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In this work, a crystalline/amorphous electrode material was prepared via a simple method. Specifically,

high-valent Mo was introduced to fabricate amorphous MNC-LDH, which was then used to construct

crystalline NCO/amorphous MNC-LDH composite materials. The prepared sample exhibited a three-

dimensional pompom-like structure composed of ultrathin nanoflakes and a hybrid interface between crystal-

line and amorphous phases, which benefited its electrochemical performance. The synthesized material

showed a specific capacity of 841 C g™ at 1 A g™, while retaining 82.3% of its initial capacity at 20 A g™. The
assembled NCO/MNC-LDH//AC HSC device exhibited an energy density of 58 Wh kg™ when the power
density was 850 W kg™ It is noteworthy that even at a power density of 8500 W kg™, an energy density of
37.1 Wh kg™ was maintained. NCO/MNC-LDH//AC retained 76.3% of its initial specific capacitance and 100%
coulombic efficiency after 20 000 consecutive charge and discharge cycles, demonstrating excellent cycling
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1. Introduction

It is widely recognized that enhancing the energy density of
supercapacitors (SCs) requires the preparation of high-perform-
ance electrode materials. The electrochemical performance of
electrode materials is influenced by many factors, for example,
electrochemical redox activity, specific surface area, microscopic
morphology and so on." Phase engineering is a promising strat-
egy for modifying physicochemical properties to further enhance
the electrochemical properties of energy storage.>® At present,
much research on electrode materials mainly focuses on crystal-
line materials, but recent studies have shown that amorphous
materials have significant characteristics in charge storage
capacity that crystalline materials lack.

Due to the long-range disordered and short-range ordered
arrangement of internal atoms, amorphous materials have
more active sites and exhibit higher electrochemical activity.*
At the same time, amorphous materials can provide more ion
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stability. Furthermore, the ability of two HSCs connected in series to power small fans and light LEDs in
various colors indicated the material's practical application potential. The synthesized NCO/MNC-LDH thus
demonstrates promise as a supercapacitor electrode material, providing valuable insights for designing crystal-
line/amorphous composites in electrochemical energy storage.

migration pathways without changing the lattice structure, pro-
moting electrochemical reactions.>® Crystalline materials have
higher electrical conductivity and stability than amorphous
materials.” ' However, the infiltration and diffusion of ions
are restricted by the compact arrangement of surface atoms,
which limits their electrochemical activity.'> The interactions
formed between the different components of the crystalline and
amorphous phases give them special properties. Therefore, con-
structing crystalline/amorphous materials is a promising strat-
egy, which can combine the advantages of both materials to
achieve a balance of electrochemical activity and stability."* For
example, the crystalline NiCo,O,@amorphousNiCo,S, hetero-
structure constructed by Wang et al. showed a specific capacity
of 1121.5 C g”" at 1 A g~*, which was much higher than that of
NiCo0,0, (197.0 C g ") and NiCo,S, (193.65 C g~")."* Huang et al.
prepared amorphous/crystalline NiCoB@NiCo,S, that exhibited
a specific capacity of 781 C g~* at 1 A g~", which was higher
than that of NiCoB and NiCoB-LDH alone. In addition, after
10 000 charge and discharge times, the capacity retention rate of
NiCoB@NiCo,S, was 78%, while the capacity retention rate of
NiCoB-LDH was only 51% after 3000 charge and discharge
cycles, and the capacity retention rate of NiCoB was 64.8% after
7000 charge and discharge cycles."®

Therefore, it is necessary to develop a simple and easy
method for constructing crystalline/amorphous composites. In
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addition, heteroatom doping can change the crystal structure
of the material itself and is an effective way to prepare amor-
phous materials.’® It is a good choice to introduce high-
valence metal doping based on previous studies."””® Among
them, Mo is a good choice. On the one hand, it is a non-three-
dimensional high-valence metal and has special advantages in
optimizing electrochemical properties and Gibbs free energy
(AG) generated by electrocatalytic intermediates.>*>* On the
other hand, the similar atomic structure of Mo, Ni and Co
atoms is very favorable for doping reactions.>® At present, crys-
talline/amorphous materials have been synthesized for SCs,
but there is still room for improvement in energy density,
which may be due to the unsatisfactory structural design, and
the construction of three-dimensional structures is conducive
to the improvement of performance.

Based on these ideas, a crystalline NCO/amorphous
MNC-LDH composite was constructed by a hydrothermal
method, in which amorphous MNC-LDH was achieved by intro-
ducing Mo. Its unique structure has the following advantages: (i)
the three-dimensional pompom-like structure composed of ultra-
thin nanoflakes can provide a large specific surface area, expose
more active area, facilitate electrolyte penetration and shorten the
ion diffusion distance; (ii) abundant active sites at the interface
composed of crystalline and amorphous phase structures are
conducive to the improvement of performance; (iii) the synergis-
tic effect resulting from the composite formation of metal oxides
and metal hydroxides contributes to enhanced electrochemical
performance. As a result, the prepared crystalline NCO/amor-
phous MNC-LDH composite shows an improved electrochemical
performance. Furthermore, the hybrid supercapacitor (HSC)
device made of the prepared composite materials and activated
carbon (AC) exhibited a high energy density of 58 Wh kg™ at a
power density of 850 W kg™ and a capacitance retention rate of
76.3% after 20000 charging and discharging cycles. Therefore,
the prepared composite in this work exhibited good electro-
chemical properties and great potential for application in SCs,
which provides an effective way for the construction of crystal-
line/amorphous composite materials.

