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Abstract

A dual atom regulation strategy coupled with anionic defect engineering is shown to be highly

effective for tuning the electronic structure and improving the electrochemical behaviour of
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layered double hydroxides (LDHs). Herein, we present a precisely engineered ytterbium (Yb)-
doped NiCo-LDH nanocomposite where Yb incorporation enables remarkable charge storage
capabilities, achieving a high specific capacitance of 2130 F g7"at 1 A g™'. Advanced spectroscopic
analysis confirms that the incorporation of Yb dopants induces the formation of oxygen vacancies
within the host lattice, that collectively modulate the electronic landscape which facilities rapid
charge propagation and enhanced charge storage mechanism. To asses practical utility, an
asymmetric supercapacitor (ASC) is constructed using the Yb2 as the positive electrode and
activated carbon as the negative electrode. introduction of Yb dopants created additional oxygen
vacancies within the LDH lattice, which improved the charge transfer and overall electrochemical
performance. The assembled ASC device achieves a high energy density of 78 Wh kg™ at a power
density of 751 W kg™ and demonstrates remarkable operational stability, retaining 81% of its
initial capacitance after 10,000 cycles at 20 A g™!, with a coulombic efficiency of 95%. This work
establishes a fundamental design principle for next generation energy storage material through

synergistic dopant strategies and defect engineering.

1. Introduction

The worldwide energy landscape remains predominantly dependent fossil fuels, which pose
environmental challenges [1-6], intensifying the critical need for sustainable alternatives driven
by escalating energy demands and the proliferation of renewable technologies for next generation
[7-12]. Among energy storage options, supercapacitors have attracted considerable attention
because of their exceptional cycle life and energy storage capability [13-19]. Their operation
hinges on two principal mechanisms: pseudocapacitance, which involves surface redox reactions,
and electric double layer capacitance, produced by the electrostatic charge buildup at the

electrode-electrolyte boundary [20-24]. The performance of a supercapacitor is largely dictated
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by the electrode material, driving ongoing efforts to identify compounds with superior
electrochemical performance. These are broadly classified into metal/metal oxides, carbon based
material, and conductive polymers. Notably, layered double hydroxides (LDH) represents a
highly promising pseudocapacitive material due to their inherently their surface area, quasi two-
dimensional (2D) architecture, and considerable interlayer spacing that promote swift ion

transport [25-29].

In particular, NiCo-LDH has attracted considerable interest because of the synergistic effect
between Ni and Co ions. The presence of multivalent Ni and Co ions enhances the ion exchange
capability, improving the overall electrochemical behavior [30, 31]. However, the main drawbacks
of NiCo-LDH are its relatively low electrical conductivity and the limited number of active sites
for redox reactions [32]. To address these limitations, element doping has been recognized as an
effective approach to create additional oxygen vacancies within the LDH lattice, thereby

increasing the number of active sites and improving electrical conductivity [33] . In this context,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Wang et al. synthesized nitrogen-doped NiCo-LDH, which delivered a specific capacitance of
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2193 F g™! at a current density of 1 A g™, along with 90% capacitance retention after 10,000

(cc)

charge—discharge cycles [34]. Lei and his co-workers fabricated molybdenum-doped NiCo-LDH,
achieving an excellent specific capacitance of 1368.4 C g™" with 88% retention after 10,000 cycles
[35]. Zan et al. prepared manganese-doped NiCo-LDH, which exhibited a high specific
capacitance of 4253 F g™t at 1 A g™! and 92% stability after 10,000 charge—discharge cycles [36].
Similarly, Shi and his co-workers synthesized sulfur-doped NiCo-LDH, obtaining a specific
capacitance of 2417.7 F g™ with 90% capacitance retention after 5,000 charge—discharge cycles

