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Abstract: The coordination of actinides, lanthanides, as well as 

strontium and cesium with graphdiyne (GDY) was studied by 

experiments and theoretical calculations. On the basis of 

experimental results and/or theoretical calculations, it was suggested 

that Th4+, Pu4+, Am3+, Cm3+ and Cs+ exist in single ion states on the 

special triangle structure of GDY with various coordination patterns, 

in which GDY itself is deformed in different manners. Both 

experiments and theoretical calculations strongly support that UO2
2+, 

La3+, Eu3+, Tm3+ and Sr2+ are not adsorbed by GDY at all. The 

distinguished adsorption behaviors of GDY afford an important 

strategy for highly selective separation between actinides and 

lanthanides, Th4+ and UO2
2+, Cs+ and Sr2+ in nuclear fuel cycle. Also, 

the present work sheds light on an approach to explore the unique 

functions and physicochemical properties of actinides in single ion 

states. 

Introduction 

Two-dimensional polymer carbon materials are currently 

one of the most active research fields in materials science. 

The synthesis and separation of new carbon isotopes of 

different dimensions have become the focus of research in 

the past two or three decades. Because the carbon-carbon 

triple bond formed in the sp hybrid has the advantages of 

linear structure, no cis-trans isomers, and high conjugation, 

it is of great importance to obtain a new allotrope of carbon 

with sp hybrid1. In 2009, Li's group2 successfully synthesized 

GDY on the surface of copper foil. Due to the sp and sp2 

hybrid electronic and layered two-dimensional planar 

structure, it has rich carbon chemical bonds and large 

conjugates. The system, as well as the large triangular gaps, 

have drawn great attention and interest from research 

groups in different fields around the world. After this, in 2015, 

Zhou et al.3 changed the catalytic site through an improved 

Glaser-Hay coupling reaction, to synthesize a new structure 

of GDY nano-wall. In 2017, Matsuoka and collaborators4 

prepared extremely thin graphitic nanosheets through gas-

liquid two-phase reaction and immiscible liquid-liquid two-

phase reaction. So far, GDY has witnessed its applications 

in various fields5 such as energy storage6, catalysis7, solar 

energy8, biological sensing or detection9, and environment10. 

Although the high complexation activity of GDY has been 

extensively investigated at this stage1, there are few studies on its 

structural deformation when coordinating with ions. Lu and co-

workers11 verified the alkene-alkyne complex transition in GDY 

responsible for the high-performance of electrochemical actuators. 

Li et al.12 investigated the electronic structure and stability of the 

transition-metal-adsorbed GDY clusters by means of density 

functional theory calculations, which revealed that the GDY 

clusters with partially filled 3d orbitals have a distorted in-plane 

conjugated framework. It seems that the investigation on the 

deformation in the structure of GDY is essential for deep 

understanding its physicochemical properties. Theoretical 

calculations on the natural periodic structure of GDY showed that 

the distance between the centres of adjacent triangle structure is 

far longer than that required for chemical bonding13. Therefore, 

due to the special nanopores and large π bond properties of GDY, 

the combined single-ion or single-atom states occur, which is 

favourable to various applications14.  

The applications of single ions in energy storage 

materials, single ion magnets and catalyses are the focus of 

research in recent years15. Simon et al.16 reviewed the 

current states of lanthanides, uranium and neptunium single 

ion magnets. The research concerning actinides commented 

in this review was mainly on U(III), U(V) and Np(V). The 

ligands for actinide single ion magnets mainly include borate 

esters and other highly anisotropic, strongly axially 

coordinated ones. To the best of our knowledge, there have 

been no reports on the interaction between GDY and 

actinides in the literature yet. Thus, we suppose that insight 

into the actinides single ion state in GDY is theoretically and 

practically important. 