2. Experimental procedures

2.1. Materials and reagents

Ni(NO;),-6H,0 (99%) was purchased from Sinopharm
Chemical Reagent Co., Ltd, Co(NO;),:6H,O (99%),
Na,M00,-2H,0 (99%), NH,F (98%), CO(NH,), (>99.5%) and
activated carbon (AC) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. Polytetrafluoroethylene
(60%), acetylene black (battery level) and diaphragm were pur-
chased from the Lizhiyuan Branch of Yingze District, Taiyuan
City, China. The nickel foam (NF, 99.8%) was purchased from
Tianjin EVS Chemical Technology Co., Ltd. The NF was pre-
treated with 3 M hydrochloric acid, acetone and ethanol by
ultrasonic treatment for 10 min, and then ultrasonic treatment
with deionized (DI) water until pH = 7, and finally dried in a
vacuum drying oven at 60 °C for 6 h.
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2.2. Synthesis of NiCo,0, nanoneedles

The NiCo,0, nanoneedles were obtained by a hydrothermal
method. First, in 15 mL of deionized (DI) water, 0.3 mmol of
Ni(NOj3),-6H,0, 0.6 mmol of Co(NOs),-6H,0, 2.4 mmol of CO
(NH,), and 0.4 mmol of NH,F were added to obtain a homo-
geneous solution after stirring for 2 h. After that, pre-treated
NF (2 x 2.2 cm®) was placed in an autoclave with the homo-
geneous solution and allowed to react for 5 h at 120 °C. After
the reaction was completed, the NiCo,0O, precursor was uni-
formly grown on the NF after washing and drying. Finally, the
final product was achieved by calcining in a muffle furnace for
2 h at 350 °C. Since mass loading affects electrochemical per-
formance, we computed the mass difference of NF before and
after the reaction to determine the mass loading of the active
ingredient. The mass loading of NiCo,0, grown on NF was
1.1 mg cm™>. For convenience, the sample was labeled NCO.

2.3. Synthesis of the NiCo,0,/MoNiCo-LDH composite

The NiCo,0,/MoNiCo-LDH composite was synthesized by a
secondary hydrothermal method. Specifically, 0.045 mmol of
Na,M00,-2H,0, 0.135 mmol of Ni(NO3),-6H,0, 0.27 mmol of
Co(NO3),-6H,0, 2.25 mmol of CO(NH,), and 0.83 mmol of
NH,F were dissolved in 15 mL of DI water. Stirring was necess-
ary for obtaining a transparent solution. Then the homo-
geneous solution and a piece of NF with NCO were placed in
an autoclave and reacted at 100 °C for 4 h. Then, the product
was sonicated with ethanol and DI water and dried for 6 h at
60 °C. For comparison, NiCo-LDH, MoNiCo-LDH and NiCo,0,/
NiCo-LDH were also synthesized by the above method (details
are given in the ESIt). The mass loadings of NiC0,0,/MoNiCo-
LDH, NiCo-LDH, MoNiCo-LDH and NiCo0,0,/NiCo-LDH were
2.1, 1.3, 1.0 and 1.6 mg cm >, respectively. The samples were
named NCO/MNC-LDH, NC-LDH, MNC-LDH and NCO/
NC-LDH, respectively.

2.4. Characterization of materials

The crystal structure was investigated by powder X-ray diffrac-
tion (XRD, PANalytical Aeris X). X-ray photoelectron spec-
troscopy analysis was conducted to determine the valence state
and composition of chemicals (XPS, Thermo Scientific
K-Alpha). The specific surface area and pore size distribution
were obtained through BET testing (BET, Micromeritics TriStar
11 3020). The morphology was examined using a scanning elec-
tron microscope (SEM, JSM-7900F) and a transmission elec-
tron microscope (JEOL JEM-F200).

2.5. Electrochemical measurements

A VersaSTAT3 electrochemical workstation was used to study
the electrochemical performance of samples in three- and two-
electrode systems. The working electrode, reference electrode,
and counter electrode were the prepared samples, platinum
mesh, and Hg/HgO electrode, respectively. 6 mol L~* KOH was
used as an electrolyte. Cyclic voltammetry (CV) was performed
at different scan rates (10-50 mV s~ ') in a fixed voltage window
(0-0.6 V). Charge-discharge tests (GCD) were carried out under

This journal is © The Royal Society of Chemistry 2025
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a voltage window of 0-0.5 V, with a current density of 1-20 A
g . Electrochemical impedance spectroscopy (EIS) was carried
out in the frequency range of 0.01-10° Hz with an amplitude
of 5 mV on a LANHE CT3001A.

