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Highlights 

 -First application of core-shell battery materials for lithium production applications 

 -Demonstration that the material properties requirements of LiFePO4 for non-aqueous 

battery applications and for lithium production from brines are markedly different 

 -Demonstration of the improved performance of core-shell carbon-coated LiFePO4 materials 

over commercial materials for lithium production applications 
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Abstract 

The development of affordable and environmentally friendly methods to produce lithium is 

urgently required to cope with the accelerating growth of the lithium battery market. Battery 

materials such as LiFePO4 can be used to selectively sequestrate lithium from brine natural 

resources, thus producing a high-purity lithium salt for battery manufacture, but the long-term 

stability of the material is currently not sufficient for practical applications. Here, we report, 

for the first time, the development of a nanosized core-shell structured LiFePO4/C material for 

applications in lithium production from brines. This LiFePO4/C with a LiFePO4-core (~123 

nm size) covered by a pinhole-free carbon shell (~5 nm thickness) was prepared via 

solvothermal synthesis, and the carbon content was optimised to 5 wt%. The optimal core-

shell structured LiFePO4/C material exhibits a lithium extraction capacity of ca. 160 mA h g
-1

 

at C/10 and ca. 130 mA h g
-1

 at 1C, and >87% capacity retention after 50 cycles of lithium 

sequestration and release at C/10 in synthetic brines. This excellent electrochemical 

performance is attributed to the homogenous nanosizing of the LiFePO4 particles as well as 

the full coverage of the carbon coating, which provides effective protection by preventing the 
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direct contact of LiFePO4 with the brines, thus stopping the surface degradation reactions that 

compromise the long-term stability. A direct comparison with three commercial LiFePO4 

materials demonstrates that, while similar performance is obtained in non-aqueous lithium-ion 

batteries, for lithium production applications, core-shell nanostructuring is crucial to achieve 

high capacity and preserve the material’s longevity. 

Keywords: lithium production, electrochemical lithium sequestration, brines, core-shell 

nanostructuring, lithium iron phosphate. 

1. Introduction 

Lithium-ion batteries have been widely used in portable devices such as laptops, smartphones 

and cameras, as well as in large-scale applications like electric vehicles, due to their high 

energy density, high power density and light weight.[1-3] The market demand for lithium is 

growing, while the future cost and availability of lithium are under debate.[4] Global 

resources of lithium are mainly in brines (which are concentrated saline solutions) and 

minerals. The lithium brines resources are about twice the size of the minerals, and the cost of 

lithium production from minerals is approximately double of that from brines.[5, 6] Over 45% 

of lithium resources are in the brines of Chile, Bolivia and Argentina, which contain cations 

such as sodium, potassium and magnesium in vast excess, compared to lithium, and thus the 

main challenge is to separate lithium from all other cations.[7, 8] 

The current method of lithium production from brines is the lime-soda evaporation process, 

which is, unfortunately, very slow, water-consuming, waste-producing and weather-

dependent.[9] Thus, there is a pressing need for the development of alternative, fast, cost-

effective and environmentally friendly technologies for lithium production.[10] Several 

methods of lithium production from brines have been explored, such as chemical 

precipitation, ion-sieve adsorption, membrane technology, etc.[5, 11-13] A particularly 
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promising method is the electrochemical production of lithium using battery materials such as 

LiMn2O4/λ-MnO2 and LiFePO4/FePO4.[10, 14-22] In this approach, lithium ions in the brine 

are extracted by a host battery material, then they are released in a recovery solution, during 

which the pristine host battery material is also recovered, thus making the whole process fully 

sustainable.[14, 23-27] Via this process, a highly pure lithium salt can be precipitated from 

the recovery solution. For practical applications, this electrochemical lithium production from 

brines requires the host battery materials to maintain high lithium absorption capacity and 

stability over long-term cycling, but this has not been achieved.[14, 28-30] 

In order to understand the causes of capacity limitations and the long-term material 

degradation, we have used a nearly symmetrical cell design that contained two electrodes 

made with the same battery material but at different states of lithiation; specifically, we used a 

cell with a LiFePO4 working electrode and a Li0.25FePO4 counter/reference electrode.[14] 

Using a commercial LiFePO4 material, we demonstrated that the interfacial reactions of 

LiFePO4 particles with the brines produced particle cracking and degradation of the lithium 

sequestration capacity with cycling.[14] 

In this work, we have developed a novel nanosized core-shell structured LiFePO4/C with a 

LiFePO4-core covered by a pinhole-free carbon shell designed to prevent the detrimental 

interfacial reactions of LiFePO4 in the brines. These core-shell structured LiFePO4/C 

nanocomposites are compared with the commercial LiFePO4/C to systematically investigate 

their lithium selectivity and cycling stability in the lithium production from brines. Three 

artificial brines representative of typical natural brines in Atacama (Chile), Olaroz (Argentina) 

and Central Altiplano (Bolivia), as well as a benchmark 0.5 M Li2SO4 solution, have been 

investigated. This is the first time that a core-shell structured LiFePO4/C nanocomposite has 

been used for the electrochemical lithium production from brines. Also, this is the first 
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systematic study of the effect of the particle size and carbon coating of LiFePO4/C for 

applications in lithium sequestration from brines. 

