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Mesoporous Mo-doped NiCo,0O,4 nanocrystals for
enhanced electrochemical kinetics in high-
performance lithium-ion batteriesy
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Capacity fading at high rates and a reduced cyclic life due to the deterioration of electrode integrity is one of
the major problems in the practical applications of lithium-ion batteries. In this regard, the development of
efficient and innovative electrode materials with outstanding transport features and electrochemical
properties is urgently needed. In this work, mesoporous Mo-doped NiCo,O4 nanocrystals with enhanced
electrochemical kinetics were prepared and investigated as an anode material for lithium-ion batteries.
Experimental and density functional theory results demonstrated an increase in the specific surface area,
creation of defects and enhanced conductivity. These promising features provide an opportunity to
boost the lithium-storage capability of Mo-doped NiCo,0O4 nanocrystals. The assembled Mo-doped
NiCo,0, electrode delivered a high initial discharge capacity of 1225 mA h g~* at 50 mA g~ and an

excellent reversible capacity of ~512 mA h g~ at 300 mA g~ with a coulombic efficiency of about 98%.
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Accepted 13th April 2025 Moreover, the electrode demonstrated high cyclic stability even after 300 cycles and superior rate

performance compared with previously reported electrodes. These results prove that the
electrochemically boosted Mo-doped NiCo,0, structure could be an emerging electrode material for
future high-performance batteries.
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1 Introduction

Lithium-ion batteries (LIBs) are widely used in portable electronic
devices to fulfill the current renewable, economic, and environ-
mental demands owing to their obvious advantages compared
with conventional rechargeable batteries, such as lead-acid, Ni-
Cd, Ni-MH, and alkaline batteries." Most commercially available
LIBs use graphite as the anode material with a specific capacity of
372 mA h g~ '; however, it is not sufficient to fulfill the needs of
next-generation electronic devices because of its limited specific
capacity and cyclic performance.” For the last two decades, tran-
sition metal oxides (TMOs) have been excessively explored as
electrode materials for Li-ion storage owing to their superior
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electrochemical properties compared with those of graphite.
These metal oxides include TiO,,* MnO,,* FeO,® CoO, and spinel
binary metal oxides with the formula AB,O, (such as NiMn,O,,
7ZnCo,0,4,* CoMn,0,,” ZnFe,0,,* CuC0,0,,” ZnCo0,0,," FeC0,0,,"
NiC0,0,4,">"* ZnMn,0,,"* and MnCo,0, (ref. 15)). The use of binary
metal oxides is significant because of their synergistic effects,
which improve electronic conductivity and reversible capacity
owing to their multiple oxidation states and redox reactions.
Among the various TMOs, nickel cobalt oxide (NiC0,0,) is
considered one of the most promising alternative anodes owing
to its higher specific capacity (890 mA h g™ %), better conduc-
tivity, lower diffusion resistance, multiple oxidation states, and
favorable electrical conductivity.'® NiCo,0, is a hole-rich p-type
semiconductor that presents a large surface area to electrolyte
species for efficient diffusion of Li ions.™ It consists of a spinel
cubic structure, where the nickel cations occupy octahedral
sites and the cobalt cations are randomly distributed over the
tetrahedral and octahedral sites. The redox couples Ni**/Ni**
and Co**/Co®>" provide it with remarkable electrocatalytic
properties.”” Therefore, NiCo,0, is expected to show better
catalytic properties than single-component metal oxides
considering its rich redox reactions caused by the presence of Ni
and Co cations. Recently, various strategies have been applied
to develop NiCo,0,4-based advanced nanostructures for energy-
storage applications, such as doping with transition metals,"*>°

