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ABSTRACT: Metal-organic  framework  (MOF)  nanoparticles
are  successfully  confined  in  the  hollow  mesoporous  carbon
spheres (HMCSs) through space-confined synthesis methods.
The  prepared  ZIF-67@HMCSs  nanocomposites  act  as
effective  sacrificial  templates,  which  can  afford  Co2+  sources.
After  a  facile  solvothermal  reaction  and  sequential  cation
etching,  yolk–shell-structured  layered  double
hydroxide@HMCSs  (LDH@HMCSs)  have  been  synthesized.
The  LDH@HMCSs  nanocomposite  possesses  a  three-
dimensional  (3D)  hollow  nanocage  superstructure  that
effectively  blocks  the  self-stacking  of  LDH  nanosheets  and
promotes  ion  transport.  Compared  to  CoFe-LDH@HMCSs,
and  Co-LDH@HMCSs,  CoNi-LDH@HMCSs  exhibit  superior
electrochemical  performance  and  desalination  performance
due to the remarkable synergistic effect between the CoNi-LDH
nanosheets  and  mesoporous  N-doped  carbon  shells.  The
resultant  CoNi-LDH@HMCSs-0.4-based  capacitive
deionization (CDI) device exhibits excellent salt adsorption capacity (SAC, 36.41 mg·g–1) and good cycle stability. This work
will  confirm  the  significance  of  constructing  superstructure  and  open  new  avenues  for  the  practical  application  of  CDI
technology in water treatment.
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1    Introduction
Constructing  two-dimensional  (2D)  nanosheets  into  three-
dimensional  (3D)  well-organized  superstructures  is  one  of  the
research  hotspots  in  materials  engineering  and  science  [1−5].  The
superstructures  contain  the  basic  units  of  various  assemblies  (e.g.,
nanoparticles,  nanofibers,  nanosheets,  and  nanocages),  which
typically  exhibit  excellent  structural  characteristics  and  attractive

physicochemical  performances  [6].  Specifically,  superstructures
with  controllable  configuration,  abundant  mesopores,  and  high
surface area exhibit excellent performance in a wide range of fields
(energy,  environment,  sensors,  adsorption,  etc.)  due  to  their
enhanced mass transfer kinetics  and numerous active sites  [7−10].
Till now, the template method has been a common strategy used to
construct  superstructures  [11].  Utilizing  metal-organic  framework
(MOF)  as  a  self-sacrificial  template  has  been  identified  as  a
promising strategy for preparing 3D superstructures.

MOFs  are  a  relatively  new  class  of  porous  crystal  materials
formed  by  the  coordination  of  metal  ions  and  organic  ligands
[12−15].  The  ion  etching  of  MOFs  is  an  effective  method  to
produce  morphologically  controllable  layered  double  hydroxides
(LDHs)  [16−18].  LDHs  are  classic  2D  materials,  which  are
considered  as  promising  capacitive  deionization  (CDI)  Faradic
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electrode materials due to their high specific surface area and ideal
theoretical  capacitance  [19−21].  However,  the  inherent  poor
electrical conductivity and self-stacking characteristics of LDH with
2D  structure  result  in  suboptimal  CDI  properties.  The  spatial
confinement  synthesis  of  LDH  nanosheets  in  hollow  mesoporous
carbon spheres (HMCSs) can effectively solve these issues. HMCSs,
as one of the ideal nanoreactors, not only provide sufficient internal
cavities  as  reaction  sites,  but  also  provide  buffering  space  for  the
volume  expansion  of  active  substances  [22−24].  Encapsulating
nanoparticles  into  HMCSs  is  a  classical  design.  This  design  is
helpful to improve electrical conductivity and reduce mass transfer
distance.  Therefore,  it  can  be  believed  that  it  makes  sense  to
encapsulate  MOF  nanoparticles  into  HMCSs.  More  importantly,
the presence of HMCSs facilitates the construction of MOF-derived
2D structured LDH nanosheets into HMCSs/LDH nanocomposites
with 3D superstructures.