2. Experimental 

2.1. Materials synthesis 

Six kinds of LiFePO4/C samples were investigated, including three kinds of commercial 

LiFePO4/C samples, i.e., LFP/C-1 (MTI Corporation), LFP/C-2 (Li-FUN Technology) and 

LFP/C-3 (Tatung Company), and three kinds of self-made core-shell nanostructured 

LiFePO4/C samples, i.e., LFP/C-4, LFP/C-5 and LFP/C-6, as listed in Table 1. 

The core-shell structured LiFePO4/C samples were prepared via a solvothermal synthesis. Full 

details of the synthesis procedure are reported below, but briefly, a surfactant and chelating 

agent was used to form micelles in the solvothermal process, and a LiFePO4 precursor was 

grasped inside the micelles due to the chelation effect.[31] In the following heat treatment, the 

micelles with carbon source surrounding the LiFePO4 precursor became carbon-shell, and the 

precursor turned to LiFePO4-core of the core-shell structure.[31] 

The full synthesis procedure is as follows. The surfactant hexadecyltrimethylammonium 

bromide (CTAB, 0.246 mmol, ≥99% purity, Sigma Aldrich) was dispersed in deionised water 

first. Then, LiOH•H2O (0.0225 mol, ≥98% purity, Sigma Aldrich) and H3PO4 (0.0075 mol, 85 

wt% assay, Sigma Aldrich) were added and stirred to form a white colloid. Subsequently, 

Na2CO3 (0.014 mmol, ≥99% purity, Sigma Aldrich) was mixed and stirred with appropriate 

amounts of carbon sources, i.e., formaldehyde (~1 mol, 36.5-38 wt% assay, Sigma Aldrich) 

and resorcinol (~1 mmol, ≥99% purity, Sigma Aldrich), then added to the white colloid with 

constant stirring to form a white suspension. After that, ascorbic acid (C6H8O6, 0.475 mmol, 

99% purity, Thermo Scientific) and FeSO4•7H2O (0.0075 mol, ≥99% purity, Sigma Aldrich) 
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were dissolved in deionised water, and added to the white suspension with constant stirring to 

form a light green suspension. The suspension was heated in a Teflon-lined autoclave at 180 

°C for 10 h. The precipitate was then washed with deionized water and dried at 80 °C for ≥5 h 

under a vacuum. The resulting material was heated at 3.5 °C min
-1

 to 650 °C for 4 h under a 

5% H2/Ar atmosphere to obtain LiFePO4/C product. 

For each of the six kinds of LiFePO4/C samples here studied, the corresponding delithiated 

FePO4/C samples were also prepared, and for that, a chemical delithiation procedure was 

followed,[32] and the obtained samples are denoted as FP/C-1, FP/C-2, FP/C-3, FP/C-4, 

FP/C-5 and FP/C-6, as listed in Table S1. For the chemical delithiation, LiFePO4/C and 

K2S2O8 (≥99% purity, Sigma Aldrich) with a molar ratio of 2:1 were mixed in ultrapure water 

(Purite, 18.2 MΩ cm) and stirred for 24 h at room temperature. The resulting material was 

filtered, washed with ultrapure water, and dried at 80 °C under a vacuum overnight. The 

resultant powder was ground and further dried at 120 °C under a vacuum for 3 days to obtain 

the FePO4/C product. 

2.2. Materials characterisation, batteries fabrication and electrochemistry 

X-ray diffraction (XRD) used a Bruker D2 Phaser with Cu-Kα radiation. Rietveld fits to the 

XRD patterns were carried out using the GSAS package.[33] The crystallite sizes were 

calculated from the Lorentzian crystallite size broadening coefficient refined in the Rietveld 

fits to the XRD patterns, according to 𝐩 =
𝟏𝟖𝟎𝟎𝟎𝐊𝛌

𝛑𝐋𝐱
 , where p is the crystallite size (unit: nm), 

Lx is the refined crystallite size broadening value, K is the Scherrer constant, and λ is the 

wavelength of the incident X-rays (unit: nm).[33] Thermogravimetric analysis (TGA) was 

carried out using a Netzsch TG 209 F1 Libra with samples heated at 10 °C min
-1

 from 25 to 

700 °C under an O2 atmosphere. Scanning electron microscopy (SEM) was carried out using a 

JEOL JSM-6500F operated at 15 kV, and images were analysed using the ImageJ software. 
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Transmission electron microscopy (TEM) was carried out using a Hitachi HT7700 (120 kV). 

Raman spectroscopy used a Renishaw inVia confocal microscope, and the data were 

processed using the WiRE 4.1 software. 

