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Abstract 

Expanding the application scenarios of wood-derived biochar guided by the conversion of traditional energy to new 
energy shows great promise as a field. As thrilling energy conversion apparatus, zinc-air batteries (ZABs) require cath-
ode catalysts with high oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) activities and stability. 
Herein, two-dimensional nickel-iron hydroxide nanosheets were creatively assembled in N-doped wood-derived 
biochar (NiFe-LDH@NC) by an in-situ growth method. The categorized porous organization in wood-derived biochar 
facilitates the rapid seepage of electrolytes and rapid diffusion of reaction gases. The unique interfacial structure 
of biochar and NiFe-LDH accelerates electron transfer during oxygen electrocatalysis, and endows NiFe-LDH@NC 
with first-class catalytic activity and durability for ORR and OER. The ZAB derived from NiFe-LDH@NC showed elevated 
discharge productivity and cycle endurance, making it promising for viable applications. This work provided a con-
venient way for the conversion of wood-derived biochar to high-value added electrocatalysts.

Article Highlights 

•	 Heteroatom-doped wood-derived biochar was assisted in situ growth of NiFe-LDH.
•	 NiFe-LDH@NC exhibited excellent bifunctional activity and stability toward ORR/OER.
•	 The ZAB achieved a peak power density of 123 mW cm−2  and a cycling stability of 270 h.
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Graphical Abstract

1  Introduction
 As awareness of ecological protection increases and fos-
sil fuels decline, the shift from traditional energy sources 
to cleaner and renewable alternatives has become more 
prominent (Lu et al. 2021; Meftahi et al. 2023b; Yang et al. 
2022c). Solving this problem requires the comprehensive 
development and innovation of electrocatalysis, materi-
als science (Meftahi et  al. 2023a), energy storage device 
technology (Mohassel et  al. 2023), and electrochemical 
sensors (Akbarian et al. 2018; Cheraghi et al. 2022; Sad-
eghi et al. 2023; Tahernejad-Javazmi et al. 2018; Ziaie and 
Shabani-Nooshabadi 2023). The most urgent need is to 
develop efficient energy storage and conversion devices 
(ESCD) (Meftahi et al. 2022; Shi et al. 2020; Zahedi and 
Shabani-Nooshabadi 2023). Zinc-air batteries (ZABs) are 
counted as the most trustworthy next-generation ESCD 
due to their high energy density, safety and non-pollution 
(Lee et al. 2022). The energy efficiency during the charge-
discharge operation of ZABs is determined by two oxy-
gen-related reactions at the cathode (Liu et  al. 2022b; 
Lu et  al. 2022). Regrettably, the kinetics of both oxygen 
reduction reaction (ORR) and oxygen evolution reaction 

(OER) are hostile in the absence of catalysts (Tian et al. 
2019). The lack of effective catalysts severely obscures 
the large-scale application prospects of ZABs (Yan et al. 
2020b). Designing and constructing efficient catalysts 
for ORR & OER using sustainable resources is decisive 
to enhance the energy conversion efficiency of ZABs 
(Mehmood et al. 2022).

The synthesis and production processes of traditional 
carbon materials mainly relies on fossil energy (Jiang 
et al. 2021; Yang et al. 2022b). The high energy consump-
tion and low sustainability of traditional carbon-based 
composite catalysts make them unsuitable for large-
scale production and application (Liu et  al. 2019; Zhu 
and Mu 2020). Wood-derived biochar comes from green 
and renewable raw materials and can inherit the struc-
tural advantages of wood’s hierarchical and hierarchical 
pores in subsequent processing (Sakhiya et al. 2020). The 
three-dimensional interconnected channels facilitate the 
anchoring of metal active sites and mass transport in elec-
trocatalytic reactions (Gabhi et al. 2020). Rational heter-
oatom doping of wood-derived biochar materials yields 
unique biochar-based catalysts with self-supporting 
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structures (Hui et  al. 2022; Yan et  al. 2022a). In ESCD, 
wood-derived biochar can also be directly used as an air 
electrode (Chen et al. 2017; Song et al. 2018). However, 
air electrodes composed only of heteroatom-doped bio-
char materials have insufficient active sites and cannot 
simultaneously have efficient ORR and OER catalytic 
dual functions to satisfy ZABs (Peng et al. 2019). Hence, 
an straightforward and efficient approach for fabricating 
effective electrocatalysts based on wood-derived biochar 
composites should be determined  to fulfill the require-
ments of the emerging generation of ESCDs.