© 2025 The Author(s). Published by the Royal Society of Chemistry
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fabricating binary nanocomposites®** and controlling
morphology, such as nanowires, nanorods, mesoporous nano-
sheets and nanoflakes.”®*?¢ Liu et al. developed mesoporous
NiCo,0,4 nanoneedles on 3D graphene for batteries and super-
capacitors.”” Abouali et al. reported NiCo,0,/carbon bi-
functional nanotube composites and utilized these for energy-
storage applications.?® The carbon nanotubes (CNTs) inhibi-
ted the agglomeration of the oxides and exhibited good elec-
trochemical performance with a specific capacity of
1020 mA h g~ after 200 cycles. Kong et al. reported needle-like
NiCo,O,/polypyrrole (PPy) nanowires on carbon cloth (CC)
synthesized by a hydrothermal method and chemical oxidative
polymerization.” However, the large volume expansion/
contraction, particle aggregation, detachment from the
substrate during lithiation/delithiation processes, rapid
capacity fading and reduction in the kinetics of ion diffusion
hinder the application of these materials in high-performance
LIBs.*® An effective strategy to ameliorate these drawbacks is
to dope NiCo,0, with different transition metals, such as Al, N,
S, Zn, Fe, W, or P.>***-¢ However, there are huge challenge in
obtaining admirable energy density owing to structural insta-
bility and chemical incompatibility.

Molybdenum is an appealing candidate for doping due to its
versatile oxidation states and excellent redox properties.***’
Also, its comparable ionic radius to cobalt makes it a perfect
choice as a dopant that could be included without disturbing
the NCO crystal structural stability. Furthermore, the option for
optimization of the Gibbs free energy for electrocatalytic reac-
tions, enhancement in pore concentration, as well as the crea-
tion of oxygen vacancies make it an ideal dopant to use to
synthesize novel nanocrystals for Li-ion storage.'®** Herein, we
report the synthesis of mesoporous Mo-doped NiCo,0, nano-
crystals with tuned morphology and chemical composition via
a facile solvothermal approach. An electrode developed using
this material exhibits high specific capacity, excellent cyclic
stability and high rate capability. The enhanced electrochemical
performance may be due to the presence of more redox sites,
higher electrical conductivity, and fast electron and lithium-ion
transportation during the charge-discharge cycling process.

2 Experimental

2.1 Chemical reagents

Nickel nitrate hexahydrate (Ni(NOs),-6H,0, ~99%), and cobalt
nitrate hexahydrate (Co(NO3), - 6H,0, ~99%) were purchased from
Scharlau. Sodium hydroxide (NaOH, ~99%), N,N-dimethylforma-
mide (DMF C3H,NO, ~98%), glycerol (C;HgOs, ~98%) and
phthalic anhydride (CgH,03, ~99%) were purchased from Merck.
Ammonium molybdate tetrahydrate ((NH,4)sMo0,0,,-4H,0, ~98%)
was purchased from BDH. All these reagents were of analytical
grade and used without any further purification.

2.2 Synthesis of NiCo,0, nanoparticles

NiCo0,0, nanoparticles (NCO) were synthesized by a hydro-
thermal method. In a typical synthesis, 0.193 g (0.6 mmol) of
Ni(NO3),6H,0 and 0.38 g (1.3 mmol) of Co(NO3),-6H,0 were
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dissolved in 30 mL deionized water followed by magnetic stir-
ring for 30 min to obtain a homogenous solution. Subsequently,
NaOH (0.3 M) 22 mL aqueous solution was poured into the
above solution and stirring was continued for a further 15 min.
The whole precursor mixture was then transferred into a 50 mL
Teflon-lined stainless-steel autoclave to react at 100 °C over-
night. After cooling to room temperature, the sample was
washed three times with deionized water and ethanol following
centrifugation. The obtained precipitate was dried at 60 °C for
6 h, followed by calcination at 250 °C for 7 h to obtain the final
product.

2.3 Synthesis of Mo-doped NiCo,0, nanocrystals

Mo-doped NiCo,0, nanocrystals (Mo-NCO) were synthesized
using a solvothermal approach. In a typical synthesis, 0.174 g (0.6
mmol) of Ni(NO3),6H,0, 0.348 g (1.2 mmol) of Co(NO3),-6H,0
and 0.74 g (0.6 mmol) of (NH,)sMo0,0,,-4H,0 were dispersed in
30 mL DMF-glycerol mixed solvent solution (v/v: 2:1) using
ultrasonic dispersion and magnetic stirring for 30 min. After-
wards, 0.354 g (2.4 mmol) of phthalic anhydride was added in to
the dispersion under continuous stirring to obtain a homoge-
neous solution. The obtained mixture was transferred into
a 50 mL Teflon-lined stainless-steel autoclave and heated at 180 °©
C for 6 h. Afterwards, the autoclave was cooled to room temper-
ature by a natural convection process and the resulting brown
precipitate was washed twice with DMF and ethanol, respectively,
following centrifugation. The collected precipitates were dried at
80 °C overnight followed by calcination at 500 °C for 1 h in a box
furnace to obtain the final product.

