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Abstract

Two-dimensional (2D) membranes have demonstrated potential for molecular separation; however, their applicability for Li/Mg

ion separation has been restricted by their negatively-charged and easily-swellable properties in water. Moreover, their practical

application has been hindered by the challenge of producing significant quantities of single-layer nanosheets. To overcome these

challenges, we have developed a scalable method for synthesizing micro-sized nitrate ZnAl layered double hydroxide (LDH) and

subsequent exfoliating to yield monolayer nanosheets for the construction of 2D membranes. The sub-nanometer channels of

the LDH membrane is positively charged, which prevents the passage of magnesium ions. These channels also impede the flow

of magnesium ions that are more difficult to dehydrate. As a result, the LDH membranes exhibit robust lithium-magnesium

separation ability, with a separation ratio of 6 (Li/Mg). This work provides a method for producing high-quality LDH nanosheets

and validates the enormous potential of LDH membranes in the field of lithium-magnesium separation.
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Abstract: 

Two-dimensional (2D) membranes have demonstrated potential for molecular separation; 

however, their applicability for Li/Mg ion separation has been restricted by their 

negatively-charged and easily-swellable properties in water. Moreover, their practical 

application has been hindered by the challenge of producing significant quantities of 

single-layer nanosheets. To overcome these challenges, we have developed a scalable method 

for synthesizing micro-sized nitrate ZnAl layered double hydroxide (LDH) and subsequent 

exfoliating to yield monolayer nanosheets for the construction of 2D membranes. The 

sub-nanometer channels of the LDH membrane is positively charged, which prevents the 

passage of magnesium ions. These channels also impede the flow of magnesium ions that are 

more difficult to dehydrate. As a result, the LDH membranes exhibit robust 

lithium-magnesium separation ability, with a separation ratio of 6 (Li/Mg). This work 

provides a method for producing high-quality LDH nanosheets and validates the enormous 

potential of LDH membranes in the field of lithium-magnesium separation. 

 

KEYWORDS: ZnAl-LDH; monolayer nanosheets; 2D membrane; ion sieving  
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1. Introduction 

Lithium is a critical element in Li-ion batteries (LiBs), ceramics, lubricants, and the 

nuclear industry.1 Especially in the field of LiBs, it is predicted that the continuous 

development of portable electronic devices and new energy vehicles will significantly 

increase the demand for lithium, making it a geopolitically significant resource.2 Brines is an 

important source of lithium, accounting for 58% of the world's proven reserves.3 

Unfortunately, current lithium extraction technologies, including precipitation, salting, and 

solvent extraction, are plagued by time-consuming and costly processes,4-7 because there are a 

large number of other ions in brines with similar chemical properties and structures to lithium, 

including Mg2+ (normally the highest), K+, and Na+. The development of new, 

energy-efficient separation techniques, especially for Li/Mg separation, is urgently required.8 

Membrane technology is an attractive alternative for aqueous lithium separation due to 

its high efficiency, simple process, and low energy consumption.9-11 Two-dimensional (2D) 

membranes, in particular, have demonstrated excellent potential in the field of ion separation, 

introducing new possibilities for achieving higher performance separation.12-16 Size screening 

is one of the important mechanisms of separation. The robust sub-nanometer channel is the 

basis for the membrane to achieve a stable separation performance.4,17-19 Additionally, the 

charged properties of membranes play a crucial role in separating substances with different 

charges.2,20-22 For lithium-magnesium separation, a membrane with positively charged 

sub-nanometer channels will more strongly repel the passage of magnesium ions, thus 

showing the enhanced separation effect of lithium and magnesium.8,23-26 However, mostly 

two-dimensional materials, such as GO,18 MXene,16 vermiculite,19 etc., are negatively charged 
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and have swelling problems in water,27,28 which will reduce the ability of Li/Mg separation. In 

addition, exfoliating bulk 2D materials into nanosheets is necessary for building layered 

membranes, but it involves harsh conditions, making it a complicated process that limits the 

development of these membranes.  