The unique structural features and catalytic proper-
ties of layered double hydroxides (LDHs) have made 
them a focus of attention in the field of electrocata-
lysts (Pei et al. 2019). LDHs, consisting of metal cations 
coordinated with hydroxide as the main layer and vari-
ous anions in the interlayer structure, offer a promising 
platform for designing and modulating versatile catalytic 
active sites (Niu et al. 2022; Wang et al. 2020). The two-
dimensional sheet-like morphology of LDHs allows for 
large amounts of active sites to be exposed, resulting in 
excellent catalytic activity (Lu et  al. 2020). This unique 
composition including the main layer and the interlayer 
structure endows LDHs with adjustable composition of 
each layer (Wang et al. 2022). These characteristics make 
LDHs attract a lot of research interest in the field of elec-
trocatalysis (Niu et  al. 2022). For example, through the 
electronic modulation between divalent nickel ions and 
ferric ions, suitable adsorption and desorption manners 
for the reaction intermediates during OER process can 
be obtained on NiFe-LDHs (He et al. 2022). The catalytic 
activity of NiFe-LDHs is not ideal toward ORR, mainly 
restricted by the low electrical conductivity (EC), lack 
of active sites and insufficient surface area. To meet the 
requirement of bifunctional air electrodes, NiFe-LDHs 
are combined with carbon supports to obtain excellent 
overall ORR and OER activities (Lv et al. 2020). Carbon 
supports (carbon nanotubes, graphene, carbon paper, 
etc.) possessing large surface areas and high EC usually 
are used to improve catalytic performance (Yan et  al. 

2020b). Doping different heteroatoms subsequently opti-
mized carbon supports to boost the bifunctional activity 
of NiFe-LDHs (He et al. 2022). However, the micro-scale 
morphology of LDHs creates barriers to the facile and 
effective combination with nanoporous carbon materials 
(Zhan et  al. 2017). A feasible and well-organized strat-
egy can be developed to construct bifunctional catalysts 
with wood-derived biochar supports and NiFe-LDH 
nanosheets, featuring tight anchoring and bonding, to 
enhance the catalytic performance.

In this work, two-dimensional NiFe-LDHs were con-
structed in a three-dimensional hierarchical porous 
nitrogen-doped carbon support. The strategy of sup-
port-assisted in  situ hydrothermal growth resulted in a 
composite catalyst NiFe-LDH@NC  (Fig.  1). The phys-
icochemical properties and oxygen electrocatalytic per-
formances were evaluated through a series of analytical 
and characterization techniques. The NiFe-LDH@NC 
expressed excellent ORR and OER bifunctional catalytic 
activity and robust stability. The ZABs assembled with 
NiFe-LDH@NC catalyst  exhibited extremely high power 
density and superior cycling stability. This research pro-
vided a proof-of-concept for the implementation of the 
interaction between wood-derived biochar supports and 
transition metal active matters.

2 � Results and discussion
2.1 � Morphological and structural characterization 

of catalysts
To reveal the structural heredity and possible change, the 
microscopic morphology of NC, NiFe-LDH, and NiFe-
LDH@NC were observed by scanning electron micros-
copy (SEM) (Fig. 2a–f). After nitrogen doping treatment, 
the three-dimensional porous microchannels and 
straight channels along the growth side of the tree trunk 
were preserved in NC (Fig. 2a). The uniformly arranged 
polygonal channels mostly had  a diameter of 5–20  μm. 
After nitrogen doping treatment, abundant holes were 
still observed from the side view of NC (Fig.  2d). The 
existence of these pores connects the internal structure 

Fig. 1  Preparation process of NiFe-LDH@NC composite catalyst
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of NC. The mass transfer efficiency inside porous carbon 
contributes to the hydrothermal growth of NiFe-LDH 
(Zhou et  al. 2022). The NiFe-LDH has a smooth two-
dimensional nanosheet structure (Fig. 2b). The enlarged 
SEM image showed the thinner lamellae of the gener-
ated NiFe-LDH (Fig.  2e). The growth of NiFe-LDH on 
the surface of NC could be observed on a larger scale as 
shown in Fig. 2c and f. The 3D structure of NC allows for 
the uniform accommodation of NiFe-LDH nanosheets.
Atomic force microscopy (AFM) was used to better 
understand the surface morphology of NiFe-LDH@
NCs. In NiFe-LDH@NC, NiFe-LDH was uniformly dis-
persed on the monolithic NC surface with a height of 
1 μm NiFe-LDH nanosheet (Additional file 1: Fig. S1a, b). 
3D AFM topography (Additional file  1: Fig. S1c) visual-
ized  appears the above structure. To further character-
ize the fine structure of NiFe-LDH@NC, transmission 

