− 2 for at least 50 h without obvious change (Fig. 4f). These 
findings suggest good stability of the Co@NC-CNTs@NiFe-LDH catalyst 
for OER performance. Compared with the control samples, the Co@NC- 
CNTs@NiFe-LDH catalyst also displays superior HER activity (Fig. 4g), 
manifested as a lower overpotential of 160 mV at 10 mA cm− 2 and a 
smaller value of Tafel slope of 116 mV dec− 1 (Fig. 4h). Additionally, the 
HER activity of the Co@NC-CNTs@NiFe-LDH catalyst is higher than that 
of commercial Pt/C (Fig. S25) and comparable with the reported 
advanced electrocatalysts (listed in Table S4). A multi-potential curve 
with a current density changing from 10 to 200 mA cm− 2 for the 
Co@NC-CNTs@NiFe-LDH catalyst is shown in Fig. S26, and we can see 
that the current density increases with the increased potential until 
reaching a steady state. The LSV test for 1000 cycles and the chro-
noamperometry experiment (Fig. 4i) disclose that the Co@NC- 
CNTs@NiFe-LDH possesses excellent stability. After stability tests, the 
SEM (Fig. S27) and TEM (Fig. S28) results of the Co@NC-CNTs@NiFe- 
LDH catalyst reveal that NiFe-LDH nanosheets remain anchored onto 
the Co@NC-CNTs plates, indicating excellent structural stability. 

To realize the explanations of the excellent trifunctional 
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performances of the Co@NC-CNTs@NiFe-LDH electrocatalyst, in-depth 
investigation was further conducted focusing on the structure- 
performance effects. A series of NiFe-LDH growth durations were 
controlled to evaluate the interaction between the Co@NC-CNTs and 
NiFe-LDH nanosheets. As shown in Fig. S29, for 1 h’s hydrothermal 
reaction, abundant ultra-thin nanosheets can be observed on the surface 
of the carbon triangle plates, and the thickness of the Co@NC- 
CNTs@NiFe-LDH-1 sample is about 600–700 nm. The ultra-thin nano-
sheets grow and agglomerate gradually as the reaction time increases to 
3 h. Further elongating the reaction time up to 12 h, the thickness of the 
Co@NC-CNTs@NiFe-LDH-12 sample is further increased to ~ 900 nm 
(Fig. S30). From the NiFe/Co atomic ratio plot of the different samples 
calculated by EDS analysis (Fig. S31), it can be obviously seen that the 
mass loadings of the NiFe-LDH are also regulated by controlling the 
growth time. According to polarization curves shown in Fig. S32, the 
HER, OER and ORR performances of the Co@NC-CNTs@NiFe-LDH-3 are 
superior to Co@NC-CNTs@NiFe-LDH-1, Co@NC-CNTs@NiFe-LDH-12 
and the corresponding pure components, indicating the optimal 
inherent synergy between the two parts. 

To obtain an atomic level understanding of the promoting effects 
seen in the composite material, DFT calculations were carried out to 
estimate the ORR, HER and OER performance of the as-prepared 
Co@NC-CNTs, NiFe-LDH and the composite catalyst. Co@NC-CNTs 
was modeled by a Co6 cluster anchored through the Co-N4 site on a 
single graphene layer due to its excellent stability among sub- 
nanometric Co clusters (Fig. S33). The optimized structures of the 
three catalysts as well as adsorbed intermediates are shown in Fig. 5a-c 
and Fig. S34. The calculated free energy diagrams for ORR, HER and 
OER on the three catalysts are displayed in Fig. 5d-f. It is obvious from 
the free energy diagrams that Co@NC-CNTs is substantially more active 
than NiFe-LDH for ORR and HER, while the reverse is true for OER. This 
observation is consistent with experimental measurements. Therefore, 