The following formula was utilized to determine the
specific capacity (C g~ "):**

7I><At
T om

(1)

Additionally, the following formula was used to calculate
the specific capacitance (F g”") of HSC devices:

I x At

C=——""+ (2)

T mx AV

where I (A) represents the discharge current, At (s) represents
the discharge time, m (g) represents the mass loading of the
active material, and AV (V) is the voltage window.

2.6. Fabrication of the all-solid-state HSC device

An all-solid-state HSC device was constructed with NCO/
MNC-LDH and AC as positive and negative electrodes and PVA/
KOH gel as the electrolyte. The negative electrode was prepared
in the following manner: 80 mg of AC, 10 mg of acetylene
black, and 7 pL of PTFE lotion were added into an agate
mortar. After mixing in a specified quantity of ethanol, the
mixture was ground for approximately 1 h to create a homo-
geneous slurry. After making the paste, it was spread equally
on NF (2 x 2.2 cm?), dried for 6 h at 60 °C in an oven, and then
pressed at 10 MPa. Next, the gel electrolyte was made using the
subsequent procedure: after dissolving 1.5 g of KOH in 30 mL
of deionized water and heating the mixture to 85 °C to create a
transparent solution, 3.0 g of PVA was added, and the mixture
was heated further to create a homogeneous and translucent
gel. A layer of gel was coated onto the surface of the positive
electrode, followed by placing a separator to prevent short cir-
cuits. Another layer of gel was then applied and finally covered
with the negative electrode. The mass matching of positive
and negative electrodes should satisfy the charge balance con-
dition ¢" = ¢~ (¢': charge of the positive electrode; ¢ : charge
of the negative electrode).”® The mass matching formula may
be used to determine the mass loading of the positive and
negative electrodes:*°
mt  C” X AV~
m - or (3)

where m"* (g) and Q" (C g™") represent the mass loading and
specific capacity of the positive electrode, while m™ (g), C~ (F
g™') and AV~ (V) are the mass loading, specific capacitance,
and operating potential window of the negative electrode,
respectively.

The following formulas are used to determine the specific
capacitance (C, F g™ '), energy density (E, Wh kg™ "), and power
density (P, W kg™ ") of HSC devices:*"*®

I x At

C=——"+ (4)

T mx AV
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C x AV?
T 2x36 (5)
p=2L 3600 6)
TAt

where I (A), At (s), m (g) and AV (V) represent the discharge
current, the discharge time, the mass loading of the HSC
device and the operating potential window, respectively.

3. Results and discussion

3.1. Characterization of the structure and morphology

Fig. 1 illustrates the preparation process of NCO/MNC-LDH.
Urea was hydrolyzed at a high temperature to produce OH™
and CO,*7, which created an alkaline environment for the
reaction. The addition of ammonium fluoride promoted the
growth of crystal particles on the NF. Under these conditions,
the NCO precursor grew on the NF.>* Secondly, after the sub-
sequent drying and calcination processes, uniform NCO nano-
wire arrays were grown on the NF. Finally, the three-dimen-
sional pompom-like NCO/MNC-LDH composite material was
synthesized through secondary hydrothermal and drying
processes.

SEM was used for monitoring the morphological evolution
of samples. The NCO nanowire arrays were uniformly distribu-
ted on the NF framework (Fig. 2a and b), while NC-LDH exhibi-
ted a flower-like shape composed of interwoven nanosheets
(Fig. 2c and d).

The morphology of NC-LDH obviously changed after the
introduction of Mo sources. Numerous nanosheets assembled
into hydrangea-like nanoflowers, and the nanosheets became
thinner and smaller (Fig. 2e and f). The NCO/NC-LDH compo-
site material was synthesized via a secondary hydrothermal
process. It could be observed that NC-LDH nanosheets grew
on the surface of the NCO nanoneedle arrays. Despite the
larger size and smoother surface of the nanosheets, the
material retained its three-dimensional structure (Fig. 2g and
h). When NCO was combined with MNC-LDH, the latter
covered the surface of NCO to form the NCO/MNC-LDH com-
posite material with a pompom-like shape. The ultrathin nano-

\ /£,
Hydrothermal \\\/4 Hydrothermal

Calcining

NCO/MNC-LDH

Ni(NO,),"6H,0
Co(NO,),"6H,0
Na,MoO,-2H,0
CO(NH),
NH,F

AC/NF

000600

Fig. 1 Schematic illustration of the synthesis of NCO/MNC-LDH.
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Fig. 2 SEM images of (a and b) NCO; (c and d) NC-LDH; (e and f)
MNC-LDH; (g and h) NCO/NC-LDH; (i and j) NCO/MNC-LDH; and (k)
EDS elemental mapping images of Ni, Co, Mo, and O in NCO/MNC-LDH.

flakes that make up the three-dimensional pompom-like struc-
ture could improve the specific surface area, thereby facilitat-
ing the redox reaction and accelerating the penetration of elec-
trolyte into the electrode material. Furthermore, the consistent
distribution of Ni, Co, Mo, and O in NCO/MNC-LDH was
demonstrated by the area-selected EDS elemental maps dis-
played in Fig. 2k.