electron microscopy (TEM) was used. Plate-like NiFe-
LDH metal particles supported on amorphous NCs can 
be seen in Fig. 2g. The (012) plane of 0.251 nm and the 
(110) plane of 0.150  nm lattice spacing attributed to 
NiFe-LDH were surrounded by amorphous NCs. The 
high-resolution TEM (HR-TEM) confirmed the success-
ful preparation of NiFe-LDH@NC composites (Fig.  2h) 
(Yang et al. 2019; Zhan et al. 2017). The element distribu-
tion diagram shows elements (C, N, O, Fe, Ni) were uni-
formly dispersed in NiFe-LDH@NC (Fig. 2i). The element 
distribution diagram also explains the uniform dispersion 
of C, N, O, Fe, Ni in NiFe-LDH@NC. The nanosheet-like 
structure of NiFe-LDH and the hierarchically porous 
structure of NC were well preserved in NiFe-LDH@NC. 
The successful synthesis of the anticipated catalyst struc-
ture was  endorsed by the morphological and structural 
analysis, with the nanosheet-like structure of NiFe-LDH 

Fig. 2  SEM images of a NC, b, e NiFe-LDH, c, f NiFe-LDH@NC; d SEM images showing the cross-sectional view of NC; g TEM h HR-TEM images and i 
Element mapping images of NiFe-LDH@NC
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and the hierarchically porous structure of NC both pre-
served in NiFe-LDH@NC.

2.2 � Phase and structural characterization of catalysts
The phases of NiFe-LDH@NC, NC and CW as compara-
tive samples were investigated by X-ray diffraction (XRD) 
(Additional file 1: Fig. S2a). Among the diffraction peaks 
of the XRD patterns of NC and CW, there are diffraction 
peaks of the C (002) crystal plane and the C (101) crystal 
plane of carbon. The broad diffraction peaks reflect the 
amorphous structure of carbon materials from the forest 
trees (Yuan et  al. 2020). The right shifting C (002) peak 
position of NC can be attributed to the enhanced inter-
layer interaction of carbon. The decrease in the inter-
layer spacing of carbon should be due to the doping of 
nitrogen element (Wu et al. 2019). In the XRD pattern of 
NiFe-LDH@NC, the diffraction peaks match with (003), 
(006), (012), (015), (018), (110), (113) crystal planes in the 
NiFe-LDH standard card (PDF #40-0215). The C (002) 
diffraction peak corresponding to NC can also be found 
at 23.8° (Zhan et  al. 2017). The results obtained from 
XRD, corresponding to the conclusions from HRTEM, 
prove the successful synthesis of NiFe-LDH@NCs con-
taining both NC supports and NiFe-LDH.

The Raman spectroscopy analysis reveals that the 
structure of carbon defects in NC, CW, and NiFe-LDH@
NC. Specifically, the D peak observed at 1340  cm−1 
was described  to the amorphous defective structure 
of sp3 hybrid carbon, whilst the G peak at 1590  cm−1 
was  described to the stretching vibration of sp2 hybrid-
ized carbons (Tang et al. 2018). The ratio of the D peak 
to the G peak (ID/IG) is a foremost parameter that reflects 
the defects of carbon materials (Chen et  al. 2020). The 
ID/IG of NC, NiFe-LDH@NC and CW were 1.07, 1.04 and 
1.01, respectively (Additional file 1: Fig. S2b). These val-
ues suggest that all three materials have many edge car-
bon defect structures. The ID/IG value of NC was found 
to be higher than that of CW, representing that nitrogen 
doping treatment can upgrade the disposition of car-
bon defects in the material. The area ratios correspond-
ing to the D band and the G band, that is, the frequency 
integrated intensity ratio (AD/AG), were 3.35, 3.15, and 
2.61, respectively. The highly defective carbon structure 
in NiFe-LDH@NC, as indicated by its ID/IG and AD/AG 
value similar to that of NC, is expected to contribute to 
the improved catalytic activity of the compound (Hu 
et al. 2021; Zhao et al. 2020).