to reveal the synergy effects of the composite material, ORR/HER and 
OER were further investigated on the Co sites and NiFe-LDH sites of the 
composite catalyst, respectively. The ORR on Co@NC-CNTs follows the 
4e− pathway via the OOH* intermediate. The potential limiting step on 
Co@NC-CNTs and Co sites of the composite catalyst is the conversion of 
O* into OH–, with respective onset potentials of 1.27 V and 1.12 V. On 
NiFe-LDH, the ORR proceeds via a different pathway since the OOH* 
intermediate is not stable. O2 dissociation is the rate-limiting step on 
NiFe-LDH, with reaction energy of 2.26 eV. The higher ORR activity of 
Co@NC-CNTs over NiFe-LDH comes from significantly enhanced bind-
ing of oxygen species O2*/O*/OH*, while the promotion effect of the 
composite material for ORR is mainly due to slightly weakened binding 
of O* intermediate (Fig. 5g). For OER, the potential limiting step on 
NiFe-LDH is OH– disproportional dissociation into O* and H2O (1) with 
an onset potential of 0.54 V, while the rate-limiting step on Co@NC- 
CNTs is O2* desorption with an energy cost of 1.96 eV. On the com-
posite material, the NiFe-LDH sites bind O* more strongly than the 
parent catalyst by 0.30 eV, which boosts the overall OER on the com-
posite catalyst. The increased binding strength of O* on NiFe-LDH sites 
of the composite catalyst is accompanied by notable electron transfer 
from Co@NC-CNTs to NiFe-LDH (4.9 e− per unit cell). For HER, the 
potential limiting step on Co@NC-CNTs is OH* desorption to OH–, with 
an onset potential of ~ 1.71 V. Co sites on the composite catalyst bind 
OH with the same strength as its parent catalyst Co@NC-CNTs, leading 
to the same onset potential of 1.71 V for HER on the composite material. 
But the free energy diagram of HER on the composite catalyst lies much 
lower than that of Co@NC-CNTs, indicating a higher HER activity for 
the former, which may be a result of the enhanced H2O binding (-0.24 
vs. − 0.62 eV). H2O dissociation is the rate-limiting step for HER on NiFe- 
LDH, with reaction energy of 1.27 eV. Although H2O dissociation on 
NiFe-LDH seems to cost less energy than the potential limiting step (OH* 
+ e− →OH–) on Co@NC-CNTs at first glance, the former is a thermo- 

Fig. 5. DFT-optimized structures of (a) Co@NC-CNTs, (b) NiFe-LDH, and (c) Co@NC-CNTs@NiFe-LDH catalysts, the calculated free energy diagram of (d) ORR, (e) 
HER, (f) OER, and (g) Gibbs free energy of key reaction intermediates on the three catalysts. G(O)/G(O2), G(H2O) and G(H) are referenced to the free energy of O2, 
H2O and H2 in the gas-phase, respectively. G(OH) are referenced to stoichiometric combination of the free energy of O2 and H2O in the gas-phase. 
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catalytic reaction while the latter is an electro-catalytic step which will 
be greatly facilitated with applied external potential during the elec-
trocatalysis process. The results demonstrate that the Co@NC- 
CNTs@NiFe-LDH could boost the activities of OER, ORR, and HER 
because of the intensively synergetic influence between the NiFe-LDH 
and the Co@NC-CNTs. 

For ORR reactions, the activity is governed by the Co@NC-CNTs 
species, and the cooperative effect upon combining with NiFe-LDH 
may be attributed to the increase in hydrophilicity. As demonstrated 
in Fig. S35a, the Co@NC-CNTs exhibit a poor hydrophobicity with a 
contact angle of 115◦, which reduces the accessibility of oxygen in-
termediates in the ORR reactions. The composition containing NiFe-LDH 
significantly increases the hydrophilicity, manifested by a smaller con-
tact angle of 48◦, indicating the strengthened ion pathway for favorable 
ORR electrocatalysis (Fig. S35b). Moreover, in contrast to 
Co@NC@NiFe-LDH, the Co@NC-CNTs@NiFe-LDH catalyst exhibits 
improved electrocatalytic performance, demonstrating that the CNTs in 
the Co@NC carbon triangle plates can protect ORR and HER active sites 
being shielded by NiFe-LDH nanosheets, and facilitate the ion and 
electron transport in electrocatalytic processes. This is further supported 
by the fact that Co@NC-CNTs@NiFe-LDH has a much larger electro-
chemically active area than Co@NC@NiFe-LDH (Fig. S23). 