In  this  work,  we  successfully  synthesized  yolk–shell-structured
ZIF-67@HMCS nanocomposites through a space-confined strategy,
which uses HMCSs as the shell  and ZIF-67 as the core. Therefore,
the size of the ZIF-67 nanoparticles was well  controlled.  Then, the
LDH@HMCSs  (CoNi-LDH@HMCSs,  CoFe-LDH@HMCSs,  and
Co-LDH@HMCSs)  superstructures  have  been  prepared  by  metal
ions (Fe3+, Co2+, and Ni2+) etching of ZIF-67@HMCS templates. The
LDH@HMCSs with 3D hollow nanocage superstructures not only
suppress  the  self-stacking  of  LDH,  but  also  facilitate  ion
transportation.  The  CoNi-LDH@HMCSs  electrode  displayed
higher  electrochemical  and  CDI  performance  than  Co-
LDH@HMCSs,  and  CoFe-LDH@HMCSs  due  to  the  remarkable
synergistic  effect  between  the  CoNi-LDH  nanosheets  and
mesoporous  N-doped  carbon  shells.  In  addition,  the  nickel  ion
content was regulated during the ion etching process, and the CoNi-
LDH@HMCSs-0.4  electrode  shows  the  optimal  electrochemical
performance due to its high specific surface area and more defects.
The  CoNi-LDH@HMCSs-0.4  electrode  displayed  a  high  salt
adsorption  capacity  (SAC)  of  36.41  mg·g–1 and  exceptional  cycle
stability.  More significantly,  the  mechanism of  ion adsorption and
transport  kinetics  in  CoNi-LDH@HMCSs  was  explained  using ex
situ X-ray  diffraction  (XRD)  analysis  and  theoretical  models,  and
the  role  of  LDH  in  composite  materials  was  revealed  via  density
functional theory (DFT). 

2    Results and discussion
The process of synthesizing yolk–shell-structured LDH@HMCSs is
schematically  shown  in Fig.  1.  HMCSs  (Fig.  S1  in  the  Electronic
Supplementary  Material  (ESM))  with  a  cavity  diameter  of  about
250  nm  were  prepared  from  the  previously  reported  synthesis
method [25]. The carbon shell thickness of HMCSs is about 10 nm.
The cavity of HMCSs was used as a nanoreactor to spatially confine
the  formation  of  ZIF-67  and  their  derivatives  (LDH),  and  the
yolk–shell structure was obtained.

ZIF-67  was  synthesized  by  self-assembly  of  Co2+ and

2-methylimidazole  (2-MeIm) in  a  cavity  of  HMCSs under  stirring
at  low  temperature,  and  yolk–shell-structured  ZIF-67@HMCSs
(Fig.  S2  in  the  ESM)  were  then  prepared.  As  shown  in  the  XRD
patterns  (Fig.  S3  in  the  ESM),  all  the  diffraction  peaks  of  ZIF-
67@HMCSs are consistent with the characteristic  peaks of  ZIF-67.
Afterwards,  ZIF-67@HMCSs  were  transformed  into  the
corresponding  LDH@HMCSs  (CoFe-LDH@HMCSs,  Co-
LDH@HMCSs,  and  CoNi-LDH@HMCSs)  by  metal  ions  (Fe3+,
Co2+,  and  Ni2+)  etching.  In  this  process,  the  protons  generated  by
metal  ions  (Fe3+,  Co2+,  and  Ni2+)  hydrolysis  will  enter  the  ZIF-67
framework,  interrupting  the  coordination  of  Co2+ with  2-MeIm.
The  released  portion  of  Co2+ ions  is  oxidized  to  Co3+ ions  in  the
mixed  solution  by  dissolved  oxygen  and  nitrate  anions  [26].
Subsequently,  Co2+/Co3+ in  the  mixed  solution  couples  with  metal
ions (Fe3+,  Co2+,  and Ni2+) and OH– to form LDH within the cavity
of  HMCSs.  Eventually,  the  ZIF-67  template  decomposes  in  the
inner  cavity  of  the  HMCSs,  forming  a  yolk–shell-structured
LDH@HMCSs.  For  comparison,  a  similar  method  was  used  to
prepare a 2D structured LDH (Figs. S5–S7 in the ESM) using ZIF-
67  (Fig.  S4  in  the  ESM) as  a  sacrificial  template.  The  (003),  (006),
(009), and (110) crystal planes of CoFe-LDH, Co-LDH, and CoNi-
LDH  shown  in  the  XRD  patterns  (Figs.  S8–S10  in  the  ESM)
represent the characteristic peaks of typical LDH phase [27].