X-ray photoelectron spectroscopy (XPS) was used to 
investigate surface element composition, valence, and 
bonding. The XPS survey spectra of NiFe-LDH@NC 
displayed peaks with contents of 65.17% atom, 1.92% 
atom, 22.42% atom, 2.63% atom, and 7.84% atom for C 
1s, N 1s, O 1s, Fe 2p, and Ni 2p, respectively (Additional 

file  1: Fig. S2c).  This confirms that NIFe-LDH is a 
Ni3Fe-LDH structure with a Ni:Fe ratio of 3:1. The C 1s 
peak of NiFe-LDH@NC separated into C=C (284.8 eV), 
C–C (285.5 eV), C–O (287.8 eV), and O–C=O (291.2 eV) 
(Fig.  3a). The N 1s spectra of  NiFe-LDH@NC  closely 
match four peaks at 398.5  eV, 399.8  eV, 401.2  eV, and 
406.3  eV, corresponding to pyridine, pyrrole, graphite, 
and oxide-type N doping, respectively (Fig. 3b) (Yan et al. 
2020a). The Ni 2p spectra of NiFe-LDH@NC and NiFe-
LDH are shown in Fig. 3c. The peaks of NiFe-LDH@NC 
at 857.9 eV and 875.5 eV, corresponding to Ni 2p1/2 and 
Ni 2p3/2, exhibit a shift of 1.5 eV towards higher energy 
compared to NiFe-LDH. On the other hand, in the Fe 
2p region (Fig.  3b), the peaks for Fe3+ on NiFe-LDH@
NC are red-shifted compared to 712.2/726.2 eV on NiFe-
LDH (Yan et al. 2022b). The electron transfer from NiFe-
LDH to NC leads to the shifting of Fe 2p and Ni 2p peaks. 
The high electronegativity of nitrogen-doped carbon and 
the electron-withdrawing phenomenon cause electron 
transfer (Lv et  al. 2020; Ye et  al. 2021). This metal-sup-
port interaction facilitates charge transfer at the interface 
of the heterostructure. The charge transfer enriches the 
electron density of NC (Chen et al. 2021).

2.3 � Oxygen electrocatalytic performance
First, the CV curves of NiFe-LDH@NC, 20% Pt/C, NC, 
and NiFe-LDH in nitrogen or oxygen saturated electro-
lytes were measured (Additional file  1: Fig. S3). In the 
oxygen-saturated electrolyte, all four materials provided 
obvious reduction potentials. In the nitrogen-saturated 
electrolyte, no reduction potentials indicated unique 
catalytic activities to ORR for the above materials. The 
reduction potential of NiFe-LDH@NC was between 0.80 
and 0.90  V. That of NC was between 0.65 and 0.75  V, 
and that of NiFe-LDH was between 0.50 and 0.60 V. The 
reduction potential of 20% Pt/C around 0.83 V was most 
close to that of NiFe-LDH@NC. This similar potential 
indicates a similar ORR catalytic ability for NiFe-LDH@
NC to 20% Pt/C.

Linear sweep voltammetry (LSV) was used to inves-
tigate the catalytic capabilities of NiFe-LDH@NC, NC, 
and NiFe-LDH with commercial 20% Pt/C as the stand-
ard ORR catalyst and RuO2 as the common OER cata-
lyst. The produced materials were used to compare the 
catalytic performance. NiFe-LDH@NC had an onset 
potential in ORR (0.90  V) , which was  similar to Pt/C 
(0.94  V) but greater than NC (0.82  V) and NiFe-LDH 
(0.76  V) (Fig.  4a). The ORR half-wave potential (E1/2) 
on NiFe-LDH@NC was 0.83  V, which   was comparable 
to 0.84 V for Pt/C and higher than 0.67 V for NiFe-LDH 
and 0.78 V for NC. NiFe-LDH@NC had a higher limiting 
current density of up to 5.96 mA cm−2 than Pt/C (5.92 
mA cm−2), and NC (4.88 mA cm−2). NiFe-LDH had a 
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Fig. 3  a C 1s b N 1s spectrum of NiFe-LDH@NC; c Ni 2p and d Fe 2p spectra of NiFe-LDH@NC and NiFe-LDH

