
University of Wollongong University of Wollongong 

Research Online Research Online 

Australian Institute for Innovative Materials - 
Papers Australian Institute for Innovative Materials 

1-1-2015 

Effective enhancement of the electrochemical performance of layered Effective enhancement of the electrochemical performance of layered 

cathode Li1.5Mn0.75Ni0.25O2.5 via a novel facile molten salt method cathode Li1.5Mn0.75Ni0.25O2.5 via a novel facile molten salt method 

Zhuo Zheng 
Sichuan University 

Wei-Bo Hua 
Sichuan University 

S Liao 
Sichuan University 

Yan Jun Zhong 
Sichuan University 

En-Hui Wang 
Sichuan University 

See next page for additional authors 

Follow this and additional works at: https://ro.uow.edu.au/aiimpapers 

 Part of the Engineering Commons, and the Physical Sciences and Mathematics Commons 

Research Online is the open access institutional repository for the University of Wollongong. For further information 
contact the UOW Library: research-pubs@uow.edu.au 

https://ro.uow.edu.au/
https://ro.uow.edu.au/aiimpapers
https://ro.uow.edu.au/aiimpapers
https://ro.uow.edu.au/aiim
https://ro.uow.edu.au/aiimpapers?utm_source=ro.uow.edu.au%2Faiimpapers%2F1542&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/217?utm_source=ro.uow.edu.au%2Faiimpapers%2F1542&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/114?utm_source=ro.uow.edu.au%2Faiimpapers%2F1542&utm_medium=PDF&utm_campaign=PDFCoverPages


Effective enhancement of the electrochemical performance of layered cathode Effective enhancement of the electrochemical performance of layered cathode 
Li1.5Mn0.75Ni0.25O2.5 via a novel facile molten salt method Li1.5Mn0.75Ni0.25O2.5 via a novel facile molten salt method 

Abstract Abstract 
A series of nanocrystalline lithium-rich cathode materials Li1.5Mn0.75Ni0.25O2.5 have been prepared by a 
novel synthetic process, which combines the co-precipitation method and a modified molten salt method. 
By using a moderate excess of 0.5LiNO3-0.5LiOH eutectic salts as molten media and reactants, the usage 
of deionized water or alcohol in the subsequent wash process is successfully reduced, compared with the 
traditional molten salt method. The materials with different excess Li salt content, Li/M (M = Ni + Mn) = 
1.55, 1.65, 1.75, 1.85, 1.95, 2.05, molar ratio, show distinct differences in their structure and charge-
discharge characteristics. The structural characterization demonstrates that the sample with a ratio of 
Li/M = 1.85 has a more well-defined alpha-NaFeO2 structure and a more enlarged Li layer spacing. It also 
exhibits the best comprehensive electrochemical behavior with the highest coulombic efficiency, the best 
rate capability and optimal cycling stability. More specifically, it delivers a dramatically improved initial 

coulombic efficiency of 87.86%, and a discharge capacity of 129 mA h g-1 even at an ultra-high current 

density of 2000 mA g-1 (10C). Meanwhile a superior cycling stability is also observed with a high 

discharge capacity of 251 mA h g-1 and a retention of 98% at 0.2C after 50 cycles. Our results reveal that 
this method is facile and feasible to synthesize a high rate and high capacity lithium-rich material. 

Keywords Keywords 
via, 5, 25o2, 75ni0, 5mn0, li1, cathode, layered, performance, electrochemical, enhancement, effective, 
salt, method, molten, facile, novel 

Disciplines Disciplines 
Engineering | Physical Sciences and Mathematics 

Publication Details Publication Details 
Zheng, Z., Hua, W., Liao, S., Zhong, Y., Wang, E., Xu, B., Liu, H. & Zhong, B. (2015). Effective enhancement of 
the electrochemical performance of layered cathode Li1.5Mn0.75Ni0.25O2.5 via a novel facile molten salt 
method. RSC Advances: an international journal to further the chemical sciences, 5 (72), 58528-58535. 

