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Abstract 
 
The Fukushima Daiichi Nuclear Power Plant (FDNPP) accident that occurred in 

March, 2011, caused a substantial amount of radioactive materials released to the 

environment. Among the radioactive materials released to the environment, radiocesium 

(134Cs and 137Cs) beside radioiodine (131I) is the most major released volatile radionuclide 

having a direct impact on land contamination. The radioactivity can be measured using 

radiation measurement techniques. In the present PhD thesis, I tried to capture 

radiocesium and also tried to form a cesium detection system. Background and objective 

of research are given in detail in Chapter 1. 

Chapter 2 shows the Exploration of the Cs Trapping Phenomenon by Combining 

Graphene Oxide with α-K6P2W18O62 as Nanocomposite. Graphene oxide (GO) surface has 

an interesting interaction using a polar -COO(H) and non-polar (-CH3) group in order to 

adsorb different kinds of cations (charge, size, complexing capability) by a proposed ion-

bridging mechanism. In addition, Polyoxometalates (POMs) provide an excellent, robust, 

and discrete material, which has reversible multi-electron redox properties. Some 

researchers have employed POMs as a potential Cs adsorption material by using a cation 

exchange mechanism. Considering the tremendous properties of GO and α-K6P2W18O62, 

it is highly desirable to synthesize a new nanocomposite with Cs adsorption ability using 

the GO and POMs. In this chapter, two types of GO samples were employed. One is GO, 

which has a large amount of carbon (C), and the other is GO, which has a large amount 

of oxygen (O). They have a variant sp2/sp3 structure. These GOs can be produced by 

controlling the oxidation degree, which depends on several factors such as the reaction 

condition, oxidizing agent, and graphite source. It has been known that the GO structure 

is not precisely determined because of a variety of local arrangements of functional 

groups. Each GO sample was incorporated with α-K6P2W18O62. I investigated the 

interaction of Cs+ with the nanocomposite by characterizing the surface structure of the 
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composite material and also by considering the adsorption capacity of the nanocomposite 

for radioactive Cs. Each property in each material is expected to synergistically 

strengthen the adsorption capacity of the nanocomposite. A high Cs adsorption capacity 

was clearly achieved by using the nanocomposite. 

Chapter 3 shows the improvement of Cs detection performance and formation of 

CsCl and Cs nanoparticles by tuning graphene oxide quantum dot-based nanocomposite. 

In recent years, graphene oxide (GO) and graphene oxide quantum dots (GOQDs) are 

widely studied in several applications such as metal adsorbent (Cs+, Eu3+, Sr2+) , and 

designed as fluorescence probes by considering their quantum confinement and the edge 

effect. In addition, the GO and GOQDs have almost similar properties because they have 

various oxygen functional groups. The functional group can act as a binding point to 

synthesize a new nanocomposite to improve their properties. Another important thing is 

that the photoluminescence (PL) of GOQDs was independent of pH. It means that the 

emission wavelength does not shift in different pH condition (only change in the PL 

intensity). Further investigation also revealed that the PL of GO has shown a reversible 

response to ionic strength and pH. The previous work confirmed that the different 

number of layers of GO (single and a few layers) showed different optical responses in 

various organic solvent. More currently, Yao et al. have employed graphene quantum 

dot-based fluorescence sensing as a dual detector of copper ion (Cu2+) and tiopronin 

(MPG). They proposed a novel fluorescence turn OFF for the Cu2+ detection and turn ON 

for the tiopronin (MPG) detection. Therefore, to facilitate the development of a Cs 

detection system, it is highly desirable to create a new nanocomposite using 

functionalized graphene oxide quantum dots (GOQDs) with cesium green molecule. In 

Chapter 3, I produced a new nanocomposite that has the ability to recognize Cs in water 

with different pH conditions (acidic and basic condition) by considering the turn ON/OFF 

response. 
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Chapter 4 shows the general conclusions. The present findings have provided the 

fundamental understanding of specific characteristic and structural diversity of GO and 

its nanocomposite. In particular, the C/O ratio and the GO acidity (influenced by the 

oxidation debris particle) of the GO sample have significantly influenced the adsorption 

capacity, the sensitivity and the accuracy of the detection system of the GO-based 

nanocomposite. It can be used as an entry point to design the structure and the function 

system for a new advanced nanocomposite. And, the present study offers a bridge 

between GO and other potential materials. Also, this work may open an application in 

environmental protection with more deep investigation. 
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1.1 Background of study 

          The Fukushima Daiichi nuclear power plant (FDNPP) disaster (March 2011) 
affected the biotic and abiotic environment. FDNPP accident released radioactive 
elements that possess long half-lives (30 years for cesium (137Cs)), β-decay to barium 
(137Ba), and emit γ-radiation. It has been reported that the soil present around FDNPP and 
the soil in the neighboring prefectures were contaminated with approximately 100,000 
MBq/km2 and 10,000 MBq/km2 of 137Cs, respectively [1]. The soil surface area was the most 
contaminated [2]. It has been predicted that several radionuclides, such as cesium (137Cs, 
136Cs, 134Cs), strontium (90Sr, 89Sr), uranium (UO2+), iodine (131I), thorium (90Th), barium 
(140Ba), lanthanum (140La), and tritium (3H) are present. Ananalysis by Tokyo Electric 
Power Company (TEPCO), an electric power company, revealed that a major part of the 
fuel (in unit 1 nuclear reactor) was present in its molten state [3]. The radioactive isotopes 
released during the Fukushima accident and predominantly responsible for the observed 
radioactivity were the radioactive isotopes of Sr and Cs. It has been reported that Sr 
exhibits a faster rate of migration compared to other elements [4]. It has been observed 
that Cs (137Cs, 136Cs, 134Cs) and 131I become the more radioactive elements that were 
released from the fuel if compared with Sr (90Sr, 89Sr) [5-6].  
        It is necessary to estimate the quantity of radionuclides and chemicals released 
during the accident to determine the immediate and long-term effects of radioactivity on 
the environment and health of organisms. Researchers have studied the mobility of 
radioactivity, especially the uptake of radioactive nuclides by plants [7]. The uptake of 
radioactive nuclides by plants can potentially lead to food contamination that can 
eventually lead to genome damage or cancer in human beings. Further investigation also 
reported that slightly high levels of radioactive cesium were detected in some rice 
varieties grown in areas approximately 60 km northwest of the nuclear reactor plant, a 
few years after the accident in Fukushima City [8]. Researchers have reported that the 
transfer factor (from the soil to the rice) of radioactive cesium depended on the oxidizing 
or reducing soil atmosphere [9]. The penetration depth (in soil) of radiocesium is 
influenced by soil characteristics (such as the particle size, organic carbon content, and 
clay contents) [10]. One of the key factors influencing the penetration depth of 
radiocesium in the soil is the amount of medium-sized sand particles present in the soil 

Chapter I. General Introduction 
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[11]. Moreover, an investigation was carried out with soil samples collected from the area 
around the Hibara Lake (Yama gun, Fukushima prefecture), situated 100 km away from 
FDNPP, revealing that radionuclides (originating from the Fukushima prefecture) were 
present in the sediments deposited in the shallow areas of the lake. 134Cs and 137Cs isotopes 
were detected (4.5 and 5.2 Bq/kg, respectively) in the soil of these areas. The results 
revealed the long-distance migration of radioactive cesium. The high solubility of 
radiocesium in water assists soil penetration. Compared to the process of direct 
deposition of the nuclides (originating from the exhaust of the accident), the process of 
nuclide transport by rivers into lakes (and its subsequent sedimentation) is more likely 
to occur [12]. Shizuma et al. investigated the quality of drinking water in the Haramachi 
district (Minamisoma City). The authors detected dissolved 137Cs in tap water and 
groundwater. The maximum concentration of 137Cs was approximately 300 mBq/L in 
August 2013 and 27 mBq/L in September 2014 [13]. The degree of contamination was not 
solely dependent on the distance of the place under observation from the area of the 
nuclear accident. Other factors, such as weather conditions (such as wind direction and 
precipitation), also affected the degree of soil contamination [14].  
        These results revealed that radionuclide contamination, which can potentially 
impact human lives, is a severe environmental problem. The contamination had spread 
far and wide, away from the Fukushima nuclear power plant. Therefore, it is necessary 
to decontaminate the environment effectively. A few decontamination strategies, such as 
removing the litter layer and superficial soil layer in the forests, have already been 
implemented [15-16]. Decontamination has also been attempted by scraping off the 
topsoil and cleaning tree barks. The reverse plowing technique has also been used for the 
same aim [17]. Recently, researchers have attempts to synthesize high-quality adsorbent 
nanomaterials that can potentially remove radionuclides from the environment. 
Graphene oxide (GO) and polyoxometalates (POM) derivatives are the two classes of 
materials that have recently attracted immense intention. GO has been the focus of 
research as it has its application in various fields, such as biomedicine [18-19] and 
environmental protection [20- 22]. It has also been used to develop energy storage devices 
[23], polymer composites [24], and gas sensors [25]. The properties of GO can be tuned 
by systematically functionalizing the material. This can lead to improved performance of 
the materials [26]. The synthesis of materials that can function as radionuclide adsorbents, 
such as H-titanate nanotubes [27] and phlogopite [28], has been reported. However, not 
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(a) cold (b) medium (c) hot 

(e) (d) 

all the reported materials are excellent adsorbents. Therefore, a potential material that can 
function as a highly efficient radionuclide adsorbent should be identified.  
        GO is a promising candidate that can be potentially used for adsorbing radionuclides. 
The epoxide and hydroxyl groups are the two major functional groups present on both 
sides of the basal plane of the GO sheets [26]. GO contains numerous structural defects. 
Other functional groups, such as carbonyl groups, phenol-like groups, and carboxyl 
groups, are present at the rims of these defects. The particle size of GO plays an important 
role in determining the functional group composition of the material [29-30]. Therefore, 
the adsorption capacity of GO is dictated by the accessible surface area. Thus, it is 
important to understand the structural characteristics of GO to gain insight into the 
adsorption process.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        Fig. 1. Synthesis of GO using the modified Hummer’s method. (a) Cold stage (Blackish green), (b) 
Medium stage (Brown), (c) Hot stage (Golden yellow particles of GO), (d) Transmission electron 
microscopy (TEM) image of GO, and (e) Scanning electron microscopy (SEM) image of GO. Image is taken 
from personal data based on an experimental. 