XRD was used for analyzing crystal phase compositions. As
shown in Fig. 3, the diffraction peaks of NCO and NC-LDH
could correspond to their standard cards of PDF#20-0781 and
PDF#38-0715,>>%" respectively, and the diffraction peaks were
sharp, indicating their crystalline characteristics. The peaks of
NC-LDH at 11.3° and 22.7° corresponded to the (003) and
(006) crystal planes, which were indicative of the layered struc-
ture of LDH.?” These two peaks disappeared after the introduc-
tion of Mo, leaving only two broad peaks near 33.5° and 59.9°,
corresponding to the (101) and (110) crystal planes, respect-
ively. This phenomenon likely indicated a reduction in the
crystallinity of NC-LDH and its transformation into an amor-
phous material, while partially retaining the layered structure
in the form of randomly dispersed nanosheets.** This obser-
vation was further corroborated by the subsequent TEM
results. The diffraction peaks of NCO/MNC-LDH indicated that
crystalline NCO and the amorphous MNC-LDH composite
were successfully prepared. In addition, two small peaks
located at 51.8° and 76.4° were also observed, which may be
attributed to Ni. Fig. S2t displays the FTIR spectrum of NCO/
MNC-LDH. The vibrational absorption peak at 3445 cm™" was
attributed to the stretching vibrations of O-H bonds within
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Fig. 3 XRD patterns of NCO/MNC-LDH, NCO/NC-LDH, MNC-LDH,
NC-LDH and NCO.

the material.>* The peak observed at 1600 cm™" was associated
with water molecules adsorbed on the material surface.>® The
presence of interlayer carbonate anions (CO;>7) resulted in
stretching and bending peaks at 1634 cm™* and 776 cm™*,
respectively. Peaks located at 647 cm™' and 553 cm™" were
assigned to the vibrations of the Ni-O and Co-O bonds,
respectively.>® The minor peaks at 1117 ecm™" and 1155 cm ™"
were attributed to C-N bond stretching vibrations, while the
peaks at 2831 cm™" and 2717 cm™" were assigned to C-H bond
stretching.®”

The microstructure of NCO/MNC-LDH was observed
through TEM and HRTEM. Fig. 4a clearly reveals that the com-
posite was composed of wrinkled and stacked nanosheets. The
HRTEM images of region 1 and region 2 are shown in Fig. 4b
and c, respectively.

Apparently, the crystalline-amorphous interfaces between
NCO and MNC-LDH were observed, where one side was a crys-
talline region, and the other was an amorphous region. In the
crystalline region, the calculated interlamellar distance of
0.29 nm corresponded to the (220) crystal plane of NCO, while
no obvious lattice fringes were observed in the amorphous
region. In addition, the transition zone from the crystalline
region to the amorphous region was also proved by the corres-
ponding inverse fast Fourier transformation (IFFT) and fast
Fourier transform (FFT) patterns.

It was evident that the clear lattice fringes of IFFT shown in
Fig. 4b1 and c3 represented the crystalline zone (NCO), and
the fuzzy patterns of IFFT shown in Fig. 4b3 and c1 rep-
resented the amorphous zone (MNC-LDH), respectively.
Moreover, Fig. 4b2 and c2 containing both clear lattice fringes
and fuzzy patterns indicate the interfaces between crystalline
and amorphous phases. Similarly, the FFT images shown in
Fig. 4b1-3 and c1-3 also easily distinguished the crystalline

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 TEM images of (a) NCO/MNC-LDH; HRTEM images of (b) region
1 and (c) region 2; IFFT and FFT of region 1 (b1-b3) and region 2 (c1-c3).

phases. These observations indicated that there were many
interfaces between the crystalline and amorphous phases in
the composite, which correlated well with the XRD results,
once again confirming the synthesis of crystalline/amorphous
composite materials.

