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Abstract

To enhance the structural and chemical stability of LiNio.sC00.1Mno.102 (NCM811), a series
of Mo-doped NCM811 electrolytes (Mox-NCM811, x = 0-0.03) were synthesized via high-
energy mechanical ball milling followed by high-temperature sintering. XRD phase
analysis, GASA II refinement, and SEM characterization revealed that appropriate Mo
doping effectively reduces the ion migration impedance, enhances Li* diffusion
coefficient, and stabilizes the material structure, thereby improving both discharge
specific capacity and cycling performance. When the Mo doping level reaches x=0.02, the
optimized material demonstrates a first-cycle discharge capacity of 213.4 mAh/g at 0.1C
rate and maintains 88.51% capacity retention after 100 cycles at 1C rate, significantly
surpassing the undoped sample's 84% retention. Notably, the capacity retention
remains at 89.4% even after multiple rate cycling tests (various rates for 5 cycles each)
followed by returning to 0.1C rate.
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1. Introduction

Lithium-ion batteries (LIBs) have been widely adopted in portable electronics and electric
vehicles due to their high specific energy, cycling stability, and low environmental impact[1]-[4],
In recent years, to meet the escalating demand for energy density in electric vehicles, nickel-
rich ternary cathode materials with the general formula LiNixCoyMn1-xyO2(NCM) have been
developed[®l. Studies demonstrate that NCM cathodes with varying transition metal ratios, such
as Ni:Co:Mn = 1:1:1 (NCM111)[67], 5:2:3 (NCM523)[8], 6:2:2 (NCM622)°10], and 8:1:1
(NCM811)11, exhibit significantly enhanced energy density. Notably, NCM811 delivers a
practical specific capacity of 2200 mAh/gl11.12], However, its layered structure is prone to
transform into a rock-salt phase due to Ni?* migration-induced structural instability.
Additionally, Ni/Li cation mixing and poor thermal stability within the NCM811 lattice lead to
severe performance degradation and safety concerns!131-[15],

To address the structural instability of high-nickel ternary cathodes, substantial efforts have
been devoted to doping strategies(13.16.17], Heteroatom doping has been widely employed to
stabilize the bulk and surface structure of cathodes, thereby enhancing electrochemical
performance. Commonly used dopants include All18], Fel19], Til20], YI21], Nbl22l, FI23] and
Cliz4l. In this work, Mo doping is specifically selected owing to the higher bond dissociation
energy of Mo-0 (560 kJ/mol) compared to Ni-O (391.6 kJ/mol), Co-O (368 k]/mol), and Mn-O
(402 KkJ/mol)[25]. The incorporation of Mo®* into the NCM lattice is expected to suppress
structural degradation and improve electrochemical performancel26.271,

In this study, Mo®* ions with varying doping concentrations (0-3 mol%) were introduced into
the NCM811 structure via high-temperature solid-state reaction using nano-sized MoOs3, co-
precipitated NiogCoo0.1Mno.1(OH)2 precursor, and LiOH-H20. Although doping strategies for
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NCM811 cathodes have been extensively explored, only marginal improvements in
electrochemical cycling performance have been achieved, and the underlying mechanisms
remain ambiguous. Furthermore, limited research has focused on Mo®*-doped NCM811
cathodes. A combination of characterization techniques, including XRD, SEM, and
electrochemical testing systems, was employed to investigate the Mo®*-doped NCM811
materials. The results reveal that Mo%* doping significantly enhances the electrochemical
performance of NCM cathodes, with an optimal doping concentration of 2 mol%.

2. Experiments

2.1. Material Preparation

The LiNiosCo0.1Mno.102 cathode material was synthesized via a two-step high-temperature
solid-state sintering process. Initially, a commercial Nio.sCo0.1Mno.1(OH)2 precursor and
LiOH-H20 lithium salt were homogeneously mixed in a molar ratio of 1:1.05. The mixture was
first sintered at 500°C under an oxygen atmosphere for 5 h, followed by a second sintering step
at 780°C for 10 h to yield the polycrystalline LiNio.sCoo.1Mno.102 cathode material.For the Mo-
doped modified cathodes, stoichiometric amounts of the NiosCoo.1Mno.1(OH)2 precursor,
LiOH-H20, and M00Os3 (0.01 mol, 0.02 mol, and 0.03 mol, respectively) were uniformly blended.
The resulting mixtures were subjected to identical sintering conditions (500 °C for 5 h and 780 °C
for 10 h in oxygen) as the undoped material using a tube furnace.