 
           Recently, researchers have followed the combined method proposed by Grote et al. 
and attempted the fabrication of GO. The oxo-functionalized graphene bears an almost 
intact hexagonal carbon lattice (unlike the conventional GO material fabricated following 
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Hummer’s method) [31]. The fabrication method involves a three-step process (the cold, 
medium, and hot stages). The transition from one stage to the other is accompanied by a 
change in color of the reaction mixture, which indicates the successful completion of each 
stage (Fig. 1(a), (b), and (c)) [32]. The fabrication of a single (or a few) layers of GO can be 
achieved through the processes of chemical oxidation and exfoliation [33]. The 
transmission electron microscopy (TEM) and scanning electron microscopy (SEM) 
techniques were used to visualize the surface morphology of GO (Fig. 1(d) and (e)). The 
SEM and TEM images revealed the presence of wrinkled and overlapping GO sheets. 
These properties were a result of the hydrogen- bonding interactions present between the 
surface functional groups. The wrinkled and overlapped samples exhibit different optical 
and electrical properties [34]. Guerrero-Contreras and Caballero-Briones reported 
that the degree of GO oxidation dictates this particular characteristic, especially the 
surface chemistry of the sheets. These properties can be exploited by decorating GO [35]. 
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         Fig. 2. FTIR spectral profile of GO. Graphic took from personal data based on an experimental study 

 
         The characteristic peaks of different functional groups were observed in the Fourier 
transform infrared (FTIR) spectral profiles (Fig. 2). The peaks observed at 1057, 1230, 1730, 
and 3424 cm-1 corresponded to the stretching vibrations of C–O, C–OH, C=O, and –OH 
groups, respectively. The peak corresponding to the unoxidized graphitic area was 
observed at 1618 cm-1 [36].  
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        The Fukushima disaster of 2011 led researchers to focus on developing new materials 
capable of adsorbing radioactive elements. Experiments were conducted to investigate 
the effectiveness of GO as radionuclide (especially actinide) adsorbents. The results 
revealed that the process of coagulation contributed significantly to the adsorption 
process. Cation-induced coagulation leads to the quick precipitation of GO. The 
coagulation of GO (in the presence of cations) is affected by pH. Cations with different 
charges behave differently under the same pH conditions. For example, sodium (Na+), 
calcium (Ca2+), and lanthanide (Eu3+), at the same pH, exhibited different critical 
coagulation concentration (CCC). The changes visible to the naked eye were observed. 
The interactions present in the GO sheets impart the GO layers with improved adsorption 
properties (compared to bentonite clays and activated carbon) [37].  
 
Table 1. Eu(III), Sr(II), and Cs+ sorption capacity of GO and other materials  

Nanocomposite Maximum sorption capacity (mg/g) pH range Ref. 
Eu (III) Sr (II) Cs 

PS_25GO 
PS_15GO-COOH 
GO nanosheet 
GO nanosheet 
H-titanates nanotubes short 
GO 
GO 
Phlogopite 
Ca-phlogopite 
PANI@GO 

- 
- 
175.44 
161.29 
22.8 
- 
- 
- 
- 
- 
 

20.2 
11.47 
- 
- 
- 
- 
- 
- 
- 
266.3 

- 
- 
- 
- 
- 
528 
465 
14.8 
60.4 
121.7 
 

2.0–8.0 
2.0–7.0 
6.0 
4.5 
4.2 
12 
7 
2 
2 
3 
 

[43] 
[43] 
[21] 
[21] 
[27] 
[40] 
[40] 
[28] 
[28] 
[22] 
 

 
        As commonly used for cationic radionuclides, bentonite clays and activated carbon 
have different physical characteristics. Bentonite consists mostly of montmorillonite (a 
three-layered mineral) having octahedral and tetrahedral sheets [38]. Activated carbon is 
a non-porous material possessing a large specific surface area. However, functional 
groups are absent. Therefore, researchers have attempted to functionalize the surface of 
activated carbon to improve its adsorption ability [39]. Kaewmee et al. reported that the 
cesium sorption capacity of pristine GO was comparable to the cesium sorption capacity 
of Prussian blue. It was experimentally demonstrated that the maximum adsorption 
capacity was approximately 528 mg Cs/g of GO. The sorption ability was tuned by 
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adjusting the pH of the medium [40]. An interesting phenomenon was observed when 
the experiments were carried out under a broad range of pH. It experimentally found 
that the sorption capacity of a magnetic GO nanocomposite, in the pH range of 5 to 9, 
exceeded 90% (removal of americium (Am) and plutonium (Pu) from solution) [41]. Yang 
et al. successfully developed a composite consisting of Prussian blue, Fe3O4 nanoparticles, 
and GO. It was reported that GO is an efficient cesium adsorbent. The cesium sorption 
capacity of the PB/Fe3O4/GO composite (55.56 mg/g) was higher than that of the PB/Fe3O4 
composite (46.30 mg/g). The successful removal of Cs (by H+-exchange or ion trapping) 
can be attributed to the anchoring of Prussian blue and Fe3O4 nanoparticles on the surface 
of GO. However, peaks corresponding to GO were not observed in the PXRD pattern 
because of the low GO content of the samples [42]. 
        Bubenikova et al. reported that the adsorption capacity of GO could be improved via 
the carboxylation process (PS_25GO, PS_15GO-COOH, Table 1). The results revealed that 
the uptake kinetics of strontium (II) was fast. A simple method was used for 
carboxylation. Multiple carboxylate groups were introduced on the GO surface using a 
solution of chloroacetic acid in water. Subsequently, a GO-polystyrene (GO-PS) 
nanocomposite was fabricated to develop the desired material [43].  
        Recently, researchers have attempted to tune the properties and control the degree 
of oxidation of the graphene-like materials by tailoring their oxygen content (following 
specific methods) [44-45]. Novacek et al. reported that a significant increase in the 
sorption capacity could be achieved by oxidizing GO multiple times. The multiple 
oxidation process is the key to achieve high oxygen content and significantly increased 
carboxylic acid content, leading to the significantly high sorption capacity of the material 
[46]. Researchers have also investigated the role of cation bridging in promoting the 
formation of GO complexes. The Cs cations were better transport inhibitors at higher 
concentrations than other monovalent cations. The surface functional groups played an 
important role in achieving transport inhibition. GO can form inner-sphere complexes 
with Cs cations [47]. 
        Similar to GO, the POM derivatives are high-performance adsorbent 
nanomaterials. POMs are anionic metal oxide clusters consisting of tungsten (W), 
vanadium (V), molybdenum (Mo), and niobium (Nb) in their high oxidation states. POMs 
possess interesting properties (such as redox, acidic, photochemical, and magnetic 
properties) [48]. To date, many families of POMs have been reported [49-50], such as the 
phosphotungstate family, which is one of the most popular families of POMs. The 
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Keggin-type compound [PW12O40]3- is a member of the phosphotungstate family 
consisting of one phosphate unit surrounded by 12 tungstate units. Other members of the 
family include the Dawson-type compound [P2W18O60]6- formed of two phosphate and 18 
tungstate units and the Preyssler-type compound [P5W30O110Na(H2O)]14- consisting of five 
phosphates surrounded by 30 tungstates (Fig. 3). Structurally diverse POMs can find their 
applications in a wide range of fields. In this mini-review, we have focused on the 
removal of radionuclides using POM. Recently, it has been investigated if POMs 
exhibiting the Dawson-type structure can be used to extract thorium and actinium [51]. 
This work has successfully exploited the coordination chemistry of thorium and actinium 
and has conducted experiments under acidic conditions (using ion-exchange resins) to 
extract nuclides using the Dawson-type POM. The Keggin-type POM (Fig. 3) exhibits 
excellent Bronsted acidity and interesting redox properties. They can be potentially used 
for protecting the environment [52]. Reduction-induced Cs+ uptake was achieved by the 
redox-active ionic crystal [α-SiMo12O40] in the presence of ascorbic acid [53]. In a strongly 
acidic solution, the central sodium ion of the Preyssler anion [NaP5-W30O110]14- can be 
replaced by Eu3+ [54].  
 
 
 
 
 
 
 
 
                              Fig. 3. Members of the Phosphotungstate family of POMs 

 
          Therefore, the synergistic effect between POMs and other molecules can assist the 
efficient removal of nuclides (Fig. 4) [55]. Wang et al. fabricated graphene/POM 
composites utilizing covalent bonding. Fabrication of the composites exploiting the 
concept of covalent bonding addressed the problem of POM detachment from the carriers. 
The report revealed that the surface area of the GO/POM composite was five times larger 
than that of the POM-only [56]. Lu et al. reported strong interlayer interactions could be 
produced by POMs (on the GO sheets) when epoxy groups are substituted by 
ethylenediamine groups (EN, weak reductant). Abundant hopping sites are generated 
that promote the rapid propagation of protons. It has been reported that the anchoring of 
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POM nanoparticles onto the GO layers helps to generate mobile protons and flexible 
routes for proton transport. Therefore, the protons can exploit the hopping sites to change 
their motion path and speed up the process of transportation [57]. The TEM images reveal 
that the individual clusters of POM appear as black spots on the surface area (when POM 
is anchored onto the GO layer). It can be concluded that the oxygen functional group on 
the graphene sheet and the corner shared metal-oxygen site of POMs in an aqueous 
solution, interacting with each other via electrostatic interactions [58]. 
 