[37]
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Based on the above discussion, various research groups have introduced different dopants into
NiCo-LDH and obtained diverse electrochemical results. In the present study, we synthesized a
novel Y/NiCo-LDH composed of porous nanosheets with uniformly distributed pores and
multichannel structures using a simple hydrothermal method. The NiCo-LDH synthesized with
0.12 g Yb doping exhibited a porous nanosheet morphology, where the uniformly distributed pores
provided a larger surface area and more exposed active sites, leading to enhanced electrochemical
activity. The optimized Yb2 nanocomposite delivered an impressive specific capacitance of 2130F
g™ at a current density of 1 A g™'.Furthermore, the introduction of Yb dopants created additional
oxygen vacancies within the LDH lattice, which improved the charge transfer and overall
electrochemical performance. The assembled asymmetric supercapacitor (ASC) device, using Yb2
as the positive electrode and activated carbon as the negative electrode, exhibits an energy storage

capability 78 W h kg™ and a power output of 751 W kg™'.

2. Experimental

2.1 Chemical reagents

Nickel nitrate hexahydrate (Ni(NO3),.6H,0= 99%), 2-methylimidazole (C4HgN,) (2-mulam),
Cobalt(I) nitrate hexahydrate (Co(NOs3),.6H,0), Ytterbium(Ill) nitrate pentahydrate
(Yb(NO3)3:5H,0), urea (CO(NH;),), polyvinyl alcohol (PVA), activated carbon, ethanol, and
potassium hydroxide, were purchased from Sigma-Aldrich. Ni(NO;),.6H,0 and Co(NO;),.6H,0
were used as precursors for nickel and cobalt in the synthesis of Yb/NiCoLDH nanocomposites.
Ytterbium (III) nitrate pentahydrate provided the Yb ions, and deionized water was the solvent for
all experimental procedures.

2.2 Synthesis of Yb/NiCoLDH nanocomposites with different Yb ratios
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The Yb/NiCo-LDH samples were synthesized using a straightforward hydrothermal protocol.
Solution I was prepared by stirring 0.6 g of cobalt (II) nitrate hexahydrate [Co(NO3),-6H,0] and
0.3 g of nickel(Il) nitrate hexahydrate [Ni(NO3),-6H,O] in 40 mL deionized water solution.
Concurrently, Solution II was formed by dissolving 0.633 g of urea and varying amounts of
ytterbium nitrate pentahydrate [Yb(NO3)s-5H,0] (0.0579 g, 0.12 g, and 0.18 g) in 40 mL of
deionized water with continuous agitation for 15 minutes. Solution I was then combined with
Solution II and mixed for an additional 1 hour to ensure homogeneous dispersion. The mixture
was transferred to a Teflon-lined stainless-steel autoclave and heated to 120 °C for 8 hours, after
cooling to room temperature the precipitate was collected by centrifugation, washed several times
with deionized water and ethanol, and dried at 70 °C under ambient condition. An undoped NiCo-
LDH sample was prepared using the same procedure but without the ytterbium nitrate precursor.
Final samples were designated as Yby, Ybl, Yb2, and Yb3, corresponding to the progressive

incorporation of Yb(NO3)3-5H,O amounts of 0, 0.0429, 0.0886, and 0.18 g, respectively. The

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

synthesis workflow is illustrated in Scheme 1.
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Scheme 1. Synthesis diagram of Yb/NiCo-LDH nanocomposite.
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23 Synthesis of Yb/NiCoLDH// AC ASC device and its electrochemical measurement

The positive electrode was formed by combining the Yb2 phase with acetylene black, and
Polyvinylidene fluoride (PVDF) in a weight proportion of 8:1:1 using N-Methyl-2-pyrrolidone as
the solvent, then applying the resulting slurry to a nickel foam substrate (1.0 cm x 1.0 cm). The
negative electrode was produced by utilizing activated carbon as the active materials. A CHI660
electrochemical workstation was used to assess the electrochemical performance of the electrode
components, including Cyclic voltammetry (CV), galvanostatic charge—discharge (GCD), and
electrochemical impedance spectroscopy (EIS) measurements. For the gel electrolyte, 1 g of
polyvinyl alcohol (PVA) was dissolved in 2 M KOH to yield a clear solution, after which the
positive and negative electrodes were dipped into this gel electrolyte with a separator positioned
between them to assemble the asymmetric supercapacitor (ASC) device. The specific capacitance
was calculated from the GCD curves using Equation 1, where I denote current density (A/g), At
denotes discharge time, and m is the mass of the active material. The device energy and power
densities were calculated using Equations 2 and 3, respectively, where dV is the potential window

(V), dt is the discharge duration (s), and C is the specific capacitance [28].

