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Biochar

N self‐doped multifunctional chitosan 
biochar-based microsphere with heterogeneous 
interfaces for self-powered supercapacitors 
to drive overall water splitting
Chunxia Yan1, Yaqi Yang1, Jie Wei1, Jianhua Hou2 and Ziqiang Shao1*   

Abstract 

Due to the rising need for clean and renewable energy, green materials including biochar are becoming increas-
ingly popular in the field of energy storage and conversion. However, the lack of highly active and stable electrode 
materials hinders the development of stable energy supplies and efficient hydrogen production devices. Herein, we 
fabricated stable, conductive, and multifunctional chitosan microspheres by a facile emulsion crosslinking solu-
tion growth and hydrothermal sulphuration methods as multifunctional electrodes for overall water splitting driven 
by supercapacitors. This material possessed three-dimensional layered conductors with favorable heterojunction 
interface, ample hollow and porous structures. It presented remarkably enhanced electrochemical and catalytic activ-
ity for both supercapacitors and overall water electrolysis. The asymmetric supercapacitors based on chitosan biochar 
microsphere achieved high specific capacitance (260.9 F  g−1 at 1 A  g−1) and high energy density (81.5W h  kg−1) at a 
power density of 978.4 W  kg−1. The chitosan biochar microsphere as an electrode for electrolyze only required a low 
cell voltage of 1.49 V to reach a current density of 10 mA  cm−2, and achieved excellent stability with 30 h continuous 
test at 20 mA  cm−2. Then, we assembled  a coupled energy storage device and hydrogen production system, the SCs 
as a backup power source availably guaranteed the continuous operation of overall water electrolysis. Our study pro-
vides valuable perspectives into the practical design of both integrated biochar-based electrode materials and cou-
pled energy storage devices with energy conversion and storage in practical.

Highlights 

• A highly conductive and multifunctional chitosan-based microsphere was fabricated.
• Chitosan-based microsphere possessed favorable heterojunction interface.
• This electrode presented remarkable electrochemical and catalytic activity.
• The ASCs delivered remarkable energy density and power density.
• A coupled energy storage device and hydrogen production system was established.
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Graphical Abstract

1 Introduction
With growing concern about energy usage and grow-
ing need for environmentally friendly energy, improved 
green energy conversion and storage technologies, par-
ticularly overall water electrolysis (overall water electrol-
ysis) (Du et al. 2019; You and Sun 2018; You et al. 2019) 
and supercapacitors (SCs) (Choudhary et  al. 2017; Zhu 
et  al. 2019b), have captured extensive investigation of 
researchers worldwide. In the sphere of energy conver-
sion, one of the most often used hydrogen production 
technologies is electrocatalytic extraction of hydrogen 
from water (Han et  al. 2021; Sun et  al. 2020). Besides, 
overall water electrolysis can achieve zero greenhouse 
gas emissions and high calorific value (Wu et  al. 2020). 
The electric energy sources of overall water electrolysis 
system mainly derive from power grid and renewable 
energy. However, the widespread use of overall water 
electrolysis technology is hampered by the high price of 
electricity, and renewable energy sources, which include 
mainly wind power and solar cells, are intermittent and 
unstable depending on the climatic environment (Ayo-
dele and Munda 2019; Zhu et al. 2022). These factors will 

reduce stability and service life of the electrolytic cell. 
Therefore, it is urgent to design a coupled energy stor-
age device and hydrogen production facility to guarantee 
high productivity and stability of the overall water elec-
trolysis system, as well as high energy utilization rate. 
SCs with superior energy density, fast charging/discharg-
ing rates and outstanding cycle performance are highly 
competitive  in the energy storage market. It is princi-
pally applied in rail transit, renewable energy (Libich 
et al. 2018), power systems (Zhang et al. 2016). What is 
noticeable is that SCs as micro-grid energy buffer units, 
provide standby capacity not only to ensure the normal 
operation of the system and but also enhance system reli-
ability (Song et  al. 2016). However, SCs suffer from low 
energy density and poor conductivity. Moreover, the 
catalyst for overall water electrolysis also faces the same 
issue about poor activity and stability. To date, the most 
common overall water electrolysis catalysts are precious 
metals-based materials, specifically Pt (Li et  al. 2021b), 
Ir (Luo et  al. 2020) and Ru (Lin et  al. 2021).  Unfortu-
nately, the commercial applicability of these electrocata-
lysts is limited due to their high price and short lifespan. 
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Consequently, hunt for effective, robust, and precious-
metal-free electrocatalysts has aroused great interest 
in overall water electrolysis. Furthermore, bifunctional 
electrocatalysts (Fan et  al. 2018; Wang et  al. 2021b) 
can achieve both oxygen evolution reaction (OER) and 
hydrogen evolution reaction (HER), meanwhile simplify 
the overall water electrolysis equipment. Therefore, it is 
essential to rationally construct an innovative and afford-
able multifunctional electrode material for SCs as well as 
overall water electrolysis (HER and OER).

Biochar-based materials are proved to be a rational 
substitute for noble metal materials in energy storage 
and energy conversion (Borenstein et  al. 2017; Li et  al. 
2021a). Biochar-based materials, including activated car-
bon (Sun et al. 2016), graphene (Tan and Lee 2013), car-
bon nanotubes (Toma et  al. 2011), and various biochar 
(Zhou et al. 2019) have been thoroughly used for SCs and 
overall water electrolysis. The most prominent of these is 
biochar, which not only has low cost and environmental 
friendliness, but also has self-doped effect during pyrol-
ysis (Wang et  al. 2021a). It is noteworthy that chitosan 
widely exists in crab shells and shrimp shells (Aswathy 
et  al. 2020; Roy et  al. 2021). Considering that chitosan 
contains plentiful nitrogen heteroatoms, it is a valuable 
biomass raw material for biochar synthesis. However, 
insufficient electroactive sites, low energy density and 
poor electrochemical reaction kinetics of biomass car-
bon materials make their electrochemical performance 
far inferior to practical industrial requirements. There-
fore, improving the electrochemical activity of biochar 
from both structural and material aspects is a valuable 
method. In terms of structure, interface engineering has 
been used to adjust the electronic structure and form 
active interface. Establishing heterojunctions between 
different functional components availably changes the 
electronic configuration of nanointerfaces, adjusts the 
electronic state of active sites, drastically reduces energy 
barriers, and thus efficiently accelerates charge transfer 
capability and electrochemical reaction kinetics (Kuang 
et al. 2017; Ong and Shak 2020; Yu et al. 2021). Layered 
double hydroxides (LDHs) derived from metal–organic 
framework (MOF) not only reserve the advantages of 
self-assembled framework structure of MOF, uniform 
distribution of intrinsic metal and abundant nanopo-
res/channels, but also possess unique layered structure, 
large specific surface area and high redox activity, which 
can simultaneously realize charge storage and transfer 
(Abd El-Monaem et al. 2023; Eltaweil et al. 2023; Li et al. 
2019a; Omer et al. 2023; Wang et al. 2021c; Yilmaz et al. 
2017). So LDHs have received extensive attention. Nev-
ertheless, agglomeration and recombination of 2D LDH 
nanosheets, inherently low conductivity and simplex lit-
tle pore size severely restrain charge transfer, resulting in 

poor electrochemical performance. Notably, the phase 
and structure of metal compounds are transformed into 
metal sulfides by post-treatments for the original MOFs, 
so that higher catalytic activity and more exposed active 
sites can be obtained (He et al. 2018; Shi et al. 2022). In 
addition, bimetallic sulfides have a synergistic effect of 
bimetal (Huang et  al. 2016; Tang et  al. 2018; Xin et  al. 
2017). Moreover, due to the electronic modulation of 
doped metal, the *OH potential barrier is immensely 
reduced and the reaction kinetics is highly accelerated. 
Interestingly, it exhibits the dual functional properties to 
achieve both HER and OER in overall water electrolysis 
as well as SCs applications. As far as we know, although 
these heterostructures and multiphase materials are 
making encouraging development, their electrochemical 
activity has not yet achieved applied standard. Therefore, 
in order to simultaneously apply to SCs and overall water 
electrolysis, a type of multifunctional heterostructure 
material with high electrochemical reactivity and high 
stability is urgently needed.