 
 
 
 
 
 
 
 
 
 
                                   Fig. 4. Plausible interaction between Keggin-type POMs and GO 

 
        To date, many researchers have attempted to synthesize POM composites that can 
potentially serve as adsorbents. Herrmann et al. investigated the effects of chemisorption 
and physisorption of POM-ionic liquid (POM-IL) [59]. Liu et al. investigated these effects 
in more detail. They successfully fabricated a GO-based nanocomposite by impregnating 
POM on the GO layer (following the impregnation method), exhibiting an improved 
loading ability of GO. The fabrication process can potentially lead to the strong 
electrostatic attraction between the adsorbate and the absorbent [60]. Sures and Nyman 
carried out their experiments with A8[Nb6O19]·nH2O (A = Li, K, Rb, Cs), ([Nb2W4O19]4-, and 
[Nb4W2O19]6-. They concluded that Cs exhibits a strong tendency to form complexes with 
anionic surfaces. The formation of the complexes can also be mediated by a mediation 
sphere [61]. Hitose and Uchida studied compounds I and II (Wells–Dawson-type POMs, 
[α- P2M18O62]) that exhibit fast adsorption kinetics (1 h to reach equilibrium). They 
reported that the compounds exhibited an increased cesium uptake capacity [62]. 
However, it is challenging to deal with radionuclides (in solution and solid surfaces). 
Radionuclides, such as Cs+ that utilize their unusually high coordination number to form 
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complexes, exhibit abnormal behavior (ion-pairing) [61]. The radiation emitted from a 
radioactive material can potentially lead to the generation of another variable in 
adsorption materials that can potentially affect their structural stability [63]. Therefore, a 
better understanding of the mechanism of action of POMs is required to tune and 
improve the functions of POM-based materials. POM, which has different arrangements, 
sizes, charges, and structures, can form several types of crystalline structures [58,64]. 
Their unique structures make them important to stabilize ligands for redox-active high- 
valance metallic fragments [65]. The interaction between electrons and alkali metals 
(during their migration) in POM-based porous crystals can be explained by the redox ion-
exchange phenomenon [66]. Thus, the unique characteristics of POMs eventually lead to 
improved properties of the material formed by the interaction between POM and the 
support materials. 
        Based on that, in this thesis, we fabricated two types of a new nanocomposites as 
radionuclides adsorbents and radionuclides detections to restore environmental 
conditions. In the synthesis methodology, Hummer`s method was used as oxidation 
method. First, graphene oxide combining with POM material (Dawson-type POM) as Cs 
removal. Second, graphene oxide quantum dot (GOQDs) functionalized by cesium green 
molecule (C32H33NO8) as Cs detection. As a result, we found that a high Cs adsorption 
capacity was achieved by using the nanocomposite. In addition, the nanocomposite has 
ability to recognize Cs in water with different pH conditions (acidic and basic) by 
considering the turn ON/OFF response.    
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1.2. The purpose of study 
         
       This thesis has some specific objectives as follows: 

 Investigate the role of the C/O ratio of graphene oxide (GO) specifically to cesium 
(Cs) adsorption performance after forming the composite  

 Investigate the role of the oxidized zone (sp2/sp3 hybrid carbon cluster) before and 
after forming the composite as an important factor in the enhancement of adsorption 
capacity 

 Synthesis GO-POM (polyoxometalate) nanocomposite as a Cs removal  
 Investigate the optical properties of GO quantum nano dots and their composite as 

cesium (Cs) detection in mixed solution (Distilled water/THF) 
 Synthesis graphene oxide quantum dot-based nanocomposite (combining with 

cesium green molecule, C32H33NO8) as Cs detector 
 Investigate the Cs cluster formation under electron beam irradiation  
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2.1. Introduction 

        The destruction of the reactor cores of Fukushima Daiichi Nuclear Power Plant 
(FDNPP) ten years ago has influenced much the environmental condition. Many 
researchers predicted the quantity of released material [1] and modelling of the radiation 
fallout immediately [2]. It is important to consider the radioactive isotopes delivered to 
agriculture area [3], tap water [4], and forest area [5]. The subject of considerable concern 
by the people is the possibility of the radiation exposure to their body. Both the external 
exposure and internal exposure have a possibility to show the radiological consequences 
to cause developing cancer [6][7]. Therefore, it is an essential task to treat and 
decontaminate the contaminated environment. 
         137Cs, which has a half-life of 30 years, is one of the nuclides that have been found in 
the contaminated area [8]. The 137Cs was originated from the Tokyo Electric Power 
Company (TEPCO) FDNPP accident [9]. Many studies have investigated how to handle 
radioactive cesium as a crucial radioisotope [10]. Chemical adsorption methods by using 
composite [11], clay [12] to catch the Cs are the techniques suggested in many papers. 
According to these methods, the adsorption mechanism emerges as an important concept 
(like hydroxyl-interlayered vermiculate, 3D microporous composite) and encourages the 
synthesis of new material. Therefore, the goal of this work is to create a new sorbent 
material, which has an ability to adsorb the Cs with high efficiency. As is well known, the 
skeleton of GO having different oxygen functional groups can be considered as a bonding 
point [13]. Based on that, the chemical modification opens up the idea for tailoring the 
graphene oxide (GO) with another compound.  
          Zilong Liu et al. (2019) investigated that as a novel carbonaceous material GO 
surface has an interesting interaction using polar –COO(H) and non-polar (-CH3) group 
in order to adsorb different kind of cation (charge, size, complexing capability) by 
proposed ion bridging mechanism [14]. Another important thing is the solubility of GO 
in the diverse range of solvent including water due to the hydroxyl, epoxide functional 
group and carboxyl group attached on the surface and the sheet edge [15], [16].  
           On the other hand, polyoxometalates (POMs) provide an excellent, robust and 
discrete material, which has reversible multi-electron redox properties [17]. Some 
researchers have employed POMs as potential Cs adsorption material by using a cation 

Chapter II. Exploration of Cs trapping phenomenon by combining 
graphene oxide (GO) with K6P2O18W62 as Nanocomposite 
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exchange mechanism [18]. For example, it was investigated that the interaction of Cs+ 
with POMs makes it easier to enter and diffuse through the solid-state structure 
compared to other type of cation by considering the dehydration enthalpy and hydration 
radius of the cations [19]. The K₆P₂W₁₈O₆₂ as a Dawson-type compound has an anionic 
molecular framework constructed by two phosphates, 18 tungstates surrounding a 
central potassium. POM has a large molecular size [20], high potential to reduce [17], and 
it is a structurally well-defined oxide cluster anion. Furthermore, R.D. Gall et al. 
confirmed that POM particles could easily be adsorbed on the carbon material [22]. It is 
also proved by previous study that the anionic PW12 cluster can be adsorbed on the 
reduced GO and can improve the dispersibility of water on the reduced graphene sheet 
[21]. 
           Considering the tremendous properties of GO and α-K₆P₂W₁₈O₆₂, it is highly 
desirable to synthesize a new nanocomposite with Cs adsorption ability using the GO 
and POMs [79]. In this study, two types of GO samples were employed. One is GO which 
has high carbon (C) element and the other is GO which has high oxygen (O) element. 
They have a variant sp2/sp3 structure. These GOs can be produced by controlling 
oxidation degree, which depends on several factors such as reaction condition, oxidizing 
agent, graphite source [23]. It has been known that the GO structure is not precisely 
determined because of a variety of local arrangement of functional group [24], [25]. Each 
GO sample was incorporated with α-K₆P₂W₁₈O₆₂. We investigated the interaction of Cs+ 
with the nanocomposite by characterizing the surface structure of the composite material 
and also by considering the adsorption capacity of nanocomposite for radioactive Cs. 
Each property in each material is expected to synergistically strengthen the adsorption 
capacity of nanocomposite. High Cs adsorption capacity was clearly achieved by using 
nanocomposite.  

2.2. Materials and Methods 
2.2.1 Materials 
      All raw chemicals were reagent grade and were used without purification, and 
distilled water was used in all experiments. Graphite, Na2WO4·2H2O, CsCl, and methanol 
were purchased from Sigma Aldrich Chemistry. NaNO3, H2SO4, HCl, H3PO4, and KCl 
were purchased from Fuji Film Wako Pure Chemical Corporation. KMnO4 and H2O2 were 
purchased from Tokyo Chemical Industry. 
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2.2.2 Characterizations 
       Fourier transform infrared spectroscopy (FT-720, HORIBA, Ltd), powder X-ray 
diffraction measurement (Rigaku, Thermo plus, XRD-DSC II), Raman spectroscopy 
(Raman spectrometer HORIBA, Ltd., T64000) were conducted to characterize the 
functional groups, crystallinity, number of layers of GO, size of GO samples, interlayer 
distance and the quality of samples. Scanning electron microscope (SEM) (Ultra-high 
resolution field emission scanning electron microscope device (Hitachi High-
Technologies Corporation, S-5200)), EDAX (Genesis XM2), Transmission electron 
microscopy (TEM) (Ultra-high resolution transmission electron microscope (JEOL Ltd., 
JEM-2010)) were performed to collect imaging data of the samples. ICP-AES (atomic 
emission spectroscopy) (SPS3500, SII Nanotechnology Inc.) was used to calculate the 
adsorption capability of the samples.   

