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ABSTRACT  

This work synthesised layered structural orthorhombic LiMnO2 powder via a hydrothermal process. The influences of hydrothermal 

temperature (tr°), reaction time (tht), molar concentration of LiOH.H2O in aqueous solutions (CLH), and the ratio of Mn2O3 powder 

(xr/t) were investigated. A high-purity LiMnO2 powder was successfully synthesised using hydrothermal synthesis at CLH = 4M, tht = 

8 h, tr° = 180 °C, and xr/t = 0.9. The synthesis LiMnO2 powders have layer structure, and the planar density calculations indicated that 

the (021) planes had a lower average planar density than those of (100) and (010) planes, which led to a faster crystal growth on (021) 

planes. Moreover, single crystals of LiMnO2 were pseudo-hexagonal also due to the lower average planar density of (221) planes 

compared to that of (021) planes, which made the crystal grow faster on (221) planes. 
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INTRODUCTION 
 

With the global shortage of energy, the pollution of fossil-fuel 

manufacture, and the high cost, as well as the instability of green 

energy sources such as solar, wind, and ocean power, lithium-

ion batteries (LIBs) have emerged and been still applied widely 

as a sustainable power source for most of portable electronic de-

vices such as smartphones, laptops, digital cameras, tablets, 

wearable devices, and even for transportation nowadays. Among 

cathode materials in commercial batteries, LiCoO2 is considered 

the most successful positive electrode material with ease of syn-

thesis, high theoretical capacity, excellent capacity retention and 

reliability [1, 2]. Nevertheless, low energy density is one of the 

biggest hindering factors that makes LiCoO2 less satisfied with 

the new electronic devices due to their ever-development [3]. 

Furthermore, because of the relatively high price, pollution, and 

human cost of cobalt mining and manufacture, the price of bat-

teries using LiCoO2 as their cathode material is elevated [4, 5]. 

These disadvantages have accelerated research community to 

find alternative positive electrode materials.  

One of the practical candidates for LIBs is lithium manganese 

oxides, which have been researched and commercialized paral-

lelly because of the abundance of manganese resources. Spinel 

lithium manganese dioxide (LiMn2O4) possesses remarkable ad-

vantages such as nontoxicity, high safety performance, low cost, 

eco-friendliness, structural stability, and relatively good capac-

ity retention [6-11]. Unfortunately, LiMn2O4 indicates a low the-

oretically reversible capacity (148 mAhg-1) that makes it mostly 

unable to satisfy the high-power applications, whereas this 

drawback has been solved with layered lithium manganese ox-

ides (LiMnO2). The theoretical capacity of layered lithium man-

ganese oxides is up to 285 mAhg-1 [12]. 

Because of the excellent electrochemical properties, there are 

many efforts to fabricate layered LiMnO2 with the desire to ap-

proach its ideal performance. Armstrong et al. has successfully 

synthesized monoclinic LiMnO2 (m-LiMnO2) via ion exchange 

from refluxing NaMnO2 with an excess of LiCl or LiBr in n-

hexanol at 140-150 °C for 6-8 hours. The product exhibited 200 

and 270 mAhg-1 capacities at the current densities of                    

0.5 mAcm-2 and 10 μAcm-2, respectively [13]. Zhou et al. per-

formed carbothermal reduction with LiOH and MnO2 under Ar 

atmosphere at 450 °C or 600 °C for 15 h for the synthesis of m-

LiMnO2 [14]. Their products exhibited a high averaged cou-

lombic efficiency of around 99% and good cycle stability with 

the B-doping effect. The non-doped sample showed a low cou-

lombic efficiency of about 70% and failed after 20-30 cycles due 

to the poor cycling stability of m-LiMnO2 [14, 15]. Orthorhom-

bic LiMnO2 (o-LiMnO2) was fabricated via the sol-gel process 

from Mn(CH3COO)2.4H2O, Li(CH3COO).2H2O, and citric acid, 

which was showed a high initial capacity of above 190 mAhg-1 

at a current density of 0.4 mAcm-2 at room temperature [16]. 