2.4 Material characterization

X-Ray diffraction (XRD) patterns of the obtained products were
collected on a Rigaku D/Max-2500 instrument equipped with Cu
Ko, radiation (A = 1.5406 A) over the 26 range of 10°-80°. FTIR
spectra were collected using a Thermo Fisher Scientific Nic-
olet™ iS50 FTIR spectrometer. The morphology and structure
of the obtained products were characterized by scanning elec-
tron microscopy (SEM) using a TESCAN MIRA A-3 system
equipped with an energy-dispersive X-ray spectroscopy (EDS)
unit. The composition and elemental distribution were studied
by EDS analysis. High-resolution transmission electron
microscopy (HRTEM) and elemental mapping were performed
using a JEOL JEM-2100F system at 200 kV. X-Ray photoelectron
spectroscopy (XPS) analysis was conducted with a Thermo
Fisher Scientific ESCALAB 250Xi instrument with a mono-
chromatic Al Ko radiation source to characterize the surface
composition and chemical states of the obtained nanocrystals.
Adsorption-desorption isotherms were measured using
a Quantachrome Instruments gas sorption analyzer (version
5.23) at 77 K with an initial degas treatment at 373 K. Nitrogen
was used as the adsorbate for the pore size and surface area
measurements of the obtained Mo-NCO samples.

2.5 Coin cell assembly and electrochemical measurements

The electrochemical performances of the obtained materials
were measured using a CR2025 coin cell, which was assembled

RSC Adv, 2025, 15, 13552-13560 | 13553
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in an argon-filled glove box with a Li-metal chip as the counter
electrode. For preparing the working electrode, 70 wt% active
material, 20 wt% carbon black, and 10 wt% polyvinylidene
fluoride (PVDF) were mixed into an appropriate volume of N-
methyl pyrrolidone (NMP) as the solvent. The mixture was
stirred for 24 h to attain a homogeneous slurry. The slurry was
then uniformly coated on Cu foil, followed by overnight drying
in a vacuum oven. LiPFs (1 M) solution in ethylene carbonate
(EC), diethyl carbonate (DEC), and dimethyl carbonate (DMC)
(4:2:4 by volume) was used as the electrolyte. Celgard-2400
film was used as the separator. Galvanostatic discharge/charge
measurements were performed in the voltage range of 0.01-
3.0 V (vs. Li'/Li) using an MTI-BSTA-MA battery testing system.
Cyclic voltammetry (CV) measurements of the battery were
carried out using a CHI660E (Chenhua Shanghai, China) elec-
trochemical workstation at a scan rate of 0.5 mV s . Electro-
chemical impedance spectroscopy (EIS) was conducted in the
frequency range of 0.01 Hz to 100 kHz with a 5 mV amplitude.

2.6 DFT calculations

All the DFT calculations were performed employing the plane-
wave pseudopotential approach as implemented in VASP
code. For the exchange-correlation functional, the generalized
gradient approximation (GGA) within the Perdew-Burke-Ern-
zerhof (PBE) parameterization was used.*® Modeling of NiC0,0,
was performed by adopting a cubic spinel structure with the
Fd3m space group with initial lattice parameters of a =b =c¢ =
8.10 A. During the structural optimization, both the atomic
positions and lattice parameters were relaxed. Herein, we
employed an inverse spinel structure, which has been shown to
be energetically favorable (see Fig. 7a).***' To simulate the
impact of Mo-doping, one transition metal 3d atom within
NiCo,0,4 was replaced by Mo, corresponding to ~5% doping.
Considering the presence of open shell atoms within the
system, spin-polarized calculations were performed. A kinetic
energy cutoff of 400 eV was used, while a 2 x 2 x 2 k-mesh was
employed for Brillouin zone sampling. The convergence criteria
for the total energy and forces were set to 10> eV and 0.01 eV
A, respectively. In the absence of a reliable phase diagram,
formation energies were calculated with respect to the ground
state energies of the constituent elements, e.g., half of the O,
energy was used for oxygen.