2.2.3. Synthesis of graphene oxide (GO) 
      All GO samples were synthesized using the modified Hummers method [26]. A pre-
cooling procedure was implemented by keeping all the reagents and solvent in the 
refrigerator for one night before the synthesis process [27]. In order to start the synthesis 
process, first, a graphite 1.0 g, NaNO3 1.5 g were put into the vial. Then, a concentrated 
H2SO4 (50 ml) was added carefully. Stirred the mixture for 30 minutes at room 
temperature. In this step, the colour was blackish green. Put the mixture in the 
refrigerator for 30 minutes to keep it in the cooling condition below 10 °C. After that, 
going to the critical step, added KMnO4 4.0 g slowly and carefully. Stirred for about 20 
minutes. Set the temperature at 35 °C under stirring for 2 h. After this reaction, the colour 
of the solution became brown. Diluted the mixture with 80 ml distilled water with stirring 
for 15 minutes. Then, continued stirring for the other 30 minutes at room temperature. 
Added 150 ml distilled water slowly and carefully with stirring for 15 minutes. After that, 
12 ml of 30% H2O2 was dropped carefully to the solution. A large number of bubbles were 
released. The solution became golden yellow. The solid particle was filtered, washed 
using 5% HCl and followed by using distilled water. Dried the solid at 60 °C for 24 h. In 
order to distinguish each GO-sample, we termed these GO samples by index number, 
which have different amount of C based on elemental analysis. There are two types of 
GO-sample based on C/O composition (Table 1). The GOc70 and GOc72 have 70-72 wt% C 
element, while GOc39 and GOc40 have ~39 wt% C element. 
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2.2.4. Synthesis of α-K P W O  
       The α-K P W O  was synthesized according to the modified Nadjo Method [28]. 
The synthesis route started with dissolving the starting material, Na2WO4·2H2O 15 g into 
17.5 ml distilled water. Straightforward with vigorous stirring for 15 minutes until the 
cloudy solution becomes limpid. Followed by acidification process, HCl 4M (12.5 ml) was 
added dropwise for 45 minutes carefully. In this process, white precipitate was formed. 
In order to avoid agglomeration and to disperse homogenously during the acidification 
process, the vigorous stirring was performed. Checked the pH to be around 6-7. Then, 
2M H3PO4 (12.5 ml) was added, checked the pH to become around 2-3. The solution was 
refluxed for 24 h. And this solution was cooled at room temperature for a while. Then 
KCl 7.5 g was added to the solution. Filtered off by paper filtration and the crude material 
was obtained. Dissolved it into 32.5 ml distilled water and the solution becomes limpid. 
The next reflux process was performed at 80 °C for 72 h. Then, it was cooled at room 
temperature. The last step was keeping the solution in refrigerator, and after 24 h, the 
well-behaved crystals of α-K P W O  were produced (6.5 g).  

2.2.5. Synthesis of GO-POM composite 
       The composite sample was distinguished into eight types of composite. Each 
composite was produced by incorporating GO-sample (GOc70, GOc72, GOc39, and GOc40) 
with Dawson-type POM. The GO-POM composite was generated in two different 
concentration ratios (concentration ratio GO:POM, 1:8 and 4:1). The constitution is 
summarized in Table 3. These treatments (different concentration ratio of GO:POM) were 
employed in order to investigate the role of GO and Dawson-type POM in the Cs 
adsorption and to know the proper composition. In this synthesis process, mixed solvent 
was used with the ratio 1:1 (distilled water/methanol). The GO aqueous dispersion in the 
first concentration condition (1:8) was prepared by dispersing 1g GO into the solvent (100 
ml) with sonification treatment for 5 minutes. Prepared the POM solution by dissolving 
1 g α-K P W O  into the solvent 12.5 ml. Poured the POM solution into the GO 
suspension vial, added diluted HCl to adjust the pH in the range 2-3 and then forwarded 
to vigorous stirring process for 24 h. In the second concentration condition (4:1), prepared 
the GO solution by dispersing GO 0.5 g into the solvent 25 ml with sonification treatment 
for 5 minute. POM solution was prepared by dissolving the α-K P W O  0.5 g into the 
solvent 100 ml. The POM solution was poured into the GO suspension, added diluted 
HCl to adjust the pH in the range 2-3, after that stirred for 24 h. Finally, the solid material 
was collected by using filter paper and dried at 90 °C for 24 h. Then, the composite 
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product was indexed based on the value of C element of GO (c70, c72, c39, c40 due to 
elemental analysis) and the concentration ratio of GO/POM (1:8 and 4:1) in order to 
distinguish each composite’s name, as follows [GO70POM]18, [GO70POM]41, [GO72POM]18, 
[GO72POM]41, [GO39POM]18, [GO39POM]41, [GO40POM]18, [GO40POM]41. Contant’s group 
reported the hydrolytic stability of Dawson-type POM depending on the acidity of the 
solution. That is, Dawson-type POM was stable at pH lower than 6 and when the pH 
increased above 6, the formation of lacunary species occurs [81]. In the case of our system, 
preparation and adsorption experiment were performed at pH lower than 5. Therefore, 
the Dawson-type POM was stable in the present solution. 

2.2.6. Adsorption experiment 
       The cesium adsorption was conducted as below. First, each sample (POM, GO-
samples, GO-POM composites) 0.08 g was dispersed into distilled water 30 ml with 
sonification treatment for 5 minutes. Second, 0.6 g of CsCl (3.6 mmol) was added to the 
solution. And then the mixture was stirred for 24 h.  
        The performance of Cs adsorption was analysed by using ICP optical emission 
spectroscopy. The solid adsorbent was separated from the solution by using paper 
filtration. The measurement was conducted duplicate in each sample solution. The 
adsorption efficiency was calculated by equation (1) and the adsorption capacity by 
equation (2).  

0

0

  % . .  100tC C
Adsorption efficiency Ads eff

C
                                            (1) 

 
0% . .  Ads eff CAdsorption capacity

W
                                                                         (2) 

 
Where C0 (mmol) is the initial concentration of Cs, and Ct (mmol) is the remained 
concentration of Cs in the solution after treatment. W (gr) is the dry weight of adsorbent 
used in the adsorption experiment. 

2.3. Results and Discussion 
2.3.1. Elemental analysis 
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Table 1. Elemental analysis of GO sample. 

Sample C% H% N% O% 
 

C/O 

GOc70 70.87 7.95 - 21.18 3.34 

GOc72 72.04 8.07 - 19.89 3.61 

GOc39 39.28 2.76 0.27 57.69 0.68 

GOc40 39.61 2.58 0.25 57.56 0.69 

         Table 1 shows the results of elemental analysis of GOc70, GOc72, GOc39, and GOc40. It can 
be seen that the GOc70 and GOc72 have 70-72 wt% C element, while GOc39 and GOc40 have 
~39 wt% C element. In the synthesis process, there is one thing that might make the 
sample a bit different. In the treatment of KMnO4, especially for GOc39 and GOc40, putting 
the KMnO4 was treated more carefully (one minute stop, one minute go). It was shown 
that the degree of oxidation was controlled by the controlled oxidation process. In 
particular, it can be assumed that there is a difference in structure between the two types 
of GO. The GOc70 and GOc72 indicating few oxygen defect in the structure have an 
important contrast with the GOc39 and GOc40. However, deeper characterization is still 
required since the oxygen defect is not only the case. As emphasized in the previous 
literature, there is no evident relation between oxidation degree and ordered domain that 
is exhibited in Raman spectrum [13].   

2.3.2. FT-IR spectra  

       Figures S6, S7 and S8 (see supporting information) show the FT-IR spectra of GO and 
Dawson-type compound. The Dawson-type POM was successfully produced by Nadjo 
synthesis route. The IR absorptions of the present α-K₆P₂W₁₈O₆₂ are similar with those of 
the literature [28]. All GO samples exhibit broad absorption band of O-H stretching 
vibration around 3400 cm-1, C=C bond stretching at around 1620 cm-1, C=O vibration at 
around 1720 cm-1, C-O vibration band at around 1420 cm-1, and epoxides at 1200-1250 cm-

1. In addition, the vibration band at around 830 cm-1 – 850 cm-1 was detected especially in 
GOc39 and GOc40 samples. This band might be assigned as C-Cl vibration band as reported 
in the other work [76]. However, the C-Cl vibration band is unexplained because in this 
work there is no other additional treatment that refers to the addition of Cl. Since the GO 
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is nonstoichiometric compound, the structure analysis is quite difficult and the variety of 
composition depends on the synthesis condition. It can be assumed that the remaining Cl 
impurity is coming from laboratory glass material. The difference in the degree of 
oxidation was revealed between GOc70, GOc72, and GOc39, and GOc40, i.e., epoxide signal 
was seen in GOc39, and GOc40 samples. 

2.3.3. Morphology of GO  

 
 
 
 
 
 
 

 

 

 

 

Figure 1. TEM imaging of (a) GOc70 (b) GOc72 (c) GOc39 and SEM imaging of (d) GOc39 (e) GOc40, and SAED 
pattern from the location (A1, B1, C1) marked in pict (a, b, c), respectively. 

           TEM imaging and SAED diffraction are used to draw the structural model in each 
GO sample as shown in Fig 1. The 200 kV was applied in each sample for TEM image 
measurement. Under this condition, the GO samples were shown that the morphologies 
were lamellar, wrinkled and overlaps and found to be stable. The image indicates that 
the some GOs had been exfoliated. This is in agreement with the previous research that 
both wrinkled and overlaps are the essential feature of GO based bulk material [29]. The 
sharp spots in an SAED pointed out the crystalline region in GO. Especially GOc72 shows 
typical diffraction pattern representing the crystalline nature of GO sample. The present 
SAEDs are in agreement with the previous work that presented the amorphous region 
(see Figure 1(A1),(C1)) and crystalline region (see Figure 1(B1)) in GO sample [30]. 
Particularly, the amorphous zone is associated with the presence of the sp2/sp3 carbon 
cluster (as presented in Table 4, see section 3.7.2) in all GO samples [31]. In the other 
imaging using SEM measurement, it is shown in the Figure 1 (d) and (e) that the GO 
sample consists of several layers (see Table S14, supporting information). Previous work 
emphasized that the morphology and quality of multilayers of GO depend on several 

(a) (b) 

(c) (d) (e) 

A1 
B1 

C1 
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factors such as the source of graphite, degree of oxidation, and reaction condition [32]. 
These all GO samples are aligned with a few layers of GO in the previous work [33]. 

2.3.4. Morphology of GO-POM composite and its EDS map 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. SEM measurement (a) [GO70POM]41, its EDS map (b) Tungsten element, (c) Oxygen element, (d) 
Carbon K-α X-ray element, TEM image (e) [GO70POM]41, (f) GOc70, showing the formation of layer after 
forming composite [GO70POM]41 (E1) compared with original GOC70 (F1) in the same scale image (200 nm). 
            
