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Abstract: 

Lithium-rich layer oxide, Li1.2Ni0.16Mn0.56Co0.08O2 (NMC), is a potential cathode candidate for 

high-energy density batteries. Issues such as cycling stability, rate performance, and cost are yet 

to be overcome before successful commercialization of the material. Here, we report on the 

synthesis of Cr-doped lithium-rich phases Li1.2Ni0.16Mn0.56Co0.08-xCrxO2 (where x=0.0, 0.01 & 

0.02) (NMC-Cr) by the sol-gel technique. Cr is homogeneously distributed in the crystal structure 

evidence by XRD, XPS and elemental mapping measurements. The Cr-doped materials exhibit 

much better cycling stability with 100% capacity retention versus 44% for the undoped sample 

after 50 cycles. The Cr-doped samples show excellent electrochemical performance at higher C-

rate in comparison with the undoped NMC. The latter shows rapid capacity fading from 220 to 

50mAhg-1 at the 0.1 to 1C rates, respectively. Moreover, the Cr-containing materials do not show 

significant signs of voltage fading during cycling owing to the stabilization of the crystal lattice 

by chromium. The electrochemical impedance spectroscopy measurements also indicate the stable 

cell resistance on cycling for the Cr-doped phases compared to the undoped phase.
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Introduction

Due to limited fossil fuels reserves and environmental concerns, the world is investing in 

renewable energy sources such as solar and wind energies. However, the energy supplied by these 

energy sources is intermittent, and therefore, efficient energy storage systems (ESS) need to be 

developed which can store the excess amount of energy from these renewable sources and supply 

when needed [1–4]. Amongst various existing energy storage systems (ESS), lithium ion batteries 

are considered among the best choices due to their high operating voltage,  good calendar life and 

high energy and power densities [5–8]. Nonetheless, the energy density of the current lithium ion 

battery technology is not enough to fulfill future energy storage demands, therefore, new battery 

chemistries need to be developed having higher operating voltages and higher specific capacities 

[6,9,10]. The cost, environmental and safety concerns should also be taken into consideration for 

future applications [1,3,7,8].

During the last two decades, several different cathode materials have been developed and 

employed successfully in commercial lithium ion batteries which include LiCoO2, LiMn2O4, 

LiNi0.5Mn1.5O4, LiNi1/3Mn1/3Co1/3O2, LiNi0.8Co0.15Al0.05O2 and LiFePO4 [11–21]. However, the 

available capacities for these materials already reached their practical limits, therefore, a new class 

of cathode materials needs to be developed with higher specific capacities (>200 mAh.g-1) with 

lower cost and enhanced safety [22,23]. 

More recently, lithium-rich layered oxide (xLi2MnO3·(1−x)LiMO2 (M = Mn, Ni, Co, Fe 

etc.)) materials have attracted considerable attention as a high-energy density cathode material for 
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lithium ion batteries owing to their high specific capacities (>250 mAh g-1) and high operating 

voltages (>3.6 V) [22–27]. Unfortunately, these materials are prone to rapid voltage and capacity 

decay during cycling which has seriously hindered the development and commercialization of 

these materials in practical batteries. Other scientific challenges related to this class of materials 

which include poor rate capabilities, low initial coulombic efficiency, structural instability and 

safety concerns also are needed to be paid great scientific attention before their commercialization 

[28–33]. To mitigate these problems various strategies have been adopted such as doping on Mn, 

Ni, or Co sites with different transition metals [34–42], tailoring the particles morphology [21,43–

45] and surface modification by using different materials [46–49]. Amongst these approaches 

doping in the lattice position is considered one of the most acceptable techniques to improve the 

performance of the material in terms of longer cyclability and rate capability through improvement 

of structural stability and transport properties. A variety of transition metal dopants such as Fe, Zr, 

Co, Mg, Cr, Zn, Ti, Mo, Ru [35,37,40,41,50–54] have been investigated in different cathode 

materials. Co is the expensive component in the NMC layer structure materials compare to Ni or 

Mn. Cr3+ (ionic radius 0.62 A) is suitable dopant for substituting the Co3+ (ionic radius 0.60A) 

since they have similar ionic radius and valent state. It may not alter the electronic defect structure 

of the materials and is not even required as the transport properties of layer structure materials are 

relatively high compared to other systems. However, Cr doping may help to increase the structural 

and interfacial stability of the NMC cathode.   