Authors Authors 
Zhuo Zheng, Wei-Bo Hua, S Liao, Yan Jun Zhong, En-Hui Wang, Bin-Bin Xu, Hua-Kun Liu, and Ben-He Zhong 

This journal article is available at Research Online: https://ro.uow.edu.au/aiimpapers/1542 

https://ro.uow.edu.au/aiimpapers/1542


Journal Name  

ARTICLE 

 Effective Enhancement of Electrochemical 
Performance for Layered Cathode 
Li1.5Mn0.75Ni0.25O2.5 via A Novel Facile Molten Salt 
Method 

Zhuo Zheng,a Wei-Bo Hua,a Shi-Xuan Liao,a Yan-Jun Zhong,a En-Hui Wang,a 
Bin-Bin Xu,b Hua-Kun Liuc and Ben-He Zhong* a 

A series of nanocrystalline lithium-rich cathode materials Li1.5Mn0.75Ni0.25O2.5 have been 
prepared by a novel synthetic process, which is combined with the co-precipitation method and 
the modified molten salt method. By using the moderate excessive 0.5LiNO3-0.5LiOH eutectic 
as molten media and reactants, the usage of the deionized water or alcohol in the subsequent 
wash process is successfully reduced, compared with the traditional molten salt method. The 
materials with different excessive Li salts content, Li/M (M = Ni + Mn) = 1.55, 1.65, 1.75, 
1.85, 1.95, 2.05, molar ratio, show distinct differences in structure and charge/discharge 
characteristics. The structural characterization demonstrates that the sample with the ratio of 
Li/M = 1.85 has more well-defined α-NaFeO2 structure and more enlarged Li layer spacing. 
And it exhibits the best comprehensive electrochemical behaviors with the highest coulombic 
efficiency, best rate capability and optimal cycling stability. More specifically, it delivers a 
dramatically improved initial coulombic efficiency of 87.86%, and a discharge capacity of 129 
mAh g-1 even at an ultra-high current density of 2000 mA g-1 (10 C), meanwhile the superior 
cycling stability is also observed with a high discharge capacity of 251 mAh g-1 and retention 
of 98% at 0.2 C after 50 cycles. Our results reveal that this method is facile and feasible to 
synthesize a high rate and high capacity lithium-rich material. 

1. Introduction  
Rechargeable lithium ion batteries (LIBs) with high energy and high 
power densities are essential for the fast development of portable 
electronics, electric vehicles (EVs) and hybrid electric vehicles 
(HEVs).1-7 To meet the demand, a new cathode with high energy 
density is desiderated to be developed. Currently, the family of 
lithium-rich layered oxides Li1+yM1-yO2 (also write as xLi2MnO3·(1-
x)LiMO2, M = Ni, Co, Mn) have attracted much attention, due to 
their encouraging high reversible capacity over 250 mAh g-1 when 
initially charged above 4.5 V.8-10 Among these lithium-rich oxides, 
the Li-rich Mn-based nickel oxide Li1.5Mn0.75Ni0.25O2.5 is the most 
appealing one due to its high discharge capacity, low cost, good 
safety and less toxicity.11-13 However, it suffers several serious 
drawbacks needed to be resolved, such as its intrinsically inferior 
rate capability, poor cycle performance, a large irreversible capacity 
loss (ICL) in the initial cycle, and voltage decay during long-term 
cycling resulting from phase transformation from layered to 
spinel/layered intergrowth structure.14-16   

To address these obstacles, many strategies have been 
developed, especially regarding the synthesis methods. At present, 
many synthetic routes have been reported,17-20 including solid state 
reaction, co-precipitation method, sol-gel method, molten salt 

synthetic method and others. Among these methods, the molten salt 
method is a simple and versatile way to prepare highly crystalline 
cathode materials by using molten salt as the solvent and/or 
reactants.21-25 Additionally, in the molten liquid environment, 
reactions are primarily decided by chemical equilibria and proceed 
much faster than the diffusion controlled by solid-state reactions.20, 25 
Despite of these advantages, some inherent shortcomings are also 
existed, such as the molten salts of KCl, NaCl, KNO3 or LiNO3-LiCl 
eutectic are much excessive than the starting transition metal salts 
for the sake of providing sufficient liquid condition to promote the 
transition metal atoms diffusion, usually, the molar ratio of the 
n(starting materials) : n(molten salt) is 1 : 3 or 1 : 4 or more higher.20-23 Hence, 
it would not only cause the unnecessary water waste and increase 
environmental pressure because it needs much deionized water or 
alcohol to wash the product to remove the excess Li-salts or KCl, 
NaCl salts, but also increase the cost from an economic perspective 
for much excessive molten salts are consumed. Furthermore, 
although the reactions in the molten media are decided by chemical 
equilibria, if the starting materials cannot be mixed thoroughly, it 
would also cause the inhomogeneity phases to appear in the product 
and deteriorate the electrochemical performance. Generally, 
stoichiometric ratio of Li salt and transition metal (Mn, Ni, Co) salts 
and large excess molten salts are mixed through simple mechanical 
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grinding in the traditional molten salt method,22, 24, 25 therefore, it is 
very difficult to achieve molecule-level mixing of these starting 
materials. Fortunately, the co-precipitation method can compensate 
this defect and easily realize the molecule-level mixing, and it is 
considered as the optimum way to get homogeneous and integrated 
structure, which is the most crucial factor to achieve better 
electrochemical properties.26  