(1xAt)
Cr = m x AV (D
_ (CxAV?)
E= 2 X 3.6 2)
_ (Ex3600)
P——At 3)

3. Results and discussion
The crystalline structure and phase composition of the synthesized nanocomposites were
analyzed using X-ray diffraction (XRD). Fig. 1 presents the XRD profile of the synthesized

nanocomposites, which shows diffraction peaks at 20 positions of 17.23°, 33.72°, 34.80°, 39.42°,
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46.85°, and 61.77° correspond to the crystalline planes (003), (110), (012), (015), (009), and (110),
which are attributed to NiCo-LDH according to JCPDS card No. 38-0715. The XRD results
indicate that the diffraction peaks of the doped nanocomposites shift slightly towards smaller 20
positions, suggesting that the introduction of Yb causes lattice distortion in the LDH structure.
Additionally, it is observed that as the Yb concentration increases, the intensity of the diffraction
peaks decreases, which can be attributed to the distortion induced by Yb in the LDH structure,
leading to slight agglomeration of the nanocomposites. Furthermore, to investigate the Yb doping
on NiCo-LDH, ICP analysis was performed, as shown in Fig. 1b. The results indicate that Yb was
successfully incorporated into the LDH structure. The atomic ratios of the elements are listed in
Table 1, showing that in the undoped NiCo-LDH, Co and Ni were present in a 2:1 ratio. Moreover,
after Yb doping, trace amounts of Yb were detected in the doped samples, and a slight decrease in
the Ni and Co ratios was observed. This suggests that Yb partially replaced Ni and Co within the
brucite-like structure. The ICP results confirm that Yb was successfully introduced into the NiCo-

LDH without disturbing the overall elemental balance.

Table 1. Illustrate the elements Wt% of the synthesized nanocomposites.

Samples | Cowt% | Niwt% | Ybwt%
Yb, 67 33 0.00
Ybl 63.98 32.57 3.45
Yb2 60.02 32.62 7.36
Yb3 58.18 32.02 9.80
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Fig. 1. (a) XRD pattern and (b) ICP of the synthesized nanocomposites.
Scanning electron microscopy (SEM) was used to determine the structural morphology of the
synthesized nanocomposites. Figs. 2a and b show the SEM images of NiCo-LDH, indicating that
the nanosheets are interconnected with each other and form a wrinkled layered network. Figs. 2¢
and d present the SEM images of the Yb1 sample, where the introduction of a small amount of Yb
leads to the appearance of small pores on the nanosheets. Furthermore, when a moderate amount
of Yb is introduced, the nanosheets become more distinctly porous and the pore channels are more
clearly exposed across the surface, providing a greater number of active sites for electrochemical
reactions, as shown in Figs. 2e and f. In disparity, the SEM images of the Yb3 sample Figs. 2g
and h show that at higher doping levels, the nanosheets tend to agglomerate due to excessive Yb
incorporation, resulting in the loss of a well-defined sheet morphology. It is noted the SEM
morphological observations are consistent with the XRD results. Furthermore, to examine the

elemental composition and distribution, EDS mapping was performed. The EDS results confirm
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that Ni, Co, O, and Yb are uniformly distributed throughout the nanosheets, as shown in Fig. S1

in the supporting information.