In this work, we successfully designed a multifunc-
tional chitosan biochar microsphere with a tunable 3D 
heterostructure, which can be used as a multifunctional 
electrode for overall water splitting driven by superca-
pacitors. The ample polymetallic heterojunctions for 
NiMnS/NiCo LDH, hollow and various types of porous 
structures expose more active sites and abundant ion/
electron channels, which facilitate electrochemical activ-
ity. The material has the potential to be used to create 
SCs with efficient charge storage, as well as electrodes for 
the hydrogen evolution process (HER) and oxygen evo-
lution reaction (OER). Therefore, a coupled energy stor-
age device and hydrogen production system based on 
this electrode material to fulfill the demands of industries 
was designed. SCs with high energy density ensure the 
efficient and stable operation of the overall water elec-
trolysis. Moreover, the smooth and stable progress for 
overall water electrolysis can be achieved without manip-
ulating the main power sources and under conditions of 
changing external environment. This work provides a 
platform for the design of integrated electrode materi-
als for efficient and stable energy conversion and storage. 
The results help design efficient coupled energy storage 
devices and hydrogen production systems.

2  Experimental section
2.1  Synthesis of chitosan
Chitosan was prepared according to previous litera-
ture. The lobster shells were demineralized in 1 L 1  M 
HCl, and rinsed with distilled water until the PH value 
was neutral. The demineralized shell was treated with 
1 M NaOH for 3 h at 80  °C to produce chitin. The chi-
tosan is produced by deacetylating in 12.5  M NaOH. 
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Relevant characterizations are listed in the supporting 
information.

2.2  Synthesis of chitosan biochar microspheres
Chitosan microspheres (Cs) were created by the emul-
sion crosslinking. Chitosan dissolved in 2% acetic acid 
to form aqueous phase. The oil phase consisted of 
190  mL liquid paraffin and 10  mL Span-80. The aque-
ous phase was added to the oil phase under agitation to 
form an emulsion. Subsequently, 25% glutaraldehyde was 
added as a crosslinking agent. The mixture  was heated 
at 40  °C for 2  h and 70  °C for 2  h. Finally, the Cs was 
obtained by washing with petroleum ether, acetone, and 
ethanol.

Then, the Cs was carbonated at 700 ℃, 800 ℃, 900 ℃ 
for 2  h in  N2 to obtain the conductive and carbonated 
Cs (CCs), as well as biochar microspheres. The obtained 
CCs were labeled CCs-700, CCs-800, and CCs-900, 
respectively.

2.3  Synthesis of NiCoLDH@CCs
A certain concentration of Co  (NO3)2·6H2O and Ni 
 (NO3)2·6H2O were dissolved in methanol. Then, the pre-
pared CCs were immersed in the abovementioned solu-
tions. 2-dimethylimidazole was added to the solutions 
for co-deposition for 12 h to obtain NiCoLDH@CCs. The 
 Ni2+/Co2+ concentration was varied as 0.1, 0.3, and 0.5, 
and the obtained systems were labeled NiCoLDH-0.1@
CCs, NiCoLDH-0.3@CCs, and NiCoLDH-0.5@CCs, 
respectively.

2.4  Synthesis of NiMnS@NiCoLDH@CCs
The 1:1:3 of Ni  (NO3)2·6H2O,  MnCl2·6H2O, and thio-
acetamide were dissolved in distilled water. NiMnS@
NiCoLDH@CCs were produced by  hydrothermal heat-
ing at 120  °C for 2  h. The concentration of the sodium 
thiosulfate solution was varied as 0.1, 0.3, and 0.5 to reg-
ulate the degree of vulcanization. The obtained materi-
als were labeled NiMnS1@NiCoLDH@CCs, NiMnS2@
NiCoLDH@CCs, and NiMnS3@NiCoLDH@CCs, 
respectively. For comparison, we also prepared NiMnS by 
hydrothermal reaction.

3  Results and discussion
3.1  Preparation and characterization of NiMnS @

NiCoLDH@CCs
The fabrication of NiMnS @NiCoLDH@CCs is sche-
matically depicted in Fig. 1a. First, Cs microspheres with 
a diameter of about 4–5  μm were generated by facile 
emulsion crosslinking method using chitosan obtained 
from the treated crab shells (Additional file  1: Fig. S1). 
The surface of the generated Cs microspheres was 
smooth. FTIR (Additional file  1: Fig. S2a) showed that 

glutaraldehyde crosslinked chitosan microspheres added 
an aliphatic C–H stretching vibration signature at 
2923   cm−1 as compared to pristine chitosan. And C–H 
deformations responsible for two absorption bands at 
2851 and 1378   cm−1  was found in microsphere spec-
tra. Moreover, some signatures in the Cs spheres curve 
were also missing, including N–H belonging to amide II 
bands (~ 1596   cm−1), C–O asymmetric stretching vibra-
tion (~ 1154   cm−1), and glycosidic bond vibration rang-
ing from ~ 895 to ~ 661   cm−1, further explaining the 
formation of Cs microspheres. After high-temperature 
carbonization, the Cs microsphere transformed into 
highly conductive graphitic biochar microspheres with 
rich N elements. The smooth surfaces of the carbonized 
Cs (CCs)  became  rough (Fig.  1b1–b3), contributing to 
the adsorption of other substances. Then, Ni/Co LDHs 
nanosheets with an average thickness of approximately 
40 nm were evenly dispersed on the CCs substrate by the 
solution growth method (Fig.  1c1, 1c2). Concurrently, 
numerous open pore structures about 100–200  nm 
were  formed by interlacing between 50 nm thick Ni/Co 
nanosheets with smooth surfaces (Fig.  1c3). After sulfi-
dation and etching, the primary smooth surface of Ni/
Co LDHs became rough and produced abundant hollow 
and porous structure (Fig. 1d). Plentiful NiMnS spheres 
anchored in the surface of Ni/Co nanosheets, constitut-
ing heterojunction structure.