The valence states and chemical composition were exam-
ined through XPS. Fig. S31 exhibits the XPS full spectrum of
NCO/MNC-LDH, with characteristic peaks of Ni, Co, Mo, and
O elements present, confirming the elemental composition of
the sample. Ni 2p spectra in Fig. 5a could be fitted as two satel-
lite peaks and two spin doublet peaks. Ni** was represented by
the combined energies of 855.36 and 873.05 eV, and Ni*" was
represented by the combined energies of 856.68 and 874.61
eV.?® Similarly, two spin doublet peaks and two satellite peaks
could also be used to match the Co 2p spectrum. Peaks with
binding energies of 782.55 and 797.79 eV were associated with
Co®" species, whereas peaks at binding energies of 780.65 and
796.24 eV were associated with Co*" species (Fig. 5b).>° The
peaks with binding energies of 232.05 and 235.2 eV in the Mo
3d spectrum were related to Mo®*, indicating the introduction
of Mo®" into the sample (Fig. 5c).*° Three peaks could be dis-
tinguished in the O 1s spectrum, with Oy at the binding

(a) Nizp (b) Cozp © Mo3d

Copyy Mo ddg;

Mo3d,

Ni2p,,
e sat. NP N

¥ b \
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w0 a0 360 st 0 750 70 240 236 2 E
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Fig. 5 The high-resolution XPS spectra of (a) Ni 2p; (b) Co 2p; (c) Mo
3d; (d) O 1s; (e) N, adsorption—desorption isotherms; and (f) the
Barrett—Joyner—Halenda (BJH) pore size distribution plots of NCO/
MNC-LDH, NC-LDH and NCO.
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energy of 529.9 eV representing metal-oxygen bonds, Ogn/y at
531.0 eV representing oxygen vacancies sites and hydroxyl
oxygen species, and Oy at 532.0 eV representing adsorbed
water molecules (Fig. 5d).*' The presence of Ogyyy indicated
the possibility of oxygen defects, which were related to the
crystal phase changes caused by the doping of metal ions.

Furthermore, NCO/MNC-LDH, NC-LDH, and NCO samples
were subjected to BET testing to examine their pore structure
and specific surface area. The mesoporous characteristics of
the three samples are evident in Fig. 5e, in which they dis-
played type IV adsorption-desorption isotherms and clear
H3 hysteresis loops within the P/P, range of 0.45-1.0 relative
pressure.”> The isotherm of NCO/MNC-LDH showed a
bigger hysteresis loop, which suggested that there were more
mesopores.”> NCO/MNC-LDH, NC-LDH, and NCO exhibited
specific surface areas (SSAs) of 101.1, 118.3, and 27.8 m*> g,
respectively. NCO/MNC-LDH showed a big specific surface
area and further proved their mesoporous properties (Fig. 5f).
In addition, NCO/MNC-LDH had the largest pore volume.
Consequently, Mo doping had a significant impact on pore
volume and SSA, which was vital for enhancing electro-
chemical performance. The specific capacity, energy density,
and power density may all be increased by the bigger SSA by
accelerating the kinetics of electron and ion transport.
Furthermore, high porosity could accelerate the penetration of
the electrolyte and thus improve the wettability of the
material. In the case of electrolyte infiltration, active sub-
stances fully participated in the reaction, leading to the for-
mation of an extended electrode-electrolyte interface, which
was beneficial for Faraday redox reactions, especially at higher
scan rates.**

3.2. Electrochemical properties

Electrochemical performance was examined in a three-elec-
trode system with 6 mol L™" KOH. The conductivity of 6 mol
L~! KOH electrolyte at room temperature was 177.1 mS cm™ .
First, the electrochemical performance of bare NF was evalu-
ated, and it was charged and discharged in a relatively short
period of time, so the effect of its specific capacity on the elec-
trode material was negligible (Fig. S4t). The CV curves of NCO/
MNC-LDH at 10-50 mV s~ " are displayed in Fig. 6a. The pres-
ence of two prominent redox peaks and a distinct voltage
difference on the CV curve indicated the battery-type character-
istics of the electrode material.*> The ohmic polarization
phenomenon caused the oxidation and reduction peaks to
slightly shift as the scan rate increased.*® However, the CV
curves retained their stable shape even at high scan rates, indi-
cating good reversibility of the redox reaction. The GCD curve
of NCO/MNC-LDH at various current densities (1-20 A g™') is
displayed in Fig. 6b. The clear charge-discharge platform was
associated with the charge-transfer mechanism and the
electrochemical reaction at the electrode-electrolyte interface,
indicating its battery-type properties consistent with the CV
results. The energy storage process of NCO/MNC-LDH was
driven by the Faraday reduction reaction involving Ni**/Ni®*",
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Fig. 6 (a) CV curves of NCO/MNC-LDH at 10-50 mV s™%; (b) GCD
curves of NCO/MNC-LDH at 1-20 A g% (c) CV curves of NCO/
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Nyquist plots of NCO/MNC-LDH, NCO/NC-LDH, MNC-LDH, NC-LDH
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different mass loadings of NCO/MNC-LDH; and (h) cycling performance
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Co**/Co*", and Co**/Co*", which was explained by the follow-
ing chemical reaction equations:*”*®

NiC0,04 + OH™ + H,0 « NiOOH + 2CoOOH +e~  (7)

Ni(OH), + OH™ « NiOOH + H,0 + e~ (8)
Co(OH), + OH™ < COOOH + H,0 + e~ (9)
CoOOH + OH™ « Co00, +H,0 +e~ (10)

