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a b s t r a c t
The Mg/Li ratio is an important factor in the extraction of Li+ from salt lake brine. Since Mg2+ can 
exist by competing with Li+ in the carbonate phase, the cost and energy consumption of Li extraction 
from salt lakes, is directly affected by the ratio. This article considers the influence of different con-
tent of Mg2+ on Li2CO3 crystal in Na+, Li+, CO3

2–//H2O crystallisation system. In the experiment and 
calculation simulations, the morphology, particle size and purity of Li2CO3 crystals under var-
ious Mg/Li ratios were studied. We analysed the mechanism of Mg2+ in the Li2CO3 crystallisa-
tion system, and established the governing equation in relation to the Mg2+ content and specific 
surface area. This research provides theoretical guidance for improving the utilisation rate of Li 
resources and strengthening the Li2CO3 crystallisation process in salt lakes.

Keywords: �Salt lake; Li2CO3; Mg2+; Specific surface area; Adsorption and doping; Density functional 
theory

1. Introduction

Because of the superior physical and chemical proper-
ties of lithium and its compounds, they are widely used in 
many fields [1]; among them, Li2CO3 is a stable and com-
mon basic lithium compound, whose thermal stability is 
lower than other elements in the periodic table Li2CO3 is 
a carbonate, and therefore is difficult to deliquesce in the 
air. Thus, it is widely used in batteries, glasses, ceram-
ics, medicine and other industries [2–5]. In recent years, 
with the rapid development of new energy sources in the 
electric vehicle industry, the demand for Li2CO3 has also 
increased [6,7]. According to the USGS (U.S. Geological 

Survey), lithium resources in the world primarily mainly 
include two types: (1) salt lake brine resources, account-
ing for 72.31% of the total lithium resources, (2) lithium 
mineral resources, accounting for 20.26% of the total lith-
ium resources. Due to the high cost of extracting lithium 
from the ore, and the complex and difficult extraction pro-
cess that is employed causes serious environmental pollu-
tion [8,9]. However, the brine lithium resource which has 
a simple, affordable extraction method is also rich in yield 
and is thus widely available to bridged the current sup-
ply and demand gap for lithium resources [10]. Therefore, 
the salt lake brine resources have become an important 
source for lithium resource development and extraction.
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At present, the extraction and preparation of Li2CO3 
products using salt lake brine as raw materials is mainly 
achieved by precipitation [1]. In this method, the salt lake 
brine is processed to obtain Li-rich brine and then further 
subjected to the process of obtaining extraction of Li2CO3. 
However, due to the complex solvent components in the 
brine, lithium compounds often coexist with alkali metal 
and alkaline earth metal ions during the extraction process; 
additionally, the complex solvent components in the brine 
greatly increases the difficulty of lithium salt separation 
and extraction [12,13]. The Li-rich solution obtained from 
brine contains impurities such as Na+, K+, Mg2+, SO4

2–, etc; 
these impurity ions would combine with Li2CO3 crystals 
via adsorption, inclusion, and wrapping processes [14]. 
These impurities affect the recycling of lithium resources 
in brine [15], the extraction and preparation of high-purity 
Li2CO3 products [16], and the production and application 
of Li+ batteries [17]. In China, many salt lake brines con-
tain a high magnesium content, resulting in a high Mg/
Li ratio. Due to the similar chemical properties of lithium 
and magnesium, it is difficult to separate Li and Mg during 
extraction process of lithium [15]. Until now, many solu-
tions are proposed for extracting Li from high-Mg/Li-ratio 
salt lake brine as raw materials: solvent extraction, electro-
dialysis, nanofiltration membrane filtration, ion exchange 
and adsorption [18–20]. Although the removal rate of Mg2+ 
in other studies is more than 90% and the Mg/Li ratio is 
as low as 0.02 [15,19,20], however, high-end technology 
fields such as aerospace, batteries, and medicine have very 
high requirements on the purity and morphology of Li2CO3 
products. Even the low content of Mg2+ still has a serious 
impact on the high quality of crystals. Therefore, it is of 
great significance to study the influence of Mg2+ on Li2CO3 
crystals under low Mg/Li ratio.