Layered double hydroxides (LDHs) is a typical anionic intercalated 2D material that has 

a positively charged laminate and shows high stability in water, indicating that it is a potential 

material platform for constructing a Li/Mg separation membrane.29,30 Although the exfoliation 

process of LDHs is relatively moderate, large-scale preparation of high-quality nanosheets 

remains a challenge.31,32 The “top-down” method is a common way to obtain LDH 

nanosheets.29,33 In general, urea is used as the alkali source to obtain CO3-LDH by 

hydrothermal reaction, and then NO3-LDH is obtained by acid-salt exchange to facilitate 

delaminating. However, this process is atomically uneconomical because it consumes a lot of 

nitrate (the mass ratio of nitrate to LDH is 127) and is time-consuming (at least 96 h) and 

low-yielding. Although there are bottom-up methods for directly synthesizing LDH 

nanosheets,34,35 the size is generally below tens of nanometers, which is not suitable for 

constructing membranes. A method to obtain high-quality LDH nanosheets in large quantities 

at a low cost will aid in their wide-scale application. The consensus is that the direct synthesis 

of micron-sized NO3-LDH will greatly reduce the consumption of reagents and time. 

However, this is difficult because CO3
2− has a stronger affinity with LDH laminates.36,37 

Generally, even if the introduction of carbonate-containing reagents is avoided during the 

synthesis process, CO3
2− can still be detected in the final product because of the strong 

affinity between LDH host layer and CO3
2− ions. Previous research has revealed that the 
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different metal elements in LDH laminate may affect its adsorption of carbon dioxide. This 

suggests that altering the kind of laminated metal may reduce the pollution of carbonate and 

facilitate the formation of pure nitrate LDH.  

The present study aimed to synthesize pure nitrate LDHs, including CoAl, ZnAl, MgAl, 

and NiAl LDH, through a one-step method with large particle size. Among the synthesized 

compounds, ZnAl-LDH was found to be less prone to carbonate contamination, optimizing 

the synthesis process for micron-sized nitrate LDH. The ZnAl-LDH platelets obtained from 

this method were cost-effective and easily exfoliated into single-layer nanosheets, suitable for 

constructing layered membranes with stable sub-nanometer channels that bear a positive 

charge. The positively charged character of LDH membrane makes it more repellent to 

magnesium ions. In addition, the LDH membrane does not swell in water and has stable 

sub-nanometer channels. It is difficult for magnesium ions, which are hardness to dehydrate, 

to pass through the stable sub-nanometer channels, giving the LDH membranes good and 

sustained lithium-magnesium separation capabilities. 

2. Experimental section 

2.1 Reagents and Materials.  

All chemicals were used without further purification. Zn(NO3)2·6H2O, Mg(NO3)2·6H2O, 

Co(NO3)2·6H2O, Ni(NO3)2·6H2O, Al(NO3)3·9H2O, MgCl2·6H2O, FeCl3·6H2O,NaCl, LiCl, 

ethanol commercially available from TJ-jinteng company. Formamide, acetone and n-hexane 

were purchased from Macklin company. Deionized water was used in all the experiments. 

2.2 Methods 

Preparation of (M)Al-LDH  
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The (M)Al–LDH (M = Mg, Zn, Co and Ni) nanoplatelets were synthesized according to 

the separate nucleation and aging steps method reported by our group.38 Typically, 

Al(NO3)3·9H2O (100 mmol), M(NO3)2 (50 mmol) were dissolved in 500 mL deionized water 

denoted as solution A. NaOH (150 mol) were dissolved 1000 mL deionized water denoted as 

solution B. Solution A and B were mixed together simultaneously in a colloid mill for 1 minute 

at a rotating rate of 3000 rpm. Then the collected colloid was transferred into a stainless 

Teflon-lined autoclave and kept in oven at 110 °C for 24 h for crystallization. The product was 

washed three times with water and once with ethanol, respectively. Finally, the moist product is 

sealed and preserved.  

Preparation of LDH nanosheets 

X gram (X = 0.25~5) ZnAl-LDH was mixed with 100 ml formamide, followed by aging 

using a mechanical shaker for 5 min. Then the mixture was sonicated for 1 hour to achieve the 

preparation of LDH nanosheets.  

Preparation of LDH laminar membrane 

Vacuum-assisted filtration methods was used to prepare LDH laminar membrane. 

Typically, the LDH colloidal solution (0.2 g/100 ml) was diluted 100 times with water and 

filtrated under 1 bar vacuum on a nylon membrane with an effective diameter of 40 mm. Then 

the as-fabricated LDH membrane was dried in a vacuum oven at 60 °C for 24 h. 

Ion permeation test 

The ion permeation tests were conducted using a two-compartment electrochemical cell 

fabricated in-house. The membrane was sandwiched between two electrochemical cells. Then, 

the same concentration of salt solution to be measured was injected into the two cells. And the 
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I-V properties were measured with a pair of Ag/AgCl electrodes and recorded by CHI 660D 

electrochemical workstation at the mode of linear sweep voltammetry. Membrane 

conductance can be calculated according to the slope of the I-V curve. 

