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Experimental section 

Synthesis 

Synthesis of single crystals of Eu-C2O4. Eu-C2O4 was synthesized via an optimized method.1 A mixture 

containing Eu2O3 (35 mg, 2.0 mmol), H2C2O4·2H2O (19 mg, 0.15 mmol), NaHCO3 (27 mg, 0.30 mmol) and 

H2O (4.0 mL) was transferred to a 20 mL glass vial and sonicated for 3 minutes. The reagent bottle was 

sealed and then heated at 90 °C for 2 h. After cooling to room temperature, the resulting colorless 

crystals were harvested by filtration, washed with H2O and ethanol, and then dried at 70 °C. Yield 71% 

based on Eu2O3. Elemental analysis (%) for EuC2H2O6: C 8.76, H 0.73, found (%): C 8.83, H 1.08. 

Gram-scaled synthesis of powder Eu-C2O4. A mixture containing Eu2O3 (0.70 g, 2 mmol), H2C2O4·2H2O 

(0.38 g, 3 mmol), NaHCO3 (0.54 g, 6 mmol) and H2O (100 mL) was transferred to a 250 mL round-bottom 

flask and sonicated for 3 min. The flask was stirred under reflux for 2 h. After cooling to room 

temperature, the resulting colorless powder were harvested by filtration, washed with H2O and ethanol, 

and then dried at 70°C. Yield 79% based on Eu2O3. Elemental analysis (%) for EuC2H2O6: C 8.76, H 0.73; 

found (%): C 8.68, H 0.93.  

Synthesis of Li@Eu-C2O4. A mixture containing Eu(NO3)3·6H2O (0.088 g, 0.20 mmol), H2C2O4·2H2O (0.019 

g, 0.15 mmol), Li2CO3 (0.022 g, 0.30 mmol), LiOH (0.012 g, 0.50 mmol), H2O (2.0 mL) and DMF (2.0 mL) 

was transferred to a 15 mL pressure bottle. The bottle was sealed and then heated at 120 °C for 12 h. 

After cooling to room temperature, the resulting colorless crystals were harvested by filtration, washed 

withH2O and ethanol, and then dried at 70 °C. Yield 68% based on Eu(NO3)3·6H2O. Elemental analysis 

(%) for Li2EuC2O6: C 8.40, H 0; found (%): C 8.54, H 0.36. 

Characterization 

For single crystal X-ray diffraction, a single crystal was directly taken from the mother liquor and placed 

in paraffin oil. The crystal was mounted on a nylon loop and placed on the goniometer. Single-crystal 

data were collected using a Rigaku SuperNova or a Rigaku XtaLAB Mini II single-crystal diffractometer 

equipped with graphite-monochromatic Mo-Kα radiation (λ = 0.71073 Å). The crystal was kept at 293(2) 

K during data collection. The structures were solved by SHELXS (direct methods) and refined by SHELXL 

(full matrix least-squares techniques) in the Olex2 package.2,3 All non-hydrogen atoms were refined 

anisotropically, while the hydrogen atoms were positioned geometrically and refined as riding atoms. 

PXRD measurements were performed using a Rigaku Smartlab SE X-ray diffractometer equipped with a 

Cu-tube and a graphite monochromator scanning over the range of 5–50° at the scan rate of 0.2° s−1 at 

room temperature. Simulations of the PXRD patterns were carried out with the single-crystal data and 

diffraction crystal module of the Mercury program. The FTIR spectroscopy were carried out on a Bruker 

ALPHA spectrophotometer. TGA data were obtained on a TGA 2 STARe System of METTLER TOLEDO 

under nitrogen atmosphere with the heating rate of 10 °C min−1. EA for C, H and N were carried out 

using a Vario EL cube elemental analyzer. The SEM images were obtained using Hitachi SU3500 scanning 

electron microscopy equipped. ICP-AES analyses were conducted using a Thermo IRIS Advantage 

instrument. XPS were acquired using PHI5000Versa probe equipped ESCALAB 250xi. 

Activation of Eu-C2O4 
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Before conducting adsorption experiments, as-synthesized Eu-C2O4 needs to be activated. The 

activation method is as follows. The material needs to be soaked in a nitric acid solution (pH = 3) at 80 °C 

for 12 hours, and fresh nitric acid solution should be replaced three times during the process. After 

cooling to room temperature, filter, wash with water and ethanol and dry at 70 °C.  

DFT calculations 

Computations were performed using Gaussian 164 with B3LYP/genecp+empirical dispersion correction 

GD3BJ. The mixed basis set is 6-311G* for H, C, O, Li, Na and SDD for Eu, respectively. Due to the 

limitations of the rigid framework, it can be assumed that structure of Na@Eu-C2O4 is the same as 

structure of Li@Eu-C2O4. 

Kinetic adsorption studies 

Kinetics experiments at 700 mg L-1 Li+ by Eu-C2O4 were performed at 90 °C in 20 mL glass bottles. A Li+ 

solution (10 mL, 700 mg L-1) was added to each bottle, and 50 mg Eu-C2O4 was added to each bottle to 

form the suspension. The suspension was constantly stirred until 2 mL samples were collected at 

predetermined times (1 h, 3 h, 6 h, 9 h, 12 h, 18 h, 24 h and 36 h). Centrifuge each sample and dilute 

1mL of the supernatant 100 times. Further analyze the sub samples using ICP-OES. 