In this study, Li1.2Ni0.16Mn0.56Co0.08-xCrxO2 (where x=0, 0.01 & 0.02) (NMC-Cr) have been 

synthesized by sol-gel synthesis. The synthesized materials have been characterized using X-ray 

diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy 
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(SEM), electrochemical charge/discharge and electrochemical impedance spectroscopy (EIS). The 

chromium-doped samples show improvement in voltage fading, better rate capability, and better 

capacity retention during cycling. 

Experimental

2.1. Materials preparation

Li1.2Ni0.16Mn0.56Co0.08-xCrxO2 (where x=0.0, 0.01 & 0.02) (MNC-Cr) were prepared via sol-

gel method using lithium, manganese, nickel, cobalt and chromium acetates (Sigma Aldrich) in 

the molar ratio 1.2:0.16:0.56:0.08, respectively. The precursors were dissolved in 100ml of 

distilled water in the presence of citric acid. The molar ratio total-ions/citric-acid was fixed at 1:1. 

The resulting solution was kept at 70°C until a transparent gel was obtained. The gel was dried in 

an oven at 120°C. The dried gel was crushed and grinded using agate mortar to homogenously mix 

the precursor and finally calcined at 900°C for 12 hours in the air. The detailed experimental 

procedure is shown in the Fig. 1.

Fig. 1 Schematic figure showing the experimental procedure for making NMC cathode.
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2.2 Physical characterization

The Powder x-ray diffraction (XRD) measurements were performed to identify the phase 

purity of the synthesized materials in the Bragg-Brentano reflection geometry between 10 to 80° 

(2θ value) using a Bruker D8 diffractometer equipped with a 1.6kW sealed x-ray tube source (Cu-

Kα radiation) and a Vantec2000 2D detector. The particle morphology was investigated by field 

emission scanning electron microscopy (FE-SEM, Nova). In order to investigate the oxidation 

states of transition metals, the particles were investigated with X-ray Photoelectron Spectroscopy 

(XPS) (Thermo-Scientific-Sigma Probe).

2.3 Electrode fabrication

The positive electrode was fabricated by casting a slurry composed of 80wt.% (MNC or 

MNC-Cr) active material, 10wt.% conductive carbon (Super-P) and 10wt.% poly(vinylidene 

fluoride) binder in 1-methyl-2-pyrrolidone (NMP) on an aluminum foil using doctor blade. The 

electrode was dried at 80℃ to remove NMP, and then vacuum-dried at 120oC to remove traces of 

moisture. The electrode was cut into electrodes of 14mm diameter and was 30µm thickness.

2.4 Electrochemical measurements

Electrochemical measurements were carried out using 2032-type coin cells assembled with 

doped and undoped Li1.2Ni0.16Mn0.56Co0.08-xCrxO2 (where x=0.0, 0.01 & 0.02) in an Ar-filled glove 

box. Lithium foil was used as the negative electrode. The electrolyte was made of 1M LiPF6 

dissolved in a solvent mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1 by 

v/v.). Galvanostatic charge/discharge tests were performed at 25oC using Solartron battery cycler 
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(1470E). The cells were tested under different C-rate conditions to check the rate performance of 

the materials. The cells were always charged and discharge at the same current at different C-rate. 

The electrochemical impedance spectroscopy (EIS) measurements were performed at three 

different states of charge and discharge using Solartron battery cyclers (1470E). First, the cell was 

charged or discharged at a specific state of charge and kept in open circuit condition for at least 

two hours to reach a steady state voltage condition. Then the EIS measurement was performed in 

the frequency range from 2MeGHz to 5mHz with applied ac amplitude of 10mV.       

