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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Zr, Nb, Mo doped into Ni0.8Mn0.1

Co0.1(OH)2 via solvent solution method.
• Cation mixing suppressed in all doped 

NMC811 samples.
• Zr4+, Nb5+, Mo6+ doping enhances 

electrochemical performance of 
NMC811.

• Zr-doped NMC delivers 199.27 mAh/g 
with 94.4% coulombic efficiency.

• Zr-doped NMC retains 71.6% capacity 
after 100 cycles at 0.1 C.
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A B S T R A C T

Lithium-ion batteries (LIBs) are widely used in energy storage due to their high energy density, long cycle life, 
and scalability. Nickel-rich lithium nickel manganese cobalt oxides (Ni-rich NMCs) are promising cathode ma
terials owing to their high energy density. However, their application is limited by low stability, leading to 
capacity loss at high delithiated states and safety concerns. In this study, layered LiNi0.8Mn0.1Co0.1O2 (NMC811) 
cathode was doped with high oxidation state elements (Zr, Nb, and Mo), known for strong transition metal
–oxygen (TM–O) bond energies. These dopants can hinder oxygen release and improve the chemical stability of 
Ni-rich cathodes. The materials were synthesized via a solvent solution method. X-ray diffraction (XRD) 
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confirmed a single-phase layered structure without impurity peaks, and all doped samples showed an increased 
I(003)/I(104) intensity ratio, indicating reduced cation mixing. No significant changes in particle morphology were 
observed due to the low dopant level (1 wt%). Electrochemical tests showed that Zr- and Mo-doped samples 
delivered higher initial discharge capacities and better cycling stability. Notably, Zr-doped NMC (ZrNMC) 
retained 71.6% of its capacity after 100 cycles at 0.1 C, compared to 49.6% for pristine NMC. Electrochemical 
impedance spectroscopy (EIS) revealed that ZrNMC exhibited lower charge transfer resistance during cycling, 
suggesting improved ion transport. These results indicate that doping with high oxidation state elements is an 
effective strategy to enhance the structural and electrochemical performance of Ni-rich NMC cathodes, making 
them more viable for next-generation LIB applications.

1. Introduction

In recent years, the global energy landscape has been shifting rapidly 
in order to address climate change, lower greenhouse gas emissions, and 
achieve carbon neutrality [1]. The extensive use of fossil fuels such as 
coal, oil, and natural gas has resulted in global warming, environmental 
harm, and growing concerns over energy security [2]. Nowadays, the 
shift towards renewable energy has been implemented to lessen 
dependence on non-renewable sources, such as solar, wind, biomass, 
geothermal, hydrogen energies and hydropower [3,4]. However, 
renewable energy generation is not always consistent and predictable 
due to their nature, causing low energy supply and cannot fulfill the 
energy demand [5,6]. Efficient and scalable energy storage systems are 
important for balancing the supply and demand, maintaining grid sta
bility and facilitate integration of renewables into modern power sys
tems [7,8].

Lithium-ion batteries (LIBs) have become a leading technology for 
energy storage applications due to high energy density, high lifespan, 
and scalability. Other than extensive use in portable electronics, electric 
vehicles (EVs), and hybrid electric vehicles (HEVs), LIBs are increasingly 
utilized in stationary energy storage systems that support renewable 
energy infrastructure [9]. The main component in LIBs is the cathode 
material, which significantly influences the battery's performance, 
including its discharge capacity, lifespan, and thermal stability [10,11]. 
Among the various cathode materials, nickel-rich lithium nickel man
ganese cobalt oxides (Ni-rich NMCs; Ni ≥ 60%) have gained a significant 
interest for their high energy density, cost efficiency and decreased 
reliance on cobalt as one of the main raw materials [12,13].

Despite their promising performance characteristics, Ni-rich NMC 
cathodes face several challenges that continue to impede the large-scale 
commercialization. One of the primary issues is their thermal instability, 
particularly at high states of charge, which raises safety concerns in 
commercial-scale applications such as EVs and grid storage [14]. In 
addition, increasing the nickel content often leads to structural degra
dation, including microcracking, phase transitions, and cation mixing 
between lithium and transition metal layers [14–16]. These phenomena 
result in capacity fading, cycling instability and shorten lifespan of the 
battery. To overcome these limitations, researchers have explored 
various strategies such as elemental doping, surface coatings, and syn
thesis process optimization to enhance the structural stability and 
electrochemical performance of Ni-rich NMC cathodes [17].