The adsorption capacity of lithium ions by Eu-C2O4 was determined via Equation (1): 

𝑞𝑡 =  
𝐶0−𝐶𝑡

𝑚
 × 𝑉                          (1) 

where C0 (mg L-1) and Ct (mg L-1) are the concentrations of Li+ before and after adsorption; m (g) is 

adsorbent mass and V(L) is the solution volume. 

The pseudo-first-order kinetic and pseudo-first-order kinetic models were nonlinearly fitted with the 

experimental data via Equation (2) and Equation (3): 

ln(𝑞𝑒 − 𝑞𝑡) = ln𝑞𝑒 −  
𝑘1

2.303
 ×  𝑡                  (2)   

where qe (mg g-1) and qt (mg g-1) are the adsorption capacity of Li+ at equilibrium and time t; t (h) is the 

adsorption time; k1 (h−1) is the pseudo-first-order kinetics adsorption rate constant. 

𝑡

𝑞𝑡
 =  

1

𝑘2𝑞𝑒
2 + 

𝑡

𝑞𝑒
                          (3) 

where qe (mg g-1) and qt (mg g-1) are the adsorption capacity of Li+ at equilibrium and time t; t (h) is the 

adsorption time; k2 (g mg-1 h−1) is the pseudo-second-order kinetics adsorption rate constant. 

Isotherm adsorption studies 

Adsorption isotherms at 90 °C were obtained by stirring a suspension containing 50 mg of Eu-C2O4 and 
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10 mL of Li+ solution at pH 12 using a heating magnetic stirrer at 100 rpm. The initial concentrations of 

Li+ ranged from 100 to 700 mg L-1. After stirring for 24 h, 2 mL samples were collected form each bottle 

and centrifuged. The concentrations of Li+ in the supernatant were measured by ICP-OES.  

The Langmuir and Freundlich isotherm models were nonlinearly fitted with the experimental data via 

Equation (4) and Equation (5): 

𝑞𝑒 =  
𝑞𝑚𝐾𝐿𝐶𝑒

1+ 𝐾𝐿𝐶𝑒
                          (4) 

where qe (mg g-1) is the amount of Li+
 adsorption capacity at equilibrium; Ce (mg L-1) is the residual 

concentration of Li+ at equilibrium; qm (mg g-1) is the maximum adsorption capacity of the adsorbent at 

equilibrium and KL (L mg-1) is the Langmuir affinity constant.  

𝑞𝑒 =  𝐾𝐹𝐶𝑒
1 𝑛⁄

                          (5) 

where qe (mg g-1) is the amount of Li+ adsorption capacity at equilibrium; Ce (mg L-1) is the residual 

concentration of Li+ at equilibrium; KF (mg g-1)(L mg-1)1/n is the Freundlich affinity constant.  

Recyclability of adsorbents 

The recyclability of the Eu-C2O4 was investigated by adsorption-desorption experiments repeated for 

several times (add 50 mg Eu-C2O4 into 10 mL Li+ solution, pH = 12, 90 °C, C0 = 700 mg L-1). After 

adsorption equilibrium, centrifuge the supernatant ,dilute and measure the Li+ concentration via ICP-

OES, and the adsorbent is collected by filtration. The collected adsorbent was regenerated by acid 

treatment with HNO3 (pH = 3) for 12 h and then washed with deionized water for reuse.  

Adsorption selectivity 

To determine the selectivity of the adsorbents, the mixed ion solution of Li+ and Na+ (Li+ 700 mg L-1, Na+ 

2300/6900/23000 mg L-1, pH = 12, 90 °C) was used for competitive adsorption experiments. The ion 

concentrations were determined by ICP-OES and the ability of selective adsorption could be reflected 

by separation factors of different reference ions in a two-component system using Equation (6) and 

Equation (7): 

 𝐾𝑑 =  
(𝐶0−𝐶𝑒)𝑉

𝐶𝑒𝑚
                           (6) 

 𝛼𝑁𝑎
𝐿𝑖 =  

𝐾𝑑,𝐿𝑖

𝐾𝑑,𝑁𝑎
                           (7) 

where C0 (mg L-1) is the initial concentration of M+; Ce (mg L-1) is the residual concentration of M+ at 

equilibrium; V (mL) is the volume of solution; m (mg) is the adsorbent mass; Kd is the parameter related 

to the adsorption capacity; and 𝛼𝑁𝑎
𝐿𝑖  is the parameter representing selectivity. 
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Fig. S1. (a) Coordination configuration, (b) coordination polyhedron and (c) 2D layer 