The ion diffusion experiment driven by a concentration gradient was also carried out in 

an H-type cell. The difference is that 0.1 M salt solution and deionized water are injected into 

the two cells. The conductivity meter was used to monitor the change of salt concentration on 

the deionized water side. 

Theoretical calculations 

The DFT calculations in this work were performed using the CASTEP module in the 

Materials Studio version 8 software package. The single ion, water molecule and hydrated ion 

models were built and optimized. After the energy optimization of hydrated ions is completed, 

the differential charge density diagram can also be obtained. Besides, the final energy of the 

corresponding system (EMn+, E((H2O)n), E�Mn+(H2O)n�
) was calculated. And the binding energy 

of water and ions can be calculated by the formula (2).38 

 Mn+(H2O)
2
⇌Mn+

+(H2O)
n
                    (1) 

                 EBining=EMn++E((H2O)n)-E�Mn+(H2O)n�
               (2) 

The electrostatic double-layer (EDL) interaction (UEDL) between ions and membrane was 

calculated using the SEI technique.18,22 The SEI method integrates the interaction energy per 

unit area (EEDL) between the planar membrane surface and the hydrated ion to consider the 

overall interaction energy (UEDL), which can be calculated by formula (3). The interaction 

energy per unit area (EEDL) between ions and membrane can be expressed as (4). 

                         U(D)=∬E(h)dA                     (3) 
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ϵ0ϵrκ

2
�ψ

s
2+ψ

p
2� �1- coth(κh) +

2ψsψp

�ψs
2+ψp

2�
cosech(κh)�

      (4)  

Where, ϵ0 is permittivity in vacuum, ϵr is relative dielectric permeability of the solvent, ψs was 

surface potential of hydrated ions, ψP is surface potential of LDH membrane,κ is the inverse 

Debye screening length, and h is the distance between LDH membrane and ions, respectively. 

Characterization techniques 

XRD patterns were recorded by a UItima III XRD diffractometer at 40 kV, 30 mA with 

Cu Kα radiation (λ = 0.1542 nm). The morphology of LDHs and LDH membranes were 

observed by SEM (Zeiss SUPRA 55) and TEM (JEM-2100). AFM images were captured on a 

Bruker Dimension Icon atomic force microscope. The zeta-potential and particle size 

distribution of the solutions was measured by a laser particle size analyzer (Zetasizer Nano ZS 

90, USA). FT-IR spectra were recorded on a Nicolet 6700 spectrometer (Thermo Fisher 

Nicolet, USA) at room temperature. Thermogravimetric and mass spectrometric (TG-MS) 

analysis were performed simultaneously using the STA7300 with Skimmer coupled to a 

quadruple mass spectrometer GAM200. The salt concentration was measured according to the 

conductivity of salt solution by a DDS-307A (INESA) conductivity meter. 

3. Results and discussion 



 

Figure 1. XRD patterns of (a) (

patterns of (b) MgAl-LDH; (c) CoAl

Four kinds of LDHs 

synthesized by the separate nucleation and aging steps method. Avoid using any 

carbonate-containing reagents to avoid carbonate ion contamination. In order to verify the 

interlayer anion species of the synthesized LDHs, XRD and IR analyses were carri

Figure 1 shows the XRD pattern of four kinds of LDHs. For ZnAl

diffraction peaks at 10°, 20°, and 30° can be assigned to (003), (006), and (009) diffractions, 

which is consistent with the typical nitrate intercalated LDH. In

the sharp peak at 1384 cm-1

However, for the other three LDHs, the appearance of twin peaks at about 10°, 11.5° and 20°, 

23° in the XRD pattern (Figure 1b

respectively, indicates the presence of carbonate and nitrate intercalated LDH. Similarly, a 

strong peak attributed to CO3

9 

XRD patterns of (a) (M)Al-LDH (M = Zn; Mg; Co and Ni); and expanded XRD 

LDH; (c) CoAl-LDH; (d) NiAl-LDH. 

 

 (CoAl-LDH; MgAl-LDH; ZnAl-LDH; NiAl

synthesized by the separate nucleation and aging steps method. Avoid using any 

containing reagents to avoid carbonate ion contamination. In order to verify the 

interlayer anion species of the synthesized LDHs, XRD and IR analyses were carri

Figure 1 shows the XRD pattern of four kinds of LDHs. For ZnAl-LDH, three single Bragg 

diffraction peaks at 10°, 20°, and 30° can be assigned to (003), (006), and (009) diffractions, 

which is consistent with the typical nitrate intercalated LDH. In the IR spectrum (

1 can be attributed to the vibration of interlayer nitrate ions. 