Results and discussion

Fig. 2 compares the x-ray diffraction (XRD) patterns for undoped and Cr-doped 

Li1.2Ni0.16Mn0.56Co0.08-xCrxO2 (where x= 0.00, 0.01 &0.02) which indicates impurity free phases 

with highly crystalline structure. Most of the peaks can be indexed based on the R-3m space group 

except for the peaks between 20 and 30o, which can only be indexed based on the monoclinic 

(C2/m) space group. On this basis, the material can be characterized as a combination of two 

phases, namely, a trigonal R-3m phase and a monoclinic C2/m phase which is consistent with the 

XRD data reported by Jarvis et al. [55]. However, all the observed peaks can also be indexed based 

on the C2/m structure [34]. It is interesting to note that the characteristics diffraction peaks shifted 

towards higher 2 values due to the increase of the chromium content in the phase (inset of Fig. 

2) which indicates that Cr3+ doped the crystalline lattice rather than being segregated as an impurity 

phase.    
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Fig. 2 XRD patterns for Li1.2Ni0.16Mn0.56Co0.08-xCrxO2 (where x =0.00 0.01 & 0.02). Inset shows 

the zoomed area 17-20°.

The lattice parameters of pristine and Cr-doped samples were evaluated by X-ray Rietveld 

refinement analysis. All the observed peaks were matched with the calculated peaks position. Fig. 

3 shows as a representative of Li1.2Ni0.16Mn0.56Co0.06Cr0.02O2 composition. Other samples also 

show similar patterns as presented in the supplementary information (Fig-S1) The calculated cell 

parameters were displayed in the table 1 for the three samples. It is discernible from the table 1 

that the lattice parameters and cell volume were increased slightly compared to the pristine sample 

Li1.2Ni0.16Mn0.56Co0.08O2 as the ionic radius of Co3+ is slightly smaller than Cr3+. The small amount 

of Mn might also be substituted by Cr. The obtained lattice parameters reveal that the Cr is doped 

on the lattice position rather than segregated as an impurity content.      
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Fig. 3 Displays the final observed and calculated plots for X-ray Rietveld refinement of 

Li1.2Ni0.16Mn0.56Co0.06Cr0.02O2.

Table 1. Cell parameters of Li1.2Mn0.56Ni0.16Co0.08-xCrxO2.

Li1.2Mn0.56Ni0.16Co0.08O2 Li1.2Mn0.56Ni0.16Co0.07Cr0.01O2 Li1.2Mn0.56Ni0.16Co0.06Cr0.02O2

a (Å) 4.9529(2) 4.9542(3) 4.9541(3)
b (Å) 8.5538(3) 8.5570(5) 8.5587(5)
c (Å) 5.0311(2) 5.0280(3) 5.0291(3)
 (o) 90 90 90
 (o) 109.246(4) 109.189(5) 109.193(5)
 (o) 90 90 90

V (Å 3) 201.237(16) 201.31(2) 201.38(2)

The SEM images of the Li1.2Ni0.16Mn0.56Co0.08-xCrxO2 (where x = 0.0, 0.01 & 0.02) samples 

heat-treated at 900°C are displayed in Fig. 4. The samples are composed of numerous crystallites 

with a diameter of ~200-700nm. However, the Cr-doped samples exhibit lower average particle 

sizes than the undoped sample (Fig. 4(a)). The particles sizes were become smaller with increasing 

the Cr-content as shown in Fig. 4(c) and 4(e). All particles had similar rock-like grains 
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morphology. A closer examination led us to observe that the particles aggregation increased with 

chromium despite of the formation of lower particle sizes as clearly visible in Fig. 4(c) and (e). It 

is our hypothesis that a small amount of doped Cr-ions may not form continuous grain boundary 

phases in the Li1.2Ni0.16Mn0.56Co0.08-xCrxO2 particles. As a result, there could no enhanced mass 

diffusion transport at grain boundaries. 