In this paper we firstly propose a novel process that 
combines the hydroxide co-precipitation method and molten 
salt method to prepare Li1.5Mn0.75Ni0.25O2.5 electrode. It is 
worth emphasising that the herein molten salt method differs 
from tradition one, mainly due to we do not need large 
excessive molten salt in the synthetic route so that the water 
consumption in the aforementioned process of washing can be 
drastically reduced. That’s because the transition metals are 
already achieved the molecule-level mixing as 
Mn0.75Ni0.25(OH)2 precursor by co-precipitation method. As far 
as we know, there have been few reports on investigating the 
effect of the amount of salt flux on the final materials. Hence, 
we employ a series of moderate excessive 0.5LiNO3-0.5LiOH 
eutectic as molten media and reactants to synthesize the 
Li1.5Mn0.75Ni0.25O2.5 material. The structure, morphology and 
electrochemical performance of these materials are extensively 
investigated with the gradually incremental Li salts. 
Furthermore, we find that when the molar ratio of Li/M (M = 
Ni + Mn) is 1.85, the sample exhibits the best rate capability 
and optimal cyclic stability with the lowest irreversible capacity 
loss (ICL) in the initial cycle. 

2. Experimental section 

2.1 Sample preparation 

Layered Li1.5Mn0.75Ni0.25O2.5 material was prepared by a novel 
method that combined the hydroxide co-precipitation method 
and molten salt method. Firstly, the Mn0.75Ni0.25(OH)2 precursor 
was prepared by co-precipitation method. NiSO4·6H2O, 
MnSO4·H2O (Ni : Mn = 1 : 3, molar ratio) were dissolved in 
distilled water, and then pumped into continuous stirred tank 
reactors (CSTR) under nitrogen atmosphere. Meanwhile, the 
NaOH solution (8 M) and the NH3·H2O solution (2 M) were 
separately fed into the CSTR at 50 ºC. The pH value was 
carefully controlled at 11.0 ± 0.2 and the stirring speed was 
monitored at around 800 rpm. Afterwards, the co-precipitated 
particles were washed with hot distilled water several times to 
remove the residual Na+ and SO4

2-. The powders were dried in 
a vacuum oven at 90 ºC for 12 h. Then, the 0.5LiNO3-0.5LiOH 
eutectic mixture was used as molten media and lithium source 
to mix with the Mn0.75Ni0.25(OH)2 precursor. The molar ratios 
of eutectic salts to starting material (n(Li) : n(M)) were set as 1.55, 
1.65, 1.75, 1.85, 1.95, 2.05, respectively. All samples have 5% 
excess Li salts to compensate for possible Li loss during the 
calcinations. Correspondingly, the obtained materials were 
designed as L0, L1, L2, L3, L4 and L5, respectively. The 
mixture was first heated at 500 ºC for 6 h, and then calcined at 
850 ºC for 12 h in air. Afterwards, these materials were washed 
with a small amount of hot distilled water, and finally, dried in 
a vacuum oven at 90 ºC for 10 h to obtain the final lithiated 
compounds.  

2.2 Sample characterization 

Lithium content of these compounds was characterized by 
inductive coupled plasma-atomic emission spectrometer (ICP-
AES, SPECTRO ARCOS FHS12). Powder X-ray diffraction 

(XRD, PW1730, Cu Kα radiation, λ = 1.5418 Å) was employed 
to identify the crystalline structures for the as-prepared 
compounds. The XRD data were collected in the range of 10º - 
70º 2θ. The particle size and the morphological features were 
observed by scanning electron microscopy (SEM, S4800). The 
chemical valence state of Ni and Mn were determined by X-ray 
photoelectron spectroscopy (XPS, PHI QUANTUM2000) with 
monochromatic Al-Kα anode source, and the binding energy 
(BE) of XPS calibrated with reference to C 1s spectrum of 
carbon (284.60 eV). The microstructures of these composites 
were observed by transmission electron micrograph (TEM, 
JEM-2100).  

