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Abstract 

Graphene oxide (GO) is expected to be one of the 

most promising adsorbents for radioactive nuclides in 

aqueous solutions. In this paper, studies were conducted 

for the electronic structure of Cs adsorbates on GO 

grown on porous alumina. Near edge X-ray absorption 

fine structure measurements make clear that Cs atoms 

bond to oxygen functional groups in the aqueous solu-

tion.  

 

1. Introduction 

Graphene has attracted wide attention in the field of en-

vironmental application because it has a potential prospect 

of using as the effective adsorbent [1]. Its low-cost and high 

chemical stability make its use feasible for large-scale ap-

plication. However, pristine graphene without any chemical 

treatment shows hydrophobic nature, and hence it is difficult 

to adsorb ion species in aqueous solutions. Adopting gra-

phene oxide (GO) instead of pristine graphene is able to 

resolve the above problem. GO is partially oxidized gra-

phene and its surface and periphery are partially modified by 

epoxy, hydroxyl and carboxyl functional groups [2]. These 

functional groups increase the hydrophilicity of GO. Ra-

manchuk et al. have demonstrated that GO is effective in 

removal of actinides from nuclear wastewaters [3]. However, 

the adsorbing mechanism of relevant ions to GO surface is 

still uncertain.  

In this study, we analyzed the electronic structure of Cs 

adsorbed on the GO surface in the aqueous solution. A po-

rous alumina was used as the substrate for the chemical va-

por deposition (CVD) graphene growth. The oxidation of 

the CVD grown graphene on the internal surface of porous 

alumina could allow us to obtain the GO sample with large 

surface area. This contributes to the improvement of en-

largement of the adsorption amount of Cs and therefore to 

the improvement of the detection sensitivity in the electronic 

structure analysis. Adopting in-situ near edge X-ray absorp-

tion fine structure (NEXAFS) spectroscopy enables us to 

elucidate the electronic structure of Cs on GO in the aque-

ous solution. These fundamental aspects provide us im-

portant information for developing new adsorbent materials 

using GO.  

 

2. Experimental 

GO was formed on a porous alumina substrate in this 

study. Before synthesizing GO, a porous alumina film was 

grown on Si(100) substrate with a 300 nm thick oxide layer. 

Liquid alumisol (AlOOH, Kawaken Fine Chemicals Co., 

Ltd.) was used as precursor. A several micro-meter-thick 

alumisol film was deposited on the SiO2 substrate by spin 

coating. After the pre-baking at 170 C in the atmosphere, 

the alumisol film was introduced into a custom-designed 

vacuum furnace. The base pressure of the furnace was 

evacuated up to 6  10-6 Pa. After the evacuating, and then 

the alumisol film was heated at 1000 C for 1 hour in order 

to convert alumisol into porous alumina. For the graphene 

growth, a methanol vapor was used as a precursor. Graphene 

was grown by introducing 200 Pa methanol vapor for 30 

min [4]. After the graphene growth, the graphene in the 

sample was oxidized based on the modified Hummers 

method [5]. The GO surface was then dipped with 0.1 mol/l 

CsCl solution. Electronic structure of adsorbed Cs in the 

aqueous solution was investigated in situ by fluores-

cence-yield NEXAFS at the BL-27A station in KEK-PF. 

The details of the in-situ measurements were summarized 

elsewhere [6, 7]. The measurements were performed in a 

helium gas atmosphere by introducing the specimen into a 

NEXAFS apparatus immediately after the dropping of the 

CsCl solution onto the GO surface. For the measurements of 

the C and O K-edge NEXAFS (not shown here) and X-ray 

photoelectron spectroscopy (XPS) spectra, the CsCl solution 

was removed by a water-rinse and introduced into the vac-

uum chamber.  

 

3. Results and discussion 

Figure 1 shows an AFM image of GO/porous alumina. 

A lot of grains with 10-30 nm in diameter and with several 

nm in height are observed in the AFM image. The 

root-mean-square (RMS) value, evaluated from the AFM 

image, was 1.84 nm. Figure 1 (b) shows Cs 3d XPS spec-

trum of Cs-adsorbed GO. It is found that Cs is adsorbed on 

GO even after the water-rinse. The 3d5/2 peak of Cs ad-

sorbed on GO (723.5 eV) is slightly shifted to higher bind-

ing energies compared with that of CsCl (723.9 eV) [8]. 
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This indicates that the chemical state of Cs adsorbed on GO 

is different from that of CsCl. It is also found that the weight 

adsorption efficiency in the CsCl solution is estimated to be 

1 Cs atom per 7-9 carbon atoms, which corresponds to ap-

proximately 70wt%, from the XPS analysis based on the 

peak intensity ratio between C 1s and Cs 3d [9].  

 

Fig. 1 (a) An AFM image of Cs adsorbates on GO/porous alumina. 

(b) Cs 3d core level XPS of Cs/GO/porous alumina.  

 

   Figure 2 shows Cs LIII-edge fluorescence NEXAFS 

spectra. Differences arise in the spectra between the CsCl 

solution (i) and the solution dropwise onto GO (ii). This 

indicates that the specimen of the CsCl solution after the 

dropwise on GO contains another Cs species with new elec-

tronic structure in addition to the Cs ions in the aqueous 

solution. It is also found that the difference spectrum (iii) is 

roughly similar to the spectrum of Cs adsorbed on GO after 

water-rinse (iv), in the points such as the absorption thresh-

old and the spectral features. Although the peaks have not 

been assigned yet, it can be said that these changes are 

caused by the adsorption of Cs atoms on the GO surface in 

the aqueous solution from the comparison between the cases 

without and with GO. The spectral changes indicate that the 

Cs atoms are adsorbed with formation of bonding to oxygen 

functional groups on GO. By employing GO, it may be pos-

sible to efficiently collect radioactive Cs from waste waters.  

 

Fig. 2 Fluorescence NEXAFS spectra (i) of 0.1 mol/l-CsCl solution 

and (ii) of the solution dropwise onto GO. (iii) Difference spectrum 

between (ii) and (i). (iv) Fluorescence NEXAFS spectrum of Cs 

adsorbed on GO after water-rinse.  

 

4. Conclusions 

   The Cs adsorption on GO has been investigated by 

means of in-situ fluorescence NEXAFS. It is found that GO 

adsorbs the Cs atoms in the aqueous solution with formation 

of the bonding between oxygen functional groups and Cs. It 

is also indicated that GO shows the high Cs adsorption effi-

ciency of 70wt%. This suggests that GO possesses surpas-

sing properties for adsorption / recovery of radioactive Cs 

from waste waters. Employing CVD method, the any sur-

face of GO can be prepared with porous structures. It is ex-

pected that the present technique is applicable to develop-

ment of specially designed adsorption column with high 

adsorption efficiency.  
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