         The SEM image of GO-POM nanocomposite and its EDS map are shown in Fig 2, S1, 
and S2 (see supporting information). Fig 2(a) shows the SEM of [GO70POM]41, and Fig 
2(b), (c), and (d) show the W, O, C element distribution, respectively. Tungsten element 
is dominantly originated from the α-K₆P₂W₁₈O₆₂ particle, and carbon element is coming 
from the GO. The result suggests that the tungsten, oxygen, and carbon elements were 
homogeneously distributed in the GO-POM nanocomposite, showing the successful 
combination between GO and POM [34]. This phenomenon was also confirmed by TEM 
measurement. Figure 2 (e) show the homogenous POM particle in the surface area of GO 
after forming composite. The SEM image of [GO70POM]41 (Fig. 2(e)) is darker than that of 
original GOC70 (Fig. 2(f)). The formation of layer after forming composite [GO70POM]41 
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(E1) was confirmed by comparing it with original GOC70 (F1) in the same scale image (200 
nm). 

3.5. Powder X-ray diffraction pattern (PXRD)  
        Powder X-ray diffraction (PXRD) measurement was carried out to characterize the 
GO, Dawson-type POM, and GO-POM nanocomposite structures. As shown in Figure 4, 
S4 and S5 (see supporting information), the PXRD patterns of the GOc70, GOc72, GOc39, and 
GOc40 show diffractions at 2 = 11.58°, 8.66°, 8.91° and 9.13°, respectively. The d-spacing 
increases from 0.34 nm of graphite spacing (002) to 0.77 nm – 1.02 nm, which corresponds 
to the typical diffraction peak of GO nanosheet (table S14, see supporting information). 
The interlayer distance was calculated by the Bragg’s law, as is shown below: 

d  = λ/2sin(ɵ) = 0.154nm/2sin(ɵ) (1) 

Where d is the distance between the layers of GO, ɵ is the diffraction angle, λ is the 
wavelength of the X-ray beam (λ=0.154nm).   
           Although the d-spacing of GOc70 is shorter than those of GOc72, GOc39, and GOc40, it 
is suggested that oxygen-containing functional groups (epoxide, hydroxyl on the basal 
plane and carboxyl groups on the edge of basal plane) successfully formed in different 
degree of oxidation. This is the reasonable explanation to the enhancement of the 
interlayer spacing of GO [38].    
           The diffraction peaks of all samples were slightly shifted by forming the composite 
(Fig 4 and S5 (see supporting information)). That is, d-spacing decreased by forming the 
composite, except for [GO70POM]41 (Table S14, see supporting information). The result of 
[GO70POM]41 might agree with the previous work that might be assumed as consequence 
of a partial intercalation of the POM species and random arrangement of the carbon 
layers [39]. The results except for [GO70POM]41 result revealed that the α-K P W O  
species are not embedded in between the GO sheets, however, it could be assumed that 
the POM species decorated on the surface of GO as is assumed in the Fig S3 (see 
supporting information). It is already known that the molecular size of the α-K P W O  
species is large (ca. 1.03 nm x 1.5 nm) [20] than the d-spacing of each GO-sample (0.77 nm 
– 1.02 nm).  
           In addition, we could see in the Table S12 (see supporting information) the out of 
plane crystallite size of GO samples. The size was calculated by using the Debye Scherrer 
equation: 

D (nm)    = 0.9λß-1 ·(cos(ɵ))-1 (2) 
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Where D is the average out of plane crystallite size (nm), λ is the wavelength of the X-ray 
beam, ß is FWHM (full width at half maximum), ɵ is XRD peak position. 
         The in-plane crystallite size of GO samples and the average number of graphene 
oxide layers (n) per domain were also estimated by using PXRD data. The following 
general formula is described in [42]: 

L (nm) = 1.84 λ/ ß·cos(ɵ) (3) 

n = D/d + 1 = (0.9λß-1 ·(cos(ɵ))-1/d) + 1 (4) 

where D is the average out of plane crystallite size (nm), d is interlayer distance, λ is the 
wavelength of the X-ray beam, ß is FWHM (full width at half maximum), ɵ is XRD peak 
position, n is the number of layers of GO sample. These calculations provide crucial 
information regarding the average crystallite size (reflecting the enhancement or 
reduction of graphitic zone and the grain boundaries or lateral defect formation) and the 
average number of GO-layer (see Fig S14, supporting information). 

2.3.6. Raman spectroscopy 
       The Raman spectroscopy was used to characterize the GO material and also it 
provides the structural information in detail to draw its quality [43]. From the spectra, we 
could see that the D band located at 1356 cm-1, 1352 cm-1, 1352 cm-1, 1347 cm-1 for GOc70, 
GOc72, GOc39, and GOc40, respectively (see Fig S9 supporting information). This indicates 
the extensive oxidation of graphite and extended amounts of the sp3-hybridized carbon 
atoms [65]. The G band located at 1586, 1581, 1590, and 1590 cm-1 for GOc70, GOc72, GOc39, 
and GOc40, respectively, is corresponding to the sp2-hybridized carbon atoms in the 
hexagonal framework. The G band is inherently with 2D band (the second order Raman 
modes) that appears at 2700 cm-1. The critical thing to fully and accurately characterize 
the GO sample is the consideration of the second order Raman modes [44]. The area ratio 
of the 2D also has a linear correlation with the hole mobility [45]. In addition, the previous 
work has explained the packing mechanism of multiple layers GO (bi-, tri- layers) by 
STEM-ADF image simulation. It showed that the disorder of graphene sheet and the 
roughness have been created by the random covalent attachment of oxygen on the top 
and bottom surfaces. It influences the lattice distortion and breaks the symmetry of the 
system [80]. Therefore, it can be predicted that the different C/O ratio of GO samples in 
our work is sufficient to influence the material structure of the GO-POM composite and 
the ability to adsorb the Cs.  
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        As presented in Table S13 (see supporting information), the intensity ratio of ID/IG of 
each original material (GOc70, GOc72, GOc39, and GOc40) are 0.93, 0.91, 0.89, and 0.88, 
respectively. These values are correlated with the different composition of C/O ratio on 
each GO-sample that is already discussed in the previous section. The intensity ratio 
(ID/IG) tends to increase by forming composite (see Table 4). Therefore, we may conclude 
that the anchored process of POM on the GO has affected the structure of GO. In this case, 
also, there was an opposite trend for GOc70.  

2.3.7. Cs adsorption performance 
2.3.7.1. Adsorption efficiency and adsorption capacity of GO and POM 

Table 2. Adsorption capacity, adsorption efficiency, and adsorption condition. 

Materials  
Adsorption 
efficiency 

(%) 

Adsorption 
capacity 

(mmol/gr) 
Stirring 

Time 
Sonification 

time (minute) 
POM-Cs 58.3 32.8 24 h 5  
GOc70-Cs 58.8 33.1 24 h 5 
GOc72-Cs 56.8 31.9 24 h 5 
GOc39-Cs 61.3 34.5 24 h 5 
GOc40-Cs 56.3 31.7 24 h 5 

          
         The Cs adsorption capacity of GOc70, GOc72, GOc39, and GOc40 and POM are 
summarized in Table 2. Those of GO-POM nanocomposites are presented in Table 3 (see 
section 3.7.2). The GO samples were classified into two types according to the elemental 
analysis. The GOc70 and GOc72 have 70-72 wt% C element, while GOc39 and GOc40 have ~39 
wt% C element. As shown in the Table 2, the result of the present work pointed out that 
the Cs+ adsorption by POM, GOc70, GOc72, GOc39, and GOc40 has not much difference among 
the samples. The role of different C/O ratio in capturing Cs cannot be revealed. It is also 
already strengthened by other researchers that the C/O ratio of GO does not have 
systematic correlation with the value of ion exchange capacity [65].  
         Furthermore, in this work, the interaction between GOc70 and Cs cation occurred 
immediately less than one minute after the stirring process (see Figure S16, S17, 
supporting information). A brown milky coagulation was formed. The same behaviour 
was observed between GOc72 and Cs, however, there was a difference for GOc39, the brown 
milky coagulation was formed in small quantity, and the milky coagulation was not 
formed for GOc40. The difference might be related to the variance in C/O ratio between 
GOc70, GOc72, and GOc39, GOc40. Moreover, it was explained that by using surface functional 
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group, the GO can attract the Cs cation by forming inner-sphere complexes [48]. The 
metal complexing in the oxidized GO strongly encourages the aggregation behaviour and 
can be quantified by the critical coagulation concentrations (CCC) [69]. TEM 
measurement shows that there are many Cs clusters in the surface of GOc70 (see Fig 3c). 
Especially for this phenomenon, we also considered that the Cs cluster may include Al 
impurity (see Fig 3d). It might come from laboratory glass material as reported by other 
work [13]. The black spots also can be seen in the [GO40POM]41, which consists of 
GOc40/POM. However, the black spots are not uniformly found in all surface area. It is 
theoretically explained that the most surface reactions eventuate only on the active site 
and do not happen uniformly over the surface area [71]. As proposed by other work, the 
edge site of graphene (carbene- and carbyne-type carbon atoms) has a significant role for 
adsorption on the surface of sp2-hybridized carbon [70]. It is also confirmed by previous  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 3. TEM image (a) GOc70 after Cs adsorption, many small Cs cluster are seen (b) Elemental 
analysis of fig 8a, (c) [GO40POM]41 after Cs adsorption, small black spots are identified (d) 
Elemental analysis of fig 8c.  
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study that some ions or molecules dissolved in water have a good penetration rate 
through the graphene nanocapillaries until the physical size of the ions or molecules 
exceeds the critical one [68]. A highly oxidized domain and the hydrophobic domain in 
GO have different role. The highly oxidized domain would be responsible for rapid water 
transport in the interlayer of GO, while the hydrophobic domain would serve a network 
of capillaries [65]. Other researcher also considered the polarizability of graphene in order 
to estimate the orientation of interfacial water [66]. And the interfacial water can be used 
to observe the surface adsorption behaviour [67]. Based on these analysis, it can be 
assumed that the interfacial water may support the Cs interaction with GO. 
             The other important evidence of Cs adsorption is also visible in PXRD 
measurement. The sharp and intense diffraction peaks were reduced by introducing Cs 
(Fig 4 and S5 (see supporting information)). The broad diffraction of GOc70, GOc72, GOc39, 
and GOc40 showed the non-uniform surface complexation with Cs cation. PXRD and TEM 
show the formation of Cs cluster. This might correspond to the origin of GO acidity, 
which contributes to high cation exchange capacity (CEC). The GO acidity is made by 
oxygen functional groups and the main moieties responsible for the acidic properties are 
carboxyl groups [65]. Moreover, as the result by Dimiev et. al. (2012), there is one acidic 
site for every six to eight carbon atoms, i.e. 100 g of GO sample contains 500-800 mmol of 
active acidic sites [73]. The adsorption capacity of the present GOs (~3200 mmol/100 g) 
(Table 2) is larger than the concentration of active acidic site. This is due the formation of 
Cs cluster. It is also generally accepted that the basicity and the size of the molecule to be 
adsorbed are a significant aspect in adsorption process [40] [41]. In this work, the pH of 
the solution is around 5-6 when the Cs contacts the GO-POM composite or GO only. Some 
previous researchers have proved that the pH condition in GO samples influences the 
adsorption capacity. It can be explained that at pH above 3.9 (pHpzc), the surface area of 
GO is partially negatively charged and the electrostatic attractions between cations and 
GO are stronger because of deprotonation reaction [63]. It is also caused by the higher 
availability of active site on the GO sheets [47]. 
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Figure 4. PXRD patterns of GOc70, GOc72, and their GO-POM nanocomposite before and after Cs 