The morphology of LDH@HMCSs can be obviously observed by
scanning  electron  microscopy  (SEM)  and  transmission  electron
microscopy  (TEM)  images. Figures  2(a)−2(c) show  that  Co-LDH
nanosheets  grow  very  little  in  the  interior  of  HMCSs.  The  energy
dispersive spectroscopy (EDS) element mapping images (Fig. 2(d))
indicate  that  the signal  of  Co element  matches  well  with Co-LDH
nanosheets,  with  C  and  N  elements  exhibiting  extremely  strong
signals  at  the  carbon  shell,  while  O  element  is  distributed  on  the
LDH  nanosheets  and  carbon  shell.  The  XRD  pattern  for  Co-
LDH@HMCSs  (Fig.  2(e))  shows  four  peaks  at  11.58,  22.74,  33.48,
and  59.74°,  corresponding  to  the  (003),  (006),  (009),  and  (110)
planes  of  the  LDH  phase  (PDF#46-0605)  [28].  SEM  and  TEM
images  (Figs.  2(f)−2(h))  of  CoFe-LDH@HMCSs  show  that  CoFe-
LDH  nanosheets  densely  grow  inside  HMCSs  and  diffuse  to  the
surface of the carbon shell. Figure 2(i) shows that the distribution of
C, O, N, Co elements in CoFe-LDH@HMCSs is the same as that of
Co-LDH@HMCSs.  In  addition,  Fe  element  is  well  distributed  on
CoFe-LDH  nanosheets.  The  characteristic  peaks  of  the  CoFe-
LDH@HMCSs  in  XRD  pattern  (Fig.  2(j))  are  also  consistent  with
the LDH phase (PDF#50-0235) [29]. As shown in Figs. 2(k)−2(m)
and  Figs.  S11  and  S12  in  the  ESM,  CoNi-LDH  nanosheets  grow
densely  in  the  interior  of  HMCSs.  CoNi-LDH  nanosheets  exhibit
relatively small and thin characteristics. The EDS element mapping
images  of  CoNi-LDH@HMCSs  (Fig.  2(n))  show  that  the
distribution of C, O, N, Co elements in CoNi-LDH@HMCSs is the
same  as  that  of  Co-LDH@HMCSs.  Ni  element  is  well  distributed
on  CoNi-LDH  nanosheets.  The  XRD  patterns  of  CoNi-
LDH@HMCSs  (Fig.  2(o))  show  (002)  plane  of  the  amorphous
carbon frameworks and (003), (006), (012), and (110) planes of the

 

Figure 1    Schematic illustration for the fabrication process of LDH@HMCSs.

Tang et al. Nano Research | Vol. 18, No. 3

Nano Research, 2025, 18, 94907194 94907194 (2 of 9)

https://www.sciopen.com/article/10.26599/NR.2025.94907194
https://www.sciopen.com/article/10.26599/NR.2025.94907194
https://www.sciopen.com/article/10.26599/NR.2025.94907194
https://www.sciopen.com/article/10.26599/NR.2025.94907194
https://www.sciopen.com/article/10.26599/NR.2025.94907194
https://www.sciopen.com/article/10.26599/NR.2025.94907194
https://www.sciopen.com/article/10.26599/NR.2025.94907194
https://www.sciopen.com/article/10.26599/NR.2025.94907194


LDH phase (PDF#40-0216) [30].  Moreover,  the doping content of
Ni  ions  has  little  effect  on  the  crystal  planes  of  CoNi-
LDH@HMCSs.  From  the  above  analysis,  it  could  be  well  proved
that  ZIF-67@HMCSs  were  successfully  converted  into
LDH@HMCSs.