The complexity of ions in the solution can change the 
supersaturation of the mineral phase. Because of the pres-
ence of impurity ions, the solubility of the substance may 
change due to salting-out or chemical interaction, and the 
supersaturation of the solution will increase [21,22], which 
indicates that Li2CO3 crystals are more likely to combine 
with impurity ions, causing defects in crystalline structure 
and affecting crystal quality of the crystals. King et al. [13] 
studied the influence of Mg2+ on the growth of Li2CO3 under 
low Mg conditions, and the results showed that the pres-
ence of Mg2+ would reduce the carbonate activity and the 
supersaturation of the system relative to the Li2CO3 phase.

This study investigated the influence of Mg2+ on 
Li2CO3 crystallisation under different Mg/Li ratios in the 
Na+, Li+, CO3

2–//H2O crystallisation system. In the analy-
sis of combining experiment and theoretical calculation 
methods, the influence of different formulations of Mg2+ 
was examined in terms of purity, particle size, morphol-
ogy and electronic properties of Li2CO3. Simultaneously, 
studied the doping and adsorption mechanism of Mg 
atom in Li2CO3 crystals based on the density functional 
theory, analysed the effect of Mg2+ impurity in Na+, Li+, 
CO3

2–//H2O crystallisation system, and established the gov-
erning equation between Mg2+ content with the specific 
surface area. The research results have provided signifi-
cant theoretical guidance for predicting the particle size 
distribution trend, and purity of Li2CO3 crystals.

2. Experiment

2.1. Materials

Lithium chloride (LiCl), sodium carbonate (Na2CO3), 
magnesium chloride (MgCl2), the chemical reagents are of 
analytical grade, and were used without further purifica-
tion. A water purification system (UPT-II-20T, Chengdu 
Ultrapure Technology Co., Ltd., China) was used to prepare 
deionized water (with a resistivity of 18.25 mω cm).

2.2. Research background

The raw materials used in this study are from a sodium 
sulfate subtype salt lake in Tibet, and the composition is 
shown in Table 1. The brine undergoes natural evapora-
tion to enrich Li+ into the liquid phase at a high concen-
tration, the composition is shown in Table 2. The natural 
evaporation process described by the 25°C Na+, K+, Li+//Cl–, 
SO4

2––H2O phase diagram for this brine is shown in Fig. 1, 
A1 represents the original halogen, and A2 represents the 
Li-rich brine. The saturation concentration of Li+ in the 
Li-rich brine after deep removal of impurities is 4.73 mol/L, 
the composition is shown in Table 3. Because in the crys-
tallisation process of Li2CO3, the Mg/Li ratio has a serious 
impact on the morphology, particle size and quality of 
Li2CO3 crystals. Therefore, this paper uses the Li+ solution 
with a concentration of 4.73  mol/L as the background to 
study the influence of Mg2+ on the Li migration process in 
the range of Mg/Li ratio from 0.02 to 0.45.

Table 1
Chemical composition of original brine

Composition Content (mol/L)

K+ 0.07
Mg2+ 0.03
Li+ 0.04
Na+ 0.81
Cl– 0.37
SO4

2– 0.23
CO3

2– 0.02
B3+ 0.08

Table 2
Chemical composition of the system

Composition Content (mol/L)

K+ 1.38
Mg2+ 2.35
Na+ 0.43
Li+ 3.66
Cl– 21.89
SO4

2– 0.52
CO3

2– 2.02
H2O 67.80
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2.3. Reactive crystallisation experiments

The reaction raw materials are about 4.69  mol/L LiCl 
solution and 2.70  mol/L Na2CO3 solution, mixed with 
Mg-containing solution according to different Mg/Li ratios 
to obtain Li2CO3 precipitation; subsequently, the obtained 
crystals are characterised and analysed. A certain amount 
of mother liquor was added, which is the saturated solu-
tion obtained by the reaction of 4.69  mol/L LiCl solution 
and 2.70  mol/L Na2CO3 solution, and added 0.05  g seed 
crystals into the crystalliser, then mixed at 700  rpm in 

the water bath at 80°C. Mixed different concentrations of 
Mg-containing solution and LiCl solution respectively, 
used a peristaltic pump to add the Na2CO3 solution and the 
Li-containing mixed solution to the mother liquor at the 
speeds of 3.5 and 6  mL/min, respectively, for stirring reac-
tion, and the stirring paddle is located in the middle of the 
guide tube. The device diagram is shown in Fig. 2. During 
the Li2CO3 crystallisation process, the resulting solids were 
labelled S0, S1, S2, S3, S4, and the reaction conditions in 
the Li2CO3 crystallisation system are shown in Table 4.