3 Results and discussion

Mesoporous Mo-doped nickel cobalt oxide nanocrystals were
synthesized by a facile one-step hydrothermal process, as
illustrated in Fig. S1t (ESI). XRD measurements were performed
to evaluate the phase and crystal structure of the synthesized
materials. Fig. 1 shows the XRD patterns of NCO and Mo-NCO.
The crystal phase of NCO was confirmed by the five major peaks
observed at 31.20°, 36.70°, 44.65°, 59.29° and 64.95°, corre-
sponding to the (220), (311), (400), (511) and (440) planes, and
the three minor peaks at 18.90°, 38.60°, 77.52°, corresponding
to the (111), (222), (533) planes, respectively, revealing the
spinel cubic structure (JCPDS card 20-0781). The XRD
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Fig.1 XRD patterns of NCO and Mo-NCO nanocrystals.

measurements of Mo-NCO exhibited a similar pattern, but with
three additional peaks at 37.23°, 43.29°, and 63.01°, which
could be indexed to the (200), (111) and (220) planes of cubic
nickel oxide (JCPDS card 47-1049). Notably, the intensity of Mo-
NCO was higher than that of pristine NCO, which could be
attributed to the enhanced crystallinity and preferential growth
along specific planes ((311), (400), and (440)), resulting in
increased peak intensities. Additionally, the magnified plot of
the dominant XRD peaks of Mo-NCO ((220), (311), (400))
showed a slight shift toward higher 26 values (Fig. S27), likely
due to the incorporation of Mo in the lattice, resulting in
compressive strain. **2 The radius of Mo®* ions (0.055 nm) was
smaller than Co®* (0.068 nm); therefore, the partial substitution
of Co®" ions by Mo®" ions in the lattice of NCO led to a lattice
contraction, reduced d-spacing, defect formation, and
increased exposure of the interfacial active sites, thereby
enhancing the conductivity and reaction kinetics.

The FTIR spectra of the NCO and Mo-NCO nanocrystals are
shown in Fig. $3.1 The sharp peaks at 535 and 628 cm ™" could
be attributed to Ni-O and Co-O stretching vibrations, respec-
tively. The broad band located at 1623 cm ™" in both NCO and
Mo-NCO nanocrystals corresponded to the bending modes of
H,O0 molecules;*** while the peak at 1385 cm™ ' in Mo-NCO was
due to the adsorption of CO, in the air. The peaks of Ni and Co
were present at nearly the same position, but with a slight shift
in the peak position (Fig. S4t) toward a lower wavenumber,
which may be attributed to the dopant material.

TEM analysis demonstrated that the Mo-NCO was composed
of distinct nanocrystals with sizes ranging from 20 to 40 nm, as
shown in Fig. 2a. The HRTEM images confirmed the spinel
cubic crystal structure of Mo-NCO nanocrystals by depicting the
characteristic lattice spacings of 0.245 and 0.286 nm corre-
sponding to the (311) and (220) planes, respectively (Fig. 2b).*
Moreover, the high-resolution images revealed the formation of
native point defects, which may provide conducting paths for
ion movements and enhanced electrochemical properties for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) and (b) TEM and HRTEM images of the Mo-NCO nanocrystals. (c) STEM image of the Mo-NCO nanocrystals. (d)-(g) Elemental mapping

exhibiting the presence of Ni, Co, Mo, and O. (h) SEM image of the Mo-NCO nanocrystals. (i) EDS spectrum of Mo-NCO.

energy storage.***® Fig. 2c-g present the STEM image and
elemental mapping results, confirming the even distribution of
Ni, Co, Mo, and O on the surface of Mo-NCO nanocrystals and
verifying the Mo-doping in NCO. The SEM images of NCO and
Mo-NCO displayed a similar porous morphology as observed in
the TEM investigations (Fig. 2h and S57). EDS analysis coupled
with SEM further supported the TEM and STEM results, con-
firming the successful syntheses of NCO and Mo-NCO nano-
crystals (Fig. 2i and S6, ESIf) without any impurities.
Additionally, a Mo-doping level of approximately 5% by weight
was noted.