The  structures  of  HMCSs,  CoFe-LDH@HMCSs,  Co-
LDH@HMCSs, and CoNi-LDH@HMCSs were further explored by
Raman spectrum. Two broad peaks at ≈ 1350 and 1585 cm–1 could
be  seen  (Fig.  3(a) and  Fig.  S13  in  the  ESM)  in  HMCSs  and
LDH@HMCSs, attributed to the D and G bands, respectively. The
intensity  ratio  (ID/IG)  between  the  D-band  and  G-band  is
commonly used to reflect the degree of disorder and the number of
defects [31−33]. The ID/IG values of HMCSs, CoFe-LDH@HMCSs,
Co-LDH@HMCSs,  and  CoNi-LDH@HMCSs  are  0.878,  0.905,
0.906,  and  0.927,  respectively.  Remarkably,  the  introduction  of
LDH  leads  to  an  increase  in ID/IG compared  to  HMCSs.  In  the
synthetic  process  of  CoNi-LDH@HMCSs,  the  content  of  nickel
nitrate  introduced  also  has  a  certain  influence  on  the ID/IG value.
The  ratio  for  CoNi-LDH@HMCSs-0.4  (ID/IG =  0.927)  is  higher
than  that  for  CoNi-LDH@HMCSs-0.1  (ID/IG =  0.886)  and  CoNi-
LDH@HMCSs-0.6  (ID/IG =  0.898).  This  implies  that  CoNi-

LDH@HMCSs-0.4 possesses the highest degree of disorder and the
most  defects,  which  promote  the  ability  to  charge  accumulation
[31].

The  pore  structure  of  the  as-prepared  materials  has  been
characterized  by  N2 adsorption–desorption  isotherm.  N2
adsorption–desorption  isotherms  for  all  LDH@HMCSs  and
HMCSs samples (Fig. 3(b) and Figs. S15(a) and S15(c) in the ESM)
suggest  the  presence  of  mesopores  (type  IV)  [34].  The  hysteresis
loops of P/P0 in the range of 0.5 to 1.0 are caused by the presence of
mesopores  [35, 36].  The  hysteresis  loops  of  CoNi-LDH@HMCSs,
CoFe-LDH@HMCSs,  and  Co-LDH@HMCSs  are  significantly
smaller  than  that  of  HMCSs,  which  fully  proves  that  LDH
nanosheets occupy the cavity of HMCSs. The pore size distribution
was analyzed by the BJH method and the results were shown in Fig.
3(c) and Figs.  S14(b),  S14(d),  S15(b),  and S15(d)  in  the  ESM. The
pore size distributions of  all  LDH@HMCSs and HMCSs materials
exhibit pore size centered at ≈ 2.7 nm, confirming the existence of
mesoporous structure, which provides a low resistance channel for
ions and is conducive to ion diffusion [37]. The specific surface area
(SSA)  and  pore  size  parameters  of  all  as-prepared  materials  are
presented in Table S1 in the ESM. The SSA of CoNi-LDH@HMCSs-

 

Figure 2    (a) SEM, (b) and (c)TEM, (d) EDS element mapping images, and (e) the corresponding XRD pattern of Co-LDH@HMCSs. (f) SEM, (g) and (h) TEM, and (i)
EDS element  mapping images,  and (j)  the  corresponding XRD pattern of  CoFe-LDH@HMCSs.  (k)  SEM, (l)  and (m) TEM, and (n)  the  corresponding EDS element
mapping images of CoNi-LDH@HMCSs-0.4. (o) XRD patterns of CoNi-LDH@HMCSs.
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0.4  (774.4  m2·g–1)  is  larger  than  that  of  Co-LDH@HMCSs
(717.5 m2·g–1),  and CoFe-LDH@HMCSs (391.6 m2·g–1),  but  smaller
than that of original HMCSs (1458.1 m2·g–1). These results indicate
that  the  formation  of  LDH  makes  the  original  HMSCs  lose  their
unique hollow structure, and the formation of random orientation
promotes  the  formation  of  a  yolk–shell  structure.  Moreover,  the
SSA of CoNi-LDH@HMCSs-0.4 (774.4 m2·g–1) is higher than that of
CoNi-LDH@HMCSs-0.1  (740.7  m2·g–1)  and  CoNi-LDH@HMCSs-
0.6 (758.3 m2 g–1).