2.3 Electrochemical measurement 

Electrochemical properties of these cathode materials were 
measured with CR2032-type coin cells, which consist of oxide 
cathode, Li metal anode and a porous polypropylene separator 
(Celgard 2400) with 1 M LiPF6 solution in EC-DMC (1 : 1 in 
volume rate) as the electrolyte. The cathodes were prepared by 
mixing oxide powder, carbon black and polyvinylidene 
difluoride (PVDF) binder (80 : 13 : 7, weight ration) in N-
methy pyrrolidone (NMP). The obtained slurry was casted on 
aluminum foil and dried in a vacuum oven at 100 °C for 10 h. 
The foil was cut into discs with diameter of 14 mm, and then 
pressed prior to use. The loading of the active material in the 
electrode was 3 - 4 mg cm-2. All coin cells were assembled and 
sealed in an argon-filled glove box. The cells were charged and 
discharged galvanostatically between 2.0 to 4.8 V (vs. Li/Li+) at 
room temperature with current densities of 0.1 C, 0.2 C, 0.5 C, 
1 C, respectively. Above 1 C discharge rates, the cells were 
charged at 1 C and discharged at the corresponding rates from 3 
C to 10 C (1 C = 200 mA g-1). Electrochemical impedance 
spectroscopy (EIS) measurements were tested on an 
electrochemical workstation (Zennium, IM6) in the frequency 
range of 100 kHz - 10 mHz with an alternating-current 
amplitude of 5 mV. 

3. Results and discussion 
ICP-AES analysis data for the atomic compositions of the as-
synthesized materials are listed in Table 1. It is illustrated that 
the ratios of Ni : Mn and Li/[Ni+Mn] in all the samples are 
approximately consistent with the expected Li1.5Mn0.75Ni0.25O2.5 
stoichiometry within experimental errors.  

Table 1  ICP-AES analysis results of Ni : Mn and Li/[Mn+Ni] molar 
ratios in these samples 

Sample Ni : Mn Li/[Ni+Mn] 

L0 0.248 : 0.750 1.498 

L1 0.250 : 0.751 1.499 

L2 0.249 : 0.751 1.501 

L3 0.251 : 0.750 1.502 

L4 0.252 : 0.752 1.502 

L5 0.252 : 0.753 1.504 

Fig. 1 shows the XRD patterns for these samples. As 
shown in Fig. 1a, all the samples exhibit the similar XRD 
patterns. The majority of the diffraction peaks are relatively 
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strong and can be well indexed as a rhombohedral layered 
phase (R 3� m) which is normally taken as the layered 
characteristic of LiMO2 (M = Ni, Mn) structure,27, 28 while a 
series of weak reflections at 20o - 23o (2θ value) are consistent 
with the hexagonal LiMn6 super-ordering in Li2MnO3 
monoclinic phase with C2/m symmetry.27, 28 Combined with the 
ICP analysis above (Table 1), it can be concluded that the 
Li1.5Mn0.75Ni0.25O2.5 lithium-rich material is successfully 
synthesized via this novel molten salt method. Compared with 
the traditional molten salt method, fewer molten salts are used 
in our synthetic route, but interestingly, the highly crystalline 
materials still can be prepared at the similar calcination 
temperature with the traditional molten salt method. This 
reason can be ascribed to the molecule-level mixing of 
transition metal salts which is derived from the co-precipitation 
process. The diffraction peaks of Li2MnO3 phase are changed 
significantly (marked by yellow dotted line in Fig. 1a), so the 
detailed comparison of peaks change are depicted in the 
selective patterns in 2θ range of 20.0 - 22.0o, as shown in Fig. 
1b. As can be seen, the peaks of Li2MnO3 phase become clearer 
with the increased Li content, indicating the higher crystallinity. 