To evaluate the chemical composition and valence state of
the nanocrystals, XPS measurements were performed, as shown
in Fig. 3. In the survey spectrum of Mo-NCO, peaks could be
observed located at 855, 780, 529, and 230 eV, attributed to Ni
2p, Co 2p, O 1s and Mo 3d (Fig. S71), confirming the successful
doping of Mo in the nickel cobalt oxide lattice. Fig. 3a displays
the high-resolution XPS spectrum of Ni 2p, exhibiting a spin-

© 2025 The Author(s). Published by the Royal Society of Chemistry

orbit doublet peak pair, i.e., Ni 2p3/, and Ni 2p4,, at 855.7 and
872.9 eV, respectively, with two associated satellite peaks at
861.5 and 879.4 eV. The peak at 855.7 eV could be deconvoluted
into two peaks centered at 854.5 and 856.4 eV, assigned to Ni**
and Ni**, respectively. Similarly, the peak at 872.9 eV was
deconvoluted into two peaks centered at 872.4 and 874.1 eV,
assigned to Ni** and Ni*", respectively.**=*> The narrow scan
spectrum of Co 2p displayed two doublets, namely Co 2pjz,
(780.4 eV) and Co 2py;, (796.4 eV), with two satellite peaks
located at 786.0 and 802.3 eV (Fig. 3b). The deconvoluted peaks
at 780.1 and 795.9 eV represented Co>", while the peaks at 781.9
and 797.5 eV were ascribed to Co>".*** Fig. 3¢ shows the high-
resolution spectrum for O1s, which was deconvoluted into three
peaks at 529.1 (O1), 530.9 (02) and 532.8 eV (03). The peak at
529.1 eV corresponded to lattice oxygen, while that at 530.9 eV
corresponded to oxygen vacancies or point defects. The small
peak that appeared at 532.8 eV was associated with chemical/
physical adsorbed water molecules on the surface of Mo-NCO.

RSC Adv, 2025, 15, 13552-13560 | 13555
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Fig. 3 XPS spectrum of Mo-NCO nanocrystals: narrow scans of Ni 2p (a) Co 2p (b) O 1s (c) and Mo 3d (d).

Moreover, the high intensity of the O2 peak suggested an
increased number of oxygen vacancies due to Mo-doping.***
The higher oxygen vacancies can not only enhance the electrical
conductivity but also enhance the charge-transfer kinetics of the
Mo-NCO structure, indicating it is suitable for Li-ion storage."®
Fig. 3d shows the Mo 3d spectrum of Mo-NCO. The peaks
located at 231.7 and 234.9 eV were attributed to Mo®" 3d5/, and
Mo®" 3d,,,, respectively, while the two peaks at binding energies
of 232.5 and 236.2 eV were assigned to Mo*" 3ds,, and Mo*" 3d;,
2, respectively. From the Mo 3d spectrum, it is evident that the
molybdenum doped in the nickel cobalt oxide lattice was
predominantly in the form of the high valence state Mo®".>* The
doping of high oxidation state metal ions in binary metal oxides
is a promising strategy to engineer point defects, and to
enhance the conductivity and electrochemical properties of

75¢

—e— Desorption
—=— Adsorption

60F

451

30

Quality adsorbed (cm®/g)

O .