The  elemental  compositions  and  valence  states  of  the  prepared
LDH@HMCSs were explored by X-ray photoelectron spectroscopy
(XPS)  analytical  method  (Figs.  3(d)−3(f) and  Figs.  S16–S19  in  the
ESM). XPS measurements (Fig. 3(d)) further confirm the presence
of  C,  N,  O,  Ni,  and  Co  elements  in  the  CoNi-LDH@HMCSs
samples.  The  C  1s  (Fig.  S16  in  the  ESM)  peaks  at  approximately
284.8, 285.3, 286.7, and 289.3 eV can be attributed to HMCSs in the
form of C–C, C–N, C–O, and O–C=O, respectively [38]. The O 1s
spectra  are  fitted  into  three  peaks  corresponding  to  the  oxygen  of
water, –OH  bonds,  and  metal  (Ni  and  Co)–O  bonds  (Fig.  S17  in
the  ESM)  [39].  The  Co  2p  spectra  (Fig.  3(e))  contain  two  sets  of
double  peaks  designated  as  Co2+ (782.9  and  797.5  eV)  and  Co3+

(781.2  and  796.4  eV),  clarifying  the  partial  oxidation  of  Co  [40].
The  XPS  spectra  of  Ni  2p  (Fig.  3(f))  indicate  the  existence  of  Ni2+

(855.8  and  873.5  eV)  and  Ni3+ (857.3  and  875.7  eV)  [41].  These
results  further  prove the  formation of  NiCo-based LDH structure.
In addition, the formation of LDH is also conducive to enhancing
the  hydrophilicity  of  the  material  [39].  The  contact  angle
measurements shown in Fig. S20 in the ESM further prove that the
solid–liquid  contact  angle  of  LDH@HMCSs  composite  is
significantly  smaller  than  that  of  pure  HMCSs,  indicating  that
LDH@HMCSs  composite  shows  better  hydrophilicity.  The  good
wettability  can  reduce  the  solid–liquid  interfacial  tension  around
the  nanopore,  thus  making  it  easier  for  aqueous  solution  to  enter
the  nanopore  [9].  Therefore,  combining  LDH  nanosheets  with
HMCSs  to  obtain  a  better  chemical  composition  is  a  necessary
condition for obtaining good CDI properties.

To  evaluate  the  electrochemical  performance  of  electrodes,  a
three-electrode system was studied under 1.0 M NaCl solution. The
galvanostatic  charge–discharge  (GCD)  curves  of  HMCSs,  CoNi-
LDH,  CoNi-LDH@HMCSs,  CoFe-LDH@HMCSs,  and  Co-
LDH@HMCSs samples shown in Fig. 4(a) and Figs. S21(a), S21(b),
S22(a)–S22(c),  and  S23(a)–S23(c)  in  the  ESM  display  slightly
distorted triangles due to the presence of pseudocapacitive behavior.
Moreover, the CoNi-LDH@HMCSs electrode at 0.5 A·g–1 (Fig. 4(a))
displays the longest discharge time, revealing that its GCD specific
capacitance is  also larger than other electrodes.  It  can also be seen
from  Fig.  S24(a)  in  the  ESM  that  the  discharge  time  of  CoNi-
LDH@HMCSs-0.4  is  longer  than  that  of  CoNi-LDH@HMCSs-0.1
and CoNi-LDH@HMCSs-0.6. The cyclic voltammetry (CV) curves
of  HMCSs,  CoNi-LDH,  CoFe-LDH@HMCSs,  Co-LDH@HMCSs,
and  CoNi-LDH@HMCSs  samples  (Fig.  4(b) and  Figs.  S21(c),
S21(d),  S22(d)–S22(f),  and  S23(d)–S23(f)  in  the  ESM)  show  the
slightly  distorted  rectangular  shapes  without  obvious  redox  peaks,
indicating pseudocapacitive behaviour [42]. Figure 4(b) shows that
the  area  enclosed  by  CoNi-LDH@HMCSs  electrode  is  also
significantly larger than that  of  other electrode materials,  revealing
that  CoNi-LDH@HMCSs  show  the  highest  specific  capacitance.
The  corresponding  specific  capacitances  (F·g–1)  at  5  mV·s–1 are  as
follows:  CoNi-LDH@HMCSs (177.2)  >  Co-LDH@HMCSs (174.6)
>  CoFe-LDH@HMCSs  (123.5)  >  HMCSs  (108.4)  >  CoNi-LDH
(30.9).  Moreover,  the  area  enclosed  by  CoNi-LDH@HMCSs-0.4
electrode  (Fig.  S24(b)  in  the  ESM)  is  also  significantly  larger  than
that  of  CoNi-LDH@HMCSs-0.1  and  CoNi-LDH@HMCSs-0.6.
These  results  indicate  that  the  formation  of  CoNi-LDH  is  more
favorable  to  the  electrochemical  properties  of  LDH@HMCS
composites  than  CoFe-LDH  and  Co-LDH.  Moreover,  the  CoNi-
LDH@HMCSs-0.4 electrode shows the highest specific capacitance
(Table  S2  in  the  ESM). Figure  4(c) shows  the  correlation  between
capacitance  and  scan  rate  for  HMCSs,  CoNi-LDH,  CoNi-
LDH@HMCSs,  CoFe-LDH@HMCSs,  and  Co-LDH@HMCSs.  At
low scanning rates, ions have enough time to diffuse into the pores
to  form  an  electric  double  layer  [43],  and  the  presence  of  LDH