Quenching method has been used to synthesize successfully o-

LiMnO2 using LiOH and γ-MnOOH at 1000 - 1050 °C in an 

argon flow, and the fabricated product has an energy density of 

201 mAhg-1 in the first cycle and exhibited a great capacity re-

tention after 12 h grinding [17]. Guo et al. using the solid-state 

method also successfully fabricated o-LiMnO2 at 800 °C with a 

high initial capacity of 180 mAhg-1 at 0.5 mAcm-2 [18]. Mechan-

ical alloying method has been also performed to fabricate o-

LiMnO2 using Mn2O3 and LiOH.H2O as precursors [19]. Their 

best as-prepared sample was 220.3 mAhg-1 and 185.9 mAhg-1 as 

the initial charge and corresponding discharge capacity, respec-

tively; nevertheless, its capacity retention was remarkably low 

[19]. There were also attempts to fabricate o-LiMnO2 via hydro-

thermal process at distinct temperature ranges, but detailed 
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investigations of material synthesis were absent with variation 

of properties [20-22]. 

In this work, the synthesis of o-LiMnO2 via a hydrothermal pro-

cess at low temperatures using lithium hydroxide monohydrate 

(LiOH.H2O) and manganese (III) oxide (Mn2O3) as precursors 

was investigated. The effect of variations such as hydrothermal 

temperature, reaction time, molar concentration of LiOH.H2O, 

and the amount of Mn2O3 available for reaction was studied in 

detail. 
 

MATERIAL AND METHODS 
 

Lithium hydroxide monohydrate (LiOH.H2O) and manganese 

(III) oxide (Mn2O3) were used as the starting materials for the 

synthesis of o-LiMnO2. Lithium hydroxide monohydrate, and 

manganese dioxide powder was obtained from Macklin, China, 

had a purity of 98%, and 99%, respectively. The starting Mn2O3 

was fabricated by calcinating the commercial manganese diox-

ide (MnO2). The calcination of MnO2 was performed at 800 °C 

for 2, 5, and 8 h in air. The amount of MnO2 was weighed ac-

cording to the stoichiometric ratio of the reaction: 

 
4MnO2 = 2Mn2O3 + O2                 (1.) 

 

The Mn2O3 powder was added to a LiOH.H2O aqueous solution 

in a 25ml Teflon autoclave. To fabricate a desired amount of o-

LiMnO2, the amounts of LiOH.H2O and Mn2O3 were controlled 

by the reaction: 

 
Mn2O3 + 2LiOH.H2O = 2LiMnO2 +3H2O               (2.) 

 

The autoclave then heated at desired temperature for a specific 

duration to completing the reaction. The hydrothermal process 

was investigated via four variables including hydrothermal tem-

perature (160, 180, 200, 220, and 240 °C), reaction time (2, 4, 6, 

8, 10, and 12 h), molar concentration of LiOH.H2O in aqueous 

solutions (2M, 4M, and 6M), and the amount of Mn2O3 available 

for reaction (90, 95, and 100% according to reaction 2). After 

hydrothermal process, the products were filtered and dried at 80 

°C for 7 h in air. A schematic diagram of the experimental pro-

cess is shown in Fig. 1.  

 
Fig. 1 Schematic diagram of the experimental process 

 
The phase characterization of the powders was performed using 

X-ray diffraction analysis (XRD, PANalytical Aeris, Nether-

lands). The surface morphologies and microstructure were char-

acterized by scanning electron microscopy (SEM, JEOL JSM-

IT200, Japan). 
 

RESULTS AND DISCUSSION 
 

3.1. Calcination of MnO2 

 

The XRD patterns of the commercial precursor MnO2 and the 

obtained sample after calcination at 800 °C for 2, 5 and 8 hours 

are shown in Fig. 2. The peaks in the MnO2 pattern can be 

indexed to an orthorhombic phase (PDF No. 82-2169). Mean-

while, all peaks in the Mn2O3 patterns are indexed to cubic 

Mn2O3 (PDF No. 76-0150). As reported in previous works, 

MnO2 can be converted into Mn2O3 at high temperature [23, 31]. 