3.2  Morphology and structure characterization
TEM was performed to investigate surface structures 
and interfaces of the NiCoLDH@CCs and NiMnS @
NiCoLDH@CCs. In contrast to the CCs microspheres 
(Additional file 1: Fig. S1b), the NiCoLDH@CCs was uni-
formly covered with well‐ordered 3D interconnected Ni/
Co LDH shell about 430  nm thick (Fig.  2a, b), which is 
consistent with the SEM analysis (Fig. 1c). According to 
HRTEM analysis in Fig. 2c, there were clearly heteroint-
erfaces between CCs and Ni/Co LDH. The lattice fringes 
were 0.22 nm, belonging to the (101) planes of  CNx (blue 
label). Additionally, the lattice fringes of 0.21 and 0.23 nm 
were corresponded to the (103) and (002) planes of 
Ni (OH)2 (gray label) and Co (OH)2 (pink label) for Ni/
Co LDHs, respectively. The corresponding selected area 
electronic diffraction pattern (SAED) in Fig.  2d shows 
that NiCoLDH@CCs  was polycrystalline. The EDS ele-
mental mappings (Additional file 1: Fig. S3) indicated that 
the even-distributed Ni, Co elements C, N, O, manifest-
ing the formation of NiCoLDH@CCs. TEM (Fig.  2e, F) 
showed that the external Ni/Co LDHs nanosheets after 
sulfidation treatment  transformed into NiCoS, and the 
layered morphology was perfectly reserved with a thick-
ness of 450  nm, which basically bring into correspond-
ence with that of NiCoLDH@CCs. Specially, a typical 
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hollow structure and ample nanoporous on the surface 
of Ni/Co LDHs was obtained after etching by  Ni2+ and 
 Mn2+ (Fig. 2f ), contributing to the fast electrolyte diffu-
sion and the more accessible electrochemical active sites. 
Notably, Fig.  2f suggests that vast NiMnS nanoparticles 
covered on the surface of Ni/Co LDHs. The HRTEM 
(Fig. 2g) revealed that there obviously existed several het-
erointerfaces between Ni/Co LDHs and NiMnS. The lat-
tice fringes of 0.18 and 0.21  nm (Fig.  2g) belong to the 
(220) and (150) planes of MnS (yellow label) and  Ni9S8 
(cyan label), respectively. While the interlayer spacings of 

0.19 nm are ascribed to the (331) plane of  NiCoS4. Con-
currently, apparent lattice fringe dislocation and defor-
mation, as well as lattice fringe fracture  were observed 
(Additional file 1: Fig. S4), due to absence of atoms, fur-
ther uncovering the existence of abundant defects. The 
ample defects and disordered area at the interface offer 
extra and virous active sites to promote charge trans-
fer and enhance HER/OER reactivity (Zhu et al. 2019a). 
Besides, the SAED (Fig.  2h) further improved that 
NiMnS @NiCoLDH@CCs had polycrystalline phase. The 
EDS (Fig.  2i) indicated the homogenous distribution of 

Fig. 1 a Schematic diagram of  NiMnS @NiCoLDH@CCs electrode manufacturing process. SEM images of (b1–b3) CCs, (c1–c3) NiCoLDH@CCs 
(d1–d3) NiMnS @NiCoLDH@CCs at different magnifications
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the Ni, Co, Mn, and S elements in NiMnS @NiCoLDH@
CCs.  The above findings confirm that the NiMnS @
NiCoLDH@CCs can be successfully heterostructured 
with hollow and porous structure. Additional file 1: Figs. 
S5a–d show that the Ni/Co LDH nanosheets on CCs 
gradually grew and formed nanoflowers along with rise 
of the concentration of  Ni2+ /Co2+ (Additional file 1: Fig. 
S5c). Besides, nanoflowers extremely agglomerated in 
higher concentration and greatly lengthens the distance 

for electrolyte ion diffusion, which is detrimental to 
charge/discharge migration and electrochemical kinetics. 
The optimum  Ni2+ /Co2+ concentration was 0.3 mM. We 
further explored the influence of vulcanization degree on 
the structure of NiMnS @NiCoLDH@CCs. As depicted 
in Additional file  1: Fig. S6a–c, with the increase of the 
vulcanization degree, the lamellar structure of NiCoLDH 
gradually  collapsed, finally it was tightly wrapped by 

Fig. 2 a, b TEM images of NiCoLDH@CCs at diverse magnifications. c HRTEM image d SAED image of NiCoLDH@CCs. e, f TEM images of NiMnS 
@NiCoLDH@CCs at different magnifications. g HRTEM image h SAED image of NiMnS @NiCoLDH@CCs. i EDS of NiMnS @NiCoLDH@CCs. j XRD 
patterns k Raman spectroscopy of CCs, NiCoLDH@CCs, NiMnS @NiCoLDH@CCs, respectively. l electron paramagnetic resonance (EPR) spectra 
of NiMnS and NiMnS @NiCoLDH@CCs, respectively
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NiMnS and the nanochannel disappeared, which was not 
conducive to ion migration and electron transmission.

The phases and crystallinity were  detected by XRD 
analysis. As depicted in Additional file  1: Fig. S7a, Cs 
sphere after carbonation shows large peak package at 
about 22° belonging to (002) plane of graphitic carbon 
(JCPDS 50-0664). It indicates the formation of conduc-
tive biocarbon sphere. Additional file 1: Fig. S7b depicts  
a series of diffraction peaks of MnS (JCPDS 06-0518), 
 Ni9S8 (JCPDS 78-1886) and CNx (JCPDS 50-0664), 
which are well matched well with NiMnS@ NiCoLDH@
CCs, further proving that NiMnS was synthesized after 
the hydrothermal process. In contrast to NiCoLDH@
CCs, the characteristic peak of  NiCoS4 in NiMnS @
NiCoLDH@CCs is found, indicating that Ni (OH)2 
(JCPDS 38-0715) and Co (OH)2 (JCPDS 02-0925) precur-
sors had been partially sulfated to bimetallic sulfides. The 
above results demonstrate that the synthesis of NiMnS 
@ NiCoLDH@CCs was effective, as well as the presence 
of abundant heterojunction interfaces, consistent with 
HRTEM examination (Fig. 2j).

Raman spectra were further used to characterize the 
chemical structure. Figure  2k shows the characteristic 
peaks of metal-O (Ni/Co -O) in NiCoLDH@CCs at 515.2 
and 677.2   cm−1, indicating the existence of layered Ni 
(OH)2 and Co (OH)2. While for NiMnS @NiCoLDH@
CCs, the peak at about 654.3   cm−1 and 823.4   cm−1 is 
attributed to the Mn-S/Mn-S-C vibration and the inter-
action of the MnS cluster with the negatively charged 
backbone (Avril et al. 2013; Hu et al. 2017), indicating the 
presence of MnS. Besides, the peak at 538.2  cm−1 belongs 
to Ni–S vibration, which shifts to a higher value in com-
parison to the literature (Rathore et al. 2022) due to the 
strong interaction between Ni−S and  Mn2+. The other 
two peaks (1350 and 1580  cm−1) are the characteristics of  
D and G bands of carbonaceous materials (Huang et al. 
2017). The  ID/IG of CCs, NiCoLDH@CCs and NiMnS @
NiCoLDH@CCs is 1.03, 1.06 and 0.99, respectively, sug-
gesting a high degree of graphitization.