NiFe-LDH is believed to have high intrinsic OER activity, but it may 
be limited due to its insulation property. This issue can be examined by 
combining NiFe-LDH with high-conductive Co@NC-CNTs, which pro-
vide necessary electron pathway for NiFe-LDH towards OER processes. 
Such synergistic effect is confirmed by the considerably reduced Rct of 
the Co@NC-CNTs@NiFe-LDH (3.71 Ω) compared with NiFe-LDH (12.17 

Ω) (Fig. S21). After interacting with Co@NC-CNTs, the NiFe-LDH with 
electron-rich Ni and Fe can boost their early oxidation to higher valence 
states and accelerate the deprotonating process (Fig. S36) [49]. Mean-
while, the Co@NC-CNTs@NiFe-LDH has a larger redox peak, verifying 
improved electrochemical accessibility of NiFe-LDH site on the Co@NC- 
CNTs, which makes it possible to exhibit higher OER catalysis even at 
high current density. The Co@NC-CNTs@NiFe-LDH catalyst exhibits 
excellent electrocatalytic HER activity due to the uniform distribution of 
Co nanoparticles, the in-situ-formed CNTs, and the large surface area 
[50]. Moreover, the appropriate LDH grown on the Co@NC-CNTs sur-
face can optimize the binding energy of adsorbing hydrogen and H2O 
molecules, promoting the generation of hydrogen [51]. The composite 
of such 3D porous heterostructure grown on the conductive CC substrate 
can be directly applied as electrodes in alkaline solutions to achieve 
superior electrocatalytic performance (Fig. S37). 

Generally, the bifunctional electrocatalytic activity of the as- 
prepared catalyst can be evaluated by potential gap between OER and 
ORR (ΔE = Ej10- E1/2), the lower ΔE value implying better bifunctional 
performance [41]. The catalytic activities of the optimal Co@NC- 
CNTs@NiFe-LDH catalyst in this work with recently reported non- 
noble bifunctional catalysts for ORR, OER and ΔE are listed in 
Table S5 and plotted in Fig. 6a. The Co@NC-CNTs@NiFe-LDH catalyst 
has a ΔE value of around 0.60 V, which is lower than that of commercial 
Pt/C-RuO2 (0.77 V) and superior to previously reported bifunctional 
catalysts as well, indicating that it can be used as an advanced oxygen 
electrode for rechargeable metal-air batteries. A home-made recharge-
able Zn-air battery was therefore assembled employing commercial Zn 
foil as the anode, Co@NC-CNTs@NiFe-LDH as the air cathode and 6 M 

Fig. 6. (a) Diagram for comparing the OER and ORR electrocatalytic performance of Co@NC-CNTs@NiFe-LDH, Pt/C-RuO2, and other reported noble-metal-free 
electrocatalysts. (b) Schematic configuration of home-made Zn-air battery. (c) Charge and discharge polarization curves for Zn-air battery using the Co@NC- 
CNTs@NiFe-LDH and Pt/C as air electrodes. (d) Discharge and power density curves. (e) Discharge curves of Co@NC-CNTs@NiFe-LDH-based battery at different 
current densities. (f) Discharge specific capacity curves of Co@NC-CNTs@NiFe-LDH-based battery at 20 mA cm− 2 and 30 mA cm− 2. (g) Cyclic stability of the 
Co@NC-CNTs@NiFe-LDH-based battery at 10 mA cm− 2. 
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KOH with 0.2 M zinc acetate as the electrolyte (Fig. 6b). The Co@NC- 
CNTs@NiFe-LDH based Zn-air battery has open-circuit potential (OCP) 
of 1.48 V, which is much higher than Pt/C based Zn-air battery (1.43 V) 
(Fig. S38), demonstrating excellent catalytic performance of the cath-
ode. The Co@NC-CNTs@NiFe-LDH based Zn-air battery exhibits a low 
charge–discharge voltage gap of 0.96 V at 100 mA cm− 2 (Fig. 6c) and a 
high peak power density of 194 mW cm− 2, superior to Pt/C based Zn-air 
battery (96 mW cm− 2) (Fig. 6d). Furthermore, the Co@NC-CNTs@NiFe- 
LDH based Zn-air battery maintains the discharge voltages of 1.41, 1.38, 
1.33, 1.25, and 1.11 V at the current density of 2, 5, 10, 20 and 40 mA 
cm− 2, respectively (Fig. 6e). When the current density restores to 10 mA 
cm− 2, the discharge voltage exhibits an ignorable change, revealing 
outstanding rate performance and stability of the assembled battery. The 
Co@NC-CNTs@NiFe-LDH based Zn-air battery exhibits an impressive 
specific capacity of 786 mAh gzn