 

Figure 3    (a) Raman spectra, (b) N2 adsorption–desorption isotherms, (c) BJH pore size distribution of HMCSs, CoNi-LDH@HMCSs, CoFe-LDH@HMCSs, and Co-
LDH@HMCSs samples. (d) XPS survey spectra and high-resolution (e) Co 2p and (f) Ni 2p spectra of CoNi-LDH@HMCSs-0.1, CoNi-LDH@HMCSs-0.4, and CoNi-
LDH@HMCSs-0.6 samples.
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increases  pseudocapacitance.  On  the  contrary,  at  higher  scanning
rates, this trend is bound to weaken.

To  explore  the  electrochemical  kinetic  properties  of  HMCSs,
CoNi-LDH,  and  LDH@HMCSs  electrodes,  diffusion  control  and
capacitive behavior were analyzed in detail. Figure 4(d) shows that
the b values  of  the  HMCSs,  CoNi-LDH,  CoNi-LDH@HMCSs,
CoFe-LDH@HMCSs,  and  Co-LDH@HMCSs  samples  are  0.72,
0.59,  0.80,  0.73,  and  0.81,  respectively,  indicating  that  the  CoNi-
LDH@HMCSs electrode is mainly affected by capacitive-controlled
behavior [44].  As shown in Fig.  4(e) and Fig.  S25 in the ESM, the
capacitive  contribution  of  the  CoNi-LDH@HMCSs  electrode  is
increased  from  28%  to  61%  with  the  increase  of  the  scan  rates.
Notably,  the  CoNi-LDH@HMCSs  material  with  high  specific
capacitance can promote fast and reversible ion storage. The charge

and  ion  transport  kinetics  of  the  HMCSs,  CoNi-LDH,  CoNi-
LDH@HMCSs,  CoFe-LDH@HMCSs,  and  Co-LDH@HMCSs
electrodes  were  also  investigated  by  electrochemical  impedance
spectroscopy (EIS, Fig. 4(f)). The Nyquist diagram in low-frequency
region  shows  that  the  CoNi-LDH@HMCSs  electrode  possesses  a
steeper gradient and a larger slope than other electrodes. Moreover,
the  high-frequency  region  of  Nyquist  diagram  illustrates  the
smallest x intercept  for  CoNi-LDH@HMCSs  electrode  [45].  In
short,  the  CoNi-LDH@HMCSs  electrode  apparently  possesses  the
best electrical conductivity and the fastest ion diffusion rate, which
is also beneficial for ion storage and adsorption.

The  SAC  of  all  electrodes  was  systematically  explored  by
assembling  membrane-assisted  CDI  (MCDI)  cells  (Fig.  5(a)).  The
SAC  of  HMCSs,  CoNi-LDH,  CoNi-LDH@HMCSs,  CoFe-

 