Separation between actinides and lanthanides is one of 

the hottest topics in the spent nuclear fuel cycle. In particular, 

because the similar chemical behaviours between actinides 

and lanthanides, and the concentrations of lanthanides are 

20 to 50 times higher than that of minor actinides, the 

separation between trivalent actinides and lanthanides ions 

is very difficult17. So far, researchers have made great effects 

on the separation by liquid-liquid extraction and solid-phase 

extraction. In liquid-liquid extraction, a significant amount of 

research is being carried out worldwide to develop suitable 

ligands, like mixed ‘N, O’ donor ligands18, ‘N’ donor ligands19 

and ‘S’ donor ligands20. However, in the specific application 

process, it was found that some ligands with good separation 

effect have insufficient solubility in commonly used organic 

solvents, and some other ligands may be emulsified during 

the extraction process. These all lead to a decrease in the 

efficiency of liquid-liquid extraction. The application of solid 

phase extraction has also received widespread attentions. 

By this method, the separation was mainly achieved by 

grafting selective ligands to different substrates including 

polymer resin21, silica gel22, diatomite23, etc. However, limited 

by the mechanical strength of graft material or 

undifferentiated adsorption of some substrates, it is difficult 

to completely separate actinides from lanthanides, especially 

for trivalent actinides. Moreover, as a fertile material, thorium 
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has important application value in the field of nuclear energy. 

However, whether in ore or thorium-base spent fuel, it often 

coexists with uranium. The separation between thorium and 

uranium is conducive to the efficient use of resources24. 137Cs 

and 90Sr are the main radioactive and heat release nuclides 

in spent fuel, so the extraction of 137Cs and 90Sr in high-level 

waste liquid can effectively reduce the radiation and thermal 

effects of spent fuel25. However, 137Cs and 90Sr are both raw 

materials of radiation sources. Thus, the further separation 

between Cs+ and Sr2+ is of great significance26. Although 

there have been some researches on extraction of Cs+ or 

Sr2+ by using crown ethers27 or calixarene-crown ethers28, it 

is still difficult to realize a complete separation between Cs+ 

and Sr2+ during these extraction processes. Therefore, it is 

demanding to explore a material with highly selective 

adsorption capability and excellent mechanical properties. 

Hopefully, the GDY is a good candidate for such purpose.  

Results and Discussion 

Adsorption experiments of GDY 

The synthesis of GDY and its characterization using Raman 

spectroscopy and SEM are described in the supporting 

information. Figure 1(A) shows that GDY coated on copper has 

obvious adsorption effect on Th4+ and Cs+ but not on Sr2+, UO2
2+, 

La3+, Eu3+ and Tm3+ at all. For comparison, copper foil itself was 

also added to the solution to determine the adsorption capacity. 

It is clear that in Figure 1(B,C) copper foil itself has adsorption 

capacity for both Th4+ and UO2
2+ as well as Cs+ and Sr2+ in the 

mixed solutions, which is due to the oxidation groups existing on 

the surface of the copper foil. However, when the copper foil is 

coated with GDY, it exhibits an adsorption effect only on Th4+ or 

Cs+. This indicates that the copper foil is completely covered 

with GDY and the adsorption results from GDY only. In order to 

examine the effect of the initial concentrations of Th4+ or Cs+, 

the isothermal adsorption curve is shown in Figure 2(A,B). It can 

be seen that the adsorption of Th4+ or Cs+ increases with the 

concentration of initial solution. The isothermal adsorption data 

were analyzed with the Langmuir and Freundlich models. The 

corresponding fitting results, presented in Table S1 (Supporting 

information), suggest that the Langmuir model is more suitable 

than Freundlich model. The qm values of GDY coated on copper 

to Th4+ and Cs+, calculated by Langmuir model, were 33.5 ± 4.2 

and 12.7 ± 1.1 mg/g, respectively.  

Spectral characterization of the interaction between 
GDY and ions  

In the study of the mechanism of the interaction between 

Th4+ and GDY, XPS spectroscopy was used. Figure 3(A) 

shows the XPS spectra obtained from GDY before and after 

Th4+ adsorption, respectively. After adsorption, a new pair of 

peaks attributed to Th 4f7/2 and 4f5/2 appear, which confirms 

the successful adsorption of Th 4+ on GDY. Comparing the 

XPS spectrum of Th(NO3)4 with that of Th4+ adsorbed on 

GDY, the obvious shift of the peaks of Th 4+ can be found 

(Figure 3(B)). The 4f7/2 and 4f5/2 binding energies of Th(NO3)4 

are 336.0, 345.2 eV, respectively, and that of Th 4+ adsorbed 

on GDY are clearly down-shifted by 0.8 eV (from 336.0 to 

335.2 eV) and 1.1 eV (from 345.2 to 344.1 eV) compared 

with those of Th(NO3)4. The decrease in binding energies 

provides a direct evidence that Th 4+ can receive electrons 

from GDY and indicates the strong binding of Th 4+ to the sp-

hybridized carbon atoms in GDY. The new peaks of Th 4+ in 

XPS spectrum (Figure 3(B) inset, 343.4 and 334.4 eV) may 

be due to the difference of the single ion state of Th 4+ 

adsorbed directly on the triangle structure of GDY from its 

aggregation state surrounding GDY. 