Further, FTIR measurement (Additional file 1: Fig. S2b) 
was conducted to investigate the chemical identities. The 
wide characteristic peak ranging from 3462 to 3354  cm−1 
is O–H stretching vibration. Compared with other 
curves, newly observed peaks at 1097   cm−1, 942   cm−1, 
745   cm−1 for NiMnS @NiCoLDH@CCs belong to  in 
the characteristic peaks from MnS, which are simi-
lar to the reported values (Hu et  al. 2017). Importantly, 
the metal-O (Ni/Co/Zn–O) peaks at 630   cm−1. Above 
results suggest the successful preparation of the NiMnS 
@NiCoLDH@CCs.

Additionally, to further confirm the existence of sul-
fur defects in NiMnS@Ni CoLDH@CCs, electron para-
magnetic resonance (EPR) spectroscopy was utilized. 

Figure  2l displays all samples have resonance signal at 
g = 2.003, belonging to sulfur vacancy (Lu et  al. 2018). 
The strength and width of sulfur vacancies in NiMnS@
Ni CoLDH@CCs are obviously greater than those  of 
NiMnS, indicating  more sulfur vacancies, agreeing with 
TEM results (Additional file  1: Fig. S4). The presence 
of S-vacancy changes the surface charge distribution of 
metal sulfide to form an electron-deficient center, which 
improves the electron density near the metal position. As 
a result, S-vacancy encourages the adsorption of signifi-
cant intermediates, improving the movement of electrons 
and raising the catalytic performance of materials (Gong 
et al. 2020). Therefore, NiMnS@Ni CoLDH@CCs has the 
highest catalytic activity.

Morevoer, the BET (Additional file 1: Fig. S8a) showed 
specific surface area of NiMnS @NiCoLDH@CCs  was 
328.7  m2  g−1, higher than NiCoLDH@CCs (328.7  m2  g−1), 
and CCs (32.4  m2  g−1). It displays that the interlaced LDH 
nanochannels, hollow and porous LDH further increases 
substantially the specific surface area. Besides, a plenti-
ful porous structure with mesopores and micropores was 
further demonstrated by the matching pore size distribu-
tion of NiMnS @NiCoLDH@CCs (Additional file 1: Fig. 
S8b), which shows a prominent peak at about 2.3 nm. In 
addition to exposing innumerable active sites and accel-
erating reaction kinetics, it aids electrolyte ions transpor-
tation and electron transformation.

The XPS analysis corroborated the oxidation state and 
composition. The full XPS spectrum (Fig.  3a) depicts 
common coexistence of Mn, Ni, Co, S, N, O and C in the 
NiMnS @NiCoLDH@CCs, and Additional file 1: Table S1 
shows the atomic percentage of those elements, which 
agrees with the EDS results. The N element partly derives 
from the CCs, and incompletely vulcanized  NO3− in Ni/
Co LDH. The O element mostly exists in  the superficial 
organic matter and incompletely vulcanized Ni/Co LDH. 
The Mn, Ni, Coand S elements originate from NiMnS @
NiCoLDH@CCs electrode materials. The dominant elec-
tron state of Mn 2p was intensively identified and clearly 
separated into Mn 2p1/2 and Mn 2p3/2 with binding 
energies of about 654.8 and 642.4  eV (Fig.  3b), respec-
tively, proving the emergence of  Mn2+ (Zhu et al. 2020), 
and further indicating the presence of MnS. The peaks at 
857.2 eV in Ni  2p3/2 and 879.2 eV in Ni  2p1/2 are appointed 
to the spin–orbit characteristics of  Ni2+, and the peaks at 
about 853.6 eV in Ni  2p3/2 and 875.1 eV in Ni  2p1/2 reckon 
with the characteristics of  Ni3+ in the Ni 2p spectrum 
for NiMnS @NiCoLDH@CCs (Fig.  3b). (Rathore et  al. 
2022). Interestingly, compared with NiCoLDH@CCs, 
the Ni  2p1/2 and Ni  2p3/2 peaks for NiMnS @NiCoLDH@
CCs slightly shift to higher binding energies, possibly 
due to strong bonding between NiMnS core and Ni/Co 
LDH shell. Importantly, it reveals that there is electronic 
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coupled and electron transfer between NiMnS and Ni/
Co LDH, and the heterogeneous interface is successfully 
constructed. Additionally, the  Ni3+/Ni2+ ratio was calcu-
lated according to the XPS peak area (Additional file  1: 
Fig. S9). The  Ni3+/Ni2+ ratio in NiMnS @NiCoLDH@
CCs was extremely higher than that of NiCoLDH@CCs, 
indicating that the construction of heterogeneous inter-
face could induce the increase in the proportion of oxi-
dation state  Ni3+. It has been reported that  Ni3+ exhibits 
higher electron affinity than  Ni2+ due to more valence 
electron three-dimensional orbitals. Therefore, it has 
better absorption capacity for oxygen-containing inter-
mediates generated by OER reaction, which is condu-
cive to promote high electrocatalytic activity (Shi et  al. 
2019; Zhao et  al. 2019). Similarly, the Co2p XPS fitting 
profile (Fig. 3d) for NiMnS @NiCoLDH@CCs shows that 
the  Co2+ peak is located between 782.8 and 798.7  eV, 
whereas the  Co3+ peak is located between 781.4 and 
793.5  eV (Kang et  al. 2022). Two distinct metal sulfide 
and sulfate peaks are seen in the S 2p spectra (Fig.  3e). 
The peaks at 162.1 and 163.3  eV correspond to the S 
2p3/2 and S 2p1/2 of  S2−, respectively.

The sulfur oxides are also indicated by the peaks at 
168.9 and 170.0  eV (Kang et  al. 2022). It demonstrates 
the existence of metal sulfides, including  Ni9S8, MnS 
and  NiCoS4, which were found after the vulcanization 

reaction of NiCoLDH@CCs. Additionally, in compari-
son to the NiCoLDH@CCs sample (Fig. 3c, d), the bind-
ing energies of  Ni2+/Ni3+ and  Co2+/Co3+ in NiMnS @
NiCoLDH@CCs are positively shifted. It illustrates the 
 NiCoS4,  Ni9S8, and MnS heterointerfaces have an intense 
electric connection that contributes to faster charging 
transfers and improved reaction kinetics. In the O 1  s 
XPS spectrum (Fig.  3f ), the peaks at 532.3, 532.8, and 
533.9  eV are well ascribed to the metal–O, metal–OH 
group and adsorbed  H2O, respectively (Si et  al. 2020). 
Besides, the M–O peak of NiMnS @NiCoLDH@CCs 
moves to higher peak compared to that of NiCoLDH@
CCs, confirming stronger bonding of Ni/Co LDH and 
NiMnS.