In addition, for the characterization of the lithium sequestration and release properties of the 

LiFePO4/C materials in brines, electrochemical measurements were conducted using LiFePO4 

working electrodes, made with the LiFePO4/C materials, cycled against Li0.25FePO4 

counter/reference electrodes. The LiFePO4 electrodes were prepared with LiFePO4/C samples 

as the active material, whereas the Li0.25FePO4 electrodes were prepared with a mixture of 

LiFePO4/C and the corresponding delithiated FePO4/C samples in a mass ratio of 1:3 as the 

active material. LiFePO4 and Li0.25FePO4 electrodes were fabricated by mixing the active 

material, carbon black (Super C65, Timcal) and polyvinylidene difluoride (PVDF 5130, 

Solvay) with a mass ratio of 8: 1: 1 in N-methyl-2-pyrrolidone (NMP, anhydrous, ≥99.8% 

purity, Sigma Aldrich). The slurry was cast onto a titanium foil (25 µm thickness, ≥99.6% 

purity, Advent Research Materials) with a wet thickness of 200 or 400 µm for LiFePO4 and 

Li0.25FePO4 electrodes, respectively, and dried at 80°C under vacuum overnight. The coated 

foil was punched into circular discs with a diameter of 11 mm and pressed at 2 or ½ tons to 

obtain LiFePO4 and Li0.25FePO4 electrodes, respectively. The active material mass loading 

was ≈ 2.5 mg cm
-2

 for LiFePO4 and 5-6 mg cm
-2

 for Li0.25FePO4. The mass loadings of all the 

materials here studied were the same, thus enabling a reliable comparison. 

Electrochemical extraction of lithium was performed in three different artificial brines, which 

represent typical compositions in the lithium reserves in Atacama (Chile),[25] Olaroz 

(Argentina),[34] and Central Altiplano (Bolivia),[35] as shown in Table 2. Note that higher 

salt concentrations have been reported for the Atacama brine in other studies,[36, 37] which 

correspond to the regions of the Salar that are under commercial exploitation.[38] The 
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artificial brines were prepared in air using ultrapure water and LiCl, NaCl, KCl and 

MgCl2•6H2O (≥99% purity, Sigma Aldrich), whereas Li2SO4•H2O (≥99% purity, Sigma 

Aldrich) was used to prepare the benchmark Li2SO4 aqueous electrolyte. Although the 

presence of dissolved oxygen, from air, in the brines has been shown to accelerate the 

degradation of LiFePO4 materials,[30] no attempt was made to remove it since that would be 

difficult to implement under practical applications. 

The electrochemical measurements were done with ½ inch inner diameter Swagelok cells 

made of PFA (perfluoroalkoxy plastic with high chemical resistance), and with titanium bars 

as current collectors, since titanium is highly stable against corrosion in brines.[39] The cells 

were assembled in air with a LiFePO4 working electrode, a Li0.25FePO4 counter/reference 

electrode and two glass fibre separators (GF/F grade, Whatman) with 150 µl of the artificial 

brines or aqueous Li2SO4 solution. The cells were left to rest for 10 h before the 

electrochemical tests. For the study of the electrochemical performance of LiFePO4 electrodes 

in lithium half-cells, the cells were assembled in an argon-filled glovebox (MBraun, <1 ppm 

O2, <1 ppm H2O) with a standard organic electrolyte (LP57, 1 M LiPF6 in EC:EMC 3:7 v/v, 

Soulbrain, 150 µl),  and all cell parts were dried prior to cell assembly as described 

elsewhere.[40] Galvanostatic cycling tests were carried out using a Biologic potentiostat at 

charge/discharge rates of C/10 and 1C (e.g. a C-rate of C/10 for a theoretical specific capacity 

of 170 mA h g
-1

 corresponds to a specific current of 17 mA g
-1

) within the potential range 

of -0.3 to 0.3 V (vs. Li0.25FePO4) and 2.5 to 4.1 V (vs. Li
+
/Li). 
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3. Results and discussion 

3.1. Characterisation of commercial LiFePO4/C materials 

Three kinds of commercial LiFePO4/C materials (labelled LFP/C-1, LFP/C-2 and LFP/C-3) 

were investigated as host materials for the sequestration of lithium from brines. The crystallite 

and particle sizes and carbon content are summarized in Table 1. 

The crystalline properties of the samples were investigated by XRD. Figure 1a shows that all 

the XRD peaks can be indexed to the standard olivine LiFePO4 structure (PDF#83-2092 

LiFePO4, space group Pnma), as expected. The carbon coating on battery materials is 

typically amorphous, and, thus, it is not visible in the XRD pattern.[41] Fig. S1 shows the 

Rietveld fits to the XRD patterns, and the obtained lattice parameters (a, b and c), crystallite 

size broadening term (Lx) and reliability factors (Rwp, Rp) are listed in Table S2. These are 

typical LiFePO4 lattice parameters, which are very close to the literature values.[31, 42, 43] 

The crystallite sizes (Table 1) calculated from the size-strain analysis during the Rietveld fits 

to the XRD patterns are 180, 181 and 173 nm for LFP/C-1, LFP/C-2 and LFP/C-3, 

respectively. 