To overcome the structural and electrochemical limitations of Ni- 
rich NMC cathodes, one promising strategy involves the addition of 
foreign ion (dopant) elements into the layered structure of the cathode 
material. Recent studies have focused on optimizing dopant type to 
achieve a stability between high energy density and structural integrity. 
High oxidation states element such as Ti, Zr, Nb, V, and Mo has gained 
more attention due to their strong metal-oxygen bonds, which can 
suppress oxygen release and enhance the chemical stability of Ni-rich 
NMC cathodes [18–22]. Similar efforts in the literature have shown 
that high oxidation states element doped with Ni-rich cathode materials 
are more potent as a cathode stabilizer than low oxidation states dopant. 
Sun et al. found that doping Li(Ni0.91Co0.09)O2 cathode with Ta and Mo 
retain about 81.5% from their first cycle after 3000 cycles, and even 

alter the morphology of the cathode material. High oxidation states 
dopant acts as atomic pillars to prevent the collapse of layered planes 
when deeply charged [23].

To the best of our knowledge, no single experimental study has 
directly compared zirconium (Zr), niobium (Nb), and molybdenum (Mo) 
dopants in LiNi0.8Mn0.1Co0.1O2 (NMC811) using a commercial hydrox
ide precursor (Ni0.8Mn0.1Co0.1(OH)2), with all dopants introduced under 
identical synthesis conditions. Most prior studies rely on lab-synthesized 
precursors, which may complicate the interpretation results due to 
additional variables such as pH control, mixing, conditions, and 
chelating agents. Prior studies have typically focused on individual 
dopants. Extensive coprecipitation and coating investigations have been 
conducted for Zr [24–27]; Nb doping has also been examined in isola
tion [28–30]; and Mo doping has similarly been explored separately 
[31–33]. Most of these works apply different synthesis protocols for each 
dopant, making it difficult to systematically compare their effects on 
structural stability and electrochemical performance.

In addition, although solid state and co-precipitation methods are 
commonly used for doping method, few studies have investigated sol
vent based doping, particularly the solvent solution method using a 
commercial hydroxide precursor [19,22,23,34,35]. Colalongo et al. [36] 
compared two doping strategies, which are the dopant incorporation 
during co-precipitation synthesis, and addition of the dopant during the 
lithiation sintering step (solid-state synthesis). Their results showed that 
doping during the lithiation step led to the formation of significant 
phase-separated impurities, attributed to insufficient diffusion of Zr into 
NMC811 material. These findings highlight the importance of dopant 
incorporation at the precursor stage. Therefore, this work aims to 
incorporate Zr4+, Nb5+, and Mo6+ into Ni0.8Mn0.1Co0.1(OH)2 precursor 
via a solvent solution method followed by identical calcination steps, 
enabling a direct and quantitative comparison of their effects on crystal 
structure, particle morphology, and electrochemical performance. A 
commercial Ni0.8Mn0.1Co0.1(OH)2 precursor is deliberately employed as 
the baseline material to ensure reproducibility and industrial relevance, 
while eliminating uncertainties associated with precursor synthesis. 
This strategy allows multiple doped samples to be efficiently prepared 
from the same precursor. Thus, this study addresses a critical gap in the 
literature by establishing a unified doping strategy for preparing 
modified NMC811 using a commercially available precursor, offering a 
practical and scalable route for optimizing cathode materials without 
the need to synthesize the doped NMC hydroxide precursor from 
scratch.

2. Materials and methods

2.1. Synthesis of cathode materials

For the pristine sample, LiNi0.8Mn0.1Co0.1O2 was synthesized by 
using solid-state method. The precursor powder, Ni0.8Mn0.1Co0.1(OH)2 
was obtained from commercial supplies (MSE Supplies). Firstly, the 
lithium hydroxide (LiOH) was added to Ni0.8Mn0.1Co0.1(OH)2 precursor 
powders in the container according to molar ratio of 1.10:1 which 
represent 10% mol of excess Li. The Li excess is to compensate Li loss 
during sintering and annealing process. LiOH and the precursor powder 
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were mixed homogenously by ball-milling process for 5 min over 4 cy
cles, using a 10 mm of zirconia (ZrO2) balls. The obtained powder was 
then annealed at 450 ◦C for 5 h in a dry air atmosphere, followed by 
grinding and sintered at 780 ◦C for 15 h in an oxygen atmosphere. The 
final product was ground in the mortar to obtain a fine powder.