2.2. Material Characterization

The phase structures of the samples were characterized by X-ray diffraction (XRD, Rigaku
MiniFlex600) with Cu Ka radiation. Rietveld refinement analysis of the XRD data was
performed using the GSAS II software. The morphology and elemental distribution of the
samples were examined via scanning electron microscopy (SEM, JEOL JSM7500F) equipped
with energy-dispersive X-ray spectroscopy (EDS).

2.3. Electrochemical performance testing

To assess the electrochemical properties, NCM811 and Mo-doped NCM811 samples were
assembled into CR-2032 coin-type cells. The cathode materials were uniformly mixed with
conductive agent (Super P) and binder (polyvinylidene fluoride, PVDF) at a mass ratio of 8:1:1.
An appropriate amount of N-methyl-2-pyrrolidone (NMP) solvent was added to form a
homogeneous slurry, which was then coated onto an aluminum foil current collector. The
coated electrodes were dried in a convection oven at 120°C for 12 hours to remove residual
moisture, followed by punching into disks with an active material loading of ~4 mg/cm?. The
CR-2032 coin cells were assembled in an argon-filled glovebox, employing lithium metal as the
counter/reference electrode, a Celgard 2300 separator, and an electrolyte containing 1 M LiPFe
dissolved in a mixed solvent of ethylene carbonate (EC), dimethyl carbonate (DMC), and diethyl
carbonate (DEC) (volume ratio 1:1:1).

Galvanostatic charge-discharge tests were conducted using a CT-4008 battery testing system
(Neware Technology Co., Ltd.). Electrochemical impedance spectroscopy (EIS) measurements
were performed on a CHI660E electrochemical workstation (CH Instruments, Shanghai) over a
frequency range of 100 kHz to 10 mHz with an amplitude of 5 mV. The acquired data were
subsequently fitted and analyzed using ZView impedance modeling software. The lithium-ion
diffusion coefficient (Dii*) was calculated from the low-frequency region of the Nyquist plots,
as expressed in Equation (2.1):

R’T?
L — 2.1
Y24 FiC 7 (1)
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In Equation (2.1), R represents the gas constant (8.314 ] K™* mol™?), T denotes the absolute
temperature (298.15 K), n is the number of electrons transferred during the electrode reaction,
A is the electrode surface area, F is the Faraday constant (96485 s A mol™), and o corresponds
to the Warburg factor.The Warburg factor (o) can be calculated using Equation (2.2) :

Z' = Rsf + Rct + o’ (2.2)

In the above equations, Z' represents the real component of the impedance (resistive portion),
Rsf denotes the interfacial film resistance, which includes contributions from the solid
electrolyte interphase (SEI) and coating layer resistance, Rct is the charge transfer
resistance,and w corresponds to the low-frequency angular frequency. The values of these
parameters can be directly extracted from the Nyquist plots and will be utilized for subsequent
EIS analysis.

3. Results and Discussion

3.1. XRD profiling

In order to investigate the effects of different ratios of Mo®* doping on the crystal structure and
Li/Ni mixing degree of NCM811 cathode materials, they were characterised and analysed using
XRD, and the results are shown in Figure 3-1.