spinel structures, as reported earlier.*” These features are highly
significant for efficient and reversible energy storage in LIBs.
In order to investigate the specific surface area and porous
nature of the Mo-NCO sample, nitrogen adsorption/desorption
measurements were performed at 77 K. As evident from Fig. 4a,
the curve belonged to a type IV isotherm with an H1 hysteresis
loop, indicating the mesoporous characteristic nature of Mo-
NCO, which was consistent with the TEM results. Using the
Brunauer-Emmett-Teller model, the surface area of Mo-NCO
was calculated as 70 m? g~ ! with a total pore volume of 0.15
em?® g7, According to the Barrett-Joyner-Halenda (BJH) model,
the pore-size distribution of Mo-NCO nanocrystals showed two
maxima at 3.79 and 15.21 nm (Fig. 4b), which further confirmed
the mesoporous nature of the sample.***® Obviously, the mes-
oporous nanocrystals with a large surface area and appropriate
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Fig. 4 Nitrogen adsorption/desorption isotherms of Mo-NCO nanocrystals (a). Pore-size distribution (b).
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pore channels can facilitate the diffusion of Li ions during the
charge-discharge phenomenon and provide enough room for
accommodating volume changes.

The reactivity of the Mo-NCO electrode was studied by cyclic
voltammetry. Fig. 5a shows the CV curves of the as-prepared
Mo-NCO anode versus Li/Li* at a scan rate of 0.5 mV s~ in
the voltage range of 0.01-3.0 V. In the first cycle, a strong
cathodic peak with a shoulder at 0.17 V was observed, ascribed
to the decomposition of the electrolyte and formation of the
solid electrolyte interface (SEI), while the peak centered at
1.42 V and four weak peaks centered at 2.68, 2.30, 2.14 and
1.88 V (zoomed-in view, Fig. S81) could be attributed to the
reduction of nickel cobalt oxide to metallic Ni, Co and the
formation of Li,O, following eqn (1), as well as certain irre-
versible reactions. In the following first anodic scan, two peaks
were observed centered at 1.44 and 1.87 V, assigned to the
oxidation of metallic Ni and Co to NiO, CoO and Co30, (eqn
(2)-(4)), while the peak at 2.45 V was assigned to the partial
decomposition of SEL.'***> In the 2nd cycle, the cathodic peak
centered at 1.61 V was attributed to the alloying of CoO with Li",
while the peak centered at 0.45 was attributed to the alloying of
NiO with Li" ions. The anodic peaks at 1.44 and 1.88 V were
ascribed to the de-alloying process of Ni and Co, respectively. In
the subsequent three cycles, the cathodic and anodic peaks
exhibited small shifts from the original positions, which may be
due to disturbances in the crystal structure during the lithiation
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and delithiation processes (Fig. S91). Following the 2nd cycle,
all the CV curves well overlapped, indicating the good electro-
chemical reversibility and stability of the Mo-NCO electrode.

NiCo,04 + 8Li* + 8¢~ — 2Co + Ni + 4Li,O (1)
Ni + Li,0 < NiO + 2Li* + 2e~ (2)
Co + Li,0 « CoO + 2Li" + 2~ (3)
CoO + 1/3Li,O « 1/3C0304 + 2/3Li* + 2/3e~ (4)

Fig. 5b shows the galvanostatic charge-discharge profiles of
the Mo-NCO nanocrystals for the 1st, 2nd, 3rd, 11th (at a current
density of 0.05 A g~') and 270th (at a current density of
0.3 A g') cycles in the voltage range of 0.01-3.0 V with
discharge capacities of 1225, 895, 832, 727 and 485 mA h g’l.
For the first cycle, the efficiency of the Mo-NCO electrode was
found to be about 71%. The irreversible capacity loss in the first
cycle was due to the SEI layer and other side reactions. During
the first discharge process, the plateau at 1.6 V indicated the
conversion of NiCo,0, to metallic Ni, Co and the formation of
Li,O. The region from 1.6 V, with an inclined plateau starting at
0.8 V and a shoulder at 0.14 V, was due to the formation of the
SEI layer, alloying (caused by Li" ions insertion) and certain
irreversible reactions. This behavior agreed well with the CV
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(a) CV curves of the 1st, 2nd, 3rd and 4th cycles of the Mo-NCO electrode. (b) Galvanostatic charge/discharge voltage profiles for the 1st,