Fig. 2. A set of SEM images for (a, b) Yby, (¢, d) Ybl, (e, f) Yb2, and (g, h) Yb3.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

The morphological and crystallographic features of Yb2 were examined using TEM,

HRTEM, and SAED. TEM imaging reveals a porous nanosheet architecture for Yb2, which is

Open Access Article. Published on 07 January 2026. Downloaded on 1/9/2026 3:18:14 AM.

consistent with the SEM observations which is shown in Fig. 3a and b. The HRTEM image shows

(cc)

well-defined lattice fringes with a measured interplanar spacing of 0.67 nm, assignable to the (003)
plane of NiCo-LDH, as shown in Fig. 3c. The polycrystalline nature of the material is confirmed
by the SAED pattern display in Fig. 3e, which exhibits well-defined rings corresponding to the
(003), (012), (015), and (110) reflections of NiCo-LDH [38], aligning with the XRD data and

confirming the successful synthesis of the NiCo-LDH phase.
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Fig. 3. A set of characterization images for Yb2 is shown. Panels (a) and (b) display TEM
images at varying magnification, (c) shows HRTEM image and (d) presents SEAD pattern.

Surface area and porosity were evaluated from nitrogen adsorption—desorption isotherms.
The isotherm is classified as Type IV with a hysteresis loop observed between relative pressures
of approximately 0.47 < P/P, < 0.943, signifying a mesoporous architecture beneficial for ion
diffusion [39]. The calculated specific surface areas (GA) for Ybo, Ybl, Yb2, and Yb3 are
reported in Table 2, with Yb2 exhibiting the largest surface area. This enhancement is ascribed
to a optimal level of Yb2 doping that induces a moderate lattice distortion in the LDH framework
to generate additional active sites without compromising structural integrity. Pore size
distribution, obtained via the BJH method and shown in Fig. 4b, spans about 1-30 nm, a range

conducive to efficient ion diffusion. Further comparison in Table 2 indicates that Yb3 possesses
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noticeably small pores, likely resulting from nanosheet aggregation and partial pore collapse that
reduce surface area.. In contrast, Yb2 optimally balances a high surface area with a favorable pore

size, yielding an architecture favorable for ion transport and superior photocatalytic performance.

Table 2. Surface and pores size distribution of the synthesized materials.
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Fig. 4. (a) Nitrogen adsorption desorption isotherm and (b) BJH pores size distribution of the

synthesized materials.

The Elemental state and composition of the synthesized material were characterized by XPS. The
XPS spectra show in Fig. Sa exhibit Ni 2p features with two main components at approximately
855 eV and 874 eV, corresponding to Ni>* and Ni** in the Ni 2ps/, and Ni 2p4/, regions,
respectively, along with two satellite features near 861 eV and 881 eV [40]. Similarly, the Co 2p

spectrum is deconvoluted into primary peaks at 782 eV and 797 eV, assigned to Co** and Co?*,
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with two ancillary satellites at 785 eV and 802 eV [29], as illustrated in Fig. 5b. The O 1s spectrum

includes a peak around 530 eV assigned to the M—O bond and another feature at 531 eV indicating

oxygen vacancies, as displayed in Fig. 5c¢ [41]. Furthermore, the Yb 4d region show in Fig. 5d

presents peaks at 185 eV (Yb 4ds/;) and 194 eV (Yb 4ds/,), respectively, confirming the doped

Yb state within the nanocomposite matrix [42].
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Fig. 5. XPS spectra of (a) Ni2p, (b) Co2p, (c) Ols and (d) Yb3d.

The electrocatalytic properties of the synthesized materials were assess in a three-electrode using

2 M KOH electrolyte. Fig. 6a presents the CV for the materials at a scan rate of 50 mV s™!, where

the Yb2 sample show a notably larger electrochemical area, likely due to increased porosity,

enhanced specific surface area, and optimal Yb2 doping levels. Additionally, the CV profiles for
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Yb2 sample at varying scan rates reveal a pair of redox peaks associated with species such as Ni,
Co, and NiCo-LDH which is show in Fig. 6b [43, 44]. The CV curves for Ybo, Ybl, and Yb3,
provided in Fig. S2 of the supplementary material, similarly display distinct redox peaks,
confirming reversible redox processes across all samples. The underlying redox mechanisms

responsible for this behavior are listed below [38].

