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a b s t r a c t

The existence of adsorbed water and structural water in the crystal structure of attapulgite (ATP) endows

it with poor capability to store lithium ions. Herein, the chloride molten salt method was developed to

function ATP materials based on theoretical calculations, which exhibit ground-breaking electrochemical

performance. After the modification process, the metal ions in chloride molten salt occupy the vertices of

the Mg-O octahedral structure from the liberation of structural water and hydroxyl groups in ATP, forming

MaMgbAlcSixOy (M= Li, Na, or K). Using LiCl molten salt-modified ATP (Li-ATP) as a proof-of-concept,

the detailed phase transition, physicochemical properties, and lithium storage capacity were investigated.

Compared to the original ATP, Li-ATP achieves a nearly 7-fold increase in lithium storage capacity (498

mAh/g), featuring a promising low-cost polyanionic type anode material.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Currently, commercially available lithium-ion batteries (LIBs)

predominantly utilize graphite as the negative electrode mate-

rial, owing to its good conductivity, high-capacity retention dur-

ing long-term charge and discharge cycles, and minimal volume

change [1,2]. However, as the demand for higher energy density in

lithium-ion batteries continues to rise, the relatively low theoreti-

cal specific capacity of graphite (372 mAh/g) is gradually becoming

insufficient [3–5].

Since the identification of electrochemically active LiFePO4 by

Goodenough et al. in 1997 [6], extensive research has been ded-

icated to transition metal and polyanion compounds ([(XO4)
n–,

X=P, S, Si…]) as either cathode or anode materials for LIBs or

sodium-ion batteries (SIBs) [7–9]. Masquelier et al. conducted a

comprehensive review of polyanionic-framework materials, includ-

ing phosphates, silicates, and sulfates, as electrodes in 2013 [10].

They observed that, although the inclusion of polyanions [(XO4)
n–]

may reduce the theoretical gravimetric capacity, the associated sta-

ble frameworks contribute to the overall durability during the in-

sertion and extraction of "guest" ions. These polyanionic materi-

als exhibit versatility, serving not only as cathode materials but
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also, in certain instances, undergoing investigation as anode ma-

terials, owing to their lower potential and the presence of sta-

ble ion channels. Specifically, lithium silicates have been strategi-

cally incorporated into the design of advanced silicon based and

lithium metal anodes, functioning to mitigate the substantial vol-

ume changes and mitigate undesired surface reactions experienced

by these anodes during cycling [11–14]. Exemplary anode electrode

materials or anode protection materials with low potential include

Li4SiO4, Li2SiO3, Li2Si2O5, and Li6Si2O7. These lithium silicates can

be co-utilized during the charge/discharge cycles, particularly be-

low 1V [15].

Slightly different from other clay mineral materials, lay-

ered attapulgite ((Mg, Al)2[(OH)2(OH2)4Si8O20]·4H2O) is a natural

one-dimensional magnesium-aluminum silicate nanoclay material,

composed of Si-O tetrahedral and Al-O octahedral platelets, form-

ing a unique one-dimensional nanochannel structure [16–18]. The

presence of crystalline water and exchangeable cations between

these layers results in weak interactions, facilitating their easy

movement [19]. Its unique structure has attracted researchers to

explore its lithium storage properties, such as pre-oxidation and

carbonization processes synthesized ATP/polyacrylonitrile aerogel.

The carbonized ATP-based aerogel exhibits promising performance

as an active negative electrode material for LIBs, demonstrating an

average specific capacity of 534.6 mAh/g at a current density of 0.1

A/g after 50 cycles, with a Coulombic efficiency exceeding 97%. On
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Fig. 1. (a) ATP structure. (b) ATP removing free water (8H2O). (c) ATP removing free

water (8H2O) and structured water (8OH2).

the other hand, researchers have also investigated the utilization of

ATP for preparing aerogel anode electrode materials. Namely, Lan

et al. [20] developed ATP aerogels doped with silver nanoparticles.

Compared to pure ATP aerogels, the composite ATP/Ag aerogels ex-

hibit a significantly increased specific surface area, and the silver

nanoparticles provide high conductivity. After 50 cycles at a cur-

rent density of 0.1 A/g, the discharge capacity of the nanocompos-

ite material is measured to be 133.0 mAh/g. These examples imply

the potential application of ATP in lithium storage as a polyanionic

type negative electrode material. Notwithstanding the lithium stor-

age properties of ATP that have been tentatively explored, experi-

mental results have shown values significantly lower than its the-

oretical lithium storage capacity.