This reason can be legitimately attributed to the 0.5LiNO3-
0.5LiOH eutectic mixture with a lower melting point that can 
introduce some liquid to the system, and thus promoting the 
reaction activation and lowering the reaction temperature.21, 23, 

25 Therefore, at the same calcination temperature, the more 
0.5LiNO3-0.5LiOH eutectic mixture added, the higher 
crystallization degree achieved. Rietveld refinements within 
layered LiMO2 (R 3�m) phase are conducted using TOPAS 
software to illustrate the variations from the view of lattice 
parameters. The refinement results are listed in Table 2. The 
lattice constant a shows little change, however, the c-lattice 
parameter is changed obviously. The c-lattice parameter is 
perpendicular to the Li layer in the layered structure, therefore, 
its increase signifies an enlargement of Li layer spacing.29 The 
L3 sample exhibits the largest c-lattice parameter, which may 
cause a substantially higher Li diffusivity.29 Generally, the c/a 
value is associated with the degree of trigonal distortion: a high 
c/a value is preferred for well-defined hexagonal α-NaFeO2 
structure.30-32 Therefore, it can be inferred that the L3 sample 
has a better layered structure than others.  
 

 

Fig. 1  (a) XRD patterns of these compounds; (b) magnified area in the 20.0 - 22.0o 2θ region 

Table 2  Lattice parameters of these samples 

Sample a (Å) c (Å) c/a Vol (Å3) Rwp (%) 

L0 2.8550 14.2405 4.9879 100.52 4.10 

L1 2.8571 14.2580 4.9904 100.80 3.97 

L2 2.8555 14.2567 4.9927 100.65 3.85 

L3 2.8547 14.2609 4.9956 100.46 4.17 

L4 2.8580 14.2444 4.9840 100.76 4.28 

L5 2.8584 14.2377 4.9810 100.68 4.46 

X-ray photoelectron spectroscopy (XPS) measurements 
are carried out to gain more insight into the oxidation states of 
transition metals in the as-prepared samples. Fig. 2 shows the 
typical XPS spectra of Ni 2p and Mn 2p for these samples. All 
XPS spectra are corrected using C 1s at 284.60 eV. For L0 
sample, the Ni2p3/2 and Mn2p3/2 peaks are observed at 854.5 eV 

and 642.2 eV, respectively, which are consistent with the 
previous reports for Ni2+ and Mn4+ in the similar oxide cathode 
materials.33-35 However, these peaks in other samples are 
shifted with the increased Li content. The Mn2p3/2 peaks are 
slightly shifted toward lower binding energies, indicating some 
lower oxidation state than Mn4+ ions appear. Correspondingly, 
a similar peak shift of Ni 2p3/2 spectra toward higher binding 
energies are also observed with Li content increasing. The 
increasingly significant characteristics of Ni3+ and Mn3+ may be 
ascribed to the increase of 0.5LiNO3-0.5LiOH salts which 
would be decomposed to Li2O at the process of high 
temperature calcination, and the excessive Li2O are attached on 
the surface of the reactant particles, preventing the contact with 
oxygen, and thus resulting the incomplete oxidation of 
manganese. It is likely that the increase in oxidation state of Ni 
is a compensation of deduction in oxidation state of Mn ions.  

Fig. 3a shows the SEM images of the Ni0.25Mn0.75(OH)2 
precursor. The photographs show that the precursor are 
agglomerates in micron level, which consists of hexagonal 
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nanoplates with a thickness of about 40 nm, and the lateral 
dimensions range from 200 to 500 nm. Fig. 3b shows the SEM 
images of as-prepared samples. With the Li content increasing, 
the particle size in terms of the thickness and the lateral 
dimensions are gradually increased. Take the thickness of 
nanoplates for example, the thickness distribution and the 
average thickness of these samples are shown in Figure S1 in 
the Supporting Information. As can be seen, the average 
thickness of L0, L1 and L2 samples are similar, in contrast, it 
shows dramatic expansion in the thickness of L3, L4 and L5 
samples, especially the L5 sample, with an average thickness as 
high as 244 nm. The significant change of particle size can be 
ascribed to the excessive Li salts that can lower the reaction 
temperature and promote the reaction activation, as mentioned 
in XRD analysis. In general, the smaller particle size could 
bespeak the better electrochemical performance.36 Nevertheless, 
the particle crystallinity also affects the stability of parent 
structure during the repeated Li+ ion insertion/extraction 