adsorption. 

         As discussed above, these data have a good correlation with the information that is 
observed in Raman spectra. Based on Raman analysis (Figure 5 and S9, S10, S11, S12 (see 
supporting information)), it was found that the change in spectrum by Cs adsorption was 
similar for both the GO-only samples and composite samples. It can be seen that the 
second order peaks have changed after Cs adsorption. In previous studies, it was 
strengthened that the second order peak indicates the crystallite size has changed. This 
indicator showed that the spectrum broadens consistently with decreasing the domain 
size [46]. Therefore during the chemical processing (Cs adsorption), the significant 
structural change of the carbon framework occurred. In addition, based on the sample 
experiment using [GO39POM]41, there is a slight shift in the D band from 1347 cm-1 before 
Cs adsorption to 1352 cm-1 after Cs adsorption. The same shift also occurred in the other 
samples, [GO70POM]18 and [GO70POM]41 (Figure S9, see supporting information). It might 
be caused by the interaction of ether hole defect in GO sheets with Cs cation [47]. Thus, 
the change that the crystal structure after Cs adsorption has altered by amorphization 
could be confirmed.  
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Figure 5. Raman spectra before and after Cs adsorption for (a) GOc72 (b) [GO70POM]18. 
 

3.7.2. Adsorption efficiency and adsorption capacity of GO-POM nanocomposite 

Table 3. Adsorption capacity, adsorption efficiency, and adsorption condition. 

Materials  Composition 
Concentrat

ion ratio  
GO:POM 

Adsorption 
Efficiency 

(%) 

Adsorption 
capacity 

(mmol/gr) 
Stirring 

Time 
Sonification time 

(minute) 

[GO POM]18  (GOc70/POM) 1 : 8 84.0 47.3 24 h 5 
[GO POM]41  (GOc70/POM) 4 : 1 62.7 35.3 24 h 5 
[GO72POM]18  (GOc72/POM) 1 : 8 75.4 42.4 24 h 5 
[GO72POM]41  (GOc72/POM) 4 : 1 78.7 44.3 24 h 5 
[GO39POM]18  (GOc39/POM) 1 : 8 72.7 40.9 24 h 5 
[GO39POM]41  (GOc39/POM) 4 : 1 81.7 45.9 24 h 5 
[GO40POM]18  (GOc40/POM) 1 : 8 70.7 39.8 24 h 5 
[GO40POM]41  (GOc40/POM) 4 : 1 73.5 41.3 24 h 5 

 
        Table 3 shows the result of Cs adsorption by using GO-POM nanocomposite. The GO-
POM nanocomposite (Table 3) increased the Cs adsorption capacity effectively compared 
to the adsorption capacity of original material (Table 2). The change range is around 6.7% 
to 42.9%. This result is in consistent with the previous finding that signified the 
characteristic of surface area showing an important role of POM species with carbon 
materials [61], [62]. As consequence, the Cs+ adsorption becomes high. We compared the 
average increment of Cs adsorption of the composite material between GO having 70-72 
wt% C element and GO having 39-40 wt% C element. Because the functional groups of 
GO provide a binding point for chemical modification [24]. It is seen in Figure 6 that there 
is not significant difference between GO having 70-72 wt% C element and GO having 39-
40 wt% C element. 
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Figure 6. The increment of Cs adsorption capacity (%) calculated by using the ratio before and after forming 
composite in each GO samples. 

 
          We compared the average increment of Cs adsorption of the composite material 
between concentration ratio 1:8 and concentration ratio 4:1, but we could not find the 
significant difference. In principle, the adsorption behavior of GO-POM nanocomposite 
might be influenced by the significant role of GO as electron acceptor and Dawson-type 
POM as the electron donor that led to enhance the attraction between Cs+ and the 
composite [53]. The other phenomena authenticated by other researcher confirmed that 
the interaction between POMs and GO can provide more mobile protons and flexible 
pathways [54]. Also, Wang’s group reported that the surface charges of GO modified by 
functional groups (GO-COOH, GO-NH2, GO-OCH3) can be used to modulate the charge 
transport [55]. Therefore, the presence of Dawson-type POM in the GO system enhanced 
the negative charge of GO part in the composite and provided a good adsorption of Cs+ 
ion (Fig S3, see supporting information). The interaction of Cs+ ion with Dawson-type 
POM was an ion-pair complex [82]. The anion surface of Dawson-type POM is electron 
rich and has strong interaction with Cs+. Therefore, the introduction of Dawson-type 
POM in our adsorbent system was important to enhance the adsorption of Cs+ ion. 
However, further investigation is still needed to find out the mechanism that occurred 
behind the phenomenon. 
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         It is also reported that the mechanism of cation-GO interaction in the adsorption 
behaviour should be considered together with aggregation process [49]. In the present 
study, the Figure 7 (a), (b) exhibited that the aggregation occurred after Cs adsorption by 
using GO-POM nanocomposite. The results demonstrated that the composite samples 
immediately coagulate after Cs adsorption except for [GO₇₀POM]41 that still forms a stable 
solution after one hour keeping at ambient temperature (see Figure S15, supporting 
information). We predicted that a small granule of Cs was formed and crinkled GO sheets 
coating around (see Figure S18, supporting information). It can be signified that a 
stronger bond was formed. It might be predicted that there is a different composition of 
oxidative debris (OD) component among the GO-samples. As a previous study 
explained, the OD of GO has a significant role in the origin of GO acidity [78]. It is already 
discussed in the previous section (section 3.7.1 regarding the contribution of GO acidity 
to the cation exchange capacity). However, further investigation is still needed to prove 
it and to get a strong evidence. Unfortunately, the elemental analysis of Figure S18 
(supporting information) was not conducted. Regarding this phenomenon, it can be 
assumed that there are two important factors which might contribute to the aggregation 
behaviour. First, the size of the GO and composite sample. As presented in the Table S12, 
the size of each sample is diverse. The range of value is around 4.3 nm to 34.78 nm. It was 
strengthen by the previous study that the size of GO (nano GO, colloid GO, micron GO) 
can strongly influence the aggregation behaviour [72]. Second, the other factor is the 
degree of acidity. It is strongly related with the functionalities of GO sample. It was 
explained in earlier section in this work that there are two types of GO-sample, which has 

It i l t d th t th h i f ti GO i t ti i th d ti

Fig 7. TEM image by using [GO₇₀POM]18 (a) Aggregation process after Cs adsorption (b) Elemental 
analysis of fig 7(a).  
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different C/O composition. The evidence was shown by the previous study that the GO 
(single or multilayers) coagulates in highly acidic condition because of losing their 
surface charge [73]. It is also correlated well with other work that identified the effect of 
cations on aggregation [48]. Moreover, it was strengthened in the previous theoretical 
analysis that considered an important role of H2O as dipole molecule involving cation-π 
interaction. Therefore, the electrostatic interaction would be significantly influenced 
[50][51]. As calculated in the previous studies, the value of the internuclear distances dion-

water of Cs+ is 0.315 nm [52]. Therefore, the interaction of Cs+ with GO-POM nanocomposite 
becomes more easy to diffuse through the interlayer distance of GO-POM nanocomposite 
which has d-spacing around 0.69 nm-0.81 nm and 0.77 nm – 1.02 nm for GO sample (see 
Fig S11, supporting information). 

4000 3500 3000 2500 2000 1500 1000 500
-0.216

-0.162

-0.108

-0.054

0.000-0.312

-0.260

-0.208

-0.156

-0.152

-0.114

-0.076

-0.038

4000 3500 3000 2500 2000 1500 1000 500

0.06

0.09

0.12

0.15

 

wavenumber, cm-1

(a)

 

(b)

 

Ab
so

rb
an

ce (c)

 

 

(d)

 

Fig 8. IR spectra for (a)[GO₇₀POM]18, (b)[GO₇₀POM]18 after Cs adsorption, (c)[GO₇₀POM]41, (d)[GO₇₀POM]41 
after Cs adsorption, (e)[GO40POM]18, (f)[GO40POM]18 after Cs adsorption, (g) [GO40POM]41, (h)[GO40POM]18 
after Cs adsorption. 