structure of Eu-C2O4. 
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Fig. S2. PXRD patterns of Eu-C2O4. 
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Fig. S3. IR spectra of Eu-C2O4, oxalate and carbonate. 
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Fig. S4. TGA and DTG curves of Eu-C2O4. 
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Fig. S5. Temperature-dependent PXRD patterns of Eu-C2O4. 
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Fig. S6. Temperature-dependent IR spectra of Eu-C2O4. 
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Fig. S7. PXRD patterns of Eu-C2O4 after 12 h in aqueous solutions with pH values 

ranging from 2 to 12. 
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Fig. S8. PXRD patterns of Eu-C2O4 after 24 h in different organic solutions. 
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Fig. S9. The effect of initial pH on Li+ adsorption capacity. 
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Fig. S10. PXRD patterns of Eu-C2O4 before and after adsorption of Li+ ions. 
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Fig. S11. Li+ adsorption selectivity from the coexisting cations solution. 
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Fig. S12. PXRD patterns of Eu-C2O4 in regeneration cycle. 
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Fig. S13. Comparison of crystal cell parameters of Li@Eu-C2O4 and Eu-C2O4. 
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Fig. S14. Coordination configurations of Li+ ions in Li@Eu-C2O4. 
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Fig. S15. IR spectra of Eu-C2O4 and Li@Eu-C2O4. 
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Fig. S16. TGA curves of Eu-C2O4 and Li@Eu-C2O4. 
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Fig. S17. Solid-state excitation and emission spectra of Li@Eu-C2O4 and Eu-C2O4. 
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Fig. S18. Solid-state UV-vis spectra of Li@Eu-C2O4 and Eu-C2O4. 
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Fig. S19. Quantum yield of Li@Eu-C2O4 and Eu-C2O4. 
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Fig. S20. Bond-length statistics for Li+ and Na+.5 
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Table S1. Crystal Data and Structure Refinement for Eu-C2O4 and Li@Eu-C2O4. 

 Eu-C2O4 Li@Eu-C2O4 

Formula EuC2H2O6 Li4Eu2C4O12 

Formula weight 273.99 285.86 

Crystal system Orthorhombic Orthorhombic 

Space group Cmmm Cmmm 

a / Å 7.9438(8) 7.9539(8) 

b / Å 15.1693(16) 15.2398(13) 

c / Å 4.8115(4) 4.8359(4) 

α / deg 90 90 

β / deg 90 90 

γ / deg 90 90 

V / Å3 579.79(10) 586.19(9) 

Z 4 2 

ρcalc / g cm-3 3.139 3.239 

μ / mm-1 10.776 10.66 

Reflections collected 1116 1184 

Independent reflections 375 379 

R(int) 0.0284 0.0383 

2θ range / deg 5.370 to 52.996 5.346 to 52.952 

F(000) 500.0 516.0 

GOF on F2 1.082 1.138 

aR1 / bwR2[I ≥ 2σ (I)] 0.0271 / 0.0617 0.0339 / 0.0903 

aR1 / bwR2 (all data) 0.0300 / 0.0625 0.0398 / 0.0948 

Largest diff. peak / hole / eÅ-3 1.71/-1.66 1.46/-2.92 

aR1 = ∑||Fo| - |Fc||/∑|Fo|. bwR2 = [∑w(Fo
2 - Fc

2)2/∑w(Fo
2)2]1/2. 
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Table S2. Comparison of the selected adsorbing materials for Li+ ions.  

Materials 
Li+ uptake  

(mg g-1) 

Equilibratio

n time (h) 

pH and Li+ 

Concentration  

Li+ density 

(nm-3)  

Selectivity 

of Li+/Na+ 

Refere

nce 

Eu-C2O4 4.6 18 
pH = 12,  

700 mg L-1 
3.41 9.1 

This 

work 

LMOF-321 7.5 24 
pH = 7,  

10 mg L-1 
0.44 6.2 6 

UIO-66-H2/H4 39.5 1 
pH = 6,  

500 mg L-1 
0.89 1.95 7 

TJU-21 41 16 
pH = 7,  

1000 mg L-1 
0.72 5.4 8 

MIL-100(Fe) 46.3 24 
pH = 7,  

2000 mg L-1 
0.92 3.3 9 

PDMVBA-MIL-

121 
1.4 24 

pH = 7,  

1000 mg L-1 
2.73 2.1 10 

WP@PSS@Cu-

MOF 
8.9 3 

pH = 9,  

150 mg L-1, 
— 2.4 11 

pNCE/MOF-

808 
0.05 10 

pH = 7,  

700 mg L-1 
— 0.05 12 

H2TiO3 28 1.5 
pH = 12,  

280 mg L-1 
37.47 — 13 

HTO-PVB 25 3 
pH = 12,  

200 mg L-1 
— 93.5 14 

H1.6Mn1.6O4 43.8 2 
pH = 11,  

150 mg L-1 
11.47 — 15 

HMZO 24.8 1.5 
pH = 6,  

130 mg L-1 
— 47.6 15 

HMZO-PVC 18.3 4 
pH = 6,  

35 mg L-1 
— 55.3 16 

HAlSi2O6 29.6 24 
pH = 12,  

300 mg L-1 
11.3 21.2 17 

Li+ Density refers the number of Li+ ions can be adsorbed per unit volume of adsorbent. 
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