3.3  Electrochemical performance
The electrochemical behavior of CCs-based electrodes 
was tested in a three-electrode system in 3  M KOH 
electrolyte via CV, EIS, GCD texts. The electrochemi-
cal characteristics of conductive biochar are affected by 
the carbonization temperature. Fig. S10 shows that CV 
presents a typical rectangle due to double layer capaci-
tance. Besides, The CCs-800 electrode has a larger CV 
integral area than that of CCs-700 and CCs-900 elec-
trode, indicating distinguished electrochemical perfor-
mance and larger specific capacity. Figure  4a presents 

Fig. 3 a XPS of the NiMnS @NiCoLDH@CCs samples. High-resolution XPS of b Mn 2p, c Ni 2p, d Co 2p, e S2p, and f O1s. (Sat. means shake-up 
satellites)
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a couple of typical and reversible redox peaks for 
all CV curves at 50  mV   s−1 at 0–0.6  V, in accordance 
with reversible Faradic redox reaction and pseudoca-
pacitance characteristics. The NiMnS @NiCoLDH@
CCs electrode has a larger CV integral area than the 
NiCoLDH@CCs electrode, indicating distinguished 
pseudocapacitive properties and larger specific capac-
ity. The redox peaks of all CV curves only slightly shift 
(Fig. 4b), but the shape of CV curves is well kept with 
rising of the scan rate ranging from 10 to 100 mV   s−1, 
indicating better reversibility. The conventional and 
symmetric galvanostatic charge–discharge (GCD) 
curves at 1 A  g−1 are shown in Fig.  4c. The NiMnS @
NiCoLDH@CCs electrode’s discharge duration is obvi-
ously longer than that of NiCoLDH@CCs electrodes, 

further attesting its highest specific capacitance, which 
agrees with CV results. Further, GCD curve of NiMnS 
@NiCoLDH@CCs still maintains good symmetry with 
varied current densities ranging from 0.5 to 10 A  g−1 
(Fig.  4d), suggesting high coulombic efficiency. Such 
wonderful symmetry and unique platform, as well as 
small IR drop illustrate high reversibility and high cou-
lomb efficiency of NiMnS @NiCoLDH@CCs. The spe-
cific capacitances of NiCoLDH@CCs and NiMnS @
NiCoLDH@CCs are estimated and plotted in Fig.  4e. 
Evidently, NiMnS @NiCoLDH@CCs (3072.6 F  g−1) 
surpasses NiCoLDH@CCs (1409.2 F  g−1) at 1 A  g−1. 
Even, the NiMnS @NiCoLDH@CCs electrode still 
retains about 88.9%, surpassing that of NiCoLDH@
CCs (82.6%), which indicates prominent rate capability. 

Fig. 4 a CV of the NiCoLDH@CCs, NiMnS @NiCoLDH@CCs sample electrodes scanned at 50 mV/s. b CV of the NiMnS @NiCoLDH@CCs electrode 
at different scaning rates. c GCD of the NiCoLDH@CCs, NiMnS @NiCoLDH@CCs at 1 A  g−1. d GCD of the NiMnS @NiCoLDH@CCs electrodes 
at different current densities. e The specific capacitance of NiCoLDH@CCs, NiMnS @NiCoLDH@CCs samples at various current densities. f 
Comparison of capacitive-controlled contribution of NiMnS @NiCoLDH@CCs at various scan rates. g Nyquist plot of NiMnS @NiCoLDH@CCs 
samples  electrode. h The charge storage mechanism of the NiMnS @NiCoLDH@CCs
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Besides, those specific capacities  even greatly  exceed 
the identical sort of reported electrode materials (Addi-
tional file  1: Table  S3), such as Ov-NiMn-LDH (Tang 
et  al. 2020), NiMn-LDH/ MXene (Zhang et  al. 2020), 
HC@ NiCoLDH (Zhang et al. 2021), rGO@CoNi2S4@
NiCo LDH (Chang et  al. 2021), NiCo-LDH/NiCoP @
NiMn-LDH (Liang et al. 2018).

In light of the correlation between peak current and 
scanning speed, we further examined the electrochemi-
cal energy storage mechanism of NiMnS @NiCoLDH@
CCs and NiCoLDH@CCs by CV curves (Fig.  4c, d and 
Additional file  1: equation S6). The capacitive contribu-
tion of NiMnS @NiCoLDH@CCs and NiCoLDH@CCs at 
50 mV  s−1 are 90.9%and 80.6%, respectively, correspond-
ing to the diffusion-controlled contributions of 9.1%, and 
19.4% (Fig. 4f, Additional file 1: Fig. S11b and Table S2). 
It confirms that the faradaic redox reactions for NiMnS 
@NiCoLDH@CCs have prominent contribution to offer 
high capacity and satisfactory rate, which is probably due 
to multivariate metal components and ample heterojunc-
tion interfaces.

Additional file 1: Fig. S12 clearly shows that NiMnS @
NiCoLDH@CCs electrode (91.1%) has higher capacity 
retention than NiCoLDH@CCs electrode (89.9%) after 
10,000 cycles at 10A  g−1, and those coulombic efficien-
cies  approximately reach  100%. It reveals a remark-
able cycling stability  of NiMnS @NiCoLDH@CCs. 
SEM images (Additional file  1: Fig. S13) reflect that 
the morphology of NiMnS @NiCoLDH@CCs remains 
unchanged before and after 10 000 cycles charging and 
discharging, vigorously certifying the outstanding struc-
tural stability. Then, we deeply analyzed EIS spectra of 
three CCs-based electrodes (Fig. 4g), the equivalent cir-
cuit is presented in Additional file 1: Fig. S14b. In the high 
frequency range, the Rct for NiMnS @NiCoLDH@CCs 
(0.15Ω) is significantly lower than those for NiCoLDH@
CCs (0.62Ω) and CCs (2.49Ω) (Additional file 1: Fig. S14a 
and Table  S2). It implies that the NiMnS @NiCoLDH@
CCs electrode has the lowest charge transfer resistance, 
suggesting the greater electron transfer kinetics. Besides, 
it distinctly displays that the NiMnS @NiCoLDH@CCs 
electrode shows the shortest Warburg impedance zone 
and the most perfect straight line in the low frequency 
region, implying the diffusion resistance of electrolyte 
ions is the minimum. These benefits result from the hol-
low and porous structure and numerous conductive 
active sites. It not only speeds up the reaction kinetics, 
but also promotes electrolyte transport

Overall, the advanced electrochemical activity of 
NiMnS @NiCoLDH@CCs microspheres is ascribed 
to the own outstanding structure and composition 
(Fig. 4h). Firstly, NiMnS @NiCoLDH@CCs has a multi-
conductor structure, including inner layer conductive 

CCs biochar, outer layer of NiCoLDH nanosheets and 
NiMnS particles.  Therefore, there are multiple charge 
storage principles with double-layer electric capacitor, 
pseudocapacitor principle and electron insertion prin-
ciple. Secondly, the abundant heterogeneous interface 
enriches the active sites, reduce the interface resist-
ance, and improve the electron transfer rate. Then, the 
hollow and porous structure of LDHs offer abundant 
inner and outer accessible surfaces, available inner hol-
low space, and large specific surface area, promoting 
electrolyte transport and enhancing electrode reaction 
kinetics. Finally, multicomponent metals (Ni, Co, and 
Mn) and multicomponent nonmetals (S and N) effec-
tively promote charge transfer. Consequently, NiMnS @
NiCoLDH@CCs achieves  remarkable specific capaci-
tance and excellent multiplier performance due to the 
synergistic effect.