Figure 3-1 shows the XRD patterns of NCM811, M00.01-NCM811, M00.02-NCM811 and Moo.03-
NCM811. As shown in Figure 3-1, the cathode materials prepared with Mo-NCM811 at different
molybdenum doping levels are all with a-NaFeO2 hexagonal layered structure, R-3m space
group, and the peak positions of several main diffraction peaks appearing at 26=18, 36, 38, 44,
and 64° are in agreement with those of the standard card of LiNiO2 (PDF#74-0919). A careful
observation of the XRD patterns in Fig. 3-5a shows that the XRD patterns of NCM811 cathode
materials doped with different ratios of Mo6+ do not show any characteristic peaks about Mo
or other impurity diffraction, which suggests that Mo is doped into the crystal lattice of NCM811
cathode materials in the form of Mo6+ and will not damage the crystal structure of NCM cathode
materials[28l, As shown in Figure 3-5b, the shift of the (003) peak shows that the (003) peak is
gradually shifted to the left with the increase of Mo addition, and the peak intensity decreases
and the peak shape changes. The shift of the (003) diffraction peak to the left indicates that the
interlayer spacing in the lattice becomes larger, and the decrease in peak intensity indicates
that the orientation of the (003) crystal surface becomes weaker, and the change in the peak
shape may be caused by grain refinement[2°l. The (018)/(110) diffraction peaks of Mo-NCM811
cathode material are cleaved as shown in Fig. 3-5c, but with the increase of Mo doping, the
(108)/(110) cleavage peaks are gradually overlapped, which indicates that the laminar
structure is less and less obvious.The XRD results indicate that Mo doping into the lattice causes
the lattice changes. In addition, the peak intensity ratios of (003)/(104) for the comparison
sample NCM811, the doped sample Mo00.01-NCM811, Moo.02-NCM811 and Moo.03-NCM811
cathode samples are 1.61, 1.58, 1.54 and 1.46, respectively, and the ratio of R gradually
decreases, which suggests that the more Mo is added, the more serious Li/Ni mixing is. This
indicates that the more Mo is added, the more serious Li/Ni mixing is, due to the fact that in
order to balance the charge, the addition of high valence Mo$* (ionic radius 0.62 A) leads to the
increase of Ni3* (ionic radius 0.62 A) reducing Ni2* (ionic radius 0.72 A) in the bulk phase of the
material, which increases the spacing of the layers, and at the same time, the Ni2* with a large
ionic radius is easy to migrate to the Li layer, resulting in an increase of mixing and
rearranging(30l,
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Figure 3-1. XRD patterns of NCM811, M00.01-NCM811, M00.02-NCM811 and Mo00.03-
NCM811
(a)Overall XRD pattern; (b) (003) local magnification; (c) (108)/(110) cleavage peak
magnification

In order to further determine the effect of Mo®* doped NCM811 cathode material on the cell
parameters, the XRD data were subjected to Rietveld refinement using GSAS softwarel31], and
the results are shown in Fig. 3-2, and the corresponding data are listed in Table 3-1. From the
fit, the fitting R-factor (Rp and Rwp are less than 10%), the confidence level is high. From the
table, it can be seen that the Li/Ni mixing and rearranging degrees of the comparison samples
NCM811, the coating amount Mo00.01-NCM811, Moo.02-NCM811 and Moo.03-NCM811 anode
material samples are 3.49%, 4.13%, 5.02% and 6.12%, respectively, which is in line with the
variation of the (003)/(104) peak-to-peak intensity ratio. It is worth noting that the cell
parameters a, c and cell volume V increase and then decrease, and the M00.02-NCM811 cathode
material sample exhibits the largest layer spacing and cell volume. c-axis direction of the cell
parameters is determined by the layer spacing of the TMOs octahedra and the LiOs octahedra,
and this octahedral spacing is related to the bonding angles of the 01-Li-O2 and the 01-TM-02,
and a certain level of of doping is required to lead to a simultaneous increase in the layer spacing
of the TMOs octahedra and LiOs octahedra, with the cell parameter c being the largest. With
increasing doping (Mo00.03-NCM811), the TMOs octahedra increase more, the interlayer spacing
of LiOe octahedra increases less, and the cell parameter c and cell volume V decrease instead.
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Figure 3-2. Finishing diagrams for NCM811. Mo00.01--NCM811. Mo0.02-NCM811 and Moo.03-
NCM811