Ni (OH)2 +OH- <> NiOOH + e- +H20 (4)
Co (OH)2 + OH- <> CoOOH + e- +H20 (5)
CoOOH +OH- <> Co02 + e- + H20 (6)

Furthermore, the following equation were used to examine the capacitive feature and reaction

kinetics of the Yb2 [23].
[ =avP (7)

Log (i) = Log (a) +b log(v) (8)

The data indicate a slope (b) of 0.854, which implies that the composite behaves predominantly
in a capacitive manner, given that the b value approximates the theoretical ideal of 1.0 [45], as
shown in Fig. 6¢. Quantitative deconvolution using Equations (9) and (10), with coefficients k;
and k, established from the correlation between V2 and i(V)? display in Figs. 6d, 6e, revealed
that the capacitive contribution for the Yb2 electrode escalates from 93% to 99% as the scan rate
increases from 10 to 100 mV s™'. Consequently, this dominant capacitive process suggests strong

suitability of the electrode material for supercapacitor applications.
I(v) = klv + k2v1/2 9)

I(v) vY/? = kv'/? +k2 (10)
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Additionally, Further insight into the charge-transfer characteristics of the electrode materials was

gained from electrochemical impedance spectroscopy. Fig. 6f displays the Nyquist plots with

fitted circuits, where a high-frequency semicircle and a low-frequency linear region are observed,

the semicircle diameter corresponds to the charge transfer resistance (R.), while the low-

frequency intercept reflects the solution resistance (R;), implying that redox processes occur

within the material. The steeper low-frequency slope (Wo) points to more rapid ion diffusion in

the electrode. Yb2 demonstrates a larger slope relative to the other materials, denoting enhanced

electrical conductivity. The constant phase element (CPE) represents the interfacial resistance at

the electrode—electrolyte boundary [46, 47]. The Rs and Rct values for all materials, listed in

Table 3, indicate that Yb2 has the smallest R; and R values, signaling faster Faradaic reaction

and superior energy storage capability.

Table 3. R;and R, value of the synthesized nanocomposites.

Materials R, R
Yo 0.72 1.13
Yl 0.93 1.55
Y2 1.08 1.96
Y3 1.36 2.13
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scan rate (V) of Yb2, (d, e) Capacitive and diffusion contribution ratio of Yb2, and (f) Nyquist plot Ybo,

(cc)

Ybl, Yb2 and Yb3 electrodes,

The electrochemical characteristics were further probed via GCD, with the comparative profiles
of all synthesized nanocomposites at a current density of 1 A g™! presented in Fig. 7a. The Yb2
sample exhibits a significantly larger GCD enclosed area, indicative of a greater charge storage
capacity relative to its counterparts. Laterally, this feature is attributed to its highly ordered porous
framework that promotes more efficient ion transport than randomly arranged pores in the other
sheets. The rate capability of the Yb2 electrode is demonstrated by its GCD curves at different

current densities display in Fig. 7b. Whereas, GCD analysis of Ybo, Ybl, and Yb3 show in Fig.
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S3, Supporting Information) revealed non-linear but highly symmetrical profiles, consistent with
diffusion-controlled faradaic processes at the electrode—electrolyte interface. Using Equation (1),
the specific capacitances were determined as 838, 1800, 2130, and 1581 F g™ for Ybo, Ybl, Yb2,
and Yb3, and the corresponding sample at 1 A g™!, respectively. Among the samples, Yb2 delivers
the highest capacitance, attributable to its high specific surface area and meticulously ordered
porosity, as evidenced by the data in Fig. 7¢. The cyclic stability of the Yb2 electrode was tested
over 10000 cycles, exhibited a capacitance retention of 87% at 20 A g™'. The cyclic durability of
Yb2 electrode is further confirmed by the inset of Fig. 7d, where the near-identical shapes of the

initial and final ten GCD cycles, indicating excellent long-term stability.
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To further elucidate the energy storage mechanism of the synthesized material, an ASC device

was assembled by pairing Yb2 as the positive electrode with AC as the negative electrode in a 2