Various from traditional material modification methods, this

work used molten salt as both the medium of the reaction sys-

tem and the source of metal cations, aiming to enhance the lithium

storage capacity of ATP. More precisely, using the part of I family

metal ions present in the molten salt to selectively remove other

metal ions that are coordinated with the ATP, such as iron and cal-

cium ions. Meanwhile, the adsorbed water, free water, and struc-

tural water would be vaporized with the temperature increasing

and the metal ions would occupy the appropriate sites and make

the structure more stable, achieving the main skeleton interaction

at a certain temperature to induce the phase transformation of the

ATP. Based on these advantages, the molten salt-modified ATP re-

tains its original morphology and structural integrity while max-

imizing its lithium storage capabilities. Such as LiCl molten salt-

modified ATP (Li-ATP) exhibited a nearly 7-fold increase in lithium

storage capacity (498 mAh/g).

Density functional theory (DFT) calculations were first

performed to calculate the theoretical lithium storage ca-

pacity of ATP by the Vienna Ab initio Simulation Package

[21,22]. The optimized lattice parameters of ATP crystal

{Mg6Al4Si16O40(OH)4(OH2)8·8H2O} are as follows: a=13.81 Å,

b=18.05 Å, c=5.33 Å, V0 =1277.65 Å3, and β =106.09° (Fig. S1 in

Supporting information), which are in good agreement with exper-

imental results of a=13.29 Å, b=17.85 Å, c=5.24 Å, V0 =1185.04

Å3, and β =107.56° [23]. Some experimental and optimized bond

lengths are listed in Table S1 (Supporting information).

Fig. 1a shows the optimized structure of ATP. The structure of

ATP, devoid of 8 free water molecules, is referred to as the Slab,

as shown in Fig. 1b. To establish a stable Mg octahedron, Mg1

and Mg3 atoms interact with oxygen atoms of the structural water

(OH2) in ATP crystal. However, upon the removal of the structural

water, the Mg octahedral structure is broken, leading to the expo-

sure of Mg1 and Mg3 atoms (Fig. 1c).

Then, the optimized configurations of filling 1 to 8 lithium

atoms in the cave of the Slab were simulated in Fig. 2a. When

each cave accommodates 1 Li atom, the Li atom bonds with the

O atom. The Si tetrahedral and Al/Mg octahedral structures remain

unchanged when each cave is filled with 2–8 Li atoms. Li atoms

tend to adsorb on O atoms of Si tetrahedrons. Table S2 (Support-

ing information) lists the lattice parameters and relative energies

Fig. 2. (a) Optimized structures of Li-filled attapulgite. Each cave in the Slab is filled

with 1–8 Li atoms. (b) Volume and potential energy of Li-filled attapulgite.

(�E= Etotal – ESlab – ELi) of the Slab filled with Li atoms. The struc-

ture exhibits the highest stability when each cave is filled with 7

Li atoms, as evidenced by the relative energy (Fig. 2b). In addi-

tion, a volume expansion of the Slab is observed after filling 8 Li

atoms (Fig. 2). When 8 Li is added to each hole, the structure of

the Slab undergoes significant deformation, resulting in a volume

of 1361.13 Å [24]. Hence, the Slab structure filled with 7 Li atoms is

the most stable.

In the calculation process, the premise of the removal of the

adsorbed water especially structural water is to ensure that the

structure of ATP will not collapse. So, the number of subtracted

water molecules is 8, and the hydroxyl group (OH and OH2) in

the structural skeleton does not disappear from the DFT simu-

lation. So, the calculated results show that the theoretical spe-

cific capacity of ATP should be established on insertion of 14 Li

into Mg6Al4Si16O40(OH)4(OH2)8 and the calculated result is 266.2

mAh/g.