− 1 and an energy density of 880 Wh kg− 1 

at the current density of 20 mA cm− 2 (Fig. 6f), which is comparable to 
Pt/C (823 mAh gzn

− 1 and 905 Wh kg− 1). Even at a high current density up 
to 30 mA cm− 2, a specific capacity of 765 mAh gzn

− 1 is achieved with the 
Zn-air battery. Table S6 compares the Co@NC-CNTs@NiFe-LDH air-
–cathode with the conventional Pt/C and other reported state-of-the-art 
electrocatalyst cathodes, indicating a comprehensive and excellent 
performance of the rechargeable batteries. Galvanostatic charge/ 
discharge tests at 10 mA cm− 2 were performed to examine the cycle 
stability of the Zn-air battery (Fig. 6g). The Co@NC-CNTs@NiFe-LDH 
based Zn-air battery exhibits an ultralong cycling life, the round-trip 
voltage slightly increasing from 0.87 V to 0.98 V for continuous 
cycling of 760 h, which indicates its excellent battery durability. In 
contrast, the Pt/C-IrO2 based Zn-air battery reveals notable changes in 

both discharge and charge voltages (Fig. S39). These results suggest 
great application prospects for the Co@NC-CNTs@NiFe-LDH catalyst in 
metal-air batteries. 

Rechargeable flexible solid-state Zn-air batteries were further pack-
aged using the Co@NC-CNTs@NiFe-LDH catalyst as the air cathode, Zn 
foil as the anode, and KOH-PVA as the electrolyte (Fig. 7a). The 
assembled flexible battery exhibits a low charge–discharge voltage gap 
of 1.45 V at 100 mA cm− 2. The abrupt change in polarization curve can 
be observed during the charging for the battery, which possibly is caused 
by the oxidation of Ni, Fe and Co catalytic sites to higher valence states 
in Co@NC-CNTs@NiFe-LDH [52]. Furthermore, the battery with 
Co@NC-CNTs@NiFe-LDH delivers a maximum power density of 142 
mW cm− 2, superior to other flexible solid-state Zn-air batteries accord-
ing to the previously reported literature (Fig. 7b and Table S7). Such 
high- power density may be attributed to the excellent conductivity of 
the CNTs on the surface carbon triangle plates, which increases the 
electron transport of the self-supported electrode [53,54]. The Co@NC- 
CNTs@NiFe-LDH-based flexible Zn-air battery shows an OCP of 1.44 V 
(Fig. S40). The galvanostatic discharge and charge cycling profiles of 
Co@NC-CNTs@NiFe-LDH based flexible Zn-air batteries show a steady 
discharge voltage of 0.92 V and a charge voltage of 1.90 V for 1000 min 
(Fig. 7c). Moreover, when the flexible battery is bent at various angles, 
the discharge/charge voltage plateaus maintain stability without sig-
nificant changes (Fig. 7d). As a hetero-structured self-supported elec-
trode material, the Co@NC-CNTs@NiFe-LDH catalyst provides a large 
number of electrocatalytically active sites and abundant mass transfer 
paths, which lower the electrochemical impedance and result in excel-
lent performances of the Zn-air batteries. 