Doped LiNi0.8Mn0.1Co0.1O2 samples were synthesized by using a 
simple solvent solution method. In this process, 1 wt% of dopant was 
used to modify the NMC811 cathode material. Specifically, 1 wt% of 
zirconium oxynitrate hydrate (ZrO(NO3)2‧xH2O), was first dissolved in 
distilled water, followed by the addition of ethanol at a distilled water- 
to-ethanol volume ratio of 1:5. The Ni0.8Mn0.1Co0.1(OH)2 precursor was 
then mixed with the dopant solution, homogenized with the speed of 
600 rpm, and heated at 50–55 ◦C until complete evaporation. The 
resulting dry powder was left overnight in a drying oven. After drying, 
the doped precursor powder was mixed with LiOH, including a 10% 
molar excess of lithium to account for lithium loss via ball-milling 
process for 5 min over 4 cycles, using a 10 mm of zirconia (ZrO2) 
balls. The dried doped precursor was then subjected to the same 
annealing and sintering steps as the pristine sample to produce the final 
doped NMC material. This process was repeated by using different 
source of dopant, which are ammonium niobate (V) oxalate hydrate 
(C4H4NNbO9‧xH2O), and ammonium molybdate tetrahydrate 
((NH4)6Mo7O24‧4H2O). The final products were designated as NMC, 
ZrNMC, NbNMC, and MoNMC. Fig. 1 illustrates the solvent solution 
method used for doping the NMC811 cathode.

2.2. Characterization

X-ray diffraction (XRD) was measured for both phase analysis and 
quantitative analysis. XRD data was conducted by using PANalytical 
X'pert Pro Diffraction instrument with Cu Kα X-ray radiation, operating 
at 40 kV and 30 mA. Diffraction data were collected over 15◦ to 90◦ for 
qualitative study and 15◦ to 150◦ for Rietveld refinement. The Rietveld 
refinement was performed by using X'pert HighScore Plus software. The 
morphology was examined by Field Emission Scanning Electron Mi
croscopy (FESEM JEOL JSM-7600F instrument) with acceleration 
voltage of 5 kV. Elemental composition and distribution of the materials 

were determined by Energy-dispersive X-ray (EDX) (Oxford INCA X-Max 
51-XMX 0021). Quantitative chemical compositions were determined 
through Inductively Coupled Plasma Mass Spectrometry (ICP-MS), using 
a PerkinElmer Elan 9000. Particle size distributions were measured with 
Laser Particle Sizer (FRITSCH Analysette 22 Nanotech).

2.3. Electrochemical measurements

Cathode electrodes were prepared from a slurry containing 88 wt % 
NMC811 active material, 6 wt % Super P conductive carbon, and 6 wt % 
poly(vinylidene fluoride) (PVDF) binder. The binder was dissolved first 
in N-Methyl-2-pyrrolidone (NMP) for 3 h at 50 ◦C. After 3 h, Super-P was 
then dispersed into the binder solution, followed by the gradual addition 
of NMC811 to obtain a homogeneous slurry. The uniform slurry was 
coated on aluminum foils, then dried at 80 ◦C in vacuum oven overnight. 
The dried coating was calendared and punched into circular electrodes. 
CR2032 coin-type cells were assembled in an Ar-filled glovebox using 
NMC811 as cathode, Li metal as an anode, and 1 M LiPF6 electrolyte. 
Galvanostatic charge-discharge cycling was performed for 100 cycles, 
with a cycling voltage between 2.5 and 4.2 V (1 C = 180 mAh g− 1) with 
Wonatech WBCS-3000 tester. Electrochemical Impedance Spectroscopy 
(EIS) was carried out on a Wonatech WEIS510 Multichannel using 10 
mV amplitude voltage and the frequency range of 0.01 - 1000 KHz. The 
EIS data was analyzed and fitted using Aftermath software by Pine 
Research Instrumentation.

3. Results and discussion

3.1. Phase and structural studies

Fig. 2a showed the structural studies for all materials and it was 
revealed that the diffraction peaks can be assigned to a hexagonal 
α-NaFeO2 crystal structure with the R-3m space group (ICDD reference 
number: Lithium Nickel Oxide, 01-085-1967) indicating that the sam
ples were pure and a single phase where no impurities were detected in 
any of the prepared materials, which demonstrate that Zr4+, Nb5+ and 
Mo6+ ions have been successfully incorporated into the lattice layered of 