2nd, 3rd, 11th, and 270th cycle of the Mo-NCO electrode. (c) Rate performance of the NCO and Mo-NCO electrodes at different current rates in
the voltage range of 0.01-3.0 V vs. (Li/Li*), and efficiency of Mo-NCO. (d) Cyclic performances of the NCO and Mo-NCO electrodes at a current

density of 300 mA g~ up to 300th cycle, and efficiency of Mo-NCO.
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measurements. After the first few cycles, the coulombic effi-
ciency of the Mo-NCO electrode reached 98%, demonstrating
the high reversibility of the discharge-charge process. Fig. S10
and S117 display the CV measurements and charge-discharge
profiles of NCO in the first three cycles, showing good agree-
ment with each other. The discharge capacities of NCO were
calculated to be 872, 590, 460 mA h g~ *. Obviously, the Mo-NCO
electrode exhibited a significantly enhanced specific capacity
compared to the NCO electrode, which may be attributed to its
different electrochemical behavior, as evident from the CV and
GCD profiles.

The rate performances of the Mo-NCO and NCO electrodes
were further evaluated employing different current densities.
Fig. 5c shows the rate performance profiles of Mo-NCO and
NCO at various current densities of 0.05, 0.1, 0.2, 0.3, 0.5, 1.0
and 2.0 A g~ . Clearly, the Mo-NCO electrode exhibited superior
rate performance compared to NCO. For instance, at 0.05, 0.2,
0.5 and 2 A g~ ' current densities, the NCO electrode delivered
specific discharge capacities of 872, 416, 230 and 40 mA h g™,
while the Mo-NCO electrode delivered specific discharge
capacities of 1225, 614, 416 and 205 mA h g~", respectively. At
higher current rates, the NCO electrode showed a negligible
reversible capacity (Fig. 5c¢). For Mo-NCO, when the current
density returned to 0.3 A g ', its reversible capacity also
returned to its original discharge value of ~510 mA h ¢~ *, which
at the 270th cycle was marginally decreased to 485 mA h g . It
was thus evident that the Mo-NCO electrode delivered a supe-
rior rate capability performance, which could be due to the
better electronic conductivity and charge kinetics of the Mo-
NCO electrode.

The cyclic performance of the Mo-NCO electrode was further
explored by extending the rate performance measurements up
to 300 cycles at a current density of 0.3 A g . Fig. 5d demon-
strates the electrode's outstanding reversible lithium-ion-
storage capability in the potential range of 0.01-3.0 V with
a capacity retention of about 94% and coulombic efficiency of
about 98%. The outstanding rate and cycling performance of
the Mo-NCO electrode could be primarily ascribed to its
enhanced spinel structure stability, stable Mo®"/Co** states and
improved electronic conductivity due to the doping of Mo in the
NiCo,0, crystal lattice, which could facilitate the transport of
electrons and lithium ions during repeated cycles. Also, the
mesoporous nature and point defects of the Mo-NCO nano-
crystals could efficiently accommodate volume changes and
enhance the electrode stability for attaining long-life batteries.
Furthermore, the reversible energy storage of the Mo-NCO
electrode was superior and comparable to previously reported
results related to nickel cobalt oxide-based nanostructures, as
illustrated in Table S1 and Fig. S12.F

To probe the effect of molybdenum doping on the charge-
transport kinetics of the mesoporous Mo-NCO electrode, elec-
trochemical impedance spectroscopy (EIS) was conducted in
the frequency range of 0.01 Hz to 100 kHz. Fig. 6 displays the
Nyquist plots of the Mo-NCO and NCO electrodes. The semi-
circle in the high-frequency region is associated with charge-
transfer resistance (R..) while the sloping straight line (~45°)
represents the Warburg impedance (Z,) in the low-frequency
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Fig. 6 Nyquist plots of Mo-NCO and NCO with an amplitude of 5 mV
over the frequency range of 100-0.01 Hz; inset shows the equivalent
electric circuit used to fit the raw impedance data in order to calculate
the values of Rs and R.:.

region. Corresponding to lithium-ion diffusion in the cell.
Clearly, both the Mo-NCO and NCO electrodes exhibited
depressed semicircles, indicating non-ideal capacitive behav-
iors [C = R'™"(CPE)""]; where C, R, CPE and n signify the
associated component's capacitance, resistance, constant phase
element and departure from the ideal Debye behavior, respec-
tively. The fitted equivalent circuit in the experimental data
revealed one RC circuit in combination with resistance con-
nected in series (see the inset in Fig. 6). The fitting parameters,
R.: and R are presented in Table S2.T The Mo-NCO electrode
possessed a lower R compared to NCO. Evidently, Mo-doping
in the nickel cobalt oxide nanocrystals boosted the electro-
chemical charge-transfer kinetics and conductivity of the
fabricated electrode, enabling attaining a high rate and durable
Li-ion battery.