Table 3-1. Lattice parameters of LiNio.sCoo.1Mno.102samples prepared at different doping

levels
Sample a(h) c (A) V(A3) c/a Sl\ilti;IEO}(; 1)
NCM811 2.87251 14.19219 101.41 4.94069 1.61 3.49
Moo.01-NCM811 2.87378 14.19361 101.51 4939 158 4.13
Moo.02-NCM811 2.874245 14.20302 101.61 4.94148 1.54  5.02
Moo.03-NCM811 2.87453 14.19617 101.58 4.93861 146 6.12

3.2. SEM topography analysis

Figure 3-3 shows the SEM images of LiNiosCo0.1Mno.102 with varying Mo doping levels. As
illustrated in Figure 3-3(a, b), the undoped NCM811 exhibits a secondary spherical morphology
composed of irregular primary particles with non-uniform sizes (approximately 10 um in
diameter), including some larger primary particles. Figures 3-3(c, d, e, f, g, h) display the SEM
images of M00.01-NCM811, Moo.02-NCM811, and Moo0.03-NCM811. It is evident that as the Mo
doping level increases, the size of the secondary spheres gradually decreases, and the primary
particles become more refined. This refinement likely reduces interparticle gaps, thereby
inhibiting electrolyte penetration and enhancing the electrochemical performance of the
NCM811 cathode materiall32l.For Moo.o2-NCM811, the primary particles within the secondary
spheres are significantly smaller and more uniform in size compared to those of undoped
NCM811, which is advantageous for improving chemical stability. However, compared to
Mo00.02-NCM811, M00.01-NCM811 shows smaller primary particles with insufficiently developed
morphology and more pronounced gaps. In contrast, Moo.03-NCM811 exhibits agglomeration of
primary particles and compromised integrity of the secondary spheres, including partial
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surface collapse and adhesion of fine particles, resulting in blurred boundaries. This
phenomenon may arise from excessive Mo doping, where residual Mo-containing compounds
(unable to enter the crystal lattice due to solubility saturation) accumulate on particle surfaces,
forming poorly conductive phases33]. These surface phases act similarly to a coating layer,
which could detrimentally affect the electrochemical performance of the cathode material.

Figure 3-3. SEM images of LiNio.sC00.1Mno.102 prepared with varying Mo doping levels
[(a) and (b) show the overall view and locally magnified view of the NCM811 sample,
respectively; (c) and (d) correspond to the Moo.01-NCM811 sample; (e) and (f) and (g) and (h)
display the overall and magnified views of the M00.02-NCM811 and Moo.03-NCM811 samples,
respectively.]

The elemental distributions of Ni, Co, Mn, and Mo in the NCM811 and Moo0.02-NCM811 cathode
materials were characterized via energy-dispersive X-ray spectroscopy (EDS), as demonstrated
in the EDS-mapping images (Fig. 3-4).

As shown in Figs. 3-4a and 3-4b, Ni, Co, and Mn exhibit homogeneous spatial dispersion across
both the pristine NCM811 and Mo-modified Moo.02-NCM811 particles. Notably, Mo was
exclusively detected in the Moo.02-NCM811 sample, with its elemental mapping regions highly
overlapping with those of Ni, Co, and Mn. This observation confirms the successful
incorporation of Mo®* ions into the bulk lattice of NCM811, consistent with substitutional
doping at transition metal sites.

As shown in Figs. 3-4a and 3-4b, Ni, Co, and Mn exhibit homogeneous spatial dispersion across
both the pristine NCM811 and Mo-modified Moo.02-NCM811 particles. Notably, Mo was
exclusively detected in the Moo.02-NCM811 sample, with its elemental mapping regions highly
overlapping with those of Ni, Co, and Mn. This observation confirms the successful
incorporation of Mo®* ions into the bulk lattice of NCM811, consistent with substitutional
doping at transition metal sites.
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Figure 3-4. EDS elemental mapping images: (a)NCM811, (b)Moo.02-NCM811

Subsequently, the NCM811 and Moo.02-NCM811 materials were tested by ICP-OES, and the
elemental components are listed in Table 3-2. According to the data analysis, the content ratio
of Ni, Co and Mn in Moo.02-NCM811 material is close to 8:1:1, and the content of Mo element is
close to 2%, which is in line with the stoichiometric ratio of Mo00.02-NCM811 material
experimental design.