Fig. 1. Flowchart of the synthesis method for doped NMC811 samples.
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NMC811 [37,38]. Upon closer inspection of the XRD patterns, it was 
observed that the intensity of cathode materials increased upon the 
incorporation of the dopant indicating an improvement in crystallinity 
[39]. The degree of cation mixing in the structure was evaluated using 
the XRD peak intensity ratio of the (003) to (104) reflections, known as 
the reference intensity ratio (RIR). It is well accepted that an RIR value 
greater than 1.2 indicates minimal cation mixing, which is associated 
with improved electrochemical performance [22,34]. The RIR values for 
pristine NMC, ZrNMC, NbNMC, and MoNMC were found to be 1.05, 
1.26, 1.26, and 1.20, respectively. These results suggest that doping 
effectively reduces cation mixing and is likely to enhance electro
chemical performance. Additionally, all synthesized samples exhibited 
clear splitting of the (006)/(102) and (018)/(110) peaks as shown in 
Fig. 2b, indicating a highly ordered layered structure which is critical for 
facilitating efficient lithium-ion diffusion and thus contributes to 
improved electrochemical performance [40,41].

The structural of the materials were further analyzed by Rietveld 
refinement shown in Fig. 3. The lattice parameters were tabulated in 
Table 1. The values of Rwp of all cathode materials are below 10%, 
indicating the result of the refinement is credible and reliable [40,42]. 
From Tables 1 and it can be observed that the lattice parameters along 
the a- and c-axis decrease upon the introduction of dopants into the NMC 
lattice. Although the ionic radii of Mo6+ (0.059 nm), Nb5+ (0.064 nm), 
and Zr4+ (0.076 nm) differ, the consistent reduction in lattice parame
ters suggests that the lattice evolution is not governed solely by dopant 
size. The incorporation of high-valence dopants likely induces charge 
redistribution within the transition metal (TM) layer, promoting partial 
oxidation of Ni2+ (0.069 nm) to Ni3+ (0.059 nm) to maintain charge 
neutrality [43] Since higher oxidation states correspond to smaller 
effective ionic radii, this charge compensation mechanism can result in 
lattice contraction. This interpretation is supported by the Rietveld 
refinement results, which reveal reduced Ni occupancy at the 3a site and 
increased c/a ratios in the doped samples compared to the pristine 
material. The decrease in Ni2+ concentration suppresses Li+/Ni2+ cation 
mixing, thereby stabilizing the layered structure and contributing to the 
observed reduction in lattice volume. Furthermore, enhanced TM–O 
bond strength may contribute to lattice contraction. This occurs because 
the bond strengths of Zr–O (760 kJ/mol), Nb–O (753 kJ/mol), and 

Mo–O (560 kJ/mol) are significantly higher than those of Co–O (368 
kJ/mol), Ni–O (391.6 kJ/mol), and Mn–O (402 kJ/mol) [22,30,44]. The 
stronger bonding between the dopant atoms and oxygen leads to a 
contraction of the lattice parameter resulting in a more compact and 
stable layered structure compared to pristine NMC. Therefore, the 
observed structural shrinkage reflects electronic and bonding effects 
rather than simple ionic radius considerations.

Interestingly, all doped samples exhibit a higher c/a ratio (>4.9) 
compared to the pristine sample, indicating better structural ordering 
and well-developed hexagonal structures, which can facilitate Li+

movement during cycling [45]. In the layered structure of NMC, Li oc
cupies the 3a site, transition metals (Ni, Mn, and Co) occupy the 3b site, 
and oxygen occupies the 6c site [46]. To evaluate the degree of cation 
mixing between Ni2+ and Li + ions, the site occupancy factor (s.o.f.) of Ni 
at the 3a site was analyzed, and the results are presented in Table 1. The 
percentage of cation mixing for NMC, ZrNMC, NbNMC, and MoNMC are 
4.23%, 2.92%, 2.83%, and 3.52%, respectively. The analysis reveals that 
all doped samples exhibit lower cation mixing compared to the pristine 
NMC, which proves that strong TM-O bonds can suppress the cation 
mixing resulting in a more well-ordered layered structure. This 
improved ordering facilitates easier Li+ ion migration during the char
ge–discharge process, thereby enhancing the electrochemical perfor
mance of the cathode materials. Meanwhile, the slight increase of s.o.f. 
Ni at 3a sites for MoNMC is believed due to reduction of Ni3+ to Ni2+ to 
maintain charge neutrality within the structure. This result is correlated 
with the slight expansion of lattice parameter, indicate to the increase of 
Ni2+ that can migrate to the 3a site [47–49].