2.4. Characterisation

The Li2CO3 crystal was washed and dried, and the 
sample was analyzed using X-ray diffractometer (XRD) 
(X’Pert PRO). Inductively coupled plasma emission spec-
trometer (ICP-OES) (Thermo ICP 6500 DUO) was used to 
determine the content of trace elements in the solid phase 
products. The crystal size distribution and crystal morphol-
ogy were observed and analysed by Malvern laser particle 
size analyser (MS 3000) and scanning electron microscope 
(SEM) (Hitachi SU8010). X-ray photoelectron spectroscopy 
(XPS) (Thermo Scientific K-Alpha) was used in a full-spec-
trum scan of 100 eV with a step length of 1  eV to analyse 
the chemical composition and atomic content of the solid 
surface. The crystal’s specific surface area was analysed 
by the automatic specific surface and pore size distribu-
tion analyser (Autosorb-iQ). Energy spectroscopy (EDS) 
analyzes whether there is adsorption and inclusion of 
impurity ions in the part of the crystal.

Table 3
Composition of the system

Composition Content (mol/L)

Li+ 4.73
Cl– 4.66
Na+ 4.91
CO3

2– 2.71
Mg2+ 0.09~2.13
H2O 33.33

Table 4
The chemical composition in the Li2CO3 crystallisation system

Experimental 
composition

No.

S0 S1 S2 S3 S4

LiCl (mol/L) 4.67 4.69 4.68 4.69 4.68
Na2CO3 (mol/L) 2.60 2.60 2.60 2.70 2.70
Li+ (%) 0.53 0.51 0.51 0.52 0.51
Mg2+ (%) 0 0.01 0.05 0.1 0.21
Mg/Li 0 0.02 0.1 0.2 0.4

 
Fig. 1. Phase diagram of 25°C Na+, K+, Li+//Cl–, SO4

2––H2O and 
isothermal evaporation route: A1, the original halogen; A2, the 
Li-rich brine.

Fig. 2. Diagram of experimental setup. 1-crystalliser; 2-Na2CO3 solution; 3-peristaltic pump; 4-temperature water bath; 
5-thermometer; 6-stirring paddle; 7-Li2CO3 crystal; 8-LiCl and Mg-containing mixed solution; 9-mother liquor and seed crystals.
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2.5. Computational models and methods

The ideal Li2CO3 crystal is a monoclinic system (space 
group C2/c). To obtain a better Li2CO3 crystalline struc-
ture and calculation accuracy, the structure of the Li2CO3 
crystal unit cell is optimised, and the optimised lattice 
constant is defined as a  = 8.317 Å, b  = 4.957 Å, c  = 6.046 Å, 
and β  =  114.617°. The optimised lattice parameters of pure 
Li2CO3 are similar to the reported values [23,24], which indi-
cate that the model in this study is stable and reliable, and 
meets the requirements for calculation accuracy. The unit 
cell configuration of Li2CO3 crystal is shown in Fig. 3.

In the calculation and simulation process, the size of 
the unit cell has little effect on the electronic properties [25]; 
the Li2CO3 primitive cell was expanded by 2  ×  3  ×  2 to 
study the action behaviour of Mg atom in Li2CO3 crystals, 
and the supercell has a total of 288 atoms, including 96 Li 
atoms, 144 O atoms and 48 C atoms. Based on the density 
functional theory (DFT), the first-principles pseudopoten-
tial method is adopted, and crystal periodic calculation was 
realised in the Vienna Ab-initio Simulation Package (VASP). 
The VASP program calculates the lowest energy configu-
ration of the material by minimising the structural energy 
of atomic reorganisation, motion and rotation [13,26]. In 
the calculation process, the plane wave displays the cut-
off energy of the Mg-doped Li2CO3 crystal, which is set to 
400  eV, and the sampling grid parameter of the K-point 
Brillouin zone is 1  ×  2  ×  2. The valence electrons and their 
orbitals involved in the calculation are as follows: Li: 2s1; O: 
2s22p4; C: 2s22p2; Mg: 3s2. The difficulty and stability of the 
formation of material defects can be judged by the defect- 
formation energy, which can be calculated to determine 
whether the doping system is stable enough and the precise 
structure can be achieved during the experiments [27].