However, for the other three LDHs, the appearance of twin peaks at about 10°, 11.5° and 20°, 

(Figure 1b, c and d), which is attributed to (003) and (006) diffractions, 

respectively, indicates the presence of carbonate and nitrate intercalated LDH. Similarly, a 

2− vibration at about 1360 cm−1 in the IR spectrum (

 

Zn; Mg; Co and Ni); and expanded XRD 

LDH; NiAl-LDH) were 

synthesized by the separate nucleation and aging steps method. Avoid using any 

containing reagents to avoid carbonate ion contamination. In order to verify the 

interlayer anion species of the synthesized LDHs, XRD and IR analyses were carried out. 

LDH, three single Bragg 

diffraction peaks at 10°, 20°, and 30° can be assigned to (003), (006), and (009) diffractions, 

the IR spectrum (Figure S1), 

can be attributed to the vibration of interlayer nitrate ions. 

However, for the other three LDHs, the appearance of twin peaks at about 10°, 11.5° and 20°, 

, which is attributed to (003) and (006) diffractions, 

respectively, indicates the presence of carbonate and nitrate intercalated LDH. Similarly, a 

in the IR spectrum (Figure S1) 



 

was also observed, indicating that CO

indicate that is easy to prepare pure nitrate intercalated 

relatively difficult for CoAl-LDH, MgAl

more easily contaminated by carbonate ions.

Figure 2. TG/MS spectrogram of (a) ZnAl

NiAl-LDH.  

The simultaneous TG-MS study 

verify their adsorption of CO2

these four LDHs for CO2 are: 255.5 °C for CoAl

NiAl-LDH; and 327.9 °C for MgAl

binding strength of LDH to carbon dioxide species in the interlayer. The higher the desorption 

temperature is, the stronger the binding force 

This result shows that the adsorption of carbon dioxide species in Z

is relatively weak. Further, the adsorption capacity of the four LD

10 

rved, indicating that CO3
2− were present in these three LDHs. These results 

indicate that is easy to prepare pure nitrate intercalated ZnAl-LDH directly, while it is 

LDH, MgAl-LDH and NiAl-LDH. These later 

asily contaminated by carbonate ions. 

TG/MS spectrogram of (a) ZnAl-LDH; (b) CoAl-LDH; (c) MgAl

 

MS study (Figure 2) was performed on four kinds of LDHs to 

2. As summarized in Figure S2a, the desorption temperatures of 

are: 255.5 °C for CoAl-LDH; 259.5 °C for ZnAl-

LDH; and 327.9 °C for MgAl-LDH. The desorption temperature is related to the 

binding strength of LDH to carbon dioxide species in the interlayer. The higher the desorption 

temperature is, the stronger the binding force between carbon dioxide species and LDH is

This result shows that the adsorption of carbon dioxide species in ZnAl-LDH and CoAl

he adsorption capacity of the four LDHs to carbon dioxide species 

were present in these three LDHs. These results 

directly, while it is 

later three LDH are 

 

LDH; (c) MgAl-LDH; (d) 

four kinds of LDHs to 

he desorption temperatures of 

-LDH; 284.4 °C for 

The desorption temperature is related to the 

binding strength of LDH to carbon dioxide species in the interlayer. The higher the desorption 

carbon dioxide species and LDH is.39 

LDH and CoAl-LDH 

Hs to carbon dioxide species 
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can be qualitatively analyzed by comparison with the value of carbon dioxide removal signal 

peak areas to be split by the starting mass. The adsorption capacity of ZnAl-LDH per unit 

mass for carbon dioxide species is the smallest compared with the other three LDHs (Figure 

S2b), which can also explain why ZnAl-LDH is less susceptible to carbonate pollution in the 

air.  

In addition, in the process of homogeneous nucleation of ZnAl-LDH, the relative strong 

binding force between zinc and nitrate allows nitrate to participate in the nucleation process. 

At the onset of the process, two precursors Zn2(OH)3NO3 and Al(OH)3 are formed as 

illustrated in the following reaction equations, which can possibly explain why the synthesis 

of pure nitrate ZnAl-LDH is easier. Despite the lack of direct evidence, this understanding is 

consistent with previous work.41 While for the other three LDHs, anion typically enters the 

main laminate interlayer by diffusion after the layered structure formed. Due to the strongest 

binding force between carbonate and the laminate, the inevitable carbonate pollution will lead 

to the formation of carbonate LDHs. 