A rechargeable asymmetric supercapacitor (ASC) was 
successfully put together to further characterize the 
actual use of NiMnS @NiCoLDH@CCs for energy stor-
age. Additional file 1: Fig. S15 shows a classic ASC con-
figuration, composed of NiMnS @NiCoLDH@CCs as 
positive electrode and CCs as negative electrode, respec-
tively. In combination with the potential window range 
that is compatible with NiMnS @NiCoLDH@CCs and 
CCs, Fig.  5a demonstrates that the operational voltage 
of the assembled NiMnS @NiCoLDH@CCs // CCs ASC 
device can reach 1.5 V. If the potential window is greater 
than 1.5  V, a clear polarization current is seen (Addi-
tional file  1: Fig. S16a and S16b). Moreover, the shape 
of the CV curve barely changed when the scanning rate 
increased  from 10 to 300 mV   s−1 (Additional file 1: Fig. 
S16c), indicating better rate and reversibility properties.

As shown in the GCD curves (Fig.  5b), all discharge 
and charge curves are essentially symmetrical at current 
densities ranging from 1 to 10 A  g−1, implying favorable 
capacitance and coulombic efficiency. The correspond-
ing specific capacitances of NiMnS @NiCoLDH@CCs 
// CCs ASC (Fig.  5c) are 260.9, 250.1, 243.9, 239.4, and 
235.8 F  g−1 at current densities of 1, 2, 5, 8, 10, respec-
tively, and surpass the reported literature (Additional 
file  1: Table  S4). Further, even at high current density 
of 10 A  g−1, it retains high-capacity retention of 90.4%, 
proving the exceptional rate capability. Besides, Fig.  5d 
exhibits the internal resistance (Rs) and charge transfer 
resistance (Rct) of NiMnS @NiCoLDH@CCs // CCs ASC 
is 0.81 Ω and 1.2 Ω, respectively, revealing the high ion 
diffusion and fast electron transmission. The favorable 
capacitance was maintained at 91.8% and the coulombic 
efficiency was as high as 100%,  after 10 000 cycles at 5 A 
 g−1, clearly demonstrating the significant electrochemi-
cal reversibility and stability for NiMnS @NiCoLDH@
CCs // CCs ASC device (Fig.  5e). The CV curves shape 
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before and after 10 000 cycles barely changed (Additional 
file  1: Fig. S17a), and, the GCD curves of the last two 
cycles maintained  a similar shape to those of the first 
two cycles (Additional file 1: Fig. S17b), further verifying 
outstanding electrochemical stability.

Impressively, the Ragone plot (Fig.  5f ) displays the 
NiMnS @NiCoLDH@CCs // CCs ASC has favorable 
maximum energy density of 81.5 W h  kg−1 at power den-
sity of 978.4 W  kg−1 and 73.9W h  kg−1 at high power den-
sity of 17.7 W  kg−1, outperforming previously reported 
ASCs (Additional file 1: Table S4). Its significant perfor-
mance is ascribed to its distinctive heterogeneous struc-
ture, hollow and porous structure. Furthermore, Fig. 5g–i 
depicts that three fully charged NiMnS @NiCoLDH@
CCs // CCs ASC in series enable light-emitting diode 
(LED) lights and a fan to stably work, suggesting its 
great potential application for electronic devices. The 

ASC device’s remarkable cycle stability and high specific 
capacitance performance are ascribed to its distinctive 
heterogeneous structure, which is hollow and porous.

3.4  Electrocatalytic performance
The electrocatalytic activity of HER and OER for NiMnS 
@NiCoLDH@CCs  were studied in 1  M KOH. Addi-
tional file  1: Fig. S6a displays the polarization curves of 
NiMnS @NiCoLDH@CCs, NiCoLDH, NiMnS, CCs after 
a 90% ohmic potential drop (IR) correction. Notably, 
the NiMnS @NiCoLDH@CCs expresses favorable HER 
activity with an initial overpotential closer to zero. More-
over, Fig.  6b evidences that the NiMnS @NiCoLDH@
CCs possesses the smallest overpotential of 97.8  mV 
at 10  mV   cm−2, greatly lower than  that  of NiCoLDH 
(159.8 mV), NiMnS (125.6 mV) and CCs (199.2 mV), as 

Fig. 5 The electrochemical performance of NiMnS @NiCoLDH@CCs // CCs ASC in the two-electrode (6 M KOH). a CV of NiMnS @NiCoLDH@CCs 
electrode and CCs electrode at 50 mV  s−1. b GCD with diverse current densities. c The specific capacitance with diverse current densities. d Nyquist 
plot of the electrochemical impedance spectra. e The Cycling stability and columbic efficiency. f Three  NiMnS @NiCoLDH@CCs//CCs ASCs  in series 
drive g and h LED lamps and i a small fan. g and h LED lights i a small fan
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well as most reported same type electrocatalysts (Addi-
tional file  1: Table  S5), such as NiCo/NiCo2S4@NiCo/
NF (η10m A cm

−2 = 132  mV) (Ning et  al. 2018), NiMn 
HNSs (η10m A cm

−2 = 302  mV) (Sun et  al. 2017), NF@
Ni3S2-NiOOH (η10mA cm

−2 = 123 mV) (Wang et al. 2018), 
CoNiSx/NF-25 (η10mA cm

−2 = 123  mV) (Lu et  al. 2019), 
NixSy@MnOxHy/NF (η10m A cm

−2 = 179  mV) (Wang 
et al. 2022). Figure 6c shows that NiMnS @NiCoLDH@
CCs achieves fast HER kinetics, as evidenced by a low 
Tafel slope of 68.6  mV  dec−1, which is lower than that 
of NiCoLDH (83.3 mV  dec−1), NiMnS (102.4 mV  dec−1) 
and CCs (133.8 mV  dec−1) and recent reported materials 
(Additional file 1: Table S5). It further manifests that the 

establishment of multi-interface heterojunction struc-
ture of  NiMnS@NiCoLDH@CCs enables the catalyst to 
highly accelerate reaction kinetics. It further manifests 
that the establishment of multi-interface heterojunc-
tion structure of  NiMnS@NiCoLDH@CCs enables  the 
catalyst to highly accelerate reaction kinetics. Accord-
ing to the Tafel slope value of NiMnS@NiCoLDH@CCs 
ranging from 39 to118 m V·dec−1, the speed limiting 
step of HER conforms to the Volmer-Heyrovsky process 
(Li et al. 2019b). To better comprehend the relationship 
between HER performance and intrinsic activity of the 
catalyst, the electrochemical active surface area (ECSA) 
of each electrode was analyzed and compared. Generally, 

Fig. 6 HER catalytic activity of NiMnS @NiCoLDH@CCs, NiCoLDH, NiMnS, CCs in 1 M KOH. a LSV curves at 10 mV  s−1. b Comparison 
of overpotentials at 10 mA  cm−2. c Tafel plots. HER catalytic activity: d LSV curves at 10 mV  s−1. e Comparison of overpotentials at 10 mA  cm−2. f Tafel 
plots. g The i–t curves of overall water electrolysis for NiMnS @NiCoLDH@CCs‖NiMnS @NiCoLDH@CCs at the potential of 20 mV for 30 h. (Inset: The 
image of  H2 and  O2 bubbles on electrodes in testing). h Schematic illustration of OER and HER mechanism of NiMnS @NiCoLDH@CCs
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the value of electrochemical double-layer capacitance 
(Cdl) is proportional to the value of ECSA, and it can be 
obtained through the CV curves with different sweep 
speeds in the non-Faraday potential range. As shown 
in Additional file 1: Fig. S16 a and 16b, the Cdl value of 
NiMnS @NiCoLDH@CCs (7.38  m  Fcm−2) is signifi-
cantly higher  that of NiMnS (3.79 m  Fcm−2), NiCoLDH 
(2.09  m F  cm−2) and CCs (1.75  m F  cm−2). The results 
indicate that NiMnS @NiCoLDH@CCs has more elec-
trochemical active area, which is beneficial to expose 
more active sites.