3.2. Morphology and elemental composition analysis

Fig. 4 shows the morphology, EDX and mapping result for all sam
ples. The average secondary particles size for all samples was measured 
by particle sizer and the detailed distribution is listed in Table 2. All 
cathode materials possess a similar morphology of spherical secondary 
particles, which can be stated that the addition of foreign element 
(dopant) does not influence the morphology of the particles. Secondary 
particles were made of sub-μm sized primary particles attach together. It 
was found that, for dopant samples, the particle size distribution curve 

Fig. 2. (a) XRD profiles and (b) zoom-in view of (018/110) splitting peaks of NMC, ZrNMC, NbNMC and MoNMC.
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skews toward to the left indicating the particles size of the doped sam
ples become smaller than pristine NMC. All secondary particles within 
the powders exhibited the spherical configurations, with an average size 
(D50) ranging from 11 to 14 μm. Generally, based on Table 2, the 
average of the particle size decreased when the dopant is added to the 
pristine sample. Commonly, cathode with smaller particle-size indicate 
shorter Li+ diffusion length, thus, faster Li+ diffusion [50]. To conclude, 
the particle size of all doped sample decreased, which will be expected 
the improvement of electrochemical performance. Mapping result 
shows that all samples have a uniform element distribution of Ni, Mn, Co 
and doped element.

To further confirm the elemental composition of doped samples, ICP- 
MS analysis was performed, and the results are tabulated in Table 3. The 
Li molar fraction was found to be greater than 1, which is attributed to 
the intentional addition of 10 mol.% excess Li to compensate for lithium 
loss during high-temperature synthesis. The dopant molar fractions lis
ted in Table 3 confirm the successful incorporation of approximately 1 
wt% of each dopant. Additionally, the measured Ni molar fraction is 
slightly higher than the nominal 80%. This observation is consistent 
with the precursor composition, as the commercial Ni0.8Mn0.1

Co0.1(OH)2 precursor was found to have a Ni content slightly above 
80%, despite the label specification.

Fig. 3. Rietveld refinement of (a) NMC, (b) ZrNMC,(c) NbNMC, and (d) MoNMC.

Table 1 
Crystallographic parameters of the NMC, ZrNMC, NbNMC and MoNMC materials calculated by the Rietveld refinements of the XRD data sets (s.o.f. = site of occupancy 
factor).

Sample a = b 
(Å)

c (Å) V (Å3) c/a Rwp s.o.f of Ni 
(3a)

s.o.f of Ni 
(3b)

s.o.f of Mn 
(3b)

s.o.f of Co 
(3b)

s.o.f of dopant 
(3b)

s.o.f of O 
(6c)

RIR

NMC 2.8713 14.1797 101.2387 4.9384 3.5746 0.04233 0.75767 0.10060 0.10063 - 1.0000 1.05
ZrNMC 2.8677 14.1738 100.9463 4.9426 4.2775 0.02917 0.77083 0.10070 0.10068 0.01046 1.0000 1.26
NbNMC 2.8668 14.1710 100.8610 4.9431 4.1253 0.02833 0.77167 0.10044 0.10450 0.01026 1.0000 1.26
MoNMC 2.8676 14.1786 100.9710 4.9444 3.8469 0.03519 0.76481 0.10101 0.10102 0.01025 1.0000 1.20
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3.3. Electrochemical performance of cathode materials

Fig. 5a presents the initial charge/discharge curves of all samples at a 

0.1 C rate and Fig. 5b shows the cyclability of all samples for 100 cycles. 
The corresponding results are summarized in Table 4. The initial 
discharge capacities of NMC, ZrNMC, NbNMC, and MoNMC are 179.50, 
199.27, 177.75, and 210.24 mAh g− 1, respectively. These results indi
cate that the initial discharge capacity generally increases with doping, 
except in the case of NbNMC. The relatively low discharge capacity of 
NbNMC can be attributed to its lattice parameters (Table 1). Specifically, 
NbNMC exhibits the smallest unit cell volume among all samples, indi
cating a more compact crystal structure. This compactness significantly 
hinders Li+ diffusion, as more energy is required to extract Li+ ions, 
thereby reducing ion mobility and overall capacity. The initial 
Coulombic efficiency (ICE) of all cathode materials was calculated and 
tabulated on Table 4 to observe the reversibility of the Li+ ions and SEI 

Fig. 4. SEM images, EDX and mapping of NMC, ZrNNC, NbNMC and MoNMC.

Table 2 
Range and average size of secondary particles of NMC, ZrNMC, NbNMC and 
MoNMC.