The results indicated that after calcination at 800 C, the MnO2 

has completely converted into Mn2O3. There was no MnO2 de-

tected in the calcinated powders. 

 

 
Fig. 2 XRD patterns of precursor MnO2 and calcinated Mn2O3 

 

3.2. Synthesis of LiMnO2  

 

In the first series of experiments, the amount of Mn2O3 used was 

100% according to the stoichiometric amount required in reac-

tion (2), the synthesis temperature was 200 °C and the time was 

2 h. XRD patterns of the samples synthesized at different molar 

concentrations of LiOH.H2O (CLH) from 2, 4 and 6 M are shown 

in Fig. 3. 

The XRD patterns indicate that at CLH = 2 M, the product was a 

mixture of o-LiMnO2 (PDF No. 35-0749) and Mn2O3. There was 

some remaining Mn2O3 in the product as the main peaks of 

Mn2O3 appeared at 32.9° and 55.2°. Increasing the value of CLH 

to 4 M leads to the intensity of Mn2O3 peaks being significantly 

reduced. It can be concluded that more Mn2O3 has been reacted 

to form o-LiMnO2 when more LiOH.H2O was added. There was 

a remarkable increase in the intensities of o-LiMnO2 peaks at 

15.4°, 39.3°, 45.1°, and 61.3°, which could be caused by an in-

crease in interaction between LiOH.H2O and Mn2O3 as more 

LiOH.H2O was available for reaction. 

However, when CLH was increased to 6 M, there was only a 

small difference between the intensity of Mn2O3 phase com-

pared to those obtained at CLH = 4 M. It was likely caused by the 

low solubility of Mn2O3 at the hydrothermal conditions (200 

°C), only a certain amount of Mn2O3 was dissolved and reacted 

with LiOH.H2O. The low solubility of Mn2O3 at relatively low 

temperature was also reported in previous research. In an at-

tempt to synthesize o-LiMnO2 at 170 °C for a relatively long 

time (4 days), Mn2O3 was found to have low solubility and also, 

Mn(OH)2 was seen as a side product in the hydrothermal process 

[24, 25]. In all three cases, Mn2O3 remained the main impurity 

in the synthesized o-LiMnO2. 
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Fig. 3 XRD patterns of LiMnO2 synthesized at different 

LiOH.H2O molar concentrations 

 
In the next series of experiments, 100% Mn2O3 was used, the 

CLH was fixed at 2 M, and the reaction duration was 2 h. The 

reaction temperature varied from 160 to 240 C, and the XRD 

patterns of the obtained sample are shown in Fig. 4.  

 

 
Fig. 4 XRD patterns of LiMnO2 synthesized at different temper-

ature 

 

It can be seen that at 160 °C, although o-LiMnO2 is formed but 

the intensity of the LiMnO2 peaks were relatively low, which 

indicates low efficiency of the formation reaction. Temperature 

increases up to 240 °C do not significantly improve the situation 

as there was only a small difference between the XRD peaks. 

Therefore, it can be suggested that hydrothermal synthesis of o-

LiMnO2 is inefficient at low temperatures. To improve the reac-

tion efficiency, different raw materials could be used for the syn-

thesis of o-LiMnO2 [15]. It is reported that o-LiMnO2 could be 

synthesized efficiently at relatively low temperature using 

Mn2O3 and LiCl as precursors, and KOH as a solution. However, 

it might lead to the formation of monoclinic LiMnO2 phase (m-

LiMnO2) in parallel with the formation of o-LiMnO2 [15]. 

Fig. 5 shows the XRD patterns of the sample produced at differ-

ent hydrothermal times from 2 to 12 h. The experiment condi-

tions were prefixed at CLH = 2 M, 200 °C and 100% of Mn2O3. 