The morphology and particle size distribution of the samples was characterized by SEM, 

using the ImageJ software for particle size analysis, and the results are shown in Figure 1c. As 

summarized in Table 1, LFP/C-1 and LFP/C-2 show average particle sizes of ca. 630 and 620 

nm, respectively, with very wide particle size distributions, whilst LFP/C-3 exhibits a larger 

average particle size of 790 nm and a slightly narrower, but still wide, particle size 

distribution. 

The carbon contents in the LiFePO4/C samples were estimated by TGA experiments. As 

shown in Figure 1b, the total mass changes were 3.0 wt%, 2.8 wt% and 2.7 wt% for LFP/C-1, 
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LFP/C-2 and LFP/C-3, respectively. Previous studies have shown that the mass changes in the 

TGA experiments are due to the oxidation of LiFePO4 to Li3Fe2(PO4)3 and Fe2O3, leading to a 

mass gain, coupled with the burning of carbon into CO2 gas, which produces a mass loss.[44, 

45] The overall reaction is as follows: 

𝑳𝒊𝑭𝒆𝑷𝑶𝟒 +
𝟏

𝟒
𝑶𝟐 + 𝒙𝑪 + 𝒙𝑶𝟐 →

𝟏

𝟑
𝑳𝒊𝟑𝑭𝒆𝟐(𝑷𝑶𝟒)𝟑 +

𝟏

𝟔
𝑭𝒆𝟐𝑶𝟑 + 𝒙𝑪𝑶𝟐, 

where x denotes the molar carbon content in the LiFePO4/C sample. Using the reaction above, 

the carbon contents are calculated to be 2.0 wt%, 2.1 wt% and 2.3 wt% for LFP/C-1, LFP/C-2 

and LFP/C-3, respectively, as listed in Table 1. The TEM images of the LiFePO4/C samples 

(Figure 1d) show that the carbon coating is not complete and that it is unevenly distributed 

around the LiFePO4 particles. 

As will be shown below, for the study of the electrochemical performance of the LiFePO4/C 

materials for the application in lithium production from brines, the experiments employed the 

delithiated form of LiFePO4/C, here called FePO4/C and labelled FP/C-1, FP/C-2 and FP/C-3. 

Fig. S2a shows that all the XRD peaks of the FePO4/C samples can be indexed to the standard 

heterosite FePO4 structure (PDF#34-0134 FePO4, space group Pnma), meaning that the 

FePO4 framework in the LiFePO4 olivine structure is preserved.[43] The SEM images of the 

FePO4/C samples (Fig. S2c) show that the morphology of FePO4/C is not affected by the 

chemical delithiation process. The carbon contents in the FePO4/C samples were estimated by 

TGA experiments, and the results are shown in Fig. S2b. The total mass changes were -2.1 

wt%, -2.2 wt% and -2.4 wt% for FP/C-1, FP/C-2 and FP/C-3, respectively. The mass loss of 

FePO4/C is attributed to the burning of carbon into CO2 gas, since FePO4 remains stable upon 

heating.[43] Thus, the carbon contents are determined to be 2.1 wt%, 2.2 wt% and 2.4 wt% 

for FP/C-1, FP/C-2 and FP/C-3, respectively, as listed in Table S1, in good agreement with 

the carbon content of the parental LiFePO4/C samples, listed in Table 1. The TEM images of 
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FePO4/C samples (Fig. S2d) show that the carbon coverage is partial and uneven, as in the 

parental LiFePO4/C samples. 

3.2. Electrochemical performance of commercial LiFePO4/C materials 

The electrochemical properties of the LiFePO4/C materials were first assessed by 

galvanostatic cycling in lithium half-cells, using a standard organic battery electrolyte (LP57) 

and a standard, ink-based method of battery electrode preparation (see Experimental section). 

Fig. S3 shows the 1
st
 and 2

nd
 cycle charge/discharge profiles at a C-rate of C/10, from which it 

is concluded that all the materials deliver high specific capacities of ca. 160 mA h g
-1

, thus 

confirming that all these commercial samples meet the requirements for non-aqueous lithium-

ion battery applications. However, as we will show below, these commercial materials exhibit 

issues for applications in lithium production from brines. 