Sample NMC ZrNMC NbNMC MoNMC

D10 (μm) 5.48 6.20 6.01 5.88
D50 (μm) 13.09 12.47 11.90 10.38
D90 (μm) 24.53 21.49 20.67 17.06
Mean diameter (μm) 14.37 13.37 12.86 11.11
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formation during charge and discharge at the first cycle [51]. It can be 
seen that ZrNMC shows the highest ICE, indicating to a larger portion of 
the battery's capacity is available for reversible charge/discharge cycles 
and moderate SEI formation inside the cell. Higher ICE contributes to 
better overall battery performance. Fig. 5b shows the cycling perfor
mance of all cathode materials over 100 cycles. It was found that ZrNMC 
exhibited an excellent cycling performance with the highest capacity 
retention, which is 71.6%. This result is consistent with its ICE. Mean
while, although the discharge capacity of NbNMC remains relatively low 
throughout cycling, it does show slightly higher capacity than pristine 
NMC at the 100th cycle. The capacity remained stable starting from 20th 
to 100th cycle, indicating modest long-term improvement due to 
doping.

To understand the structural transformation and electrochemical 
reversibility of the cathode materials, differential capacity (dQ/dV) 
analysis was performed within a voltage range of 2.5–4.2 V, as shown in 
Fig. 5c–f. Each peak in the dQ/dV curves corresponds to a phase tran
sition occurring at a specific voltage. It can be observed that the first 
oxidation peaks of the Zr- and Mo-doped samples shift to lower voltages 
compared to pristine NMC and NbNMC, indicating that less energy is 
required to initiate Li+ ion migration. This facilitates the participation of 
more Li+ ions during the initial cycles, resulting in a higher initial 
discharge capacity [30]. In contrast, the first oxidation peak of NbNMC 
(3.79 V) is nearly identical to that of pristine NMC (3.78 V), and their 
initial discharge capacities are also comparable. This behavior in 
NbNMC can be attributed to its more compact crystal structure, as 
previously discussed, which requires higher energy to initiate Li+ ion 
diffusion, thereby limiting Li+ participation during deintercalation.

In the second cycle, the oxidation peaks shift to lower potentials 
compared to the initial cycle, which is attributed to the irreversible 
capacity loss in the first cycle [52]. Moreover, the well-overlapped 
reduction peaks observed in all samples suggest that this irreversible 
loss is primarily due to the formation of a solid electrolyte interphase 
(SEI) layer. Ni-rich layered cathode materials, such as NMC, undergo a 
sequence of phase transitions during lithium extraction, starting from 
the original layered hexagonal structure (H1) to a monoclinic phase (M), 
followed by a second hexagonal phase (H2), and finally transitioning to 
a third hexagonal phase (H3) [22]. The H2/H3 transition, which occurs 
near 4.2 V, is widely regarded as the main contributor to capacity fading. 
This phase transition arises when most of the Li+ ions have been 
extracted, leading to significant lattice shrinkage along the c-axis [35]. 
This shrinkage creates internal stress and weakens the structure, which 
speeds up the loss of battery capacity. As shown in Fig. 5c, the intensity 
of the H2/H3 transition peak for pristine NMC decreases progressively 
with cycling, indicating poor structural reversibility [53]. In contrast, 
the doped cathode materials retain more prominent H2/H3 transition 
peaks, especially in the case of ZrNMC (Fig. 5d). This suggests that the 
incorporation of dopants, particularly Zr4+, enhances the structural 
stability and improves the electrochemical reversibility of the NMC 
cathode.

The potential differences (ΔE) between the cathodic and anodic 
peaks were calculated for the first cycle for all cathode materials to 
evaluate the degree of polarization [54]. The degree of polarization 
reflects the internal resistance of the cathode material; a lower polari
zation indicates low internal resistance and good charge transfer kinetics 
[55]. It was found that the ΔE values for NMC, ZrNMC, NbNMC, and 

MoNMC were 0.1041, 0.0038, 0.0772, and 0.0200 V, respectively.
Generally, polarization decreased after the addition of dopants. 

Among them, ZrNMC exhibited the lowest polarization, suggesting that 
the incorporation of Zr4+ ions improve the structural stability and re
duces internal resistance of the cathode material. The low polarization 
of ZrNMC at the first cycle also shows that it has good reversibility in 
initial cycling [28].

The rate capability of each cathode materials was evaluated at 
varying current densities (0.1 C, 0.2 C, 0.5 C, 1.0 C and 2.0 C) within a 
voltage window of 2.5 V – 4.2 V as shown in Fig. 5g. The discharge 
capacity decreased with an increase of the current density, and the 
difference in discharge capacity performance among the cathode ma
terials became more pronounced at high current densities. It was 
revealed that ZrNMC and MoNMC samples exhibited an excellent rate 
capability compared to NMC. At high density current of 2.0 C, the first 
discharge capacity of NMC, ZrNMC, NbNMC and MoNMC is 44.3 mAh 
g− 1, 115.4 mAh g− 1, 33.7 mAh g− 1 and 117.9 mAh g− 1, respectively. 
ZrNMC and MoNMC show a major improvement in terms of high-rate 
current tests.