Leveraging the aforementioned theoretical calculations, conven-

tional approaches, such as carbon material coating, encounter chal-

lenges in surpassing the theoretical capacity limit. A subtle modi-

fication of the molten salt system is anticipated to provide an av-

enue for augmenting the lithium-ion storage capacity, all the while

preserving the structural framework and morphology of the mate-

rial. This study focuses on lithium chloride molten salt-modified

ATP, investigating its formation mechanism, physicochemical prop-

erties, and lithium storage capacity. To be first, Fig. S2a (Sup-

porting information) illustrates the main phase of LiCl-modified

ATP (650 °C) is LiAlSi2O6 (PDF#76–0921). Additional peaks corre-

sponding to orthorhombic MgSiO3 (PDF#73–1937) and orthorhom-

bic Li2SiO3 (PDF#29–0828) are also observed. This indicates a sig-

nificant phase transformation due to lithium ions occupying sites

belonging to structural water and hydroxyl groups in ATP. The

substitution of Li+ does disrupt the positions of silicon–oxygen

tetrahedra, aluminum–oxygen octahedra, and magnesium–oxygen

octahedra during the break of the structural water and hydroxyl

groups. Similar results are observed in the XRD patterns of ATP

modified with NaCl and KCl, resembling the outcomes of construct-

ing MAlSi3O8 (M: Na, K) directly (Figs. S2b and c in Supporting
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Fig. 3. (a) Ex-situ XRD pattern of the as-obtained Li-ATP material preparation pro-

cess. (b) FTIR spectra of ATP and Li-ATP. SEM images of (c) ATP and (d) Li-ATP. (e)

HR-TEM and (f) elemental mappings of Li-ATP.

information). In order to further understand the phase transition

process of ATP in the molten salt system, XRD at the out-of-situ

process temperature was performed. As depicted in Fig. 3a, the

dehydration characteristics of ATP itself at different temperatures

and the melting point of lithium chloride are examined. The XRD

phases after 12 h of calcination at various temperatures during LiCl

molten salt modification indicate that ATP’s characteristic peak at

2θ =8.9° remains intact at 300 °C. Simultaneously, water adsorbed

on pores and surfaces evaporates with increasing temperature. As

the temperature rises, at 480 °C, the ATP peak diminishes, and

the LiAlSi2O6 crystalline phase gradually emerges, suggesting that,

prior to reaching the melting point of LiCl (480 °C), some lithium

ions have already entered the ATP structure due to solid-state con-

tact between LiCl and ATP. Subsequently, at 600 °C, a substantial

number of lithium ions participate in the internal restructuring of

ATP, with completion occurring after 650 °C [25,26]. During this

period, the introduction of molten lithium salt and the gradual dis-

appearance of structural water on the Mg–O octahedra resulted in

the generation of a significant amount of non-bridging oxygen. The

unsaturated valence of non-bridging oxygen is neutralized through

the interaction with lithium ions [23]. Fig. 3b illustrates the FTIR

spectra of ATP and Li-ATP. Peak positions are observed at 3550–

3610 cm−1, and 1660 cm−1, corresponding to the stretching vi-

bration of the surface –OH groups [27,28]. Bands at 1200 cm−1

and 1050 cm−1, are the bending vibration of Si–O–Si groups and

stretching vibration of connected two reverse tetrahedrons [29,30].

The peaks at 513 cm−1 and 471 cm−1 may be assignable to the

Si–O–Al and Si–O–Mg stretch, respectively [31,32]. Meanwhile, the

observed bands at 567 cm−1 and 750 cm−1 are characteristic of

Si–O–Li and Al–O stretching vibration motion in the structure of

Li-ATP [33]. The corresponding SEM images of ATP before and af-

ter LiCl molten salt modification are shown in Figs. 3c and d. In

the images, the intrinsic ATP exhibits a one-dimensional stacked

nanofibrous structure with nanoscale dimensions (diameter ap-

proximately 20–70nm, length approximately 0.5–5μm). After vari-

ous LiCl molten salt modifications, the one-dimensional morphol-

ogy is maintained. Similar SEM and TEM images of Na-ATP, and

K-ATP are shown in Figs. S3c-f (Supporting information). Due to

the mild nature of molten salts, the size of in-situ modified ATP

undergoes minimal changes, with only a slight increase in diam-

eter, and a partial alleviation of the stacking phenomenon com-

pared to the pristine ATP. HR-TEM images and elemental distribu-

tion of Li-ATP in Figs. 3e and f indicate that Li-ATP maintains a

rod-shaped structure with faint one-dimensional nanochannels, re-

sembling ATP’s inherent nanochannels. Elements such as Mg, Al, O,

and Si are evenly distributed, with enriched content of O and Si on

the Li-ATP surface.