Table 3-2. Elemental components of NCM811 and Moo.02-NCM811 cathode materials

Ingredients (%)

Sample Ni Co Mn Mo
NCM811 81.1 9.84 10.2 -
Moo.02-NCM811 80.3 10 9.4 18

3.3. Electrochemical analysis

In order to explore the effects of different proportions of Moé* doping on the electrochemical
properties of NCM811 cathode material, the first charge-discharge, cycling performance and
rate performance were carried out, and the test results are shown in Figs. 3-5, Fig. 3-6 and Fig.
3-7.

All samples were electrochemically studied to check the electrochemical properties of the Mo-
doped NCM811 cathode material. Figure 3-5 shows the first cycle charge-discharge curve of a
sample with different Mo doping amounts at 0.1C magnification. As shown in Figure 3-5, the
initial current-static charge-discharge curves for each cathode material at room temperature
with a voltage window of 2.8-4.3 V and 0.1 C. According to the electrochemical behavior of the
doped material, the Mo-doped cathode material exhibits the original charge-discharge plateau
ataround 3.8V, and no additional plateau appears, indicating that the electrochemical reaction
of the doped NCM811 has not changed. The initial discharge capacitances of the comparison
NCM, doped samples M00.01-NCM811, M00.02-NCM811 and Moo.03-NCM811 cathode materials
were 192.8, 207.7, 213.4 and 200.9 mAh/g, respectively, and the corresponding Coulombic
efficiencies (CEs) were 89.67%, 89.71%, 89.96% and 89.68%, respectively. Among them, the
Mo00.02-NCM811 sample showed the best discharge specific capacity. From the perspective of
unit cell parameters, the amount of Mo doping in a certain amount is conducive to increasing
the spacing of lithium layers and the diffusion of lithium ions, while the doping amount is too
high and causes the spacing of lithium layers to decrease, so the discharge specific capacity of
Mo00.02-NCM811 sample is the highest.
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Figure 3-5. Charge-discharge curves of samples with different molybdenum doping
amounts at 0.1C magnification

Figure 3-6 shows the 1C rate cycle diagram of the samples with different Mo doping amounts,
as shown in Figure 3-14, the comparison sample NCM, the doped sample Moo.01-NCM811,
Mo00.02-NCM811, and the Mo0.03-NCM811 cathode material samples after 100 cycles were 133.9,
145.3, 155.7, and 140.3 mAh/g, respectively, and the capacity retention rates were 84%,
86.38%, and 88.51%, respectively and 85.28%. With the increase of Mo doping, the structure
of the material is more stable and the capacity is better maintained, and the best doping sample
is M00.02-NCM811. From the perspective of unit cell parameters, a certain amount of Mo doping
is conducive to expanding the lithium layer spacing and lithium ion diffusion, while when the
Mo doping amount is too high (Moo.03-NCM811), the lithium layer spacing decreases, so the
discharge specific capacity of Moo.02-NCM811 sample is the highest.

Figure 3-6 shows the 1C rate cycle diagram of the samples with different Mo doping amounts,
as shown in Figure 3-14, the comparison sample NCM, the doped sample Moo.01-NCM811,
Mo00.02-NCM811, and the Moo.03-NCM811 cathode material samples after 100 cycles were 133.9,
145.3, 155.7, and 140.3 mAh/g, respectively, and the capacity retention rates were 84%,
86.38%, and 88.51%), respectively and 85.28%. With the increase of Mo doping, the structure
of the material is more stable and the capacity is better maintained, and the best doping sample
is M00.02-NCM811. From the perspective of unit cell parameters, a certain amount of Mo doping
is conducive to expanding the lithium layer spacing and lithium ion diffusion, while when the
Mo doping amount is too high (Moo.03-NCM811), the lithium layer spacing decreases, so the
discharge specific capacity of Moo.02-NCM811 sample is the highest.
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Figure 3-6. Cycling diagram of samples with different Mo doping amounts at 1C
magnification