Fig. 4 SEM and elemental mapping micrographs of Li1.2Ni0.16Mn0.56Co0.08-xCrxO2 (where x=0.0. 

0.01, 0.02) heat treated at 900 °C for 12h. (a-b) undoped, (c-d) doped (x=0.01) and (e-f) doped 

(x=0.02).
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In this case, the scenario of Cr-doping does not promote grain growth of 

Li1.2Ni0.16Mn0.56Co0.08-xCrxO2. It should be noted that the well crystallized and small particles will 

help improve the rate performance and overall electrochemical properties of the cathode. In 

addition, the elemental mapping clearly shows that the chromium is homogeneously distributed in 

the grains (Fig. 4b, d and f) rather than being agglomerated or segregated heterogeneously. 

The compositional studies of the synthesized materials, Li1.2Ni0.16Mn0.56Co0.08-xCrxO2 (where x 

=0.00 0.01 & 0.02), were also carried out by XPS measurement for evaluation of their phase purity. 

The XPS survey scans of the undoped and Cr-doped samples, heat-treated at 900 °C, are displayed 

in the supplementary information (Fig. S2) which reveals desired spectral lines of the Mn, Ni, Co, 

O and Cr elements in the materials. The high resolution XPS elemental spectra were deconvoluted 

and plots are shown in Fig. 5 and binding energy of individually element is given in the table 2 

and compared with the standard literature data. 

The binding energy of Mn 2p1/2 and Mn 2p3/2 are around 642.8 eV ± 0.09 and 654.2 ± 0.32 (Fig. 

5 (a-c)) respectively which are consistent with the value reported for Mn4+ in MnO2 [56,57]. Two 

satellite peaks next to Mn 2p1/2 and Mn 2p3/2 are also observed in all three compositions. The 

binding energies for Ni 2p1/2 and Ni 2p3/2 are around 872.77 ± 0.07 eV and 854.93 eV ± 0.29 (Fig. 

5 (d-f-c)) respectively which corresponds to Ni+2[56,57]. Three satellite peaks are observed for Ni 

in all three samples. Furthermore, Fig. 5 (g-i) shows that the binding energies for Co 2p1/2 and Co 

2p3/2 are around 795.4 ± 0.27 and 780.45 eV ± 0.27 with the minor satellite peaks also present. The 

binding energies for Co 2p are consistent with Co3+ [56,57]. The binding energies for Mn 2p, Ni 

2p and Co 2p slightly decrease with increasing the amount of chromium in the samples which 

indicate structural integrity of Cr in the synthesized phases. Fig. 5 (j) shows that there is no peak 

present for Cr in Li1.2Ni0.16Mn0.56Co0.08O2 which reveals the absence of Cr in this sample. The 
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binding energies for Cr 2p1/2 and Cr 2p3/2 in Li1.2Ni0.16Mn0.56Co0.07Cr0.01O2 and 

Li1.2Ni0.16Mn0.56Co0.06Cr0.02O2 are at around 588.17 ± 0.13 eV and 579.27 ± 0.06 respectively as 

shown in Fig. 5 (k-l). The binding energies for Cr 2p slightly increase with the amount of 

chromium in the samples as shown in Fig. 5 (k-l) which indicates lattice doping of Cr rather than 

segregated as impurity phases.

Fig. 5 XPS spectra of Li1.2Ni0.16Mn0.56Co0.08-xCrxO2 (where x =0.00 0.01 & 0.02), separately 

showing the binding energy of Mn, Ni, Co and Cr in the three different compositions. (a, d, g j) 

for undoped phase ( x = 0.00); (b, e, h, k) for the Cr-doped phase (x = 0.01) and (c, f, i, l) for C-

doped phase ( x= 0.02).    
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Table 2. Binding energies for Mn, Ni, Co and Cr in different samples. 