2Zn(NO3)2 + 3NaOH → Zn2(OH)3NO3 + 3NaNO3;  

Al(NO3)3+3NaOH → Al(OH)3 + 3NaNO3; 

Zn2(OH)3NO3 + Al(OH)3 → Zn2Al(OH)6NO3 (ZnAl-LDH) 



 

Figure 3. SEM images and particle size distribution of (a) ZnAl

CoAl-LDH; (d) NiAl-LDH. 

Figure 3 shows the SEM images and particle size analysis of four LDHs. ZnAl

an irregular sheet with a size distribution of about 2 

and NiAl-LDH have size distributions of 440 nm, 240 nm, and 10 nm, respectively.

finding is surprising because the separate nucleation and aging steps method typically 

produces LDHs with nanometer

synthesis produces LDHs with micron

metal elements in the laminate will produce LDHs of different sizes. The growth process of 

ZnAl-LDH was verified by SEM images 

the crystallization time is 0 h, the product is composed of small LDH grains and flakes.

the crystallization time is extended to 12 hours, micron
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SEM images and particle size distribution of (a) ZnAl-LDH; (b) MgAl

 

Figure 3 shows the SEM images and particle size analysis of four LDHs. ZnAl

an irregular sheet with a size distribution of about 2 μm, whereas CoAl-

LDH have size distributions of 440 nm, 240 nm, and 10 nm, respectively.

finding is surprising because the separate nucleation and aging steps method typically 

produces LDHs with nanometer-sized particles,40 whereas urea-assisted

synthesis produces LDHs with micron-sized particles.33 This result shows that the change of 

metal elements in the laminate will produce LDHs of different sizes. The growth process of 

LDH was verified by SEM images (Figure S3) of different crystallization times. 

the crystallization time is 0 h, the product is composed of small LDH grains and flakes.

the crystallization time is extended to 12 hours, micron-sized nanosheets are formed, and 

 

LDH; (b) MgAl-LDH; (c) 

Figure 3 shows the SEM images and particle size analysis of four LDHs. ZnAl-LDH has 

-LDH, MgAl-LDH, 

LDH have size distributions of 440 nm, 240 nm, and 10 nm, respectively. This 

finding is surprising because the separate nucleation and aging steps method typically 

assisted hydrothermal 

ws that the change of 

metal elements in the laminate will produce LDHs of different sizes. The growth process of 

of different crystallization times. When 

the crystallization time is 0 h, the product is composed of small LDH grains and flakes. When 

sized nanosheets are formed, and 



 

small LDH grains are still attached to the edges of the 

still growing. The larger nano

growing at 12 hours of crystallization. 

crystallization period lengthens. 

interlinking process of small grains (Figure S

(Figure S5). With the increase in crystallization tim

increase significantly. AFM and SEM (Figure S

nanoplate was about 25 nm, when the crystallization time is 24 hours

Figure 4. (a) SEM images of ZnAl

(AAO) substrate; (b) AFM image of a monolayer LDH nanosheet; (c) Photographic image of 

colloidal suspension of exfoliated ZnAl

zeta potentials of ZnAl-LDH nanosheets solutions. 

Formamide was used as a sol

LDH are present in CoAl, MgAl and NiAl LDHs, exfoliation 
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tached to the edges of the nanoplates, suggesting that they are 

plates after 24 hours of crystallization verify that they were still 

growing at 12 hours of crystallization. Yet, the size of the LDHs does not grow as the 

crystallization period lengthens. These indicate that the growth of ZnAl-LDH is caused by the 

interlinking process of small grains (Figure S4), which also is verified by TEM images 

With the increase in crystallization time, the thickness of ZnAl

AFM and SEM (Figure S6) shows that the thickness of ZnAl

when the crystallization time is 24 hours. 

(a) SEM images of ZnAl-LDH nanosheets deposited on the anodic aluminum oxide 

(AAO) substrate; (b) AFM image of a monolayer LDH nanosheet; (c) Photographic image of 

colloidal suspension of exfoliated ZnAl-LDH nanosheets with different concentration; (d) The 

LDH nanosheets solutions.  