 

 
Fig. 5 XRD patterns of LiMnO2 synthesized at different time 

 

The result indicates a low reaction efficiency in the first sample 

with a reaction time of 2 h. The reaction efficiency improves 

remarkably as the reaction time increases up to 8 h and remain 

almost the same after that. The report of Su and Wang [15] also 

showed a similar behavior in which the reaction efficiency of 

LiMnO2 formation was significantly improved when increasing 

reaction time from 2 to 4 h. The high pH value of hydrothermal 

solution were likely the reasons to achieve high reaction effi-

ciency in a shorter reaction time [15]. 

Fig. 6 shows the Rietveld refinement patterns of obtained 

LiMnO2 samples at 180 °C, CLH = 4 M and the reaction time was 

8 h, the amount of Mn2O3 used was 100%, 95% and 90%, re-

spectively. Rietveld refinement was performed by the Fullprof 

Suite software (version 8.00), Crystallographic information files 

(CIFs) of LiMnO2 and Mn2O3 were obtained from the Crystal-

lography Open Database (COD). The corresponding values of 

the goodness of fit χ2, the profile residual Rp, the weighted pro-

file residual Rwp, and the expected R-factor Rexp are shown in 

Table 1. These factors are defined by the equations in which Rp 

and Rwp describe the difference between the experimental obser-

vations and the ideal calculated values, Rexp is the “best possible 

Rwp” quantity, and χ is the goodness of fit [32, 34]. 

 
Table 1. The goodness of fit χ2, the profile residual Rp, and the 

weighted profile residual Rwp for Rietveld refinement of LiMnO2 

samples with xr/t = 1, 0.95, and 0.9. 

xr/t χ2 Rp Rwp Rexp 

1 1.18 1.80 2.26 2.08 

0.95 1.17 1.77 2.23 2.06 

0.9 1.25 1.80 2.28 2.04 

 
In this work, the least-squares minimization method used for 

Rietveld analysis, the weight wi can be estimated to wi = 1/ 

σ2[yO,i] where σ[yO,i]  is the uncertainty of the observed intensity 

yO,i [32, 33]. When the minimized differences between the ob-

served and computed intensity values (yC,i – yO,i)2 are high, it 

means the uncertainties are high, which in turn make the weight 

values small, and therefore, reduce the impact of those data 

points on the overall fit. Likewise, the weight values will pro-

mote the impact of the data points with lower uncertainties on 

the overall fit. Visually, in Fig. 6a-6c, the fitting quality between 

the observed and computed profiles was pretty good except the 

poor fit at about 15.5° and 45° due to the preferred orientation 

effect.  

As shown in Fig. 6 on the observed patterns (the red plots), the 

main peaks of Mn2O3 at 32.95° and 23.1° almost disappeared, 

which was shown the high purity of these samples. Fig. 6d shows 
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the variation of the residual Mn2O3 in three samples with differ-

ent amount of Mn2O3 added (xr/t). The results indicated that the 

reduction of the Mn2O3 amount used obviously increased quality 

of the LiMnO2-product. The residual weight percentage of 

Mn2O3 reduced from 1.94% to 0.24% as xr/t reduced from 100% 

to 90%. 

 
 

Fig. 6 Rietveld refinement patterns of LiMnO2 samples with a) 100% Mn2O3, b) 95% Mn2O3, c) 90% Mn2O3; and (d) is the residual 

weight percentage of Mn2O3. 

 

3.3 Crystal structure of synthesized o-LiMnO2 

 

Fig. 7 shows the SEM images of o-LiMnO2 synthesized after 10 

h of reaction time at 200 °C and CLH = 2M. It can be suggested 

that the o-LiMnO2 was formed in a pseudo-hexagonal shape. 

Structural modelling of o-LiMnO2 synthesized after 10 h was 

performed using the VESTA software (version 3.5.4). Crystal-

lographic information files (CIFs) of LiMnO2 were obtained 

from the Crystallography Open Database (COD). The lattice pa-

rameters of LiMnO2 at 200°C, CLH = 2M, and tht = 10 h were 

obtained by Rietveld refinement using the Fullprof Suite. The 

results are shown in Fig. 8 and Fig. 9. 