 
Figure 1 (A) The adsorption capacity of GDY coating copper foil towards 

Cs+, Sr2+, Th4+, UO2
2+, La3+, Eu3+ and Tm3+, respectively (100 mg/L). (B) The  

adsorption selectivity of copper foil itself and GDY coating copper foil in 

the mixed solution of Th4+ and UO2
2+ . The concentrations of Th4+ and UO2

2+ 
are 100 mg/L, respectively. (C) The adsorption selectivity of copper foil 
itself  and GDY coating copper foil in the mixed solution of Cs+ and Sr2+ . 

The concentrations of Cs+ and Sr2+ are 100 mg/L, respectively.  
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Figure 2  (A) The adsorption isotherm of GDY to Th4+ (Langmuir model: 
red dotted line, Freundlich model: red solid line).  (B) The adsorption 
isotherm of GDY to Cs+ (Langmuir model: red dotted line, Freundlich 

model: red solid line). 

Figure 3(C) shows the XPS spectra obtained from GDY 

before and after Cs+ adsorption, respectively. After 

adsorption, a peak attributed to Cs 3d appears, which 

confirms the successful adsorption of Cs+ on GDY. 

Comparing the XPS spectrum of CsCl with that of Cs+ 

adsorbed on GDY, the obvious shift of the peaks of Cs can 

be found (Figure 3(D)). The 3d binding energies of CsCl are 

725.0, 723.7 eV, respectively, and that of Cs+ adsorbed on 

GDY are clearly down-shifted by 0.5 eV (from 725.0 to 724.5 

eV) and 2.5 eV (from 723.7 to 721.2 eV) compared with that 

of CsCl. The decrease in binding energies provides a direct 

evidence that Cs+ can receive electrons from GDY and 

indicates the strong binding of Cs+ to the sp-hybridized 

carbon atoms in GDY. 

 The Raman spectra of the conjugated diyne links 

obtained from GDY before and after adsorption of Th 4+ were 

measured, which are illustrated in Figure 4. It can be clearly 

seen that the peak at 2170 cm1 is broadened after 

adsorption, which could be decomposed into three subpeaks: 

2145.0, 2170.0 and 2198.9 cm1. It was reported that when 

metal ions coordinate with the C≡C bond, the frequency of 

the C≡C stretching vibration decreases29. The peak of 

2198.9 cm1 will be analysed later in the article. Therefore, 

combining the results of XPS and Raman spectroscopy, it 

can be concluded that Th4+ was adsorbed on the triangle 

structure of GDY by interaction with C≡C.  

 
Figure 3. (A) The XPS spectra of GDY after and before adsorption of Th4+. (B) 

The XPS spectrum of Th(NO3)4 and that of Th4+ adsorbed on GDY (Inset: the 

XPS spectrum and curve fitting of Th4+ adsorbed on GDY). (C) The XPS spectra 

of GDY after and before adsorption of Cs+. (D) The XPS spectrum of CsCl and 

that of Cs+ adsorbed on GDY (Inset: the XPS spectrum and curve fitting of Th4+ 

adsorbed on GDY). 
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Figure 4. The Raman spectra of the conjugated diyne links after and  
before adsorption of Th4+ (Inset: curve f itting of the Raman spectrum after 

Th4+ adsorption). 

Theoretical calculation of the interaction between 
GDY and ions 

To further study the interaction between GDY and 

different ions, we choose Th4+, UO2
2+ Pu4+, Am3+, Cm3+, La3+, 

Eu3+, Tm3+, Cs+ and Sr2+ as the target metal ions. It would be 

hard to get a stable structure if UO2
2+ were adsorbed by GDY. 