 

Formamide was used as a solvent to delaminate LDHs. Because carbonate

LDH are present in CoAl, MgAl and NiAl LDHs, exfoliation of these LDHs 

, suggesting that they are 

s after 24 hours of crystallization verify that they were still 

does not grow as the 

LDH is caused by the 

is verified by TEM images 

ZnAl-LDH will not 

that the thickness of ZnAl-LDH 

 

LDH nanosheets deposited on the anodic aluminum oxide 

(AAO) substrate; (b) AFM image of a monolayer LDH nanosheet; (c) Photographic image of 

LDH nanosheets with different concentration; (d) The 

use carbonate-intercalated 

of these LDHs partially happens. 



 

AFM (Figure S7) reveals nanosheets that are several nanometers or 

thick. Obvious flocculent precipitation was observed after standing these three LDHs 

colloidal solution, which also indicate

colloidal solution (Figure S8)

minutes of ultrasound due to its small thickness and large interlayer spacing. 

the SEM and AFM images of the exfoliated ZnAl

ZnAl-LDH exhibit an average thickness of 1 nm with lateral sizes in the range of 600 nm. 

LDH with concentration ranges from 0.25 g/100 ml to 5 g/100 ml can be exfoliated, and 

LDHs with high concentrations can form gels after exfoliation (

prepare large quantities of nanosheets. 

has an obvious Tyndall effect

ZnAl-LDH nanosheets by this strategy has the advantages of short time, low cost and large 

size of nanosheets (Figure S10

Figure 5. (a) and (b) Top-view and cross

patterns of LDH membrane; (d) Structure diagram of cross

14 

) reveals nanosheets that are several nanometers or more than 10 nanometers 

thick. Obvious flocculent precipitation was observed after standing these three LDHs 

colloidal solution, which also indicates that there were unpeeled nanoplate

(Figure S8). Nevertheless, the exfoliation of ZnAl-LDH requires only 30 

minutes of ultrasound due to its small thickness and large interlayer spacing. 

the SEM and AFM images of the exfoliated ZnAl-LDH nanosheets, which 

LDH exhibit an average thickness of 1 nm with lateral sizes in the range of 600 nm. 

LDH with concentration ranges from 0.25 g/100 ml to 5 g/100 ml can be exfoliated, and 

LDHs with high concentrations can form gels after exfoliation (Figure S9) that can be used to 

prepare large quantities of nanosheets. Figure 4c shows that stripped LDH colloidal solutions 

has an obvious Tyndall effect with zeta potential of ~30 mV (Figure 4d). 

LDH nanosheets by this strategy has the advantages of short time, low cost and large 

10).  

view and cross-section SEM images of LDH membrane; (c) XRD 

patterns of LDH membrane; (d) Structure diagram of cross-section LDH membrane.

than 10 nanometers 

thick. Obvious flocculent precipitation was observed after standing these three LDHs 

nanoplates in the obtained 

LDH requires only 30 

minutes of ultrasound due to its small thickness and large interlayer spacing. Figure 4 shows 

LDH nanosheets, which indicates that 

LDH exhibit an average thickness of 1 nm with lateral sizes in the range of 600 nm. 

LDH with concentration ranges from 0.25 g/100 ml to 5 g/100 ml can be exfoliated, and 

) that can be used to 

shows that stripped LDH colloidal solutions 

 The preparation of 

LDH nanosheets by this strategy has the advantages of short time, low cost and large 

 

section SEM images of LDH membrane; (c) XRD 

section LDH membrane. 
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Large monolayer nanosheets are considered the cornerstone for constructing layered 

membranes. The LDH membrane was prepared by vacuum-assisted filtration methods using 

the ZnAl-LDH nanosheets. As shown in Figure 5, the pores of the substrate (Figure S11) were 

completely covered after the deposition of LDH nanosheets, and the surface was defect-free. 

The obtained LDH self-supporting membrane is translucent and has certain flexibility (Figure 

S12). Figure S13 shows that elements such as Zn, Al, and O are evenly distributed. The 

cross-section SEM images exhibits a typical layered structure. And XRD pattern indicates that 

the interlayer spacing is 0.77 nm, which corresponds to the interlayer spacing of carbonate 

LDHs. This suggests that when the LDH membranes were assembled by LDH nanosheets, the 

carbonate from CO2 dissolved in water with the strongest binding force was more likely to 

enter its interlayer.  

Ion permeation test 

To investigate the transmembrane properties of ions, the LDH membrane was clamped in 

a home-made electrochemical cell. Then, the current-voltage (I-V) curves across the 

membrane were measured by using a pair of Ag/AgCl electrodes. Figure 6 shows the I-V 

curves of the membrane in a series of KCl electrolytes with various concentrations and the 

corresponding transmembrane ionic conductance. In the high-concentration region (over 10−3 

M), transmembrane ionic conductance is determined by the concentration and shows a linear 

relationship. When the KCl concentration is lower than 10−3, the conductance gradually turns 

into a plateau due to the overlap of electrical double layer inside the nanochannels. Generally, 

typical surface-charge-governed ion transportation properties were revealed.  