To further elucidate the electrochemical properties, the
apparent Li-ion diffusion coefficient (Dy;') was determined by
EIS analysis. The calculated Dy;- values for Mo-NCO and NCO
were 107" and 10° " cm?® s, respectively. Obviously, the
higher value of D;;+ for Mo-NCO facilitated enhanced kinetics
and Li-ion storage. The relevant plots and calculation details are
provided in the ESI (Fig. S13%).”” Moreover, DFT calculations
were performed to support the experimental findings. Fig. 7b
and c present the partial density of states (PDOS) of NCO and
Mo-NCO, which highlight the impact of Mo-doping on the
electronic structure. For the pristine NCO (Fig. 7b), the elec-
tronic structure was half-metallic and a noticeable gap was
observed in the spin-up channel, while the spin-down channel
was conducting, as highlighted by the presence of states at the
Fermi level (EF). Moreover, the ground state was ferrimagnetic,
such that the magnetic moment of Ni (—0.80 pp) was aligned
opposite to that of Co (2.33 pnp), yielding a net magnetic moment
of ~15.50 uP. Overall, these findings are in line with previous
DFT calculations.®® Mo-doping had a subtle impact on the
electronic structure (Fig. 7c); unlike pristine NCO, the gap in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 (a) Schematic depiction of the side view of the Mo-NCO crystal
structure. Spin-polarized PDOS of NCO (b) and Mo-NCO (c) nano-
crystals. Spin-up (-down) contributions are presented by positive
(negative) DOS values. Dashed vertical line indicates the Fermi level
(EF), while the inset in (c) shows the region close to the EF.

spin-up channel was closed, leading to the appearance of states
at and around the EF for both spins. Therefore, the transport
characteristics of NCO changed from half-metallic to metallic
due to Mo-doping. Typically, the redox reaction kinetics and
thus the electrochemical performance of a cell are improved
with the increase in conductivity of an electrode.* Thus, the
change in electronic structure of NCO due to the Mo-doping will
have important consequences for battery performance. For
pristine NCO, conductivity was possible for only one (down)
spin channel. On the other hand, both spin channels were
conducting for the Mo-NCO nanocrystals. As a result, Mo-
doping in the NiCo,0, anode improved the performance of
the anode due to the enhanced reaction kinetics at the inter-
face. These results further confirmed the EIS and GCD findings,
wherein a much lower charge-transfer resistance was measured
for Mo-NCO electrode while an increase in specific capacity of
the anode was observed.

To ascertain the stability of Mo-NCO in comparison to pris-
tine NCO, the formation energies per atom for NCO and Mo-
NCO were calculated and were found to be ~—0.758 and
~—0.767 eV, respectively. The comparative reduction of the
formation energies due to Mo-doping clearly confirmed the
stability of Mo-NCO. This is indeed in line with experimental
work where Mo-NCO has been successfully synthesized. *°

4 Conclusions

In summary, we successfully synthesized mesoporous Mo-
doped nickel cobalt oxide nanocrystals using a facile hydro-
thermal approach. Mo-doping was successfully applied to tune
and enhance the specific surface area, point defects and elec-
tronic conductivity of transition metal oxides. The developed
Mo-doped NiCo,0, nanocrystals electrode exhibited lower
capacity fading, a superior rate capability and extended cyclic
life for LIBs. These promising features of the developed material
may be attributed to its mesoporous nature, enhanced electro-
chemical kinetics, and facile lithium-ion transport during the
charge-discharge phenomenon. The applied concept could be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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extended to develop other novel nanomaterials with enhanced
electrochemical properties for efficient energy storage for
practical applications.
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