The nitrate is the commonly used ligand in the extraction 

processes in nuclear fuel cycle. From several calculations 

about different numbers of nitrates, we found that the 

tetravalent and trivalent actinides adsorbed on GDY with two, 

one coordinated nitrates, respectively, are the stable 

structures. The selected actinides adsorbed by GDY are 

displayed in Figure 5. For Am3+, Cm3+ and Pu4+, it is obvious 

that the triangle structures of GDY get depressed, which are 

in contrast to the protruded local structure in the presence of 

Th4+. The bond lengths and distortion degree of these 

structures are listed in Table 1. From Table 1, one can find 

that all of three sides in the triangle structure of GDY are 

significantly deformed by the coordination of Am3+, Cm3+ and 

Pu4+, while only two sides are curved to some extent in the 

presence of Th4+. The covalent bonds have saturability and 

directivity, while electrostatic interactions do not have. For 

actinides adsorption, it is clear that only specific C atoms are 

much closer to actinides than other C atoms. These specific 

closer C atoms are in special directions in the space. These 

properties show obviously the saturability and directivity of 

covalent bonds. For Cs+ adsorption, the GDY is deformed 

slightly and the deformation degree of three sides of GDY is 

similar. These features could not reflect the saturability and 

directivity of covalent bonds. Therefore, in Cs+ adsorption, 

the electrostatic interaction is predominated, while this is not 

the case for the adsorption of other ions in this work. It is 

electrostatic interaction that leads to the attraction between 

Cs+ and GDY. There is no covalent bond between Cs+ and 

GDY. The adsorption energy in vacuum, hydration energy 

and adsorption energy in solution for actinides (Th4+, Pu4+, 

Am3+, Cm3+), lanthanides (La3+, Eu3+, Tm3+) Cs+ and Sr2+ are 

present in Table 2. The calculation results reveal that all the 

Cs+, Sr2+, selected actinides and lanthanides could be 

adsorbed by GDY in vacuum state. Taking the hydration 

energy into account, the positive adsorption energy in 

solution suggests that Sr2+ and trivalent lanthanides could 

not be adsorbed by GDY in water. Meanwhile, the structural  

optimization of UO2
2+ could not converge indicating no 

adsorption of UO2
2+ on GDY. On the contrary, the actinides 

could be attracted with negative adsorption energies in 

solution, i.e.  361, 651, 688 and 634 kJ/mol for Th4+, 

Pu4+, Am3+ and Cm3+, respectively. Same is Cs+ with 

negative adsorption energy of 111 kJ/mol in solution. The 

disattraction of Sr2+ and lanthanides are compatible with 

experimental results. For actinides and lanthanides, it is the 

5f electrons feeding back that makes trivalent actinides 

different from trivalent lanthanides. For lanthanides, the 4f 

electrons are too local to feed back to GDY. 

 

 
Figure 5 (A) Triangle structure of a GDY unit; (B) The changes of bond 
length and sides bending for the GDY triangle structure coordinating with 

Th4+ (Th4+ and nitrates omitted). Sides 1 and 2 are bended at the 1c and  
2c carbon atoms, respectively; C, D, E, F , G illustrate local structures of 

GDY coordinating Th4+, Pu4+, Am3+, Cm3+, Cs+ respectively. There is no 
covalent bonds between Cs+ and GDY, because the Cs+ is adsorbed 
through electrostatic interaction.  

Deformation of GDY combining different actinide 
ions 

Some previous research32 investigated single atom (V, Cr, 

Mn, Fe, Co, Mo) adsorbed on GDY. In these works, the single d-

block metal atom is bonded with two sides of triangle structure of 

GDY and resides in an angle of the triangle structure. In this work, 

the tetravalent actinide single ion is also bonded with two sides of 

the triangle structure of GDY. However, due to the large volume 

of the actinides and the coordinated nitrates, the positions of 

actinides ions are much closer to the center of the triangle 

structure of GDY, which is different from the situation in the 

previous works. As shown in Figure 5, Th4+ is adsorbed on the 

triangle structure of GDY with two sides deformed. The bended 

degrees of two sides are 6.5° and 4.3°, respectively. The bending 

phenomenon and the blue shift of the peaks in the Raman 
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spectrum both show that the GDY has been deformed. In Yang’s 