processes, thus affecting the electrochemical properties of 
material. Although L0, L1 and L2 samples have the smaller 
primary particle size than L3 sample, their relative lower 
crystallinity as shown in Fig. 1, may restrict the electrochemical 
behaviour to a certain degree. Moreover, the average thickness 
of L4 and L5 samples are increased to 200 - 300 nm, which is 
much bigger than L3 sample (157 nm), and the larger thickness 
indicates much longer Li+ diffusion path which is related to a 
worse rate capability. Fig. 3c shows the SAED images of L0, 
L3 and L5 samples. It is clear that all the SAED patterns consist 
of two sets of reflections. The strong hexagonal reflections can 
be indexed in six-index notation (marked by yellow circle), 
indicating a α-NaFeO2 layered structure (R3�m).37 The weak 
reflections (marked by red circle), which are associated with Li 
ordering in Li2MnO3-like domains,37 are clearly identified 
between the two bright spots of the layered trigonal symmetry. 
The SAED patterns also reveal these samples prepared by this 
novel method are single crystalline.  

 
Fig. 2  XPS of Ni 2p and Mn 2p spectra for these samples  

 
Fig. 3  SEM images of the (a) Ni0.25Mn0.75(OH)2 precursor, (b) 
L0 - L5 samples; (c) SAED images of L0, L3 and L5 samples 

Fig. 4 shows the first charge-discharge curves during 
electrochemical cycling of the as-prepared cathode materials at 
a rate of 0.1 C (20 mA g-1) between 2.0 and 4.8 V. Clearly, the 
initial charge profiles of these samples show a smooth sloping 
region below 4.5 V and a high voltage plateau at around 4.5 V. 
The sloping region below 4.5 V can be ascribed to the Li+ 
deintercalation from layered structure by oxidation of Ni2+ to 
Ni4+.38, 39 The plateau at around 4.5 V can be attributed to the 
Li2MnO3 activation which leads to a large initial irreversible 
capacity loss (ICL).38, 39 The first coulombic efficiency 
increases from 77.13% in L0 to 87.86% in L3. However, for L4 
and L5 samples, the ICL become larger, with lower coulombic 
efficiencies of 76.85% and 75.52%, respectively. The enhanced 
coulombic efficiency for L3 sample can be reasonably 
attributed to the more well-defined α-NaFeO2 structure which 
can improve the lattice stability and alleviate the irreversible 
loss of Li2O during the Li2MnO3 activation.  

4 | J. Name., 2012, 00, 1-3  



Journal Name ARTICLE 

 
Fig. 4  Initial charge-discharge curves of these cathodes when cycled 
between 2.0 and 4.8 V at 0.1 C (20 mA g-1)  

Fig. 5a shows a continuous cycling result at incremental 
rates from 0.1 C to 10 C then recovering back to 0.2 C. As can 
be seen, the L3 sample exhibits the best rate capability. It yields 
maximal discharge capacities of 261, 256, 238, 214, 187 and 
154 mAh g-1 at 0.1 C, 0.2 C, 0.5 C, 1 C, 3 C and 5 C, 
respectively. More surprisingly, a maximal capacity of 129 
mAh g-1 is still achieved at 10 C (2000 mA g-1). This 
outstanding rate capability is also observed in the previously 
excellent reports,10, 40, 41 which have similar nano-plates 
morphology with our research. However, the L4 and L5 
electrodes show poorer rate capability than other samples. This 
result is consistent with the above XRD and SEM analysis (Fig. 
1 and Fig. 3), which manifest these two samples have inferior 
layered structure and large nano-plates size. In order to 
compare the rate capabilities more intuitively, the capacity 
retention of these samples at 0.2 C, 0.5 C, 1 C, 3 C, 5 C and 10 
C rates relative to 0.1 C rate are shown in Fig. 5b (Note: the 
capacity retention at 0.1 C is defined to 100%, and the 
calculation equation can be written as Q(□ C)/Q(0.1 C), Q 
represents the discharge capacity). It is also notable that the L3 
sample delivers the highest capacity retention, with capacity 
retention of 98%, 91%, 82%, 72%, 59% and 50% at 0.2 C, 0.5 
C, 1 C, 3 C, 5 C and 10 C, respectively. 