For the evaluation of the performance of LiFePO4/C materials in lithium production 

applications, the LiFePO4/C battery electrodes were cycled in cells containing a Li0.25FePO4/C 

counter-and-reference electrode, as reported previously.[14] The reactions induced during 

cycling are the following: 

𝐿𝑖𝐹𝑒𝑃𝑂4 ⇌ 𝐹𝑒𝑃𝑂4 + 𝐿𝑖+ + 𝑒− at the working electrode 

2𝐿𝑖0.25𝐹𝑒𝑃𝑂4 + 𝐿𝑖+ + 𝑒− ⇌ 2𝐿𝑖0.75𝐹𝑒𝑃𝑂4 at the counter-and-reference electrode 

The Li0.25FePO4/C electrode was prepared with a mixture of LiFePO4/C and the 

corresponding delithiated FePO4/C in a mass ratio of 1:3 as the active material, as described 

in the Experimental section. The electrolytes employed here are the benchmark Li2SO4 

aqueous solution and artificial brines with compositions mimicking typical natural brines 

(Atacama, Olaroz and Central Altiplano) present in Chile, Argentina and Bolivia, respectively, 

where the latter contain sodium, potassium and magnesium in much higher concentrations 
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than lithium (Table 2). The 0.5 M Li2SO4 solution was employed as benchmark because it 

enables high capacity and cycling stability.[14, 46-49] 

Figure 2 shows the 1
st
 and 2

nd
 cycle charge/discharge profiles at a C-rate of C/10 and 

subsequent five cycles at 1C, for the three commercial LiFePO4/C materials (LFP/C-1, 

LFP/C-2 and LFP/C-3) cycled against the corresponding Li0.25FePO4/C counter-and-reference 

electrodes, in the three artificial brines and the benchmark 0.5 M Li2SO4 aqueous solution. All 

batteries cycled in the benchmark Li2SO4 aqueous solution show performance comparable to 

that obtained in the organic electrolyte (Fig. S3), whereas much lower capacities were 

obtained in the brines. We note that higher lithium sequestration and release capacities have 

been reported for LFP/C-3 in brines in our previous work, [14] which we ascribe to small 

differences in the method of electrode preparation or manual cell assembly. 

In our previous work, we observed that the capacities of LiFePO4 materials for lithium 

sequestration and release (which correspond to the charge and discharge capacities, 

respectively, of the LiFePO4 electrode cycled against Li0.25FePO4) were affected by the 

lithium-ion concentration and viscosity of the brines.[14] This is consistent with the fact that 

the capacities in the benchmark 0.5 M Li2SO4 solution are higher than in the brines, due to the 

much higher lithium ion concentration and low viscosity of the former (Table 2). And this is 

also consistent with the fact that the capacities in the ‘Central Altiplano’ brine, which has very 

low lithium concentration and high viscosity (Table 2), are much lower than in the other 

brines. Fortunately, as we will show below, these poor capacity issues are overcome when 

using core-shell LiFePO4/C materials. Furthermore, issues of irreproducibility in the 

electrochemical measurements in brines, also noted in our previous work,[14] are also 

overcome with the use of the here developed core-shell LiFePO4/C materials. 
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In order to elucidate the fundamental cause of the poor performance, we estimated the 

diffusion-limited C-rate in the different brines, as reported in the supporting information. The 

results of the calculations suggest that the capacities should not be limited by the rate of 

lithium-ion diffusion for C-rates lower than 0.7C for the Atacama and Central Altiplano 

brines and 2C for the Olaroz brine. However, poor wetting of the electrodes in the highly 

viscous brines would hinder lithium-ion transport further, thus enhancing diffusional 

limitations beyond our calculations. On the other hand, high viscosity can also produce 

sluggish electron transfer reactions,[50] and thus, the identification of the rate determining 

step is currently unclear. In contrast to the commercial materials, the novel core-shell 

LiFePO4/C materials here employed have small and homogenous particle size, without 

particle agglomerates, which facilitates fast mass transport, due to low tortuosity, as well as 

fast electron transfer, due to the small particle size. Indeed, as we will show below, the 

performance for lithium production applications is far superior to that of the commercial 

materials. 

For the best performing commercial LiFePO4/C material, LFP/C-3, additional experiments 

were undertaken to evaluate the long-term stability during the electrochemical cycling in 

brines. Figure 3 shows the 1
st
, 2

nd
 and 50

th
 cycle charge/discharge plots and the cycling 

stability, at a C-rate of C/10 in the artificial brines (Atacama, Olaroz and Central Altiplano) 

and the benchmark 0.5 M Li2SO4 solution. In all cases, the capacity of the brines is inferior to 

that obtained in the benchmark Li2SO4 solution, where the capacity in the latter starts with a 

value of ca. 155 mA h g
-1

 and drops to ca. 130 mA h g
-1

 after 50 cycles. The capacities in the 

Atacama and Olaroz brines are, initially, close to 100 mA h g
-1

, then rapidly increase to ca. 

140 mA h g
-1

 in the first few cycles, and then gradually decrease to 130-125 mA h g
-1

 after 50 

cycles. Finally, the capacities in the Central Altiplano brine show a slow, steady increase from 
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ca. 20 mA h g
-1

 to 115 mA h g
-1

 after 50 cycles. Importantly, all these capacity values are 

inferior to what is obtained with the core-shell LiFePO4/C material, as shown below. 