Similarly, the OER electrocatalytic performance of 
NiMnS @NiCoLDH@CCs was further studied in 1  M 
KOH solution. As shown in Fig. 6d, contrasted with those 
samples, the polarization curve of NiMnS @NiCoLDH@
CCs with 90% iR correction depicts faster anodic current 
rise beyond onset potential. The peak at 1.36 V is attrib-
uted to the oxidation of  Ni2+ to  Ni3+ (Ning et al. 2018). 
Figure  6e reveals that the overpotential of NiMnS @
NiCoLDH@CCs (96.4 mV) at 10 m A·cm−2 is much lower 
than that of NiMnS (128.2  mV), NiCoLDH (305.1  mV), 
CCs (359.2  mV) and most reported electrocatalysts 
(Additional file  1: Table  S6), such as NiS@CoNi2S4/NC 
(η10 mA cm

−2 = 126 mV) (Dang et al. 2023), Ni-Co-S HPNA 
(η10 mA cm

−2 = 270  mV) (Chen et  al. 2020), Mn-Co3O4/S 
(η10 mA cm

−2 = 330  mV) (Qi et  al. 2019), MCCF/NiMn-
MOFs (η10 mA cm

−2 = 280 mV) (Cheng et al. 2020). Addi-
tionally, the Tafel plot (Fig. 6f ) of NiMnS.

@NiCoLDH@CCs is 68.6  mV  dec−1, preferable to 
that of NiCoLDH (83.3  mV  dec−1), NiMnS (102.4  mV 
 dec−1) and CCs (133.8  mV  dec−1), which  is compara-
ble to many other recent reported materials (Additional 
file  1: Table  S6). These results suggest that NiMnS @
NiCoLDH@CCs is a superior active bifunctional elec-
trocatalyst for practical applications. Additional file  1: 
Fig. S16b and c demonstrate the Cdl value of NiMnS @
NiCoLDH@CCs (10.68  m F  cm−2) significantly higher 
than that of  NiMnS (5.98 m F·cm−2), NiCoLDH (3.37 m 
F  cm−2) and CCs (1.06  m F  cm−2). The results indicate 
that NiMnS @NiCoLDH@CCs has more active sites, 
which is beneficial for OER performance.

Based on the outstanding performance of both HER 
and OER in alkaline electrolyte, NiMnS@NiCoLDH@
CCs was employed as both anode and cathode to assem-
ble alkaline electrolytic cell for overall water electrolysis 
(Fig. 6g Inset). As shown in the Additional file 1: Fig. S17, 
NiMnS @NiCoLDH@CCs‖NiMnS @NiCoLDH@CCs 
exhibited  superior performance with a low cell voltage 
of 1.49 V at 10 mA  cm−2, preceding  previously reported 
electrocatalysts (Additional file 1: Table S7), such as NiS/
Ni2P/CC (Xiao et al. 2018), NiCo LDH/NF (Shang et al. 
2022),  CoNi2S4@NiMn LDH/SCC (Wang et  al. 2020), 
NiCo/NiCo2S4@NiCo/NF (Ning et al. 2018),  CuOxNWs@

NiMnOxNSs (Tang et  al. 2017). Besides, Fig.  6g inset 
shows that a mass of  H2 and  O2 bubbles are observed on 
both anode and cathode electrodes during water elec-
trolysis process. Importantly, the current density barely 
declined after 30 h continuous test, suggesting excellent 
durability and stability. The Faradaic efficiency (F%) was 
also investigated by comparing experimentally produced 
 H2 and  O2 with the theoretically calculated ones at 10 mA 
for 1 h (Additional file 1: Fig. S20a). The average Faraday 
efficiency of HER and OER was 98.2% and 98.0% (Addi-
tional file 1: Fig. S20b), respectively, which surpasses that 
of previously reported electrocatalysts (Additional file 1: 
Table S8). It further indicates that the electrocatalyst with 
high Faraday efficiency has strong electron transfer abil-
ity and high efficiency of the electrode reaction.

Totally, the advanced electrocatalytic activity of NiMnS 
@NiCoLDH@CCs results from the own improved struc-
ture (Fig. 6h). Firstly, the plenty heterojunction interface 
between NiMnS and NiCoLDH facilitates electrolyte ion 
adsorption, and expedites the breakdown of O–H bonds 
for correlative substance, further accelerating reaction 
kinetics (Sirisomboonchai et  al. 2020). Secondly, the 
unique porous and hollow structure provides numer-
ous active sites to accelerate charge transfer, but also 
offers larger inner cavities and nanopore cannels for the 
NiCoLDH to promote electrolyte transport. Moreover, 
bimetallic sulfides have good electrochemical activity 
and abundant active sites. Finally, the conductive biochar 
matrix provides structural stability. Hence, the above 
synergy jointly promotes the electrocatalyst performance 
of NiMnS @ NiCoLDH @ CCs.

According to the above findings, NiMnS@NiCoLDH@
CCs is a multifunctional electrode material that achieves 
both the electrocatalyst of HER, OER and supercapaci-
tors. Based on the demands of practical applications, we 
built a coupled energy storage device and hydrogen pro-
duction system (CEHS), which availably  guarantees the 
efficient and stable operation of electrolytic hydrogen 
production system (Additional file 1: Fig. S18a). Particu-
larly, when the main circuit stops supplying energy due 
to external interference, the spare supercapacitor will 
immediately provide stable energy output to ensure the 
normal and continuous operation of the hydrogen pro-
duction system. Additional file 1: Fig. S18b and c displays 
the CEHS based on NiMnS@NiCoLDH@CCs material, 
which consists of a three-series SCs and overall water 
electrolysis device. Notably, the device successfully drove 
water electrolysis and demonstrated  excellent perfor-
mance (Fig. 7a and Additional file 2: Video S1). Figure 7a 
shows an enlarged view of the overall water electrolysis, 
accompanied by stable steady  H2 and  O2 generation with 
numerous bubbles. These results demonstrate the great 
potential of multifunctional biomass microspheres with 
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heterogeneous structures in integrated energy storage 
and conversion systems. The NiMnS @NiCoLDH@CCs 
electrode has superior electrochemical performance on 
account of its preeminent structure and materials. The 
reasons are as follows (Fig. 7b). First, three-dimensional 
layered conductors composed of conductive biomass 
carbon microspheres and abundant heterojunctions are 
established with abundant interface, which effectively 
accelerates electron transfer and highly reduces electro-
chemical polarization. Second, numerous porous and 
hollow structures expose plenty active sites, contribut-
ing to superior molecular permeability and efficient gas 
release channels, and reduce concentration polarization. 
Third, bimetallic sulfides and polymetallic doping mark-
edly advance the catalytic activity of active sites and fur-
ther improve electrochemical activity.