Raman spectroscopy in Fig. S4a (Supporting information) was

also employed to compare the differences between the two before

and after molten salt treatment. The eigenmodes assigned to the

most prominent peaks in the Raman spectra (before 700 cm−1)

belong to ATP. As mode frequencies decrease, the corresponding

eigenmodes evolve from more localized Mg–O (513 cm−1) stretch,

O–Mg–O (637 cm−1) bend and O–Si–O (397 cm−1) bend motions

to longer-range motions such as silicate sheet deformations caused

by silicate tetrahedra rotation and silicate sheet shearing around

the Mg octahedral sheets deforming the Mg octahedra [34,35]. The

peaks at 491 cm−1 and 681 cm−1 are expected due to the Al–O–Al

stretch. Bands at 771 cm−1 and 967 cm−1 are responses to the Si–O

bend coming from Li-ATP [36]. Nitrogen adsorption isotherms were

measured in Fig. S4b (Supporting information). The specific sur-

face area of ATP and Li-ATP are about 208.89 m2/g and 14.2 m2/g,

respectively. Fig. S4c (Supporting information) shows the meso-

porous and macropores of the ATP and as-prepared Li-ATP. The

main mesoporous scale is under 3.8 nm in ATP, and the distribution

of gaps in Li-ATP is primarily in the microporous range. Compared

to the original ATP, Li-ATP exhibits high air stability (Fig. S4d in

Supporting information). The corresponding material composition

is analyzed by XRF and XPS in Tables S3 and S4 (Supporting infor-

mation), respectively.

Additionally, due to the complexity of the Li-ATP structure, we

preliminarily explored the changes in the Mg–O bond lengths in

the model where ATP, with eight structural water removed, further

eliminates hydroxyl groups from the remaining structural frame-

work. Fig. S5 (Supporting information) shows the structure of the

Slab+7Li with the removal of 8 structural water molecules. Table

S5 (Supporting information) provides the partial bond lengths of

Slab+7Li and Slab+7Li-8OH2. The results after optimization show

that the Mg1–O1 and Mg1–O2 bonds are cleaved, and the Mg3–

O3 and Mg3–O4 bonds are elongated. However, the Al tetrahedral

structure remains essentially unchanged. This also helps to illus-

trate that the production of non-bridging oxygen does not cause

significant changes in the Al–O tetrahedra and Si–O tetrahedra

when lithium ions are embedded. This is consistent with the phase

characteristics of Li-ATP obtained after molten salt modification.

The electrochemical performance was then investigated. Fig. 4a

compares the first charge-discharge curves of the first cycle, show-

ing main capacities coming from below 1.0V with Li+/Li. Fig. 4b
and Fig. S6a (Supporting information) depict CV for Li-ATP and

ATP electrodes within the voltage range of 0.01–3V. Characteristic

of silicate anode materials, the plateaus at 1.5V and 0.75V result

from electrolyte decomposition and its interaction with the sur-

face, leading to the formation of the solid electrolyte interface layer

[37]. The EIS plots for ATP and Li-ATP anodes before cycling are il-

lustrated in Fig. S6b (Supporting information). Both curves exhibit

a semicircle in the high-to-medium frequency region and a sloped

line in the low-frequency region, while the transfer resistance (Rct)

for Li-ATP (68.3 �) is notably smaller than that of the ATP (159.5

�) [38]. The electrical conductivity was further compared in Ta-

ble S6 (Supporting information), while the electrical conductivity

of the original ATP was very poor (8.3×10−6 S/m) and Li-ATP pos-

sesses a relatively high electronic conductivity of 1.73×10−5 S/m.

The accelerated kinetics processes were then analyzed. CV curves

at various scan rates from 0.1mV/s to 5.0mV/s were conducted.

As depicted in Fig. S7 (Supporting information), both samples ex-

hibit a similar shape at identical scan rates. However, the capaci-

tive contribution of the two samples at a scan rate of 0.2mV/s is

comparable. For the ATP electrode, capacitive behavior dominates

in the voltage range of 0–1.0V, consistent with in situ measure-

ment results. It is confirmed that the excess capacitive capacity of

ATP compared to the Li-ATP electrode mainly originates from ad-
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Fig. 4. (a) The first cycle discharge-charge curves of Li-ATP and ATP electrodes. (b) CV curves of Li-ATP electrodes. (c) Ex-situ XRD pattern of the Li-ATP electrode during

charging and discharging process. (d) The overpotential from GITT profiles of the second cycle. (e) Cycling performances of the ATP and Li-ATP in lithium ion batteries at

100mA/g. (f) Long-term cycling of the cell with Li-ATP and ATP electrodes. (g) Full battery assembly model of Li-ATP//LFP full cell and (h) the corresponding electrochemical

performance at 200mA/g.

sorption in mesopores. Contribution ratios of adsorption capacity

at different scan rates of the Li-ATP electrode are displayed in Figs.