Fig. 4  LSV curves of a ORR and b OER; c LSV curves and ΔE of NiFe-LDH@NC, NiFe-LDH, 20% Pt/C + RuO2 and NC; d RRDE curves of NiFe-LDH@NC; 
e The n and H2O2 percentage of NiFe-LDH@NC; f LSV comparison before and after ADT test
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smaller limiting current density (3.65 mA cm−2) because 
of its weak conductivity. The larger E1/2 and increased 
maximum current density show that NiFe-LDH@NC has 
outstanding ORR catalytic activity. In addition, the Tafel 
curves obtained from the LSV measurements of the ORR 
demonstrated that the Tafel slopes for NiFe-LDH@NC, 
NC, NiFe-LDH, and 20% Pt/C catalysts were 121, 124, 
132, and 126 mV dec−1, respectively (Additional file  1: 
Fig. S4). The lower Tafel slope of NiFe-LDH@NC indi-
cates its superior catalytic activity and efficiency in ORR 
compared to the other catalysts. The obtained samples 
were also tested by electrical impedance spectroscopy 
(EIS) (Additional file  1: Fig. S5). The minimum charge 
transfer resistance indicates the fastest charge transfer 
kinetics for ORR on NiFe-LDH@NC.

Figure  4b shows the LSV curves with RuO2, NiFe-
LDH@NC, 20% Pt/C, NC, and NiFe-LDH for OER. The 
overpotentials of NC, NiFe-LDH, RuO2, and 20% Pt/C 
were 520 mV, 420 mV, 340 mV, and 550 mV (at 10 mA 
cm−2), respectively. The overvoltage of NiFe-LDH@NC 
was impressively low at 310 mV. Comparing the limiting 
current of the LSV curves of NiFe-LDH and NiFe-LDH@
NC in OER, the designed NiFe-LDH@NC composite 
showed a higher limiting current than that of NiFe-LDH. 
Due to the compounding of LDH with biochar, the EC of 
the compound was improved. NiFe-LDH@NC can speed 
up the reaction at higher current density. The bifunc-
tional activity of catalysts can be estimated from the 
voltage difference between ORR and OER (ΔE = EOER-
EORR) (Wu et  al. 2020). The ΔE of NiFe-LDH@NC of 
0.72 V was comparable to that of Pt/C + RuO2 (0.72 V), 
and lower than 1.09 V for NiFe-LDH and 0.97 V for NC 
(Fig. 4c). NiFe-LDH@NC provided a similar ΔE to that of 
commercial noble metal catalysts. The ΔE value of NiFe-
LDH@NC reflects the achievement of bifunctional cata-
lytic activity comparable to noble metal catalysts at low 
cost.

During the ORR of NiFe-LDH@NC, the electron trans-
fer number (n) and the hydrogen peroxide yield (H2O2%) 
were estimated using a rotating annular disc electrode 
(RRDE) (Fig. 4d). In the voltage range of 0–0.7 V, the n 
of NiFe-LDH@NC ranged from 3.83 to 3.92, and the 
H2O2 percentage was constantly below 7%. Based on 
the recorded LSV curves of the ORR conducted at vari-
ous rotational speeds (400–2025  rpm), the average n 
value calculated using the Koutecký-Levich (KL) equa-
tion was 4.1 (Additional file 1: Fig. S6). The n value close 
to 4 indicates that the ORR on NiFe-LDH@NC pro-
ceeds according to the 4e− reaction with excellent cata-
lytic selectivity for the 4e− path (Wang et  al. 2021; Xie 
et al. 2022). The durability of the catalyst was estimated 
by accelerated durability test (ADT). The E1/2 of NiFe-
LDH@NC had only a slight negative displacement of 5 

mV after ADT with unchanged limiting current (Fig. 4f ). 
The E1/2 of commercial 20% Pt/C after ADT dropped by 
35 mV (Additional file  1: Fig. S7). The negligible decay 
of E1/2 before and after ADT proves the superb catalytic 
durability of NiFe-LDH@NC.