Figure 3-7 shows the performance of NCM811 samples with different Mo doping amounts at
different C magnifications. The rate performance of the comparison sample NCM, doped sample
Mo00.01-NCM811, M00.02-NCM811 and Moo.03-NCM811 cathode material samples at 0.1 C, 0.2 C,
0.5C,1C, 2Cand 5 C current densities was compared. As shown in Figure 3-7, the 5C discharge
specific capacities of the comparison NCM, doped samples of M00.01-NCM811, Moo.02-NCM811,
and Moo.03-NCM811 are 120.5, 137.4, 150.9, and 132.5 mAh/g, respectively. The large-rate
discharge specific capacity of the material is consistent with the change of 0.1C discharge
specific capacity. In addition to the expansion of the spacing of lithium layers, the radial
arrangement of primary particles in Mo-doped materials reduces the diffusion path of lithium
ions, improves the consistency of charge transport, and improves the transport capacity of
lithium ions. In the high delithiumation state, the crystal structure of the material is more likely
to collapse, and the doping of Mo is conducive to maintaining the skeleton structure and lithium
ion transport channel.

Table 3-3. Rate performance data of NCM and Mo-NCM cathode materials

0.1C 0.2C 0.5C 1C 2C 5C 0.1C
Sample
(mAh/g)  (mAh/g)  (mAh/g)  (mAh/g)  (mAh/g)  (mAh/g)  (mAh/g)
NCM 192.8 185.6 174.6 159.4 148.6 120.5 164.3
Moo.01-NCM811 207.7 195.5 184.1 168.2 154.8 137.4 180.7
Moo.02-NCM811 213.4 204.7 188.8 175.9 168.4 150.9 190.8
Moo.03-NCM811 200.9 190.7 180.7 164.5 151.3 132.5 174.4
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Figure 3-7. Performance of NCM811 samples with different Mo doping levels at different
C magnifications

In order to explore the effects of different proportions of Mo®* doping on the electrochemical
reaction kinetics and reversibility of NCM811 cathode materials, cyclic voltammetry curves
were carried outon NCM811 and Mo-NCM811 cathode materials, and the test results are shown
in Figure 3-8.

Figure 3-8 shows the CV curves of NCM811 samples with different Mo doping amounts. As
shown in Figure 3-16, there are three pairs of redox peaks in the CV curves of the comparison
sample NCM, doped sample Mo00.01-NCM811, Mo0.02-NCM811, and Moo.03-NCM811 cathode
material samples in the CV curve range of 3.45-3.97 V, 3.82-4.14 V, and 4.03-4.30 V. The redox
peaks in the 3.45-3.97 V voltage range correspond to the oxidation and reduction reactions
between Ni2+/Ni3+ and Ni** during the deintercalation of lithium ions, and the magnitude of
the potential difference between the oxidation peaks and the reduction peaks, AV, can reflect
the reversibility and polarization of the electrode reactions [34]. The potentials of the oxidation
and reduction peaks of the comparison NCM, doped samples of M0o.0o1-NCM811, Moo.02-NCM811
and Moo.03-NCM811 were 3.84 V/3.69 V, 3.75 V/3.63 V, 3.74 V/3.64 V and 3.78 V/3.64 V,
respectively, and the potential difference AV was 0.15V,0.12V, 0.1 Vand 0.14 V, respectively.
Compared with the comparison sample, the potential difference AV of the doped samples
Mo00.01-NCM811, M00.02-NCM811 and Moo.03-NCM811 decreased by 0.03V, 0.05V and 0.01V,
respectively, and the potential difference decreased, and the potential difference of Moo.o2-
NCM811 was larger and more obvious. This indicates that the polarization degree of the
electrode is reduced after Mo®* doping with NCM811, which improves the reversibility during
the electrochemical reaction, which is conducive to the redox reaction and the embedding and
removal of Li* during the charge-discharge process. Compared with other samples with Mo®*
doping, the potential difference of M0o.02-NCM811 is small, which corresponds to the results of
significantly improved rate performance and cycling performance.
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Figure 3-8. shows the CV curves of NCM811 samples with different Mo doping amounts