 

Figure 6. (a) Current-voltage curve of LDH membrane for KCl with different concentration; 

(b) Conductance versus salt concentration for LDH membrane.

Figure 7. Current-voltage curve of (a) substrate and (b) substrate + LDH membrane for five 

salt solutions; (c) Conductance versus five salt for substrate and substrate+LDH membrane; (d) 

ion selectivity of LDH membrane

 

Transmembrane properties of different salt (KCl, NaCl, LiCl, MgCl

were also assessed by measuring I

current. Therefore, the higher the slope of the I

rate would be. I-V curves of 
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voltage curve of LDH membrane for KCl with different concentration; 

t concentration for LDH membrane. 

voltage curve of (a) substrate and (b) substrate + LDH membrane for five 

salt solutions; (c) Conductance versus five salt for substrate and substrate+LDH membrane; (d) 

ion selectivity of LDH membrane.  

Transmembrane properties of different salt (KCl, NaCl, LiCl, MgCl

were also assessed by measuring I-V curves. Ions pass through the membrane to generate 

the higher the slope of the I-V curves, the faster the ion tran

s of LDH membrane and substrate were recorded
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V curves, the faster the ion transmembrane 

ecorded. As illustrated in 



 

Figure 7a, b, all test ions exh

membrane for the five salts has a lower slope than the I

suggests that the LDH membrane

effect on different salt permeation is different, indic

permeation selectivity. Since the five electrolyte solutions have the same anion (Cl

difference in I-V curves slope is mainly caused by cations. For Mg

conductance drops more than for K

decreased by 14.6 times and 7.1 times, respectively, while Li

is suggested that the LDH membrane

the permeation of Li+. 

Figure 8. Ionic permeation of the LDH membranes in single salt solution systems. (a) Li

permeation rates vs. permeation selectivity (Li/Mg) of LDH membranes; (b) Long

stability of the LDH membrane.

The ion diffusion experiment under a concentration gradient 

shown in Figure 8a, the Li+ and Mg

mmol m−2 h−1 and 1.45 mmol

test. Additionally, the LDH membrane displays long
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for the five salts has a lower slope than the I-V curve of the substrate, which 

membrane delays the ion permeation. Furthermore, the hysteresis 

effect on different salt permeation is different, indicating that the membrane has ion 

meation selectivity. Since the five electrolyte solutions have the same anion (Cl

V curves slope is mainly caused by cations. For Mg2+ and Fe

more than for K+, Na+, and Li+ (Figure 7c). Especially for F

decreased by 14.6 times and 7.1 times, respectively, while Li+ only decreased by 1.2 times. It 

membrane will hinder the permeation of Mg2+ 

Ionic permeation of the LDH membranes in single salt solution systems. (a) Li

permeation rates vs. permeation selectivity (Li/Mg) of LDH membranes; (b) Long

stability of the LDH membrane. 

 

The ion diffusion experiment under a concentration gradient was also conducted.

and Mg2+ permeation rates through the LDH membrane are

mmol m−2 h−1, respectively, which is consistent with the conductivity 

test. Additionally, the LDH membrane displays long-term stability (Figure 

 I-V curve of LDH 

V curve of the substrate, which 

delays the ion permeation. Furthermore, the hysteresis 

ating that the membrane has ion 

meation selectivity. Since the five electrolyte solutions have the same anion (Cl–), the 

and Fe3+, the ionic 

). Especially for Fe3+, Mg2+ ions 
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 and Fe3+ and allow 

 

Ionic permeation of the LDH membranes in single salt solution systems. (a) Li+ 

permeation rates vs. permeation selectivity (Li/Mg) of LDH membranes; (b) Long-term 

was also conducted. As 

permeation rates through the LDH membrane are 7.0 

is consistent with the conductivity 

term stability (Figure 8b) with an 
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average Li+/Mg2+ selectivity of about 4.78 and a constant Li+ permeation rate of 7 mmol m−2 

h−1 for up to 7 cycle tests. This is attributed to the fact that the membrane is stable in water 

and will not swell and re-disperse, unlike the circumstance in GO membranes.28 The 

interlayer spacing of LDH membranes in the dry state and after soaking in water for 5 days is 

consistent (Figure S14), indicating the stability of LDH nanochannels. Although the 

lithium-magnesium separation performance of this work did not reach the best level, the 

advantages of LDH, including size-adjustable nanochannels, excellent stability, etc., still give 

great possibilities to achieve higher lithium-magnesium separation effect. In particular, this 

simple and green method for preparing LDH nanosheets in large quantities provides the 

possibility for large-scale preparation of 2D layered membranes. 