Defect-formation energy is a function of Fermi level and 
chemical potential. In the Li2CO3 crystal, the defect-forma-
tion energy of replacing Li atom by Mg atom is shown in 
Eq. (1) [28,29].

�H E D E i� � � � � � � �pure Li� � 	 (1)

where E(D) refers to the total energy of the system contain-
ing defect D; E(pure) refers to the total energy of the com-
plete unit cell system; μi and μLi represent the chemical 
potential of impurity atoms and Li atoms, respectively.

The formation energy of defects in the interstitial posi-
tions of Mg atoms in Li2CO3 crystals is shown in Eq. (2) 
[28,29].

�H E D q E q E Ei F� � � � � � � � �� �, pure VBM� 	 (2)

where E(D,q) refers to the total energy of the system with 
defect D in the charge state q; E(pure) refers to the total 
energy of the complete unit cell system; EVBM refers to energy 
at the top of the valence band of the defect-free system; 
EF refers to the Fermi energy; μi represents the chemical 
potential of impurity atoms.

The chemical potential of Mg atom in a Mg-rich envi-
ronment is

�Mg Mg� � �E 	 (3)

The chemical potential of Mg atom in a Mg-poor envi-
ronment is

�Mg MgCO CO O� � � � � � � � ��

�
�

�

�
�E E E3 2 2

1
2

	 (4)

where E represents the energy of each bulk material and 
gas. The Mg-rich and Mg-poor limits refer to the condi-
tions with the highest and lowest potassium chemical 
potentials, respectively.

By calculating the behaviour of Mg atom on the sur-
face of Li2CO3 crystals, the adsorption strength of impu-
rity ions on the crystal surface are investigated. The crystal 
surface model is constructed through Li2CO3 supercells, 
the surface atoms are relaxed, and the underlying atoms 
are fixed. To ensure that it is not affected by the inter-
action between molecular layers, a vacuum layer with a 
thickness of 15 Å is introduced in the Z-direction, and the 
adsorption energy [30] is defined as shown in Eq. (5).

E E E Eads surface absorbate surface absorbate= − +( )+ 	 (5)

where Eads refers to the adsorption energy; Esurface+absorbate 
refers to the total energy of system with the adsorbed sub-
stance on the surface of the crystal; Esurface refers to the energy 
of the crystal surface; Eabsorbate refers to the energy of the 
adsorbed substance. According to this definition, a nega-
tive value of the adsorption energy would indicate an exo-
thermic process and thus a favourable adsorption process, 
whereas a positive value would indicate an endothermic 
and thus an unfavourable adsorption process [13].

3. Results and discussion

3.1. Influence of Mg2+ on Li2CO3 crystal morphology

Impurity ions can have a great impact on the morphol-
ogy of inorganic salt crystals, when the nature of impuri-
ties is similar to the nature of crystalline ions, impurity ions 
can directly replace primary ions in the crystal lattice and 
change the crystalline nature [31]. Mg2+ was mixed with dif-
ferent Mg/Li ratios in the Li2CO3 crystallisation process. The 
resulting samples were scanned via electron microscopy, 
and particle size analysis was performed to study the influ-
ence of different formulations of Mg2+ on the morphology 