S7d and S8a (Supporting information). It can be concluded that the

original ATP has limited lithium ions storage capacity and diffused

performance. The value of b (i= avb, b=1 for ideal capacitive be-

havior and b=0.5 for the diffusion-limited process) is higher than

that of Li-ATP at the voltage of peak current, further demonstrat-

ing the dominated diffusion of lithium ions with Li-ATP (Fig. S8b

in Supporting information) [39,40].

Leveraging the superior lithium storage capability, ex-situ XRD

characterization of Li-ATP electrodes during the first two cycles

was conducted at every 0.2V in Fig. 4c. It reveals that within the

charging and discharging range (0.01–1.7V), which means minimal

alteration of peak shifting in the crystalline phases of Li-ATP, and

maintains the phase stability and low volumetric expansion during

charge and discharge cycles [41]. To further understand the ben-

efit of improved structural stability of Li-ATP, galvanostatic inter-

mittent titration technique (GITT) experiments were finally con-

ducted (Fig. 4d and Fig. S9 in Supporting information). Certainly,

a higher capacity of 600 mAh/g is achieved at 50mA/g for Li-ATP,

with an ultra-small and diminishing overpotential of <20mV dur-

ing the discharging process. Notably, Fig. 4e displays the cyclic ca-

pacity comparison at a low current density of 100mA/g. The Li-

ATP electrode exhibits a nearly 7-fold improvement in lithium stor-

age capacity, reaching 498 mAh/g compared to pristine ATP (72

mAh/g) after 100 cycles at 100mA/g. In order to reduce the influ-

ence of impurities, ATP and Li-ATP were treated with 2mol/L HCl

(Fig. S10a in Supporting information), and it was found that the

treated material had little effect on the lithium storage properties.

This surpasses the theoretical value of the currently commercial-

ized graphite anode. Even at a high current density of 2000mA/g,

a high capacity of 229.1 mAh/g after 1000 cycles can still be main-

tained (Fig. 4f), indicating favorable cycling stability and capacity

retention for Li-ATP. In order to understand whether this method

is universally applicable in improving material properties, the cor-

responding lithium storage performance of Na-ATP and K-ATP at

a current density of 200mA/g is shown in Fig. S10b (Support-

ing information). Both of them demonstrate an increase in spe-

cific capacitance, but the performance improvement of K-ATP is

not as pronounced as that of Li-ATP and Na-ATP. Furthermore, Fig.

S11a (Supporting information) explores the charge-discharge spe-

cific capacities of Li-ATP and pristine ATP at varying rates. Remark-

ably, the Li-ATP electrode exhibits higher and reversible capaci-

ties across a current range from 100mA/g to 2000mA/g, whereas

the rate-specific capacity of ATP is relatively lower. Fig. S11b (Sup-

porting information) presents charge-discharge curves at various

rates, indicating a decrease in specific capacity with increasing cur-

rent density. However, the overall trend and plateau of the charge-

discharge curves remain unchanged. With a sudden increase in

the number of constant current charge-discharge cycles, weak po-

larization phenomena are observed in the corresponding charge-

discharge curves (Fig. S11c in Supporting information). To assess its

potential practical application, a coin-type full cell utilizing Li-ATP

as the anode and commercial LiFePO4 (LFP) as the cathode was

fabricated (Fig. 4g), maintaining an N/P area-capacity ratio of ap-

proximately 1.1–1.05:1. With the same loading of anode material,

the full cell with Li-ATP presents a higher discharge platform and

specific capacity than graphite during the first cycle (Fig. S12 in

Supporting information). Fig. 4h shows that the cell achieves an

initial discharge capacity of 1.11 mAh/cm2 at 200mA/g, and main-

tains a reversible capacity of 0.93 mAh/cm2 after 100 cycles with

a capacity retention of 97.7%. Subsequently, the Li-ATP electrode

retrieved from the full cell after 100 cycles underwent further in-

vestigation to assess its real-world performance. The corresponding

SEM image and XRD spectrum in Fig. S13 (Supporting information)

underscore the structural and morphological stability of the Li-ATP

anode during practical applications in LIBs.

In summary, the chloride molten salt treated method was in-

troduced to enhance its lithium storage capacity of ATP. A detailed

investigation was conducted on Li-ATP, including phase transition
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and physicochemical properties. Compared to the original ATP, an

impressive ground-breaking lithium storage capacity (498 mAh/g)

was achieved for Li-ATP. And also high phase stability during the

repeated charge and discharge cycling was maintained, making it

a promising polyanionic anode material. This research introduces

a valuable, cost-effective, and scalable method for preparing sta-

ble ATP-reinforced nanocomposites as high-performance anodes

for LIBs.
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