         By FTIR spectra, a specific changes are marked at 1150 cm-1-1350 cm-1 after Cs 
adsorption in all GO-POM nanocomposite. Especially for composites which consist of ~39 
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wt% C element, the IR spectrum shows more significant change (see Fig 8 (e)-(h), S7A in 
supporting information), whereas the composites which consist of 70-72wt% C element 
the peak shifts are not so significant, thus making analysis are quite difficult (see Fig 8 
(a)-(d), S7B in supporting information). A similar tendency also occurred in all GO 
sample after Cs adsorption (see Fig S6 in supporting information). This result indicates 
that there is a change in the interlayer chemistry of the sample and influences the defect 
(hole) formation and functional group formation. It might be caused by the interaction 
between GO functional group (including carboxyl, phenol, multi-group ether) and the Cs 
cation [47]. As explained by the other researcher that the pH-driven reversible epoxide 
formation in GO (epoxy opening/closing reactions) should be considered as an important 
part of reactivity and properties of GO [77]. The tendency is observed that the interlayer 
distance after Cs adsorption in all nanocomposite samples were expanded, even though 
the increment was not so high (see Table S14, supporting information). For example, in 
composite [GO40POM]18, [GO40POM]41, [GO39POM]18, and [GO39POM]41, the interlayer 
distances were changed from 7.6 A to 8.3 A, 7.6 to 7.8 A, 7.4 A to 8.1 A 7.4 to 7.9 A, 
respectively. It also happened in composite [GO₇₀POM]18, [GO₇₀POM]41, [GO72POM]41, 
and [GO39POM]18, where the d-spacing was expanded from 7.2 A to 7.9 A, 8.1 A to 8.6 A, 
7.3 A to 7.9 A and 6.9 A to 7.7 A, respectively. In addition, the other study confirmed that 
the CO2 gas is trapped within the multilayers of GO (marked at 2357 cm-1 – 2359 cm-1). 
Intentionally, they verified that the intercalated water has an essential role for 
accelerating the reaction by some specific mechanism [83]. 
      Another work also confirmed that the functional group of GO can act as a ligand to 
replace the water molecule from the metal cations in the first coordination sphere. 
Previous work verified that the relaxation time by using NMR relaxation method can be 
considered as an essential variable for identifying the metal complexing mechanism of 
GO in different charge, size and electron configuration of the metal as a function of pH 
and GO concentration [37]. It was also confirmed by the other study that the presence of 
wrinkle-like water tunnels has a strong relation with the water adsorption ability of GO 
[64]. 

Table 4. The sp2/sp3 carbon cluster on each composite surface. 

Material Composition Graphitic 
zone (G%)  Oxidized zone (%)  

GOc70 - 69.7 30.3 
GOc72 - 75.4 24.6 
GOc39 - 74.9 25.1 
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GOc40 - 74.5 25.5 
[GO POM]18   GOc70/POM, 1:8 68.4 31.6 
[GO POM]41    GOc70/POM, 4:1 71.4 28.6 
[GO72POM]18 GOc72/POM, 1:8 67.5 32.5 
[GO72POM]41    GOc72/POM, 4:1 69.0 30.9 
[GO39POM]18    GOc39/POM, 1:8 69.0 31.0 
[GO39POM]41    GOc39/POM, 4:1 69.3 30.7 
[GO40POM]18   GOc40/POM, 1:8 69.1 30.0 
[GO40POM]41 GOc40/POM, 4:1 69.5 30.5 

          
              Deeper investigation into carbon species in each composite sample was performed. 
It was shown in the Table 4, where the graphitic zone can be calculated by using the 
integrated intensity of graphitic (2 ɵ = 26.6) and oxidized peaks (2 ɵ = 8.66 - 15) in the 
PXRD pattern. The amount of graphitic zone (G%, unoxidized region) was calculated 
using equation 7, as follows: 

  

 

Where Igraphite and Ioxidized are the intensities of graphitic and oxidized diffraction peaks of 
GO in the PXRD pattern, respectively [60].  
         As presented in the Table 4, the diversification of sp2/sp3 carbon cluster on each 
sample has been produced. This variance among the samples indicates that there is a 
difference in the degree of oxidation. However, a peculiar phenomenon was seen in GOc70 
sample. The data in Table 4 show that the percentage of the oxidized zone of GOc70 is 
higher compared to GOc72, GOc39, and GOc40. The ratio of the oxidized zone is not much 
different for GOc72, GOc39, and GOc40. The GOc70 shows the shorter interlayer distance than 
GOc72, GOc39, and GOc40. This may cause the peculiarity of GOc70. But, the peculiarity of 
GOc70 is still under study. According to the literature, the ratio of the oxidized zone does 
not have a linear correlation with oxidation ratio [75]. The unusual characteristic of GOc70 

also has a direct effect on the composite material produced by using GOc70 (discussion is 
provided at the beginning in section 3.7.2). Further investigation is needed to get more 
understanding of the dependence of these factors. Recent study revealed that the ratio 
C/O has a big influence on the physical properties because of the change of the surface 
speciation [35]. Other investigation also confirmed a strong correlation between the 
content of Lewis acid sites (via basal plane epoxide) and Bronsted acidic carboxylic group 
in GO sample with strong acidity and high oxidation degree [36]. 

G% =     Igraphite             x 100% 
           Ioxidized + Igraphite 

(7) 
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 Furthermore, the data show that the oxidized zone (sp2/sp3 hybrid carbon) of each 
composite sample was enlarged compared to the corresponding original GO. Only 
[GO₇₀POM]41, which consists of GOc70 /POM with concentration ratio 4:1 was decreased. 

            It is correlated well with the in- plane crystallite size of each composite material 
that being expanded (see table S14, supporting information). Particularly, GO-POM 
nanocomposite with concentration ratio 4:1, shows the in-plane crystallite size larger than 
GO-POM nanocomposite with concentration ratio 1:8. It could be assumed that there is 
an electron transfer from POM species to GO [56][57]. Other researcher also confirmed 
that the surface area of GO-POM composite was improved five times due to covalent 
bond between POM species and GO [34]. In general, the enhancement of adsorption 
capacity is in line with the increase of sp2/sp3 carbon cluster on each composite surface. 
Based on the result in Figure 6, the lowest value of the percentage increase of Cs 
adsorption capacity is observed in [GO₇₀POM]41. It is only 6.7%. This might be caused by 
the decreased oxidized zone (sp2/sp3 hybrid carbon) after composite was formed (see 
Table 4). From Table 4, it was shown that the value decreased from 30.3% (GOc70) to 28.6% 
(GOc70/POM composite). It is also confirmed by PXRD pattern, which shows the same 
tendency in [GO₇₀POM]41, that the diffraction has reduced from 11.57° to 10.99° if 
compared with GOc70 as precursor material. Some researchers have tried to address the 
complexity of GO especially to produce graphene-based hybrid material in diverse 
application. For example researcher has attempted to control sp2/sp3 hybrid carbon 
structure in GO by simple ethanol solvothermal method [58]. Furthermore, a similar 
trend was investigated to enlarge the carbon cluster size by increasing the sonication time 
[59]. 

2.4. Conclusions 
         In this work, the GO-based POM nanocomposite was successfully obtained. The Cs 
adsorption capacity increased by forming nanocomposite. The result proposed, first, the 
C/O ratio of GO sample has significantly influenced the characteristic of GO-POM 
nanocomposite for Cs adsorption performance after forming composite. Specifically, GO 
sample, which consists of 70-72 wt% C element, is a good precursor material to 
incorporate Dawson-type POM compared to the GO that has ~39 wt% C element in their 
atomic composition. Second, the concentration ratio of GO/POM in forming composite 
material can be considered to maximize the adsorption performance. Additionally, the 
size and the acidity of the GO also influence the aggregation state. However, it still needs 
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further investigation to know the size-tunability and the role of acidic properties of GO 
in different C/O composition for Cs adsorption. The further calculation was performed 
to quantify the graphitic zone in each sample. The result revealed that the oxidized zone 
was enhanced after forming composite in all samples except [GO₇₀POM]41 that shows a 
different character. Further scrutiny is needed to open the understanding of the role of 
oxidative debris (OD) component of GO and the level of hydration of GO for adsorption 
capacity. 

Supporting Information  

Supportive SEM imaging, FT-IR spectra, PXRD data, Raman data, Plausible interaction 
GO with Dawson-type POM, Table of the ratio ID/IG of GO-POM nanocomposite, Table 
of the crystallite size of GO and composite material. 
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Fig S1. SEM measurement (a)α-K P W O .14H O (b)Tungsten element (c)Oxygen element 
(d)Carbon K- α X-ray element (e)Secondary electron image 

(b) (c) 

(d) (e) 

(a) 

Fig S2. SEM measurement, [GO70POM]41 (a)Secondary electron image (b)Carbon K- α X-ray element 
(c)Oxygen element (d)Tungsten element (e)Aluminum element (f)Cesium element (g)Chloride element  

(a) (b) (c) 

(d) (e) (f) 

(g) 
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Fig S3. Plausible Interaction between Graphene-Oxide (GO) and Dawson-type Polyoxometalates 
(POMs). The black and the grey balls corresponds to carbon and hydrogen. The polyhedral model 
represents to Dawson-type polyoxometalates. The blue dashes indicated of the presence of 
interaction between GO-POMs. 
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Fig S4.  Xrd pattern of α-K P W O .14H O 

Fig S5. XRD pattern of GOc39, GOc40, GOPOM composite before and after Cs adsorption 
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Fig S6.  IR spectra for (a)GOc70 (b)GOc70 after Cs adsorption (c)GOc72 (d)GOc72 after Cs adsorption 
(e)GOc39 (f)GOc39 after Cs adsorption (g)GOc40 (h)GOc40 after Cs adsorption 
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Fig S7A.  IR spectra for (a) [GO39POM]18 (b) [GO39POM]18 after Cs adsorption (c) [GO39POM]41 (d) 
[GO39POM]41 after Cs adsorption, S7B. (a)[GO POM]18 (b)[GO POM]18 after Cs adsorption 
(c)[GO POM]41 (d)[GO POM]41 after Cs adsorption.  
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Fig S8.  IR spectra for (a)POM (b)POM after Cs adsorption  
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Fig S9. Raman spectra (a)Graphite, GOc70, GOc72, GOc39, GOc40, (b) [GO70POM]41 and after Cs 
adsorption 
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Fig S10. Raman spectra composite (a) [GO39POM]41 before and after Cs adsorption (b)GOc70 
before and after Cs adsorption 
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Fig S11. Raman spectra (a)GOc39 before and after Cs adsorption (b)GOc40 before and after Cs 
adsorption 
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Fig S12. Raman spectra composite [GO72POM]41 before and after Cs adsorption  
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Table S13.The ratio ID/IG of Graphene oxide and composite before and after Cs adsorption 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