Li 

O 

C 

Fig. 3. Protocell structure of Li2CO3 crystal.
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and particle size of Li2CO3 crystals. The electron micro-
graph is shown in Fig. 4. The Li2CO3 crystals without Mg2+ 
are prismatic and have a smooth surface, when compared 
with the morphology of the undoped crystal, the dop-
ing of Mg2+ has a significant effect on the morphology of 
Li2CO3 crystals, and the crystal defects are obvious. As the 
Mg/Li ratio in the range 0.1–0.2 is analysed in the crystal-
lisation system, there are flocculent and white crystals on 
the surface of the crystals formed by the reaction, and the 
crystalline surface has a rougher structural appearance. 
When the Mg/Li ratio is 0.4, Li2CO3 crystals develop from 
columnar to multi-layered petals, which due to the adsorp-
tion of Mg2+ on a certain surface of the crystal in the crys-
tallisation system to cause the crystal to grow directionally 
along a specific crystal surface [14], this growth occurs 
simultaneously as the lamella petal crystals agglomerate.

During the crystal growth process, the presence of 
impurity ions have a significant impact on the nucleation 
and growth process of the crystal crystallisation process, 
which in turn affects the crystal size and particle size dis-
tribution [31]. After mixing different contents of Mg2+ in 
the Li2CO3 crystallisation process, the particle size of the 
Li2CO3 crystal changes significantly. The particle size analy-
sis of the sample is shown in Fig. 5. As the content of Mg2+ 
increased, the average crystal size gradually decreases, and 
the crystal size distribution became uneven.

The Mg-containing solution was mixed with different 
Mg/Li ratios in the Li2CO3 crystallisation system; the solid 
samples were tested for purity and specific surface area. 
The results are shown in Table 5, and Fig. 6. As the Mg/Li 
ratio increased in the system, the element content data in 
the resulting solid samples after the second washing with 
80°C hot water indicates that Mg2+ in Li2CO3 crystals is dif-
ficult to remove by washing compared with Na+, it may 
be embedded in the crystal as inclusions. When the Mg/
Li ratio was 0.02–0.1, the resulting samples had a smaller 
specific surface area compared with pure Li2CO3 crys-
tals, yielding a value closer to that of pure Li2CO3. As the 

Mg/Li ratio increased to 0.2–0.4, the specific surface area 
increased greatly. Thus, when more Mg2+ content is pres-
ent in the system, it is easier to increase the specific surface 
area of the crystal to adsorb impurity ions.

As shown in Fig. 6, the specific surface area of the sam-
ple increases linearly with an increase in the Mg2+ content, 
and the correlation equation between the Mg2+ content 

 
Fig. 4. SEM images of samples under different Mg/Li ratios.

 

Fig. 5. The particle size distribution curve of samples under dif-
ferent Mg/Li ratios.

Table 5
Chemical composition of the sample under different Mg/Li ratios

Chemical composition No.

S0 S1 S2 S3 S4

Content (%)
Li 18.95 17.80 17.48 16.93 14.18
Mg 0 0.08 0.47 1.51 5.76
Na 0 0.37 0.24 0.24 0.34
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and the specific surface area in the sample is obtained by 
linear fitting as shown in Eq. (6).

y x� �2 2469 0 9446. . 	 (6)

where, y refers to the specific surface area of Li2CO3 crys-
tals, and x refers to the Mg2+ content in Li2CO3 crystals. 
This control equation has a strong significance for theo-
retically guiding the study of the effects of impurity in the 
crystallisation process of Li2CO3 in salt lake brine.

As shown in Fig. 6, the Mg2+ content and purity in the 
sample show a linearly decreasing trend. Due to the sim-
ilar chemical properties of Mg and Li, it’s easy for Mg2+ to 
compete with Li+ for carbonate sites and thus to limit the 
growth of Li2CO3 [13,15], resulting in a large degree of influ-
ence on the purity of Li2CO3.

To analyse the mechanism of the influence of Mg2+ on 
Li2CO3 crystals in depth, this study analysed the samples 
by XPS. The Li2CO3 samples under different Mg/Li ratio 
conditions were analysed by XPS method, as shown in 
Fig. 7. Fig. 7a is the full spectrum of XPS, it can be seen 
from the figure that the sample composition mainly 

includes C, O, Li, among them, the Li 1s peak is located 
at about 55  eV, which is basically consistent with the Li 
1s peak of Li2CO3 crystal measured in the previous study 
at 55.12 eV [32]. With the increase of Mg/Li ratio, the Mg 
1s peak appears around 1,304 eV and the intensity gradu-
ally strengthens. The data in Table 6 shows that the atomic 
percentage of Mg on the crystal surface also gradually 
increases. This result indicates that Mg2+ has been incor-
porated into Li2CO3 crystals.