The stability of the catalysts was characterized by 
chronoamperometry (CP) (Yang et al. 2022a). For ORR, 
the current density retention was kept at 89% for NiFe-
LDH@NC and 51% for 20% Pt/C after 12  h. The NiFe-
LDH@NC expressed  no obvious current attenuation (8 
mV) after CP test, while 20% Pt/C attenuated a lot (92 
mV) (Additional file 1: Fig. S8a–c). The OER CP curves 
of NiFe-LDH@NC and RuO2 were tested at the voltage 
corresponding to 10 mA cm−2. NiFe-LDH@NC showed 
a current density retention of 94% after testing, while 
RuO2 had a retention of only 67% (Additional file 1: Fig. 
S8d). The overpotential of NiFe-LDH@NC at 10 mA 
cm−2 increased by 15 mV and that of RuO2 by 37 mV 
(Additional file 1: Fig. S8e, f ). The CP test confirmed the 
excellent bifunctional long-term catalytic durability of 
NiFe-LDH@NC.

The ability to resist organic poisoning is also impor-
tant in evaluating the catalytic stability of catalysts. The 
excellent anti-toxicity enables the catalysts to reliably 
exert catalytic vocation under complex and changeable 
reaction conditions (Li et al. 2022; Zhou et al. 2021). The 
methanol poisoning tests of NiFe-LDH@NC and 20% 
Pt/C were conducted for comparison. After methanol 
poisoning test, the current density decay rate of NiFe-
LDH@NC was 11.5%, and that of Pt/C was 53.9% (Addi-
tional file 1: Fig. S8g). By comparing the LSV polarization 
curves of the two catalytic materials before and after the 
test, the E1/2 of NiFe-LDH@NC was attenuated by 20 
mV (Additional file 1: Fig. S8h). The E1/2 of 20% Pt/C was 
attenuated by 44 mV (Additional file 1: Fig. S8i). From the 
organic poisoning test results, NiFe-LDH@NC showed 
excellent anti-poisoning ability to effectively resist the 
shuttle effect of organic by-products during the reaction 
process (Feng et al. 2022). After undergoing electrochem-
ical testing, the NiFe-LDH@NC catalyst was subjected 
to XRD and XPS analyses. There were no significant 
changes observed in the XRD and XPS spectra when 
compared to the initial NiFe-LDH@NC (Additional 
file 1: Fig. S9). The results reveals that the crystal struc-
ture and surface electronic state of the catalyst remained 
unchanged after the electrochemical testing, highlighting 
the excellent stability of NiFe-LDH@NC.

2.4 � Applications of NiFe‑LDH@NC in zinc‑air batteries
A ZAB was assembled using NiFe-LDH@NC as the air 
electrode catalyst, while a ZAB constructed with Pt/C 
and RuO2 (1:1 mass ratio) as the air electrode catalyst was 
used as a benchmark. The open circuit voltage (OCV) 
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performance of the ZAB-based NiFe-LDH@NC (1.44 V) 
can be comparable to that of the ZAB with Pt/C + RuO2 
(1.45  V) (Fig.  5a). The discharge/charge polarization 
curves disclosed  that the NiFe-LDH@NC-based ZAB 
exhibited a smaller voltage gap during discharge/charge. 
When the current density reached 10 mA cm−2, the 
voltage gap of NiFe-LDH@NC was 0.52  V (0.69  V for 
Pt/C + RuO2) (Additional file  1: Fig. S10). The discharge 
curve and the corresponding power density curve of the 
ZABs are shown in Fig.  5b. The peak power density of 
the NiFe-LDH@NC mounted ZAB was 123 mW cm−2 
at 1.23  V, surpassing that of the Pt/C + RuO2 mounted 
ZAB (64 mW cm−2 at 0.62 V). Compared to Pt/C + RuO2, 
the ZAB was greatly improved with NiFe-LDH@NC. 
Galvanostatic charge-discharge tests were performed 
to investigate the cycling stability of batteries made 
from  different catalytic materials. At 10 mA cm−2, the 
stable cycle time of the ZAB based on NiFe-LDH@NC 

over 270 h (810 cycles) was significantly higher than that 
found on Pt/C + RuO2 (85 h) (Fig. 5c). The gap between 
the charge voltage and discharge voltage of NiFe-LDH@
NC was more stable during the test. The charge-dis-
charge test results confirmed the long-term operational 
stability of the ZAB assembled with NiFe-LDH@NC (Li 
et  al. 2022). Furthermore, NiFe-LDH@NC-based aque-
ous ZABs were able to successfully drive light bulbs and 
LED lamp beads (Additional file  1: Fig. S11). The per-
formance of ZAB based on NiFe-LDH@NC was at the 
forefront among similar biochar-related catalysts (Addi-
tional file  1: Table  S1). One of the major advantages of 
NiFe-LDH@NC, as a wood-derived biochar-based com-
posite, was  that it can be directly used as a monolithic 
catalyst. The quasi-solid ZABs were assembled using the 
monolithic NiFe-LDH@NC as the air electrode, PVA gel 
as the electrolyte, and zinc foil as the anode (Liu et  al. 
2021). The results are shown in Fig. 5d, and the OCV of 