Figure 4    (a) GCD diagrams at 0.5 A·g–1, (b) CV diagrams at 5 mV s–1, (c) the specific capacitance vs. scan rate, (d) the fitted log plots of current density and scan rate, and
(f)  Nyquist  plots  of  HMCSs,  CoNi-LDH,  CoNi-LDH@HMCSs,  CoFe-LDH@HMCSs,  and  Co-LDH@HMCSs  electrodes.  (e)  Capacitive  ratio  of  CoNi-LDH@HMCSs
electrode materials at different scan rates.
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LDH@HMCSs, and Co-LDH@HMCSs electrodes were explored in
10.0 mM NaCl at 1.2 V. It can be clearly observed from SAC-time
plots  (Fig.  5(b))  that  the  upward  trend  of  CoNi-LDH@HMCSs
electrode  is  faster  than  that  of  HMCSs,  CoNi-LDH,  CoFe-
LDH@HMCSs,  and  Co-LDH@HMCSs  electrodes  within  15  min.
The  corresponding  SAC  values  (mg·g–1)  are  as  follows  (Fig.  5(c)):
CoNi-LDH@HMCSs  (36.41)  >  Co-LDH@HMCSs  (32.59)  >
HMCSs  (23.95)  >  CoFe-LDH@HMCSs  (17.06)  >  CoNi-LDH
(4.27),  which  indicates  that  the  combination  of  CoNi-LDH  and
HMCSs  is  more  conducive  to  the  improvement  of  CDI
characteristics.  The  CDI  Ragone  plots  of  these  five  electrodes  are
shown  in Fig.  5(d).  It  is  well  known  that  the  trend  of  moving  up
and right  in  these  plots  implies  high electro-sorption performance
and  rate  [46−48].  Apparently,  CoNi-LDH@HMCSs  electrode
displays  the  most  effective  adsorption  efficiency  during  CDI
process.  In  order  to  better  explore  the  effect  of  nickel  contents  on
CDI  performance,  we  further  tested  CoNi-LDH@HMCSs
electrodes  with  different  nickel  contents.  The  SAC-time  diagrams
(Fig.  5(e))  of  the  CoNi-LDH@HMCSs-0.1,  CoNi-LDH@HMCSs-
0.4,  and  CoNi-LDH@HMCSs-0.6  electrodes  show  the  fastest
upward  trend  of  CoNi-LDH@HMCSs-0.4.  The  SAC  of  CoNi-
LDH@HMCSs-0.4  (36.41  mg·g–1)  can  be  calculated  by  Eq.  (S7)  in
the  ESM,  which  is  higher  than  that  of  CoNi-LDH@HMCSs-0.1

(31.08  mg·g–1),  and  CoNi-LDH@HMCSs-0.6  (27.67  mg·g-1).
Compared  with  the  CDI  performance  of  other  similar  carbon-
based  materials  (Table  S3  in  the  ESM),  the  CoNi-LDH@HMCSs-
0.4 electrode also performs well. Moreover, it can be observed from
the CDI Ragone diagram (Fig. 5(f)) that the CoNi-LDH@HMCSs-
0.4 electrode shows the highest desalination capacity and rate. The
desalination performance of the CoNi-LDH@HMCSs-0.4 electrode
at different operating voltages (0.8–1.2 V) has also been evaluated.
It  is  evident  that  as  the  voltage  increases,  the  SAC  value  and
maximum  desalination  rate  are  both  increasing  (Fig.  5(g)).
Eventually,  the  cycle  stability  for  the  desalination/regeneration
property  of  CoNi-LDH@HMCSs-0.4  electrode  was  also
investigated. Figure  5(h) illustrates  that  the  CoNi-LDH@HMCSs-
0.4  electrode  shows  no  significant  degradation  after  20  salt
adsorption–desorption  cycles,  indicating  its  good  cycling
performance.

To  further  understand  the  mechanisms  of  ion  adsorption  and
transport  kinetics  in  CoNi-LDH@HMCSs,  we  developed ex  situ
XRD  analysis  and  sophisticated  theoretical  models.  The  two  XRD
diffraction  peaks  (Fig.  6(a))  associated  with  Cl– insertion  at  31.4°
and 45.1° intensify sharply at charge and then disappear completely
after  discharge,  indicating  the  reversible  Cl– capture  capability  of
CoNi-LDH@HMCSs  during  electrochemical  processes  [39].