 
 
 

 
Fig. 5  (a) Rate capability of these samples; (b) Capacity retention at different rates (Note, retention at 0.1 C is 100%) 

Fig. 6 shows the cycling performances of these samples at 0.2 C 
between 2.0 and 4.8 V (inset), and the discharge curves for selected 
cycles. The L3 sample exhibits the optimal cycling stability, 
delivering a discharge capacity nearly 256 mAh g-1 at first cycle, and 
maintaining 251 mAh g-1 after 50 cycles with capacity retention of 
98%. Similar to the rate performance, the L4, L5 samples display the 
poorest cycle capability, with capacity retention of 86% and 83%, 
respectively. Additionally, in order to exactly investigate the voltage 
fading upon cycling, the 1st and 50th discharge profiles of these 
samples after normalization of capacity are shown in Fig. S2. Clearly, 
the discharge curves of L3 sample exhibits the best consistency and 
delivers the lowest voltage decay with Δ = 0.091 V for the voltage 
fading at the half capacity. This analysis indicates that the fast 
voltage fading upon cycling can be alleviated in L3 sample, and this 
novel molten salt method provides a simple and convenient way to 

address a huge challenge of layered-spinel intergrowth that could 
significantly lower the energy density of the whole battery.14, 16  
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Fig. 6  Cycling stability of these samples at 0.2 C between 2.0 and 
4.8 V (inset), and the discharge curves for selected cycles 

Electrochemical impedance spectroscopy (EIS) has been 
performed to investigate the difference in electrochemical 
performance of the samples. The measurements are carried out after 
the electrochemical examination of Fig. 5a. All Nyquist plots are 
shown in Fig. 7a, and the corresponding equivalent circuits are 
presented in the inset. In this equivalent circuit, Rs represents the 
resistance of the electrolyte and cell components, Rct corresponds to 
charge transfer resistance in the electrode-electrolyte interfaces, and 
W1 is the Warburg impedance for depicting Li+ ion diffusion 
process in the electrode materials.42-44 Each impedance spectrum is 
fitted well with suggested equivalent circuit model, and the 
histogram (Fig. 7b) shows the variation of the corresponding fitted 
parameters. By monitoring these samples, a similar variation trends 
are found that the Rs remains almost unchanged, whereas the Rct is 
decreased firstly from L0 to L3 sample, and then increased quickly 
to L5 sample. The much lower Rct value for L3 sample is beneficial 
for reversible lithium ion de-intercalation and intercalation during 
repeated charge and discharge processes, leading to the better 
electrochemical performance.42-44 The lower Rct for L3 sample can 
be ascribed to the expansion of c-parameter and the well-defined α-
NaFeO2 layered structure leading to faster charge-transfer reactions 
in the electrode-electrolyte interfaces. 

 

 
Fig. 7  (a) Nyquist plots and corresponding equivalent circuit (inset) of these samples; (b) Histogram of the corresponding fitted parameters 
of the samples 

4. Conclusions  
A novel method is proposed for the first time to synthesize the 
lithium-rich Li1.5Mn0.75Ni0.25O2.5 material. This method innovatively 
combines the hydroxide co-precipitation method with the modified 
molten salt method, in which the co-precipitation method can realize 
the molecule-level mixing of the starting materials and the modified 
molten salt method with moderate excessive 0.5LiNO3-0.5LiOH 
eutectic salts can reduce the water waste in the wash process. 
Different molar ratios (1.55, 1.65, 1.75, 1.85, 1.95, 2.05) of Li/M (M 
= Ni + Mn) are employed to elucidate the effect of the amount of salt 
flux on the final product. The structure, morphology and 
electrochemical performance of these materials are systematically 
investigated. Structural characterization indicates that the sample 
with the ratio of Li/M = 1.85 has more well-defined α-NaFeO2 
structure and more enlarged Li layer spacing. The electrochemical 
measurements confirm that the Li/M = 1.85 sample has a high initial 

coulombic efficiency (87.86%), greatly enhanced rate capability 
(129 mAh g-1 at 10 C) and excellent cycling stability (98% capacity 
retention after 50 cycles at 0.2 C). Moreover, the EIS results 
demonstrate that, compared to other samples, it has a significantly 
smaller charge transfer resistance (Rct) because the expansion of c-
parameter and the well-defined α-NaFeO2 layered structure. We 
anticipate that this novel molten salt method provided insight into 
the design and synthesis of lithium-rich materials should inspire the 
development of a wide range of other stable, high rate and high 
capacity cathode materials.  
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Fig. S1  Thickness distribution and the average thickness of L0 - L5 nanoplates  

 

 



 

Fig. S2   Discharge profiles of 1st and 50th cycles of these samples at 0.2 C after 

normalization of capacity 
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