Fig. 5  a OCV curves b discharge curves and c cycling test of aqueous ZABs constitutional by NiFe-LDH@NC and Pt/C + RuO2; d images of OCV 
and drive fan for quasi-solid-state ZAB with NiFe-LDH@NC
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the assembled quasi-solid ZAB reached up to 1.42 V. Two 
NiFe-LDH@NC-based quasi-solid ZABs in series can be 
directly used as a power source to drive the fan to rotate. 
The above results demonstrate the great potential of 
NiFe-LDH@NC as a catalyst for ZABs.

2.5 � Study of the structure–activity relationship
A structure–activity relationship for the ORR and OER 
catalyzed by NiFe-LDH@NC was proposed based on 
the above analysis (Fig.  6). (I) The doping of N heter-
oatoms improves the conductivity of the biochar and 
generates abundant defects in the carbon layer (Ye et al. 
2020). The generation of defects favors the bulk anchor-
ing of metal sites. NC as a supporter provides excellent 
conductivity and dispersion for metal active sites, which 
is beneficial to preventing metal aggregation and expos-
ing more accessible active sites (Niu et al. 2021). (II) The 
rich pore structure of natural wood is preserved during 
the treatment. The hierarchical porous structure facili-
tates the rapid transport and diffusion of active species 
such as O2 and oxygen-containing intermediates in the 
oxygen electrocatalytic process (Chen et  al. 2019). (III) 
During the ORR process, the C atoms in NiFe-LDH@
NC serve as active sites for O2 adsorption and activa-
tion in ORR (Liang et al. 2014). The adjacent NiFe(OH) 
sites fine-tune the electron density arrangement around 
the C sites accelerate the splitting of water molecules to 
generate protons required for ORR (Zhang et  al. 2022), 
and improve the ORR catalytic activity. (IV) During OER, 
the high voltage required for OER causes the NiFe-LDH 
on the surface of NiFe-LDH@NC to be oxidized and con-
verted into metal-oxyhydroxide in  situ (Bai et  al. 2021). 
The metal-oxyhydroxide acts as the real active center of 
OER to catalyze the OER reaction (Ni or Fe sites) (Liu 

et al. 2022a). Due to its unique structure, NiFe-LDH@NC 
will generate abundant metal-oxyhydroxides for OER. 
In addition, it cannot be ignored that some lattice oxy-
gen will be generated during the oxidation of NiFe-LDH 
to NiFeOOH. The lattice oxygen in NiFe-LDH@NC can 
also act as active sites for OER (Liu et al. 2023). The lat-
tice oxygen mechanism (LOM) can break the linear con-
straint of the intermediate transition state of traditional 
metal redox chemistry of adsorption evolution mecha-
nism (AEM), and reduce the overall overpotential of OER 
(Wang et  al. 2023). In summary, this dynamic switch-
ing and multi-catalytic site synergy of NiFe-LDH@NC 
achieves high-efficiency bifunctional catalytic activity.

3 � Conclusions
In conclusion, a heterostructure NiFe-LDH@NC com-
posed of 3D biochar supports and 2D nanosheets was 
constructed by in  situ growth to advance the catalytic 
activity of oxygen conversion. The hierarchical porous 
structure in the wood-derived biochar facilitates fast 
electrolyte penetration. The wood-derived biochar and 
NiFe-LDH combination enhanced the composite’s over-
all electrocatalytic capability and facilitated the electron 
transfer during catalysis. The NiFe-LDH@NC exhibited 
excellent ORR and OER catalytic activity and steady 
stability. The ZAB assembled with NiFe-LDH@NC 
showed decent power density and cycling stability. The 
quasi-solid-state ZAB assembled directly as a mono-
lithic electrode by NiFe-LDH@NC still demonstrated its 
practical value. This research  provided inspiring ideas 
for the economic development, deployment and trans-
formation of wood-derived biochar to high value-added 
electrocatalyst.

Fig. 6  Structure–activity relationship of ORR and OER at NiFe-LDH@NC
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