research, the deformation of carbon conjugated system can blue 

shift of the peaks in the Raman spectrum33. However, GDY shows 

different deformation modes when combining other actinides 

(Figure 5). The distinction of the deformation of GDY might result 

from the difference in the electronic structure of actinides. The 

Pu4+, Am3+, Cm3+ ions are with 5f4, 5f6, 5f7 open-shell electronic 

structures, respectively, while Th4+ is a closed shell ion without 5f 

electrons. The actinides with 5f open shell may feed their open-

shelled 5f electrons back to the conjugated system of the GDY. 

Both Pu4+ and Th4+ are bonding with two sides of the triangle 

structure. Compared with the structure of GDY in the presence of 

Th4+, the side 3 in Pu4+ adsorbed GDY deforms evidently. It is the 

open-shelled 5f electrons that make the difference. The open-

shelled 5f electrons of Pu4+ are fed back to GDY and destroy the 

conjugation of GDY, which influences the third side indirectly. 

Compared with local structures of Am3+ adsorbed GDY and Cm3+ 

adsorbed GDY, the local structure of Pu4+ adsorbed GDY is less 

deformed. The reason is that Am3+ and Cm3+ have more 5f 

electrons and two nitrates coordinating with Pu4+ impose more 

steric hindrance. The calculations show that the trivalent actinides 

bond with all three sides of the triangle structure of GDY, while 

the tetravalent actinides only bond with two sides. This can be 

understood in terms of the fact that the tetravalent actinides are 

smaller than the trivalent actinides and two nitrates get much 

steric hindrance. Compared with Ref. 12, it can be found that the 

deformation tendency of GDY after combining the f-layer 

electrons is obviously different from that of the d-layer electrons. 

Actinide single ion states on GDY 

 In order to explain the split of XPS peaks of Th4+ adsorbed 

on GDY, we implemented a calculation on a Th(NO3)4·3H2O and 

a cluster of 4 Th(NO3)4·3H2O. The calculated 4f energy of 

Th(NO3)4·3H2O is 333.4 eV and that of 4 Th(NO3)4·3H2O cluster 

is 333.7 eV. The remarkable difference can be ascribed to the fact 

that the 4f orbitals in the cluster or crystal are overlapped leading 

to a small effect of the energy. The above analyses support the 

phenomenon that the XPS peak of Th4+ in single ion state shifts 

towards the low field. Combining the results of experiments and 

calculation, we believe that GDY is an effective substrate for the 

presence of single ions of the selected actinides in this work. To 

the best of our knowledge, this is the first study on the 

coordination between actinide ions and GDY, and also the first 

observation and confirmation of single ion state of Th4+, Pu4+, 

Am3+ and Cm3+ on GDY through both experiments and theoretical 

calculations. Moreover, although there have been some studies 

on actinides catalysing terminal alkyne bond34, the coordination of 

actinides ions with alkyne bond is reported for the first time in this 

work. Similar to the function of single-ion or single-atom catalysts 

as mentioned above, actinide single ions adsorbed on GDY can 

also be used as catalysts in further researches, which may pave 

the way of the utility of the special catalyses of actinides. In 

addition, GDY can be modified by oxidation or substitution of 

different atoms1. These modifications may enhance the magnetic 

anisotropy of GDY adsorbed actinide single ions, thus enabling 

the syntheses of single ion magnets35. It is speculated that GDY 

can become an ideal substrate for some actinide single ion 

magnets. 

Table 1. The bond length (pm) and bended degree of side when GDY combining 

tetravalent or trivalent actinides Mn+ (Th4+, Pu4+, Am3+, Cm3+, Cs+). The 

sequence numbers of carbon atoms are the same as in Figure 3A. The O1, O2, 

O3 and O4 are four atoms from two nitrates. 