The CV curves of NCO/MNC-LDH, NCO/NC-LDH,

MNC-LDH, NC-LDH, and NCO at 10 mV s™* are displayed in
Fig. 6¢c. The bigger region surrounded by the NCO/MNC-LDH
CV curve suggested that it showed a higher specific capacity.
Fig. 6d shows the GCD curves at a current density of 1 A g™,
NCO/MNC-LDH showed the longest discharge time, with an
estimated specific capacity of 841 C g~ (1682 F g~'), which
was larger than that of the other materials. The CV and GCD
curves for NCO, NC-LDH, MNC-LDH and NCO/NC-LDH are
displayed in Fig. S5.f The main reasons for its improved
capacity were the increased specific surface area of NCO/
MNC-LDH, the expanded ion transport channels of the amor-
phous materials, and the exposure of more active redox reac-
tion sites by the crystalline/amorphous composite interface. In
addition, the capacity retention of different samples at 1-20 A
g~ was studied (Fig. 6e). NCO/MNC-LDH maintained 82.3%
specific capacity at 20 A g~*, which was higher than that of
NCO/NC-LDH (52.4%), MNC-LDH (70%), NC-LDH (68.9%) and
NCO (66.4%), respectively (Table S27).
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Fig. 6f shows the Nyquist plots of samples and the corres-
ponding impedance fitting circuit model is displayed in
Fig. S6.f The internal resistance (R;) was represented by the
intercept of the semicircle at the junction of the X-axis, the
charge transfer resistance (R.) was represented by the semi-
circle, and the Warburg resistance (R,,) was represented by the
slope of the line in the low frequency zone.*® The resistance
values of each component of the material may be determined
by fitting the equivalent circuit model, and the results are dis-
played in Table S3.7 Compared with the other four materials,
NCO/MNC-LDH exhibited a lower R value of 0.01 Q, indicat-
ing faster electrochemical reaction kinetics. The correlation
between the R.. and the quantity of active sites on the surface
of the materials indicated that the interface created by the pre-
pared crystalline/amorphous composite material contained a
large number of active sites. Additionally, in the low-frequency
region, NCO/MNC-LDH exhibited a larger straight slope, indi-
cating that it showed a smaller diffusion resistance and there-
fore a faster ion diffusion rate. This may be due to the high
specific surface area and porous structure, which favored reac-
tant adsorption and expedited ion transport. Moreover, the
mass specific capacity and area specific capacity were also
examined under various mass loading conditions. The mass
specific capacity was inversely related to mass loading and
decreased as the mass loading increased, whereas the mass
loading was positively correlated with the area specific capacity
(Fig. 6g and Fig. S7t). When the mass loading was 2.1, 2.7 and
3.8 mg cm™?, the corresponding mass specific capacities were
665, 490.5 and 461.5 C g, respectively, and the corresponding
area specific capacities were 1380, 1600 and 2080 mC cm™> at
5 A g, respectively. With the increase of mass loading, the
electrode material still maintained a high specific capacity,
proving its good energy storage capacity. The stability of NCO/
MNC-LDH, NCO, and MNC-LDH after continuous charge and
discharge cycles is shown in Fig. 6h. After undergoing 3000
consecutive charge-discharge cycles at 5 A g7 ', the
NCO/MNC-LDH composite exhibited a capacity retention rate
between those of NCO and MNC-LDH, demonstrating accepta-
ble cycling stability of the composite material. In addition,
the conductive resistance of the sample after the cycle
increased because of the structural change during the cycles

(Fig. S87).

3.3. Reaction kinetics analysis

The Dunn equation is used to analyze the relationship
between the anode and cathode peak current density (i) and
scan rate (v).”°

i=av? (11)

Here, the values of a and b are determined by linear fitting
of peak current density and the logarithm of the scan rate of
CV curves. Generally speaking, charge storage is mostly
diffusion controlled when b = 0.5 and surface capacitance con-
trolled when b = 1. The b value of anodic slopes of NCO/
MNC-LDH is 0.72, which indicates that it is impacted by both

This journal is © The Royal Society of Chemistry 2025
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surface capacitance-controlled processes and diffusion-con-
trolled processes (Fig. 7a).

We also tested CV curves at low scanning speeds of 1, 2, 5
and 10 mV s~ " and calculated the proportion of diffusion-con-
trolled process and surface capacitance-control process in the
total capacitance using the Dunn formula:**

[ = leap = Laitr = kav + k0?2 (12)

i (V)WY? = kw2 4k, (13)

The total current response value at a particular voltage is
denoted by i (V), kv is the current response value of the
surface capacitance control process, and k,v"/* is the current
response value of diffusion control.