Take the Li2CO3 crystal formed by the reaction crystal-
lization when Mg/Li ratio is 0.4 as an example, use energy 
spectroscopy (EDS) to analyze the micro-area element con-
tent of the generated particles and the results are shown in 
Fig. 8. Taking Area 1, Area 2, and Area 3 as the scanning 
planes of the energy spectrum respectively, it can be seen 
from the figure that Mg2+ is easy to adhere to the crystal 
surface, the peak and area corresponding to Mg2+ at Area 1 
are larger than those at Area 2 and Area 3, and the crystal 
damage is more serious, indicating that the enrichment of 
Mg2+ at Area1 leads to more obvious defects in the crystal.

The XRD patterns of the samples obtained under dif-
ferent Mg/Li conditions are shown in Fig. 9. The XRD dif-
fraction peak of the undoped sample is basically consistent 
with the standard pattern of Li2CO3 [33], and the diffrac-
tion peak is sharp, indicating that the product has good 
crystallinity. Therefore, it was confirmed that the sample 
obtained by reaction crystallisation in the undoped system 
is Li2CO3 crystal. When the Mg/Li ratio was 0.02–0.2, the 
XRD spectrum of the samples doped with Mg2+ show that 

 
Fig. 7. XPS spectra of samples under different Mg/Li ratios: (a) full spectrum and (b) Mg 1s spectrum.

  

Fig. 6. Specific surface area and purity of samples with different 
Mg2+ content.

Table 6
XPS Mg 1s atomic percentage of samples under different 
Mg/Li ratios

No. B.E. (eV) Atomic (%)

S1 1,304.04 0.38
S2 1,303.99 1.65
S3 1,304.03 2.77
S4 1,303.83 5.30
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the diffraction peak of the sample is basically similar to 
the undoped Li2CO3, and there is no impurity peak. This 
result indicates that the addition of Mg2+ does not change 
the structure of Li2CO3 crystal, and the interaction between 
Mg2+ and crystal surface is mainly a surface phenomenon [33].

As the Mg/Li increases to 0.4, the intensity of diffrac-
tion peaks of (001), (110), (20–2), (31–1) and other faces of 
Li2CO3 crystals decrease. There is an impurity peak at D in 
Fig. 9, and its diffraction peak intensity is weak because 
after the small amount of CO3

2– is added in the reaction 
process, Mg2+ in the system exists in the form of MgCO3 
firstly. When the amount of CO3

2– added increases, this 
effect leads to an increase in pH in the solution environ-
ment; additionally, a small amount of Mg(OH)2 is grad-
ually generated. Due to the complete precipitation of 
Mg(OH)2, the pH range is 9.4 ~ 12.4. Other studies have 
shown that when the pH is 10, the crystallisation effect is 
optimal [34]. The pH range in this reaction system is 8 ~ 9 
(as shown in Table 7). Hence, the pH conditions of the liq-
uid phase cannot meet the conditions for complete precip-
itation of Mg(OH)2 which shows that Mg2+ in the system 
mainly exists in the form of MgCO3.

3.2. Calculation and simulation study of Mg atom doping and 
adsorption in Li2CO3 crystals

Experimental research results show that Mg2+ mainly 
affects the morphology of Li2CO3 crystals in the form of 

 
Fig. 8. Energy spectrum of Li2CO3 in the presence of Mg2+.

 
Fig. 9. XRD patterns of samples under different Mg/Li ratios.