Mn Ni Co Cr
Composition

2p3/2 2p1/2 2p3/2 2p1/2 2p3/2 2p1/2 2p3/2 2p1/2

Li1.2Ni0.16Mn0.56Co0.08O2 642.80 654.42 854.93 872.78 780.45 795.46 - -

Li1.2Ni0.16Mn0.56Co0.07Cr0.01O2 642.74 654.41 854.68 872.76 780.28 795.5 579.27 588.17

Li1.2Ni0.16Mn0.56Co0.06Cr0.02O2 642.65 654.09 854.62 872.69 780.01 795.18 579.33 588.30

Reference [56] 642.60 642.60 855.00 872.30 780.30 795.20 - -

The voltage profile versus capacity of the undoped and doped Li1.2Ni0.16Mn0.56Co0.08-

xCrxO2 (where x=0.0, 0.01 & 0.02) are displayed in Fig. 6 under the charge and discharge at the 

C/5 rate. The cells were charged at a high-voltage up to 4.7V and discharged down to 2V. We can 

clearly observe from Fig. 6 (a) that there was rapid voltage decay and capacity fading for the 

undoped sample during discharged, whereas the stability of voltage and capacity increased with 

increasing the amount of chromium (Fig. 6b and 6c). Cr-doping has enhanced the structural 

stability of the solid solution, and hence played a crucial role in improving the electrochemical 

performance of the material. In addition, the Cr-doped samples exhibited higher discharge 

capacities compared to the undoped sample. The reason could be due to the favorable interfacial 

kinetics at the electrode/electrolyte interfaces and enhanced electronic and ionic transport 

properties in the active particles at the relatively high C-rate.          
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Fig. 6 Galvanostatic cycling profile of lithium-rich (a) undoped and (b-c) Cr-doped 

Li1.2Ni0.16Mn0.56Co0.08-xCrxO2 (where x = 0.0. 0.01 & 0.02).  The cells were charged and discharged 

at C/5-rate.

Both doped and undoped Li1.2Ni0.16Mn0.56Co0.08-xCrxO2 (where x = 0.0, 0.01 & 0.02) 

materials showed relatively comparable capacities at lower C-rates. The undoped MNC delivered 

a specific capacity around 220mAhg-1 at the C/10 rate, whereas the Cr-doped NMC samples, 

x=0.01 and x = 0.02 delivered 190 and 200mAh.g-1, respectively, under the same C-rate. However, 

at higher cycling rates, capacity fading was very rapid for the undoped sample compared with the 

doped samples. It is clearly discernible from Fig. 7 that at the 1C-rate the undoped sample showed 

a capacity around 50mAh.g-1, whereas the doped NMC-Cr (x=0.02) showed a capacity around 
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150mAh.g-1. Moreover, the cycling under increasing rates from 0.1C to 1C demonstrates that the 

Cr-doped sample (x=0.02) exhibited a capacity retention of 75%, whereas the undoped sample 

displayed only 22% capacity retention. Fig. 7 may also suggest that at higher C-rates, the 

performance limiting factor may either be slow phase boundary kinetics, ionic diffusivity or 

increase charge transfer resistance at the electrode/electrolyte interface for the undoped material. 

This will further be discussed in the section dedicated to the electrochemical impedance 

spectroscopy later.

Fig. 7 Rate capability of lithium-rich undoped and Cr-doped Li1.2Ni0.16Mn0.56Co0.08-xCrxO2 (where 

x=0.0, 0.01 & 0.02). 

Fig. 8 compares the cycling performance of the undoped and Cr-doped 

Li1.2Ni0.16Mn0.56Co0.08-xCrxO2 (where x=0.0, 0.01 & 0.02). The cell was charged at the C/2 rate and 

discharged at the same rate over 50 cycles. It is seen from Fig. 8 that the capacity of the doped 

sample gradually increased with cycling, and that of the undoped sample decreased rapidly on 

cycling.  The reason for the capacity enhancement is not clearly understood. However, as the 



16

particles are initially agglomerated (SEM micrograph in Fig. 4 (c) and (e)), the particle surfaces 

are not fully exposed to the electrolyte which might be relaxed with subsequent cycling. On the 

other hand, Cr-doping provided the structural stability that is needed for the improved cycling, 

unlike the undoped sample that had quick capacity fading with cycling. Nonetheless, the 

cyclability of the Cr-doped Li1.2Ni0.16Mn0.56Co0.08-xCrxO2 (where x=0.0, 0.01 & 0.02) exhibited 

excellent electrochemical performance at the C/2 rate for the first 50 cycles. The discharge capacity 

of the doped sample reached around 200mAh.g-1, after 50 cycles whereas the capacity of the 

undoped sample was only 56% of its initial capacity.