CV curves were obtained at various scan rates (Fig. S9t).
The integral area of the closed part of the curve could be used
to determine the relative amounts of the two control mecha-
nisms. It was found that the surface capacitance control of
NCO/MNC-LDH accounts for 83.1%, 84.6%, 87.8% and 93.9%
of the total capacitance at scan rates 1, 2, 5 and 10 mV s,
respectively (Fig. 7b). The contribution of the surface capaci-
tance-controlled process was shown to rise with the scan rate.
This was connected to the quickly reversible redox reaction
with electrolyte ions that occurs on or near the electrode
surface.”> Meanwhile, regardless of the scan rate, the surface
capacitance-controlled process contribution of NCO/MNC-LDH
was larger than the other four samples, which further con-
firmed that crystalline/amorphous composite structures were
more favorable for reaction kinetics (Table 1). This phenom-
enon can be explained by the construction of the hierarchical
and three-dimensional pompom-like structure composed of
ultrathin nanoflakes, which leads to NCO/MNC-LDH with a
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80%
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Fig. 7 (a) Logi-logv plot of NCO/MNC-LDH; (b) comparison of charge
storage for NCO/MNC-LDH by diffusion and capacitive control; (c) the
relationship between anodic peak current densities and the square root
of scan rates for NCO/MNC-LDH, NCO/NC-LDH, MNC-LDH, NC-LDH
and NCO electrodes; and (d) Bode plots of NCO/MNC-LDH, NCO/
NC-LDH, MNC-LDH, NC-LDH and NCO.
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Table 1 The contribution ratio of the surface capacitive-controlled

process of NCO, NC-LDH, MNC-LDH, NCO/NC-LDH, and NCO/
MNC-LDH samples

Sample 1mvs! 2mvs’ 5mvs! 10 mv s~
NCO 64.0% 68.2% 75.9% 85.1%
NC-LDH 64.5% 73.9% 80.8% 87.24%
MNC-LDH 40.5% 46.2% 56.3% 68.2%
NCO/NC-LDH 29.3% 34.4% 46.4% 56.0%
NCO/MNC-LDH 83.1% 84.6% 87.8% 93.9%

small volume and increased exposure area. The redox reaction
was no longer restricted to the bulk due to the increased
specific surface area, but essentially transformed into a
surface redox reaction, with a significantly shortened ion
diffusion length and reduced diffusion limitation. At the same
time, the amorphous material provided more ion transfer
channels, which was mainly manifested in the surface capaci-
tive control process.

The anodic peak current density (I,) of the NCO/MNC-LDH
electrode materials was linearly correlated with the square root
of scan rate (v*/?), demonstrating that its redox reactions were
dominated by diffusion control (battery-type behavior)
(Fig. 7¢).>*7> The diffusion coefficient (D) of OH™ of various
materials may be computed and examined through the
Randles-Sevcik equation.®®

I, = (2.687 x 10°)n*?AC (vD)"/? (14)

where A, n, and C refer to the surface area of the electrode, the
number of electrons participating in the redox reaction, and
the proton concentration, respectively.

Therefore,

2
Dnco/mncipH (Ip/ vl/z)(NCO/MNC-LDH) _ (12.44)2
Dnco (15)

- (IP/Vl/Z)(Nco) 4.17
=8.90

The calculated result showed that the OH™ diffusion coeffi-
cient of the NCO/MNC-LDH electrode material was 8.9 times
that of NCO. Through the comparison of the five materials, it
was found that NCO/MNC-LDH exhibited a faster OH™
diffusion rate.’” This was due to the nanosheet array structure
and larger SSA of the prepared material, which allowed electro-
Iyte ions to diffuse into the electrode more quickly. More
importantly, amorphous materials can enrich ion transfer
channels.?

The Bode diagrams for the five materials are displayed in
Fig. 7d. NCO/MNC-LDH, NCO/NC-LDH, MNC-LDH, NC-LDH,
and NCO exhibited phase angles of —67.2°, —58.7°, —61.5°,
—69.3°, and —83.8°, in that order. The closer ideal capacitance
behavior (—90°) of the crystalline/amorphous composite could
be demonstrated by the higher phase angle of NCO/MNC-LDH
compared to those of NCO/NC-LDH and MNC-LDH.>®

The electrochemical surface area (ECSA) is intrinsically
linked to the density of active sites, thus serving as a critical
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parameter governing overall electrochemical performance.
Fig. S101 shows the CV curves of each material in the non-fara-
daic region at varying scan rates (10, 20, 40, 60 and 80 mV s~ %),
accompanied by the calculated double-layer capacitance (Cq;)
and derived electrochemically active surface area (ECSA) values
(Fig. S117). It is impressive that NCO/MNC-LDH exhibited the
largest Cq of 0.75 mF cm™> along with the highest ECSA of
18.75 cm?, surpassing other materials. This demonstrates that
the constructed crystalline/amorphous phase composite
material can provide more active sites for redox reactions.