3.3. Characterisation of core-shell LiFePO4/C materials 

Three kinds of nanosized core-shell structured LiFePO4/C samples (LFP/C-4, LFP/C-5 and 

LFP/C-6) were prepared via a solvothermal synthesis method that enables an outstanding 

control in the particle size and quality of the carbon coating. The crystallite and particle sizes, 

carbon contents and coverages of LiFePO4/C samples are summarised in Table 1. Contrary to 

the commercial materials, these core-shell materials exhibit crystallite and particle sizes that 

are in very good agreement (where the latter are slightly bigger, as expected, due to the 

carbon coating). The agreement in crystallite and particle sizes evidences that the LiFePO4 

crystalline grains do not agglomerate forming larger particles, which is highly advantageous 

to produce LiFePO4/C electrodes with low tortuosity. The full and homogenous carbon 

coating of the core-shell materials is also highly advantageous, and here, the solvothermal 

synthesis method has been adapted to produce a range in the carbon content values to 

investigate the optimal carbon content for lithium production applications, as described below 

in detail. 

The crystal structure properties of the core-shell LiFePO4/C materials were studied by XRD, 

and the results are shown in Figure 4a. As for the commercial materials, all the XRD peaks of 

LiFePO4/C samples can be indexed to the standard olivine LiFePO4 structure. Fig. S4 shows 

the Rietveld fits to the XRD patterns, and the obtained lattice parameters (a, b and c), 

crystallite size broadening term (Lx) and reliability factors (Rwp, Rp) are listed in Table S3. 

These crystal structure properties are fully consistent with the values obtained for the 

commercial LiFePO4/C materials, listed in Table S2. The crystallite sizes (Table 1) are the 

same, within the experimental uncertainty, for the three core-shell LiFePO4/C materials 
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(123±7 nm), and slightly smaller than in the commercial samples (178±13 nm). The particle 

size distribution has been obtained from the analysis of the SEM images (Figure 4c), and all 

core-shell materials show a narrow size distribution with a consistent value of the average 

particle size, within the experimental uncertainty, of ~141±11 nm  (Table 1).  The particle 

sizes are much more homogeneous than in the commercial samples and, on average, also 

smaller (Table 1, Figure 1c), which will be shown below to be advantageous in lithium 

production applications. 

The carbon contents of the core-shell LiFePO4/C samples were estimated by TGA (Figure 

4b), providing carbon content values of 2.2 wt%, 5.1 wt% and 8.0 wt% for LFP/C-4, LFP/C-5 

and LFP/C-6, respectively, as listed in Table 1. The TEM images of samples (Figure 4d) show 

that the carbon layer has a thickness of ~5 nm and it is fully and evenly coated on the surface 

of the LiFePO4 particles, thus confirming the core-shell structure of the LiFePO4/C 

nanocomposites with a LiFePO4-core covered by a carbon-shell. 

For the electrochemical testing of the core-shell LiFePO4/C materials for lithium production 

applications, it is necessary to produce the delithatiated FePO4/C materials for the preparation 

of the counter-and-reference electrode. This was achieved by chemical delithiation, as 

explained in the Experimental methods section. The carbon content and coverages of the thus 

obtained FePO4/C materials are summarised in Table S1. The results of the XRD 

characterisation (Fig. S5a) show the expected heterosite structure, as with the commercial 

samples. The SEM images (Fig. S5c) show that the particle morphology is not affected by the 

chemical delithiation process. The carbon content was estimated by TGA (Fig. S5b), 

providing carbon content values of 2.3 wt%, 5.2 wt% and 8.3 wt% for FP/C-4, FP/C-5 and 

FP/C-6, respectively (Table S1), in good agreement with the results of the parent lithiated 

materials (Table 1). The TEM images (Fig. S5d) show that the carbon layer is full and evenly 
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coated on the surface of the FePO4 particles, which confirm that the carbon coating is not 

affected by the chemical delithiation process. 

3.4. Electrochemical performance of core-shell LiFePO4/C materials 

The electrochemical properties of the core-shell LiFePO4 materials (LFP/C-4, LFP/C-5 and 

LFP/C-6) were first assessed in lithium half-cells with an organic battery electrolyte (LP57), 

and the results (Fig. S6) are fully consistent with those obtained with the commercial 

materials (Fig. S3). Then, the electrochemical properties towards lithium sequestration and 

release in brines were evaluated using a Li0.25FePO4 counter-and-reference electrode, where 

the latter was prepared using a mixture of the lithiated, LFP/C, and delithiated, FP/C, of the 

same core-shell material produced via solvothermal synthesis. As shown in Figure 5, all the 

core-shell materials deliver high-capacity values for lithium sequestration and release in the 

brines and in the benchmark 0.5 M Li2SO4 aqueous solution. For LFP/C-4 and LFP/C-5, 

capacities of ca. 155-160 mA h g
-1

 were obtained at a C-rate of C/10, and only a moderate 

drop of capacity, to ca. 125-130 mA h g
-1

, was observed when the C-rate increased to 1C. 