Fig. 8 Discharge capacity of lithium-rich undoped and Cr-doped Li1.2Ni0.16Mn0.56Co0.08-xCrxO2 

(where x=0.0, 0.01 & 0.02) samples as a function of cycle number.  All cells were charged and 

discharged at the 0.2C rate.

To understand the differences in the electrochemical properties of Cr-doped and undoped 

Li1.2Ni0.16Mn0.56Co0.08-xCrxO2 (where x=0.0, 0.01 & 0.02). We performed electrochemical 

impedance spectroscopy (EIS) measurements at three different states of charge (SOC) with lithium 

concentration intervals of 0%, 50% and 100% SOC. Fig. 9a compares the impedance spectra 
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measured before the cycling of the cells. Initially, the undoped sample exhibited lower cell 

resistance compared to the doped samples. Fig 9b and 9c display the EIS spectra at 50% and 100% 

SOC (the cells were charged up to 4.7V). One can observe from Fig. 9a, 9b, and 9c that the overall 

cell impedances decreased at 50% and 100% SOC. In this case, the trend was that the doped 

samples still exhibited higher cell impedances compared to the undoped sample. However, after 

several cycles, the trend was that the impedance of the undoped sample increased and kept 

increasing on further cycling compared to the Cr-doped samples (Fig. 9d). It should also be noted 

that capacity of the undoped sample decreased rapidly on cycling (Fig. 6) which is consistent with 

the results observed in the impedance measurements. 

Fig. 9 Impedance spectra of lithium rich undoped and Cr-doped Li1.2Ni0.16Mn0.56Co0.08-xCrxO2  

(where x=0.0, 0.01 & 0.02) measured at three states of charge (SOC) at the first cycle at 0.0% (a) 

(before charging), 50% (b) and 100% (c) SOC  (cell charged up to 4.7V) and at the 20th  cycle at 

0.0% (d) (before charging).
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Conclusions

The Li-rich layered Cr-doped oxide Li1.2Ni0.16Mn0.56Co0.08-xCrxO2 (where x=0.0, 0.01 & 0.02) 

(NMC-Cr) were synthesized by the sol-gel process. XRD, XPS and SEM measurements confirmed 

the purity of the crystalline phases with the morphology of rock-like grains and ensured the 

homogeneous distribution of Cr in the doped samples. The undoped material (x=0.00) exhibits 

rapid capacity fade on cycling and unsatisfactory rate capability. The rapid voltage fade is 

associated with the increase of the cell impedance on cycling. However, the Cr-doped phase 

(x=0.02) exhibits excellent rate capability and no capacity fade during 50 cycles which makes this 

material a potential alternative cathode suitable for powering electric vehicles, grid-level storage, 

and portable consumer products. The Total cell resistance and interfacial charge transfer resistance 

is stable on cycling for the Cr-doped phases compared to the undoped phase. The Cr-doping 

strategy is effective in improving the structural stability of the NMC materials and hence the 

electrochemical performances.
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Fig. S-1 Displays the observed and calculated plots for X-ray Rietveld refinement of (a) 

Li1.2Ni0.16Mn0.56Co0.08O2 and (b) Li1.2Ni0.16Mn0.56Co0.06Cr0.02O2.
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Fig. S-2 XPS survey scans for (a) Li1.2Ni0.16Mn0.56Co0.08O2, (b) Li1.2Ni0.16Mn0.56Co0.07Cr0.01O2 

and Li1.2Ni0.16Mn0.56Co0.06Cr0.02O2.