Table 7
Liquid pH after reaction under different Mg/Li conditions

No. pH

L1 8.75
L2 8.93
L3 8.88
L4 9.08
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inclusions and adsorption. Through theoretical calcula-
tions to study the doping and adsorption mechanism of 
Mg atom in Li2CO3 crystals furtherly, the stability of the 
doping of impurities into the crystal and the influence 
on the electronic structure of the crystal are sudied, also 
analyzing the form of existence and valence of Mg atoms 
in Li2CO3 crystals, revealing the interaction mechanism 
between Mg atoms and Li2CO3 crystals from the atomic 
level. Considering that the interaction between doped ions 
would affect the calculation results, this study considers 
doping only one impurity ion in a supercell to weaken 
the interaction between impurity ions [27,35]. The super-
cell models of the optimised Mg-doped Li2CO3 crystal 
are shown in Fig. 10.

The valence form of Mg atom in the interstitial sites 
of Li2CO3 crystals and the defect formation energy of 
Mg atom replacing Li atoms are calculated; the lower 
the defect formation energy, the smaller the amount of 
energy required for the formation of crystal defects. It is 
well known that it is easier for impurity ions to cause crys-
tal defects in the system [36]. The curve in Fig. 11 shows 
the correlation between the defect formation energy of 
doped Li2CO3 crystals and the Fermi level. It can be seen 
from Fig. 11 that under the Mg-poor conditions, the defect 
formation energy of MgLi is the lowest, and signifies that 
Mg atom is easier to replace the position of Li atom in the 
crystal; under the conditions of Mg-rich and Mg-poor, the 
defect formation energy of [Mgi]0 is higher than [Mgi]+2, 
indicating that Mg atom mainly exists in the form of +2 
valence in the crystal gap. Under the condition of Mg-rich, 
the defect formation energy of [Mgi]+2 is the lowest, it 
shows that Mg atom mainly exists in the interstitial sites 

of Li2CO3 crystals in the form of +2 valence, which is con-
sistent with the conclusion that Mg2+ mainly exists in the 
form of MgCO3 in the previous experimental results.

Considering the behavioral action of Mg atom on the 
surface of Li2CO3 and taking the (001) surface as an example 
to study, the adsorption energy of Mg atom on the Li2CO3 
(001) surface above O, above C, and above the C–O vacancy 
was calculated. Fig. 12 shows the crystalline structure of Mg 
atom adsorbed on the (001) surface of the Li2CO3 crystal. 
The calculation results show that the adsorption energy of 
Magnesium atom above the C–O vacancy on the (001) sur-
face is more negative, which indicates that the adsorption 
strength of Mg atom above the C–O is stronger.

 
Fig. 12. The crystal structure of Mg atom adsorbed on the Li2CO3 (001) surface: (a) above C, (b) above O, and (c) above C–O vacancy.

 
Fig. 10. Supercell model of Mg atom doped Li2CO3 crystal: (a) pure Li2CO3, (b) MgLi, (c) [Mgi]+2 and (d) [Mgi]0.

 
Fig. 11. Function curve of defect formation energy of doped 
Li2CO3 crystal with Fermi level.
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The formation energy of Mg atom doped in Li2CO3 
crystal in different forms are shown in Fig. 13. The lower 
the formation energy, the easier the formation of crystal 
defects. The formation energy of Mg atoms adsorbed on 
the (001) surface of the crystal, which the formation energy 
of defects lower than the replacement and interstitial sites, 
the formation energy is –5.742 eV, indicating that Mg atoms 
have stronger adsorption effect on the crystal surface, which 
is consistent with the results of Mg2+ mainly adsorbed 
on the crystal surface in the previous experiment.

In order to further understand the influence of Mg 
atom doping on the electronic structure of Li2CO3 crystals, 
the density of states of Mg atom doped Li2CO3 crystals is 
calculated and studied, where the value of Fermi level is 
set to 0  eV, as shown in Fig. 14. The density of states of 
pure Li2CO3 crystal symmetrical up and down are illus-
trated, indicating that Li2CO3 is a non-magnetic insulator 
[13]. For the symmetrical spin-up and spin-down density 
of states distribution, it shows that the electrons in Li2CO3 
crystals all exist in pairs [37]. Fig. 14a shows the density of 
states of pure Li2CO3 crystals, where the band gap near the 
Fermi level of the total density of states is 5.06 eV. It can 
be seen from the information in the figure that there are 
partial density peaks of Li, O, and C atoms in the range 
of –25~15  eV and –10~–5  eV, and there is orbital hybri-
disation in this interval.