M KOH electrolyte. A comprehensive set of tests, including CV, GCD, EIS, and cycling stability,

was performed. Fig. 8a shows the CV curves for Yb2 and AC electrodes recorded at 50 mV s™

with potential windows of 0-0.9 V for Yb2 and 0-0.6 V for AC, revealing pseudo-capacitance

behavior for Yb2 and a primarily EDLC behavior for AC. To establish a stable operational voltage,

CV tests across a range of voltages show negligible polarization up to 1.5 V, establishing 1.5 V

as the stable operating window. The quasi-rectangular shape of the CV curves (Fig. 8¢) acquired

at various scan rates within the 0—1.5 V range, exhibiting near-ideal capacitive, quasi-triangular

shapes. Furthermore, Fig. 8d presents GCD curves obtained at different current densities, showing

symmetric profiles consistent with the CV results.
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Fig. 8. Electrochemical characterization of ASC. (a) CV curves of respective cathode (Yb2) and anode (AC

carbon) materials, (b) CV profile of the assembled ASC device at 50 mV s'! with varying potential windows,


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc04078g

Open Access Article. Published on 07 January 2026. Downloaded on 1/9/2026 3:18:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

Page 18 of 24

View Article Online
DOI: 10.1039/D5TC04078G

(c) CV curve of ASC device at scan rates ranging from 10 mV s to 100 mV s, (d) GCD of ASC device
at current densities 1 A g'to 20 A g'.

Fig. 9a presents the calculated specific capacitance of the ASC device, at various current
densities, yielding values of 252, 244, 218, 158, and 163 F g™' from 1 to 20 A g™' with mass
loading of 6.20mg . Likewise, Equations (2) and (3) were employed to determine the energy and
power densities, yielding an energy density of 78 Wh kg™ at a power density of 751 W kg™, as
shown in Fig. 9b. EIS measurements were conducted before and after the cycling stability test,
with initial Rs and Rct values of 0.48 Q and 0.68 Q, respectively, and post-stability Rs and Rct of
1.29 Q and 3.91 Q, indicating a slight rise in resistance due to minor degradation of the materials
and a reduction in conductivity. To evaluate durability, the ASC device was subjected to 10,000
charge—discharge cycle, retaining 81% of its original capacitance with 95% coulombic efficiency.
The inset of Fig. 9d compares the first and last ten cycles, which are nearly superimposable,
affirm the robust stability of the ASC device, attributed to the high porosity and large surface area

of the Yb2 material.
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Fig. 9. Presents a (a) Specific capacitance versus charge-discharge current, (b) Ragone plot, (¢) Nyquist

(cc)

plot, (d) Cyclic stability at 20 A g!' of ASC device.

Conclusion

In this study, Yb/NiCo-LDH nanocomposites were successfully synthesized through a simple
hydrothermal approach with varying concentrations of Yb dopant. The introduction of Yb ions
effectively modified the morphology, resulting in well-developed porous nanosheets with a large
surface area. These structural features created additional channels for ion diffusion and electron
transport, significantly improving the electrochemical performance. Among the prepared samples,

the Yb2 nanocomposite exhibited the best results, achieving a high specific capacitance of 2130 F
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g™ ' at a current density of 1 A g™'. The asymmetric supercapacitor (ASC) device assembled using
Yb2 as the positive electrode and activated carbon as the negative electrode demonstrated excellent
energy storage capability. It delivered an energy density of 78 Wh kg™ and a power density of 751
W kg™, maintaining 81% capacitance retention even after 10,000 charge—discharge cycles. This
outstanding cyclic stability confirms the robustness and reversibility of the redox reactions
occurring within the electrode. Overall, the superior electrochemical behavior of Yb2 can be
attributed to its optimized Yb doping level, high electrical conductivity, abundant active sites, and
well-organized pore network. These results indicate that the Yb/NiCo-LDH nanocomposite is a
promising electrode material for high-performance supercapacitor applications, offering both high

energy density and long-term stability suitable for future energy storage devices.
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