These capacity values correspond to high lithium sequestration amounts of 42-43 and 34-35 

mg of lithium per gram of FePO4, which is superior to previous reports.[24, 30, 51-53] For 

LFP/C-6, slightly smaller capacity values were obtained, possibly because of the thicker 

carbon coating in this sample (8.0 wt%),[54-56] but the performance is still much superior to 

that of the commercial materials (Figure 5). The improved performance of the core-shell 

LiFePO4/C materials is ascribed to the homogeneity in particle size, which then produces low 

tortuosity electrodes where the transport of lithium ions is fast.[57-60] In addition, nanosizing 

of the core-shell LiFePO4/C materials is also likely to contribute towards achieving high 

capacities, due to the increased surface area and the smaller diffusion pathlength.[61-63] 
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For the best performing core-shell LiFePO4/C materials, the long-term cycling stability was 

evaluated with 50 cycles of lithium sequestration and release in the brines and in the 

benchmark 0.5 M Li2SO4 solution, at a C-rate of C/10  (Figure 6 and Fig. S7). Regardless the 

electrolyte composition, the capacity after 50 cycles was close to 135-140 mA h g
-1

, 

corresponding to >87% capacity retention. In comparison, a capacity of only 30 mA h g
-1

, 

with 21% capacity retention, was obtained after 25 cycles at 1C  in a study by Trocoli et 

al.[23] Lithium absorption corresponding to a capacity of  104 mA h g
-1

, with 84 % capacity 

retention, was reported after 50 cycles at 0.3 mA cm
-2

 by He et al.[24]  A capacity of 41 mA h 

g
-1

, with 85% capacity retention, were obtained after 100 cycles at 0.1 A g
-1

 by Wang et al.[30] 

Finally, capacities of 126 to 144 mA h g
-1

, with capacity retention of 79% to 90%, were 

obtained after 50 cycles at C/10 in our previous study.[14] It is clear that the present core-

shell LiFePO4/C materials lead to higher long-term cycling capacities, which is attributed to 

two main factors: i) the full coverage of the carbon coating on the LiFePO4 particles, which 

prevents interfacial degradation reactions that would otherwise occur when the LiFePO4 

material is in direct contact with the brines,[30, 47, 64-69] and ii) the nanosizing and 

homogeneity in particle size of the core-shell LiFePO4/C materials, which prevents particle 

cracking and thus ensures that the homogeneous particle size is retained during cycling, hence 

also retaining the low electrode tortuosity associated with the homogeneous particle size. 

Particle cracking has been suggested as the main cause for capacity degradation of LiFePO4 

for applications into lithium production from brines.[14] Interestingly, LiFePO4 particle 

cracking has also been suggested to be the main cause of degradation of graphite-LiFePO4 

batteries, where it was shown that larger LiFePO4 undergo more severe cracking, thus leading 

to faster degradation (due to a faster rate of lithium inventory loss).[70] The controlled 

nanosizing of the LiFePO4 particles achieved with the present solvothermal synthesis method 

is, thus, critical to prevent particle cracking and the associated degradation. On the other hand, 
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while full carbon coverage on the LiFePO4 particles is not needed for battery applications 

with organic electrolytes,[61, 71] for the present application of lithium production, the carbon 

coating acts as a protective layer to prevent degradation. 

To investigate the causes of capacity degradation during cycling of the LiFePO4 materials in 

brines, the electrodes were extracted from the cells after 50 cycles of lithium sequestration 

and release at C/10, and were characterised by XRD, Raman and SEM. Figure 7 shows the 

results of the characterisation of the LiFePO4 working electrodes and Fig. S8 shows those for 

the Li0.25FePO4 counter-and-reference electrodes. As expected, the XRD patterns agree well 

with olivine LiFePO4 and heterosite FePO4 structures, and the Raman spectra show the 

characteristic D and G bands of amorphous carbon.[72-74] In both cases, minimal changes on 

the XRD and Raman signatures are observed during cycling, which indicates that minimal 

changes in the crystallographic structure of the LiFePO4 and FePO4 materials, nor on the 

carbon coating, have been induced during cycling. The SEM characterisation of the electrodes 

does not show any visible signs of particle cracking, in agreement with the high-capacity 

retention achieved with the present core-shell LiFePO4/C materials. 

4. Conclusion 

Here we show that the commercial, carbon-coated LiFePO4 materials, designed for non-

aqueous lithium-ion batteries, are not appropriate for applications in the production of lithium 

from brines. By using a solvothermal synthesis method, we have prepared core-shell 

nanostructured LiFePO4/C materials with a LiFePO4-core (~123 nm size) fully covered by a 

thin carbon coating (~5 nm thickness), which significantly outperform the three types of 

LiFePO4/C commercial materials here studied. While the commercial materials exhibit low 

capacity and stability issues, the optimised core-shell materials exhibit high capacities of up to 

160 mA h g
-1

 and 130 mA h g
-1

 at C-rates of C/10 and 1C, respectively, and >87% capacity 
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retention after 50 cycles of lithium sequestration and release at C/10, for all the brine 

compositions studied. Due to the unavoidable changes in composition of natural brine 

resources, the observed consistency in performance regardless the brine composition is a bit 

asset.  