EIS tests were conducted on NMC, ZrNMC, NbNMC, and MoNMC 
before cycles and after 100th charge-discharge cycles and the Nyquist 
plots are shown in Fig. 6a and b respectively. In Fig. 6a, the Nyquist plots 
consist of a high-frequency intercept corresponding to the ionic resis
tance of the electrolyte (Rs) [56]. Before cycling, the Nyquist plot ex
hibits a single depressed semicircle followed by a low-frequency slanting 
line, indicating that the impedance response is mainly governed by the 
intrinsic charge-transfer resistance (Rct) at the cathode/electrolyte 
interface. At this stage, no well-developed cathode–electrolyte inter
phase (CEI) has formed, and surface-related resistance is negligible [57]. 
The low frequency slanting line is related to the Li+ ions diffusion in the 
electrode materials, namely Warburg impedance (Zw). The fitted Rct 
data are shown in Table 5. Before cycling, the Rct value of ZrNMC (88.14 
Ω) and MoNMC (42.49 Ω) are lower than that of pristine NMC (117.14 
Ω), indicating reduced charge transfer resistance after element doping. 
This suggests more favorable initial electrochemical performance, 
consistent with the higher initial discharge capacity observed for the 
ZrNMC and MoNMC samples. In contrast, NbNMC exhibits a higher Rct 
value than pristine NMC, indicating greater resistance to interfacial 
charge transfer. This increased interfacial resistance likely hinders the 
electrochemical reaction kinetics, providing an additional explanation 
for the lower initial discharge capacity of NbNMC.

Fig. 6b shows the Nyquist plots of all cathode materials after 100 
charge-discharge cycles. After 100 cycles, two distinct semicircles 
emerge. The high-frequency semicircle is attributed to the resistance of 
the surface film (Rsf) formed during cycling, including CEI layers and 
surface reconstruction products typical of Ni-rich cathodes, while the 
medium-frequency semicircle corresponds to the Rct [58]. The 
low-frequency sloping line in both cases is associated with Li+ diffusion 
in the bulk cathode material. The pristine NMC exhibits pronounced 
impedance growth, particularly in the Rsf (131.7 Ω), along with a large 
Rct (242.1 Ω). The high Rsf indicates severe surface degradation and 
substantial CEI formation, leading to the highest total interfacial resis
tance (Rint = 373.8 Ω). In contrast, ZrNMC shows a markedly lower Rsf 
(74.62 Ω) and Rct (107.46 Ω), demonstrating that Zr doping effectively 
suppresses surface parasitic reactions and stabilizes the cath
ode–electrolyte interface during prolonged cycling, resulting in the 

Table 3 
ICP-MS analysis of NMC811 precursor, NMC, ZrNMC, NbNMC, MoNMC.

Sample Li (mol. Fraction) Ni (mol. Fraction) Mn (mol. Fraction) Co (mol. Fraction) Dopant (mol. Fraction)

NMC811 precursor - 0.8544 0.0471 0.0985 -
NMC 1.4720 0.8486 0.0519 0.0996 -
ZrNMC 1.6712 0.8517 0.0499 0.0974 0.0011
NbNMC 1.6484 0.8519 0.0494 0.0981 0.0006
MoNMC 1.7161 0.8494 0.0492 0.0971 0.0044
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Fig. 5. (a) Initial capacity, (b) Cycling performance of NMC, ZrNMC, NbNMC and MoNMC, dQ/dV curve of (c) NMC, (d) ZrNMC, (e) NbNMC and (f) MoNMC for 1st, 
2nd, 25th, 50th, 75th and 100th cycle and (g) rate capability of NMC, ZrNMC, NbNMC and MoNMC.
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smallest Rint. The significantly reduced Rsf and Rct observed in ZrNMC 
indicate that Zr doping effectively stabilizes the cathode surface. The 
structural stabilization near the surface preserves favorable Li + trans
port pathways and enhances interfacial charge-transfer kinetics. These 
effects result in the lowest interfacial resistance among all samples. 
Meanwhile, NbNMC, only one enlarged semicircle is observed, indi
cating strong overlap between surface-film and charge-transfer pro
cesses; therefore, the fitted resistance represents the combined 
contribution of Rsf and Rct [59]. The relatively large total interfacial 
resistance of NbNMC (Rint = 270.03 Ω) compared with ZrNMC and 
MoNMC is consistent with its inferior cycling stability and rate 
capability.