3.4. Electrochemical performance of the NCO/MNC-LDH//AC
HSC device

In order to test the actual application performance of the pre-
pared sample, it was necessary to assemble NCO/MNC-LDH
into HSC devices. First, the electrochemical performance of AC
needs to be evaluated for the purpose of matching the positive
and negative electrodes (Fig. S12f1). The mass matching
formula mentioned above was used to determine the theore-
tical mass loading of the two electrodes. Fig. 8a shows the
assembly diagram of a HSC device. The CV curves of the posi-
tive and negative electrodes at 10 mV s~ are displayed in
Fig. 8b, illustrating that the constructed HSC device can work
in the voltage range of 0-1.7 V. Additionally, further study was
carried out on the NCO/MNC-LDH//AC CV curves in various
voltage windows (Fig. 8c). The NCO/MNC-LDH//AC device
exhibited a consistent CV curve shape and no polarization
phenomenon when it ran in the voltage window of 1.6-1.7
V. The polarization phenomena of the CV curve appeared as
the voltage window widened to 1.8 V, suggesting that this HSC
device can operate normally in multiple voltage windows (1.6
and 1.7 V). Fig. 8d shows the CV images of HSC devices at

1 H 3 5 o

Current density (A'g

60s 120

o s
o * o7

2{35E23

S0 dow0 100 20000 w
Cyele number Specific power (W/Kg)

Fig. 8 (a) HSC device diagram; (b) CV curves of AC and NCO/
MNC-LDH at 10 mV s™% (c) CV curves in different voltage windows; (d)
CV curves at 10-50 mV s~ in 0-1.7 V; (e) GCD curves at 1-10 A g™%; (f)
specific capacitances at different current densities; (g) cycling stability
and Coulomb efficiency; (h) Ragone plots; and (i) the LEDs and mini
electric fan driven by the NCO/MNC-LDH//AC device.
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various scan rates (10-50 mV s~ '). The overall shape of the CV
curve essentially stayed the same as the scan rate rose gradu-
ally. The HSC devices exhibited fast ion diffusion, fast redox
reactions, and good rate characteristics. Likewise, the asymme-
trical shape of the GCD graphs confirmed this feature
(Fig. 8e). Fig. S131 shows the CV and GCD graphs of HSC
devices composed of four other materials and AC, respectively.
At1,2,3,5,and 10 A g, the specific capacitance of the NCO/
MDC-LDH//AC HSC device was 143.5, 132.1, 124.1, 112.9, and
92.4 F g7, in that order (Fig. 8f), which were higher than
those of NCO//AC, NC-LDH//AC, MNC/LDH//AC, and NCO/NC
LDH//AC HSC devices, respectively. After 20000 successive
charge and discharge cycles, the NCO/MNC-LDH//AC HSC
device demonstrated good electrochemical reversibility and
cycling stability at 5 A g”!, maintaining 76.3% of the initial
specific capacitance and maintaining a 100% coulombic
efficiency (Fig. 8g).

CV and GCD curves before and after the cycles are shown in
Fig. S14.1 Fig. 8h displays the Ragone plots of NCO/MNC-LDH//
AC and other relevant HSC devices. The energy density could
reach 58 Wh kg™ at a power density of 850 W kg™' and it
remained at 37.1 Wh kg ™' at a power density of 8500 W kg™,
which was better than those of several comparable HSC devices
that have been previously reported, such as NiCoP@NiCo-B-70//
AC (40.8 Wh kg™" at 400 W kg "),>° crystalline/amorphous
C03S4//AC (54.78 Wh kg ™" at 400.02 W kg™),°° NCM-S@HCNS//
3D N-rGO (23.5 Wh kg™ at 800.4 W kg "),°" Mo-NiS,@NiCo-
LDH//AC (381 Wh kg™ at 800 W kg "),* Co-Mo-S//AC
(47.6 Wh kg™* at 1012.9 W kg "), NiCo-LDH@CoP@NiCo-P//
AC (42 Wh kg™ at 800 W kg "),** 0.5M0-NiCo,0,/AC
(35 Wh kg™ at 420 W kg™, MnCo,0,;@NiCo-LDH//AC
(33.3 Wh kg™' at 798 W kg "),°® and NiMn-LDH@CuO//AC
(10.8 Wh kg™" at 100 W kg™).%” Table S41 shows the compari-
son between our work and other previous works. The research
results demonstrated that the prepared NCO/MNC-LDH compo-
site material exhibited excellent electrochemical performance,
showing promising application prospects.

4. Conclusions

To summarize, a novel crystalline NCO/amorphous MNC-LDH
electrode material was successfully prepared in this work. Due
to the achievement of a balance between electrochemical
activity and stability by the crystalline/amorphous composite,
it demonstrated excellent electrochemical characteristics. The
specific capacity of 841 C g' at 1 A g™ " and 82.3% of the
specific capacity at 20 A g~ indicated that NCO/MNC-LDH
exhibited a good energy storage capacity. The assembled NCO/
MNC-LDH//AC HSC device displayed a high energy density of
58 Wh kg™ at a power density of 850 W kg™ and still main-
tained an energy density of 37.1 Wh kg~' when the power
density increased to 8500 W kg '. This work provides a
simple and feasible method for preparing crystalline/amor-
phous composite materials and facilitates the development of
supercapacitors.

This journal is © The Royal Society of Chemistry 2025
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