The AC impedance of the Mo-NCM811 cathode material was tested to further explore the effect
of Mo®* doping on the reaction of the NCM811 electrode. Figure 3-9 shows the EIS spectra of
the NCM and Moo.02-NCM811 cathode materials charged to 4.3 V before cycling. Fig. 3-9a is the
Nyqusit diagram of NCM811 and M00.02-NCM811 cathode materials before cycling, and Fig. 3-
9b is the Z'~w-05 fitting diagram. The corresponding data are listed in Table 3-4.

As shown in Figure 3-9, the Nyqusit diagram consists of two semicircles in the high and mid-
frequency regions and a straight line in the low frequency region. where the intercept on the
real axis is the bulk resistance (Rs); The high-frequency region corresponds to the interfacial
film resistance (Rsf), including the solid electrolyte interface resistance and the coating
resistance. The mid-frequency region corresponds to the charge transfer resistance (Rct); The
slope of the low frequencies corresponds to the Warburg impedance (Zw) [3536]. The Rsol of the
two samples is not very different because the same electrolyte is used, and the conductivity of
the electrolyte does not change with the EIS test. As can be seen from Figures 4-11a and 4-11b
and Table 4-4, the Rsfand Rct of NCM811 and Mo00.02-NCM811 cathode materials are 63.1/208.7
and 47.75/129.74 Q, respectively. The Rsf and Rct of M00.02-NCM811 are smaller than those of
NCM811, which may be due to the fact that Mo+ doping increases the layer spacing of NCM811
cathode material and provides more Li* transport channels, which in turn improves the
deintercalation ability of Li* and leads to faster electrode process kinetics. The lithium-ion
diffusion coefficient can be calculated from equations (1.3) and (2.4), as shown in Table 4-4,
with Dii* of 6.32x10-15 and 9.38x10-15, respectively. It can be seen that the lithium-ion diffusion
coefficient of the material is increased by NCM811 after Mo®* doping, which is consistent with
the results that the rate performance of the material is improved after Mo doping with
NCM811 cathode material.
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Figure 3-9. EIS spectra of NCM and Moo0.02-NCM811 cathode materials charged to 4.3 V before
cycling

(a) AC impedance diagram (b) Z'~w™> fitting diagram

Table 3-4. Impedance parameters and calculations of different proportions of Mo-doped
NCM811 cathode materials Dwi*

Sample Rs(Q) Rse(€1) Ret(Q)) Dui*
NCM 3.37 63.1 208.7 6.32x10-15
Mo0.02-NCM811 3 47.75 129.74 9.38x10-15

4. Summary

4.1. Summary

To investigate the impact of Mo doping levels on the electrochemical performance of Ni-rich
LiNio.8C00.1Mno.102(NCM811) cathode materials, this study synthesized Mo-doped NCM811
samples with varying Mo concentrations (0.01-0.03 mol) via high-energy mechanical ball
milling combined with high-temperature sintering. Comprehensive characterization and
analysis revealed that Mo doping enhances Li* diffusion kinetics, reduces polarization during
charge/discharge, and improves cycling stability and Coulombic efficiency. However, excessive
Mo incorporation exacerbated Li/Ni cation mixing, which became more pronounced at higher
doping levels.The optimized 2 mol% Mo-doped sample (Moo.02-NCM811) exhibited balanced
electrochemical performance, achieving a discharge capacity of 213.4 mAh/g at 0.1 C and a
capacity retention of 88.51% after 100 cycles at 1 C. The pillar effect of Mo in the lithium layer
and expanded interlayer spacing contributed to an elevated Li* diffusion coefficient (9.38x10-
15cm?/s) and a retained specific capacity of 150.9 mAh/g at 5 C, outperforming other samples.
These results demonstrate that 2 mol% Mo doping optimally enhances the structural stability
and rate capability of Ni-rich NCM811 while mitigating adverse cation disordering.

4.2. Hasdfhask
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