In this work, among the investigated dopants, the incorporation of 
Zr4+ into LiNi0.8Mn0.1Co0.1O2 significantly reduces cation mixing and 
internal polarization, which collectively contributes to improved cycling 
stability, high initial discharge capacity, and lower charge transfer 
resistance (Rct). Furthermore, the enhanced cycling performance of 
ZrNMC is attributed to improved structural stability, as Zr4+ effectively 
suppresses the irreversible H2/H3 phase transition that typically in
duces abrupt lattice contraction and expansion during high-voltage 
cycling. This mitigation of structural distortion reduces stress accumu
lation within the lattice framework. Overall, this work provides mech
anistic insight into dopant-induced structural stabilization and offers a 
strategy for enhancing the electrochemical performance of Ni-rich 
layered cathode materials.

Table 6 shows a comparison between the electrochemical 

performance of the present high oxidation states doped Ni-rich NMC811 
cathode materials and previously reported Ni-rich NMC cathode mate
rials. While most previous reports primarily describe performance 
enhancement achieved through individual dopants, this study provides 
a comparative evaluation or multiple dopants under the same NMC811 
precursor source and similar electrochemical testing conditions, 
enabling clearer structural and electrochemical performance to be 
established. The doped sample synthesized via solvent solution method 
in this study effectively suppresses cation disorder, enhances structural 
stability, and facilitates Li+ transport, thereby demonstrates a compa
rable electrochemical performance, particularly ZrNMC. Further opti
mization is required to achieve improved cell performance, including 
optimization of dopant concentration, thermal treatment conditions, 
and electrode formulation, which may further enhance structural sta
bility and electrochemical kinetics while maintaining the benefits 
observed in the present study.

4. Conclusions

A well-ordered, layer-structured doped LiNi0.8Mn0.1Co0.1O2 
(NMC811) was successfully synthesized using a solvent solution 
method. The effect of various dopants (Zr4+, Nb5+ and Mo6+) on the 
structure, morphology, and electrochemical performance of NMC811 
was investigated. All doped materials show a typical α-NaFeO2 structure 
with the space group of R-3m, and successfully reduces cation mixing. 
Among the doped samples, ZrNMC and MoNMC exhibited high initial 

Table 4 
Charge and discharge capacity for 1st cycle, 2nd cycle and 100th, capacity retention and initial Coulombic efficiency of NMC, ZrNMC, NbNMC and MoNMC.

Cycle 1st 100th Capacity retention (%) Initial Coulombic efficiency (%)

Sample Charge (mAh g− 1) Discharge (mAh g− 1) Charge (mAh g− 1) Discharge (mAh g− 1)

NMC 207.14 179.50 90.00 89.08 49.6 89.8
ZrNMC 211.14 199.27 154.42 142.70 71.6 94.4
NbNMC 209.36 177.75 120.46 118.84 66.9 84.9
MoNMC 234.15 210.24 101.37 97.23 46.2 89.8

Fig. 6. Nyquist plots and equivalent circuit of all cathode materials at (a) before cycle and (b) 100th cycle.

Table 5 
EIS fitting results for all cathode materials.

Sample Rs (Ω) Rsf (Ω) Rct (Ω) Rint (Ω) = Rsf + Rct

Before cycle After 100th cycle Before cycle After 100th cycle Before cycle After 100th cycle Before cycle After 100th cycle

NMC 0.433 21.94 - 131.70 117.14 242.12 117.14 373.80
ZrNMC 0.871 0.767 - 74.62 88.14 107.46 88.14 182.08
NbNMC 0.648 1.892 - - - 270.03 180.28 270.03
MoNMC 0.774 3.531 - 54.88 42.49 145.22 42.49 200.10
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discharge capacities and better cycling performance than the undoped 
NMC. ZrNMC demonstrated the highest capacity retention, suppresses 
the irreversibility of H2/H3 phase transition, the lowest polarization, 
indicating that Zr4+ effectively enhances the performance of the 
NMC811 cathode material. ZrNMC exhibited low Rct before cycling and 
after 100 cycles. Although MoNMC initially showed the lowest Rct value, 
its Rct increased significantly after prolonged cycling, which correlates 
with the rapid capacity fading observed during the final cycles. Overall, 
ZrNMC demonstrated the best electrochemical performance among all 
the investigated cathode materials.
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