After Mg atom doped into Li2CO3 crystals, new impu-
rity levels are generated as shown in the density of states 
diagram. In addition, the doping of impurity ions produces 
perturbation on the partial state density of atoms that 
play a leading role compared with the pure state density, 
which causes the incorporation of Mg atoms to increase 
or decrease the partial density peaks of some atoms near 
the Fermi level, the peak of the total density of states is 
relatively enhanced. As shown in Fig. 14b and d, the den-
sity of states on the surface of Mg atom replacing Li atom 
and adsorbing Li2CO3 shifts to a lower energy level, and 
the negative displacement of Mg replacing Li atoms is 

 
Fig. 13. Formation energy of different doping structure models.

Fig. 14. Density of states of Mg atom doped Li2CO3 crystal: (a) pure Li2CO3, (b) MgLi, (c) [Mgi]+2, and (d) Mg is adsorbed on Li2CO3 
(001) surface.
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more obvious. As shown in Fig. 14c, when the Mg atom 
is in the interstitial position, the contribution of the impu-
rity level near the Fermi level is little. The electron activity 
near the Fermi level is stronger and the energy is higher, 
and the important physical and chemical reactions always 
occur near the Fermi level [38,39], Mg atom doping into 
Li2CO3 crystals contributes to the Mg atomic orbitals near 
the Fermi level, especially when the crystal (001) surface 
is adsorbed, the Mg atomic orbital contribution is domi-
nant in the conduction band, indicating that the electronic 
activity of Mg atoms is stronger here, resulting in it is 
easy to participate reactions in Li2CO3 crystals.

4. Conclusion

The particle size, morphology, and purity of Li2CO3 
crystal with different Mg2+ content were comprehensively 
analysed by adding solution containing magnesium that 
was mixed with different Mg/Li ratios in the reaction crys-
tallisation process of Li2CO3, also combined with theoretical 
calculations to study the doping and adsorption mechanism 
and stability of Mg atom in crystals, the conclusions are as 
follows:

•	 In the Na+, Li+, CO3
2–//H2O system, after doping with 

Mg2+, the impurity ions mainly cover the crystalline sur-
face in the form of MgCO3 or exist as inclusions in the 
Li2CO3 crystals.

•	 When Mg2+ exists in ppm in the crystallisation system, 
the purity and particle size distribution of Li2CO3 crys-
tals are still significantly affected. When the Mg/Li ratio 
is as low as 0.02, the Li2CO3 crystal has a purity of only 
97.46%. Upon review of the data analysis and trends 
of the crystal’s specific surface area, which increases 
linearly with greater content of Mg2+, the governing 
equation is obtained: y = 2.2469 + 0.9446x.

•	 The doping and adsorption mechanism of Mg atom 
in the Li2CO3 crystal was analysed deeply by compu-
tational simulation. Mg atoms mainly exist in Li2CO3 
crystals in the form of +2 valence. Combined with the 
comparative analysis of defect formation energy and 
density of states, the formation energy of Mg atom 
adsorbed on the crystal surface is the lowest, and the 
electronic activity of impurity atoms is stronger, which is 
consistent with the previous experimental results.

Symbols

ΔH	 —	 Defect-formation energy, eV
E(D)	 —	� Total energy of the system containing 

defect D, eV
E(pure)	 —	� Total energy of the complete unit cell 

system, eV
μi	 —	 Chemical potential of impurity atoms
μLi	 —	 Chemical potential of Li atoms
E(D,q)	 —	� Total energy of the system with defect D in 

the charge state q, eV
EVBM	 —	� Energy at the top of the valence band of the 

defect-free system, eV
EF	 —	 Fermi energy, eV
E	 —	 Energy of each bulk material and gas, eV

Eads	 —	 Adsorption energy, eV
Esurface+absorbate	 —	� Total energy of system with the 

adsorbed substance on the surface  
of the crystal, eV

Esurface	 —	 Energy of the crystal surface, eV
Eabsorbate	 —	 Energy of the adsorbed substance, eV
y	 —	� Specific surface area of Li2CO3 crystals, 

m2/g
x	 —	 Mg2+ content in Li2CO3 crystals
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