 

Figure 5    (a)  Schematic  diagram  of  CDI.  (b)  SAC-time  plots,  (c)  desalination  capacities,  (d)  CDI  Ragone  plots  of  HMCSs,  CoNi-LDH,  CoNi-LDH@HMCSs,  CoFe-
LDH@HMCSs,  and  Co-LDH@HMCSs  electrodes.  (e)  SAC-time  plots  and  (f)  CDI  Ragone  plots  of  CoNi-LDH@HMCSs-0.1,  CoNi-LDH@HMCSs-0.4,  and  CoNi-
LDH@HMCSs-0.6  electrodes.  (g)  SAC values  and maximum desalination rate  of  CoNi-LDH@HMCSs-0.4  at  different  operating  voltages.  (h)  Cycle  stability  of  CoNi-
LDH@HMCSs-0.4 electrode in 10.0 mM NaCl solution.
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Figures  6(b) and 6(c) present  the  model  structure  derived  from
density of states (DOS) curve calculations, establishing a theoretical
framework  for  analyzing  the  electronic  structure  characteristics  of
the material. A comparative analysis of DOS curves for CoNi-LDH,
C, and CoNi-LDH/C materials is presented in Fig. 6(d). The results
reveal that the optimized CoNi-LDH/C composite exhibits a higher
density  of  electronic  states  near  the  Fermi level  than that  of  the  C
and  CoNi-LDH  materials,  indicative  of  significantly  enhanced
metal-adsorbate interactions in CoNi-LDH/C composite [49]. This
further indicates that the synergistic effect between CoNi-LDH and
C  is  beneficial  for  enhancing  electrical  conductivity  and  electron
transfer. This observation is consistent with the above experimental
conclusions.  Therefore,  the  combination  of  carbon  and  LDH
material  can well  enhance  the  conductivity  of  the  composite.  This
achievement  not  only  underscores  the  innovative  aspects  of  our
material design and preparation but also opens new avenues for the
practical  application  of  CDI  technology  in  water  treatment
processes.

The  yolk–shell-structured  LDH@HMCSs  show  excellent
electrochemical properties as a CDI electrode material, mainly due
to  the  following  aspects:  (1)  The  pore  structure  of  LDH@HMCSs
enables  the  salt  solution  to  penetrate  into  HMCSs  effectively,
providing  a  large  contact  area  for  ion  adsorption.  (2)  The  core  of
LDH  nanosheets  can  effectively  improve  the  wettability  of  the
composite,  make  the  aqueous  solution  more  easily  enter  the

nanopore,  and  promote  the  ion  adsorption.  (3)  The  shell  of
mesoporous  carbon  as  a  conductive  matrix  significantly  improves
the  electrical  conductivity  of  the  composite.  (4)  The  yolk–shell
superstructure  provides  enough  buffer  space  for  LDH  nanosheets
to  adsorb  ions,  preventing  the  agglomeration  of  the  LDH
nanosheets in the CDI process. 

3    Conclusions
In  summary,  yolk–shell-structured  LDH@HMCSs  were
synthesized  through  simple  ion  etching  of  ZIF-67@HMCSs
template.  HMCSs  not  only  provide  space  for  confined  growth  of
ZIF-67,  but  also  serve  as  conductive  networks  to  enhance  the
conductivity of LDH@HMCSs. The CoNi-LDH@HMCSs electrode
shows higher CDI performance than Co-LDH@HMCSs, and CoFe-
LDH@HMCSs,  which  is  attributed  to  the  remarkable  synergistic
effect  between  the  CoNi-LDH  nanosheets  and  mesoporous  N-
doped  carbon  shells.  The  CoNi-LDH@HMCSs  electrode  shows  a
high  SAC  of  36.41  mg·g–1 in  an  initial  10.0  mM  NaCl  solution,
which outperforms the primary CoNi-LDH electrode (4.27 mg·g–1)
and  HMCSs  electrode  (23.95  mg·g–1).  The  DFT  results  further
demonstrate that the synergistic effect between CoNi-LDH and C is
beneficial  for  enhancing  electrical  conductivity  and  electron
transfer.  This  work  will  provide  solid  guidance  for  the  confined
growth  of  2D  nanosheets  in  HMCSs,  further  confirming  the
significance of constructing superstructure. 

 

Figure 6    (a) XRD patterns of CoNi-LDH@HMCSs at different charge and discharge states. Model structure diagrams of (b) CoNi-LDH/C and (c) CoNi-LDH based on
DOS calculations (blue: Co, green: Ni, red: O, white: H, black: C, and yellow: N). (d) The DOS diagrams of CoNi-LDH, C, and CoNi-LDH/C.
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Electronic  Supplementary  Material: Supplementary  material
(electrochemical measurements, XRD, and XPS) is available in the
online  version  of  this  article  at https://doi.org/10.26599/NR.2025.
94907194. 
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