Fig. 7. (a) Charge and discharge polarization curves and the corresponding power density of the Co@NC-CNTs@NiFe-LDH-based flexible Zn-air battery. (b) Peak 
power density comparison of the advanced catalysts and this work. (c) Cyclic galvanostatic charge–discharge plots at 10 mA cm− 2. (d) Constant current charge and 
discharge curves under different bending angles. (e) Schematic diagram and the polarization curves for water splitting of the Co@NC-CNTs@NiFe-LDH and Pt/C|| 
RuO2 catalysts. (f) Chronopotentiometry measurement at 20 mA cm− 2. (g) Photograph of two batteries connected in series used to power overall water splitting. (h) 
The voltage–time curve of water-splitting unit. Inset: The detail gas generation on the electrodes. (i) The amounts of gases versus time and corresponding fara-
daic efficiency. 
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Inspired by the notable OER and HER performances and excellent 
stabilities, the Co@NC-CNTs@NiFe-LDH catalyst was further used as 
self-supported cathode and anode for water splitting device (Fig. 7e). A 
low potential of 1.66 V at 10 mA cm− 2 is achieved with a water splitting 
device, which is comparable to a Pt/C||RuO2 device (1.69 V). Under the 
constant current density of 20 mA cm− 2, the voltage change of the 
overall water splitting is negligible for 120 h (Fig. 7f). The LSV polari-
zation curves of the Co@NC-CNTs@NiFe-LDH-based device also main-
tain unchanged after 1000 CV cycles (Fig. S41). The rechargeable Zn-air 
batteries were used for self-powered water-splitting devices to demon-
strate the actual application of the Co@NC-CNTs@NiFe-LDH catalyst 
(Fig. 7g). Two Zn-air batteries are connected in series to generate an 
adequately high OCP of 2.8 V, enabling to power electrolysis water to 
produce H2 and O2 (Fig. 7h). After 200 min test, output voltage and OCP 
of the two batteries dropped slightly, proving the reliable activity of the 
self-integrated water-splitting device. At the same time, the generation 
of bubbles can be observed on the electrode of the device (Video S1), and 
Fig. S42 records apparent H2 and O2 evolutions. The resultant H2 and O2 
are produced at a volume ratio of almost 2: 1 (Fig. 7i), and the Faradaic 
efficiency is about 99.1 %. These results obtained with the self-powered 
water-splitting device demonstrate promising prospects in practical 
applications such as portable electrochemical water splitting devices of 
the Co@NC-CNTs@NiFe-LDH catalyst. 

4. Conclusion 

In summary, we have developed a structural engineering strategy to 
construct a self-supported trifunctional Co@NC-CNTs@NiFe-LDH elec-
trocatalyst consisting of NiFe-LDH nanosheets anchored on arrays of 
Co@NC-CNTs carbon triangle plates. The unique hierarchical structure 
achieves synergistic effects between Co@NC-CNTs and NiFe-LDH, 
which provides not only good electrical conductivity and favorable 
charge/mass transfer pathways but also abundant accessible active sites, 
resulting in excellent catalytic ORR, OER and HER, which are further 
confirmed by DFT calculations. Utilized as the air electrodes for 
rechargeable Zn-air batteries, the Co@NC-CNTs@NiFe-LDH delivers a 
high specific capacity of 786 mAh gZn

− 1, a peak power density of 194 mW 
cm− 2 and good durability as long as 760 h. The integrated flexible solid- 
state Zn-air battery also displays a large peak power density of 142 mW 
cm− 2, competing with the most reported catalysts. An efficient and 
stable alkaline electrolyzer fabricated by using Co@NC-CNTs@NiFe- 
LDH and powered with assembled rechargeable Zn-air batteries dem-
onstrates the effective production of O2 and H2 gases. This work proves 
an effective strategy to achieve high-performance and durable multi-
functional electrocatalysts for practical sustainable energy conversion 
and storage applications. 
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