Theoretical calculations 

The selective transport of ions across the membrane was investigated through theoretical 

calculations, focusing on the impact of channel size and charged properties on ion 

permeability. In particular, the interlayer channels of the LDH membrane have a diameter of 

about 0.3 nm, which introduces a degree of ion selectivity based on the different ability of 

each ion to penetrate these channels. In solution, ions are typically hydrated by six water 

molecules (Figure 9a, b), with Li+ and Mg2+ having respective hydration diameters of 0.65 nm 

and 0.86 nm. To cross the channel, ions must be dehydrated. Easily dehydrated ions are more 

likely to pass through the sub-nanochannels of the membrane. The binding energy between 

Mg2+ and H2O was found to be more significant (Figure 9c), suggesting that Mg2+ is less 

likely to dehydrate. Therefore, it is inferred that Mg2+ has lower permeability across the 

sub-nanochannels of the membrane compared to Li+. 



 

Figure 9. Electron density difference about 

magnesium ions; (c) the binding energy of 

Surface element integration model predictions of

membrane surface against Mg

membrane caused by the difference 

 

The separation of lithium and magnesium can be attributed to the positively charged 

characteristics of the membrane surface. The electro

electrostatic repulsive force of the charged membrane surface against co

interaction energy between ion

area was integrated. Comparing the interaction energies of Mg

membrane surface, as depicted in Figure 9d, the membrane surface repels 

than Li+. This finding is further supported by the observation of the higher rejection to Fe

the experiment. Therefore, the charge effect and size sieving contribute to the 

lithium-magnesium separation effect of the membrane, as shown in Figure 9e.
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Surface element integration model predictions of electrostatic repulsive force of the charged 
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caused by the difference of electrostatic repulsion and dehydration energy
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electrostatic repulsive force of the charged membrane surface against co-ions. To calculate the 

interaction energy between ions and the membrane surface, the interaction energy per unit 

aring the interaction energies of Mg2+ and Li

membrane surface, as depicted in Figure 9d, the membrane surface repels Mg

. This finding is further supported by the observation of the higher rejection to Fe

eriment. Therefore, the charge effect and size sieving contribute to the 

magnesium separation effect of the membrane, as shown in Figure 9e.
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magnesium ions with six H2O; (d) 

electrostatic repulsive force of the charged 

of ion selective transport in the 

electrostatic repulsion and dehydration energy. 

The separation of lithium and magnesium can be attributed to the positively charged 

layer interaction reflects the 

ions. To calculate the 

and the membrane surface, the interaction energy per unit 

and Li+ with the LDH 

Mg2+ more strongly 

. This finding is further supported by the observation of the higher rejection to Fe3+ in 

eriment. Therefore, the charge effect and size sieving contribute to the 

magnesium separation effect of the membrane, as shown in Figure 9e. 
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Conclusion 

In conclusion, a simple one-step method was used to synthesize micron-sized nitrate 

LDHs with only ~25 nanometers thickness. The study reveals a close relationship between the 

metal elements in LDHs laminates and the purity and size of synthesized nitrate LDHs. Zn 

and Al lamellar elements favored the synthesis of nitrate LDHs, resulting in larger particle 

sizes. The synthesized ZnAl-LDH can be directly exfoliated into nanosheets in formamide. 

This strategy offers advantages such as quick, low cost, and large size production of 

nanosheets, thereby providing the possibility for the large-scale preparation of 2D layered 

membranes. The LDH nanosheets were used to construct LDH layered membranes for 

lithium-magnesium separation, which exhibit stable lithium-magnesium separation ability 

with a separation ratio of Li/Mg of up to 6. The stability of LDH membrane in water and its 

positively charged characteristics contributed to the excellent stability of the separation ratio. 

This environmentally friendly method offers a simple strategy for large-scale preparation of 

LDH nanosheets and verifies the great potential of LDH lamellar membranes in 

lithium-magnesium separation. Compared with other methods of producing membranes from 

other 2D materials, which require complex processing to meet certain lithium-magnesium 

separation requirements, this strategy produces stable LDH membranes with minimum 

processing, making it a highly practical approach for industrial-scale applications. 
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