Mn+ Th4+ Pu4+ Am3+ Cm3+ Cs+ 

Mn+-1b 269 302 299 295 -- 

Mn+-1c 246 289 291 294 -- 

Mn+-1d -- 321 -- -- -- 

Mn+-2a -- 306 -- -- -- 

Mn+-2b 307 284 286 294 -- 

Mn+-2c 324 316 290 294 -- 

Mn+-3b -- -- 289 283 -- 

Mn+-3c -- -- 291 285 -- 

Mn+-O1 249 235 242 240 -- 

Mn+-O2 247 239 241 240 -- 

Mn+-O3 250 236 -- -- -- 

Mn+-O4 254 237 -- -- -- 

Bended degree of Side 1 6.5° 6.2° 8.9° 11.2° 2.6° 

Bended degree of Side 2 4.3° 6.9° 11.4° 11.9° 1.6° 

Bended degree of Side 3 -- 8.4° 7.4° 6.2° 2.7° 

Table 2. The adsorption energy in vacuum, hydration energy and adsorption 

energy in solution for Mn+ (Th4+, Pu4+, Am3+, Cm3+, La3+, Gd3+, Tm3+, Cs+, Sr2+). 

All energy values are in kJ/mol. 

Mn+ Eadsorb, vac  Ehyd  Eadsorb, sol  

Th4+ －6828 －5815[a] －361 

Pu4+ －7863 －6560[a] －651 

Am3+ －4328 －3288[b] －688 

Cm3+ －4303 －3317[b] －634 

La3+ －2974 －3145[a] 523 

Eu3+ －3295 －3375[a] 432 

Tm3+ －3341 －3515[a] 526 

Cs+ －413 －250[a] －111 

Sr2+ －1683 －1380[a] 49 

 [a] Taken from Ref. 30. [b] Taken from Ref. 31. 

Separation between actinides and lanthanides, Th4+ 
and UO2

2+, Cs+ and Sr2+ by GDY 

Separation between actinides and lanthanides. The 

results of experimental and theoretical calculations show that 

GDY has a significant effect on ion separation. It was noticed 

out that GDY has good mechanical properties36 and there 

have been some studies on the application of copper foams 

coated GDY membranes for ion adsorption. In Liu’s 
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research37, five pieces of GDY-based copper foam were 

stacked together and used as a filter for lead ions removal. 

When the solution was filtered five times, the lead ion 

concentration was reduced to as low as 0.02 mg/L reaching 

a removal efficiency of 99.6%. Moreover, the technology of 

membrane separation using copper foam as a separation 

membrane has been widely used38. Thus, it is very promising 

to use GDY membranes in the spent nuclear fuel 

reprocessing to achieve the separation between actinides 

and lanthanides with higher selectivity than ever before 

(Scheme 1). 

Separation between Th4+ and UO2
2+. Because it is hard 

to get a stable structure of UO2
2+ adsorbed on GDY, both 

experimental and theoretical calculations proved that GDY 

has great potential for the selective separation between Th4+ 

and UO2
2+. For Th4+ and UO2

2+ coexisting in the nuclear fuel 

cycle, GDY membranes may be used to achieve completely 

separation between Th4+ and UO2
2+. 

Separation between Cs+ and Sr2+. Adsorption 

experiments have shown that GDY only adsorbed Cs+ in the 

mixed solution of Cs+ and Sr2+, which is supported by the 

theoretical calculation that GDY cannot adsorb Sr2+ in the 

aqueous phase. It is believed that GDY has great potential 

to achieve complete separation between Cs+ and Sr2+ in the 

aqueous phase. Thus, the strategy using GDY membrane to 

further separate Cs+ and Sr2+, which are extracted from high-

level waste liquid, can be developed as an important 

supplement of the Advanced Nuclear Fuel Reprocessing.  

 
Scheme 1 Schematic diagram of GDY separation membrane . 

Conclusion 

In summary, GDY has been proven to have separation 

abilities between actinides and lanthanides, Th4+ and UO2
2+, Cs+ 

and Sr2+ through experiments and theoretical calculations. This 

complete separation performance makes GDY promising for its 

application in the nuclear fuel cycle. The deformations in the 

structure of GDY adsorbing actinides are essential for deep 

understanding its physicochemical properties. Moreover, further 

investigation on the basis of this work would reveal that GDY is a 

suitable substrate for actinides single ion. 
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Graphdiyne provides a new strategy on separation between actinides and lanthanides, Th4+ and UO2
2+, Cs+ and Sr2+, in which actinides 

or Cs+ adsorbed on graphdiyne are in the single ion state. 
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