4  Conclusions
In summary, a conductive and multifunctional chitosan 
biochar microsphere by a facile emulsion crosslinking, 
solution growth and hydrothermal sulphuration method, 
was successfully constructed. The attained multifunc-
tional electrode material simultaneously achieved both 
the electrocatalyst of HER, OER and supercapacitors due 
to preeminent structure and materials. Moreover, three-
dimensional layered conductors composed of conduc-
tive biochar microspheres and abundant heterojunctions 
were  constructed with abundant interface, hollow and 
porous structure, which effectively accelerate electron 
transfer and highly reduces electrochemical polarization. 
Consequently, the NiMnS @NiCoLDH@CCs as elec-
trode  achieved a  high specific capacitance of 3072.6 F 
 g−1 at 1 A  g−1. Importantly, NiMnS @NiCoLDH@CCs // 

CCs ASC realized a high specific capacitance of 260.9 F 
 g−1 at 1 A  g−1 and remarkable energy density of 81.5 W h 
 kg−1 at power density of 978.4 W  kg−1. And it had supe-
rior cycling performance maintaining 91.8% after 10,000 
cycles at 10 A  g−1. Besides, the NiMnS @NiCoLDH@
CCs as an electrode for electrolysis, only required a low 
cell voltage of 1.49  V to achieve a current density of 
10  mA   cm−2 and achieve superior stability and durabil-
ity with 30  h continuous test at 50  mA   cm−2. We used 
this electrode material to innovatively design a coupled 
energy storage device and hydrogen production system. 
As a backup power, coupled SCs with high energy den-
sity can effectually assure the extremely efficient and sta-
ble operation of the overall water electrolysis without the 
manipulation of main power due to changes in the exter-
nal environment. Our study provides a promising strat-
egy for designing integrated electrode materials based on 
multifunctional biochar microspheres with heterogene-
ous structures in integrated energy storage and conver-
sion systems.
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Additional file 1:  Figure S1. (a) SEM of CCs. (b) TEM of CCs. (c) EDS of 
CCs. Figure S2. FTIR spectrum of (a) Cs-based materials (b) NiMnS @
Ni Co LDH@CCs materials, respectively. Figure S3.  EDS of Ni Co LDH@
CCs. Figure S4. HRTEM images of NiMnS @Ni Co LDH@CCs. Figure S5. 
(a-d) SEM images of Ni Co LDH@CCs with different  Ni2+ /Co2+ concentra-
tion of 0, 0.1mM, 0.3mM, 0.5mM at different magnification, respectively. 
Figure S6. (a-c) SEM images of NiMnS @Ni Co LDH@CCs with different S 
concentration at different magnification. Figure S7. XRD patterns of (a) Cs 
sphere (b) NiMnS @Ni Co LDH@CCs, respectively. Figure S8. (a)  N2 adsorp-
tion/desorption (d) Pore distribution of CCs, Ni Co LDH@CCs, NiMnS @
Ni Co LDH@CCs, respectively. Figure S9.  Ni3+/  Ni2+ ratios for Ni Co LDH@

Fig. 7 a A picture of the CEHS coupled system and enlarged pictures for  O2 and  H2 evolutions. b The mechanisms illustration of enhanced 
electrochemical performance
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CCs and NiMnS @Ni Co LDH@CCs in Ni 2p spectrum. Figure S10. The CV 
of CCs-700, CCs-800, CCs-900, respectively. Figure S11. GCD curves of the 
Ni Co LDH@CCs electrodes at different current densities. (b) Comparison 
of capacitive-controlled contribution for energy storage for Ni Co LDH@
CCs at various scan rates. (c, d) The capacitive and diffusion-controlled 
contribution of NiCoLDH@CCs, NiMnS @NiCoLDH@CCs samples at 50 
mV  s-1, respectively. Figure S12. (a, b) Cycling stability and columbic 
efficiency after 10000 cycles of the NiMnS @NiCoLDH@CCs, Ni Co LDH@
CCs electrodes, respectively. Figure S13. SEM image of the NiMnS @
Ni Co LDH@CCs electrode (a) before and (b) after 10000 cycles charging 
and discharging. Figure S14. (a) Histogram of Rct for NiMnS @NiCoLDH@
CCs samples electrode. (b) The corresponding equivalent circuit for fitting 
the Impedance Nyquist plots. Figure S15. Structure image of NiMnS @
NiCoLDH@CCs // CCs ASC. Figure S16. (a) The GCD curves and (b) CV 
curves of NiMnS @Ni Co LDH@CCs // CCs ASCs at different potential 
ranges. (c) CV curves of NiMnS @Ni Co LDH@CCs // CCs ASCs electrode at 
various scan rate. Figure S17. (d) CV curves and (e) GCD curves of NiMnS 
@Ni Co LDH@CCs // CCs ASCs before and after 10000 cycles. Figure S18. 
(a) CV recorded for NiMnS @Ni Co LDH@CCs electrode in the approximate 
region of 0.1–0.18 V vs. RHE at various scan rates, respectively. (b) Plot 
showing the extraction of the double-layer capacitance (Cdl) of NiMnS 
@Ni Co LDH@CCs for HER. (c) CV recorded for NiMnS @Ni Co LDH@CCs 
electrode in the approximate region of 0.28–0.32 V vs. RHE at various 
scan rates, respectively. (d) Plot showing the extraction of the double-
layer capacitance (Cdl) of NiMnS @Ni Co LDH@CCs for OER. Figure S19. 
Polarization curves of the NiMnS @Ni Co LDH@CCs‖NiMnS @Ni Co LDH@
CCs for overall water splitting in 1 M KOH. Figure S20. (a) Oxygen and 
hydrogen production tests in 1 M KOH. (b) Faraday efficiency. Figure S21. 
(a) The circuit diagram of coupled energy storage device and hydrogen 
production system. (a) The schematic of coupled energy storage device 
and hydrogen production system. The OWE device can be driven by the 
SCs full cell. (c) The photos of coupled energy storage device and hydro-
gen production system. Table S1. The contents of Ni Co LDH@CCs based 
materials from XPS. Table S2. The Electrochemical parameters of the Ni Co 
LDH@CCs, NiMnS @Ni Co LDH@CCs. Table S3. The comparison of specific 
capacity between NiMnS @Ni Co LDH@CCs electrode and other recently 
reported works. Table S4. The comparison of energy density and power 
density between NiMnS @Ni Co LDH@CCs // CCs ASC supercapacitor and 
other supercapacitors. Table S5. Comparison of HER activity of various 
nonprecious catalysts in 1 M KOH. Table S6. Comparison of OER activity of 
various nonprecious catalysts in 1 M KOH. Table S7. Comparison of overall 
water splitting activity of various nonprecious bifunctional catalysts in 1 M 
KOH solution. Table S8. Comparison of overall water Faraday efficiency of 
various catalysts in 1 M KOH solution.

Additional file 2. The coupled energy storage and hydrogen production 
device successfully drives water electrolysis.
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