    

Fig. 7 SEM images of o-LiMnO2 synthesized after 10 h of reaction time. 
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Fig. 8 (a) 3D atomic structures of o-LiMnO2 unit cell, (b) 2D 

structure of the (021) plane, (c) illustration of o-LiMnO2 crystal 

shape described only by (221) and (021) planes 

 

 
Fig. 9 Schematic illustration showing planes within the a-(021), 

b-(010), c-(100), and d-(221) interplanar spacing periods (IP-

SPs).  

 
Fig. 8a shows a unit cell of o-LiMnO2 with the (021) planes 

made of oxygen atoms with the stacking sequence of ABABAB. 

The oxygen atoms in these (021) planes form a pseudo-hexago-

nal arrangement, which is illustrated in Fig. 8b. The illustration 

of the pseudo-hexagonal of o-LiMnO2 provided in Fig. 8c is 

similar to the model of the o-LiMnO2 lattice in previous work 

[20]. 

As the faceted morphology of o-LiMnO2 observed in Fig. 7, 

crystal growth of o-LiMnO2 in this work should follow the two-

dimensional nucleation mechanism, i.e., surface monolayer 

clusters must be formed on the plane surface before the growth 

of crystal can continue. This is because the solid-liquid interface 

is assumed to be smooth atomically, leading to the difficulty in 

absorbing atoms in lattice sites [26]. The cluster formation on 

the plane surface provides steps that reduce the required adsorp-

tion energy and increase the attractive forces that improve the 

adsorption of atoms on those surfaces [27]. Initially, the pseudo-

hexagonal layered structure of o-LiMnO2 was formed with 

growing along the (021) planes to a certain size. After that, be-

cause of energy matter, the monolayer clusters of o-LiMnO2 

were adsorbed on these (021) planes to facilitate the atom ad-

sorption. To prove this behavior, the planar density ρ of the most 

four dominant surfaces of o-LiMnO2 structure, i.e., (021), (010), 

(100), and (221) as shown in Fig. 9 was calculated.  

The planar density (PD) of a plane is defined as the number of 

atoms per unit area on that plane [28]. Lower planar density of-

fers lower surface energy that make the system be more stable 

and easier to adsorb atoms on that plane [29]. The new method 

of calculating planar density was used to calculate the position 

and the planar density of the (021), (010), (100), and (221) 

planes [30].  

Table 2 shows the calculated average planar density of (021), 

(010), (100), and (221) planes within their IPSPs.  

 

 

Table 2. The average planar density of o-LiMnO2 crystal. 
Plane (021) (010) (100) (221) 

Average PD 

(atom/Å2) 

0.1316 0.1548 0.1524 0.066 

 
It can be seen that the (021) planes have the second lowest planar 

density amongst the four, in other words, the (021) planes of o-

LiMnO2 can accumulate more critically sized clusters, and thus, 

growth faster than the (100) and (010) planes. Also, the lower 

planar density of (221) compared to (021) caused the crystal to 

grow faster on (221) than (021). As a result, the crystalline struc-

ture of o-LiMnO2 shows a pseudo-hexagonal shape as illustrated 

in Fig. 8c. The SEM images of the o-LiMnO2 (Fig. 7) also con-

firm the formation of a hexagonal shape crystal.  

 

CONCLUSION 

 

Layered structural orthorhombic LiMnO2 was successfully syn-

thesized using LiOH.H2O and Mn2O3 as the raw materials by a 

one-step hydrothermal process. The variation of hydrothermal 

temperature, reaction time, and LiOH.H2O molar concentration 

in aqueous solutions was difficult to produce high-purity 

LiMnO2 powder. LiMnO2 powder with the highest purity was 

synthesized at CLH = 4M, tht = 8 h, tr° = 180 °C, and only 90% of 

the required Mn2O3, the remaining Mn2O3 in the product was just 

approx. 0.24%. A layer structure based on the (021) crystal 

planes of LiMnO2 was obtained from the hydrothermal synthe-

sis, and the crystals of LiMnO2 were pseudo-hexagonal. 
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