The improved performance of the core-shell material is ascribed to the narrow particle size 

distribution, achieved by the controlled growth of particles in the solvothermal synthesis 

method. As a result, the battery electrodes made with the core-shell materials exhibit low 

tortuosity for the pathways of lithium-ion transport inside the brine-filled electrode pores, 

which thus produces a fast lithium-ion supply for the lithium sequestration reactions, leading 

to high capacities. Moreover, the present solvothermal synthesis method produces nanosized 

LiFePO4/C, thus enabling fast reaction kinetics and preventing the issues of particle cracking 

associated with larger particles. Without particle cracking, the homogeneous particle size is 

preserved over cycling, and the protective carbon coating is also well-maintained, thus 

avoiding the surface degradation reactions that occur when the bare LiFePO4 is in direct 

contact with the brines. 

We hope that this work will inspire further studies to test these materials in flow reactors 

representative of commercial lithium production applications, where factors beyond those 

considered here (e.g. drastic concentration gradients, high temperature, impurities, open air 

conditions, etc.) bring additional challenges in materials design. 
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Figure 7  

FIGURE CAPTIONS 

Figure 1 (a) XRD patterns, (b) TGA analyses, (c) SEM images and (d) TEM images of 

LFP/C-1, LFP/C-2 and LFP/C-3 samples; the particle size determined by using the ImageJ 

software to analyse SEM images (sample labels explained in Table 1). 
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Figure 2 1
st
 and 2

nd
 cycle charge/discharge plots at a C-rate of C/10 and subsequent five 

cycles at 1C, for (a) LFP/C-1, (b) LFP/C-2 and (c) LFP/C-3 electrodes cycled against the 

corresponding Li0.25FePO4 counter-and-reference electrode in the artificial brines (Atacama, 

Olaroz and Central Altiplano) and the benchmark 0.5 M Li2SO4 solution (sample labels 

explained in Table 1). 

Figure 3 (a) 1
st
, (b) 2

nd
 and (c) 50

th
 cycle charge/discharge plots at a C-rate of C/10 and (d) 

cycling stability, for LFP/C-3 electrodes cycled against the corresponding Li0.25FePO4 

counter-and-reference electrode in the artificial brines (Atacama, Olaroz and Central 

Altiplano) and the benchmark 0.5 M Li2SO4 solution (sample labels explained in Table 1). 

Figure 4 As in Figure 1 but for LFP/C-4, LFP/C-5 and LFP/C-6 samples (sample labels 

explained in Table 1). 

Figure 5 As in Figure 2 but for (a) LFP/C-4, (b) LFP/C-5 and (c) LFP/C-6 samples (sample 

labels explained in Table 1). 

Figure 6 As in Figure 3 but for the LFP/C-5 sample (sample labels explained in Table 1). 

Figure 7 (a) XRD patterns, (b) Raman spectra and (c) SEM images of the pristine and cycled 

LiFePO4 electrodes, where the latter were cycled for 50 cycles against Li0.25FePO4, at a C-rate 

of C/10, in the artificial brines (Atacama, Olaroz and Central Altiplano) and the benchmark 

0.5 M Li2SO4 solution. 

 

TABLES 

Table 1 Properties of LiFePO4/C samples: crystallite sizes obtained from Rietveld fits to 

XRD patterns; average particle sizes determined by using the ImageJ software to analyse 
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SEM images; carbon contents and coverages obtained through TGA analyses and TEM 

images, respectively. 

Sample Provider 

Crystallite 

size (nm) 

Average particle 

size (nm) 

Carbon content 

(wt%) 

Carbon 

coverage 

LFP/C-1 MTI 180±13 630±190 2.0 

Partial LFP/C-2 Li-FUN 181±13 620±140 2.1 

LFP/C-3 Tatung 173±13 790±100 2.3 

LFP/C-4 

Self-made 

124±7 142±11 2.2 

Full LFP/C-5 120±7 142±10 5.1 

LFP/C-6 124±7 139±12 8.0 

 

Table 2 Molar concentrations of salts used to prepare artificial brines and the benchmark 

Li2SO4 solution. The values of the dynamic viscosity of the solutions are also included.[14] 

Brine 

LiCl 

(M) 

NaCl 

(M) 

KCl 

(M) 

MgCl2 

(M) 

Li2SO4 

(M) 

Viscosity 

(mPa s) 

0.5 M Li2SO4 - - - - 0.50 1.13 

Atacama 0.04 0.78 0.10 0.07 - 0.97 

Olaroz 0.18 5.00 0.28 - - 1.79 

Central Altiplano 0.06 4.00 0.20 0.30 - 1.60 

 

 

  

                  



33 
 

Declaration of interests 
  
☒ The authors declare that they have no known competing financial interests or personal 
relationships that could have appeared to influence the work reported in this paper. 
  
☐ The authors declare the following financial interests/personal relationships which may be 
considered as potential competing interests: 
 

 
  
  
  
 

                  



34 
 

 

Graphical abstract 

 

 

 

 

 

                  