No.  Material D band G band Ratio ID/IG 

1  GOc70 1356 1586 0.93 

2  GOc72 1352 1581 0.91 

3  GOc39 1352 1590 0.89 

4  GOc40 1347 1590 0.88 

5  [GO39POM]41    1347 1581 0.92 

6  [GO39POM]41/Cs 1352 1586 0.90 

7  [GO70POM]18   1347 1586 0.96 

8  [GO70POM]18/Cs 1352 1577 0.92 

9  [GO70POM]41    1357 1592 0.88 

10  [GO70POM]41/Cs 1343 1602 0.93 
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Table S14. The crystallize size of GO 

  *FWHM was calculated by using origin software 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sample Concentration 
ratio GO:POM 

2Φ  (°) FWHM 
(ß) 

Out of 
plane 

crystallite 
size – D  

(nm) 

d 
(nm) 
 

d 
(nm)  

after Cs 
adsorption 

Layer 
(n) 

In plane 
crystallite 
size – L 

(nm) 

Graphite - 26.6 0.28 30.49 0.34 - 90.67 10.27 

GOc70 - 11.58 1.93 4.3 0.77 - 6.58 2.59 

GOc72 - 8.66 1.69 4.9 1.02 - 5.80 2.53 

GOc39 - 8.91 1.57 5.3 0.99 - 6.19 2.56 

GOc40 - 9.13 1.47 5.7 0.97 - 6.75 2.61 

[GO POM]18 1:8 12.28 1.63 5.12 0.72 0.79 - 2.54 

[GO POM]41 4:1 10.99 1.48 5.64 0.81 0.86 - 2.61 

[GO72POM]18 1:8 12.75 1.10 7.60 0.69 0.77 - 3.04 

[GO72POM]41 4:1 12.05 1.07 7.80 0.73 0.79 - 3.09 

[GO39POM]18 1:8 11.92 1.19 7.02 0.74 0.81 - 2.89 

[GO39POM]41 4:1 11.86 1.07 7.80 0.74 0.79 - 3.09 

[GO40POM]18 1:8 11.57 0.84 9.94 0.76 0.83 - 3.71 

[GO40POM]41 4:1 11.57 0.24 34.78 0.76 0.78 - 11.95 
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Fig S15. The composite solution after Cs adsorption. Only Composite [GO70POM]41 (b) 
that forms stable solution (black color). Another composite solution shows remains 
coagulated. The photo was taken after more than one-hour stay at ambient 
temperature. 

Fig S16. The GO solution after Cs adsorption. All GO solutions shows remains 
coagulated. (a) GOc70 and (b) GOc72 shows different coagulated behavior with (c) GOc39 
and (d) GOc40. The photo was taken after more than one-hour stay at ambient 
temperature. 

(a) (b) (c) (d) 
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Brown 

Fig S17. Coagulation process after Cs interaction with (a) GOc70 and (b) GOc72. The photo 
was taken after more than one-hour stay at ambient temperature. 
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Fig S18. SEM image by using composite (a) [GO70POM]41 after Cs adsorption and (b) Cs particle 
(zoom mode based on figure a).  
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3.1.Introduction 
      The Fukushima Dai-ichi Nuclear Power Plant (FDNPP) disaster that occurred in 2011 
has attracted the attention of researchers. Specifically, the release of radioactive materials 
like Cs-137 (with half-life of 30.1 years) has drawn the attention because of the immediate 
and long-term effects on the environment [1],[2]. Since the radioactive cesium (Cs) has a 
high solubility in water and a long half-life, it can migrate from one pond to the river, 
move far away to the paddy field [3], and finally come into the groundwater. As reported 
in the previous work, the radioactive Cs was detected in the tap water and ground water 
with different degree of contamination in some area of Fukushima [4]. Consequently, it 
was restricted to be consumed by all people who stay around the FDNPP area. Therefore, 
the detection of Cs is of great importance to address the problem of Cs contamination in 
water. 
       Currently, several types of methods for Cs detection exist including atomic 
absorption spectroscopy, electrochemical devices, germanium detector, inductively 
coupled plasma mass spectroscopy, and fluorescence-based method. Especially the 
fluorescence-based method, which is infrequently used in Cs detection system, has a 
potential to become a non-destructive detector with low-cost. In the previous study 
squaraine dye as a mixed solution (DMSO/Water) exhibited a good response in Cs 
detection. This compound can work effectively and selectively by quenching the 
fluorescence intensity after Cs detection. According to this method, the blue fluorescence 
of the compound solution turned OFF after the Cs addition[5]. In the other work, T. Mori 
et al. have successfully designed a new supramolecular material (cesium green, 
C32H33NO8) as Cs sensor expecting intermolecular fluorescence approaches (fluorescence 
resonance energy transfer (FRET) or exciplex mechanism) [6]. The study of energy 
transfer has been reported experimentally for different kinds of nanomaterials (quantum 
dots, nanoparticles) that act as energy donors or acceptors  [7],[8]. Another researcher 
also demonstrated that the Cs can be detected using green fluorescence by cesium green 
(in methanolic solution) for the freeze-dried stem of plants that have already been treated 
with cesium carbonate[9]. However, the cesium green molecule has several limitations in 

Chapter III. Improvement of Cs detection performance and 
formation of CsCl and Cs nanoparticles by tuning graphene oxide 

quantum dot-based nanocomposite 
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Cs detection application, since it can work effectively only in solid-state, without water, 
and in basic condition. Therefore, several technical problems should be addressed to 
make it more useful and easily to be used in order to identify Cs in contaminated water.  

In recent years, graphene oxide (GO) and graphene oxide quantum dots (GOQDs) are 
widely studied in several applications such as metal adsorbent (Cs+, Eu3+, Sr2+)[10],[11], 
and designed as fluorescence probes by considering their quantum confinement and the 
edge effect [12],[13]. In addition, the GO and GOQDs have almost similar properties 
because they have various oxygen functional groups. The functional group can act as a 
binding point to synthesize a new nanocomposite to improve their properties [14],[15]. 
Another important thing is that the photoluminescence (PL) of GOQDs was independent 
of pH. It means that the emission wavelength does not shift in different pH condition 
(only change in the PL intensity) [16]. Further investigation also revealed that the PL of 
GO has shown a reversible response to ionic strength and pH [17],[18]. The previous work 
confirmed that the different number of layers of GO (single and a few layers) showed 
different optical responses in various organic solvent [19]. More currently, Yao et al. have 
employed graphene quantum dot-based fluorescence sensing as a dual detector of copper 
ion (Cu2+) and tiopronin (MPG). They proposed a novel fluorescence turn OFF for the 
Cu2+ detection and turn ON for the tiopronin (MPG) detection [20]. 

Therefore, to facilitate the development of a Cs detection system, it is highly desirable 
to create a new nanocomposite using functionalized graphene oxide quantum dots 
(GOQDs) with cesium green molecule. The main purpose of the present study is to 
produce a new nanocomposite that has the ability to recognize Cs in water with different 
pH conditions (acidic and basic condition) by considering the turn ON/OFF response.  
 

3.2.Experimental Section 
3.2.1. Reagents and materials 
Graphite, cesium green (C32H33NO8), potassium permanganate (KMnO4), hydrogen 
peroxide (H2O2), sulfuric acid (H2SO4), sodium nitrate (NaNO3), sodium hydroxide 
(NaOH), cesium chloride (CsCl), hydrochloric acid (HCl), and potassium hydroxide 
(KOH) were analytical grade and were used without any further purification. 
3.2.2. Synthesis of GO and GOQDs 
Graphene oxide (GO) samples were prepared using modified Hummer`s method with 
graphite and the oxidizing agent, KMnO4 (1:4, mass ratio) [21]. In this synthesis protocol, 
pre-cooling procedure and one minute stop-one minute go was implemented when 
adding the KMnO4 according to our work [10]. The GOQDs were synthesized by using 
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as-prepared few-layers GO. In a typical synthesis, the ratio of GO and NaOH was 1:1 
(mass ratio). First, dispersed the starting material GO (0.19 g) into distilled water followed 
by sonification for 5 minutes. Then, added NaOH (0.19 g) and stirred for 5 minutes at 
ambient temperature. Second, the solution was refluxed at 80 oC for two hours. After 
finished the reflux process, kept the solution at room temperature for a while. Then, came 
to the final step, centrifuged the solution for two times (4000 rpm for 10 minutes and 9500 
g-force (relative centrifuge force) for 50 minutes). The brown solution was obtained as 
GOQDs solution. There is no further treatment for as-obtained GOQDs solution (Fig. 2e). 
3.2.3. Synthesis of GOQD-based nanocomposite 
The nanocomposite was generated by combining GOQDs solution as precursor material 
with cesium green (CG) solution. In this study, the nanocomposite was produced in two 
different concentration ratios of GOQDs:Cesium green (concentration ratio 5:1 and 8:1). 
In order to obtain the nanocomposite with a concentration ratio of 5:1, first, prepare 25 
mL GOQDs solution (distilled water) and prepare the cesium green solution by 
dissolving 1 mg cesium green in 5 mL THF solvent. After that, mixed the GOQDs solution 
with cesium green solution followed by stirring for 30 minutes. A similar treatment was 
performed for the nanocomposite with a concentration ratio of 8:1. In order to distinguish 
both nanocomposites, the term composite-51 and composite-81 were applied. Each index 
number attached to the composite name is corresponded to the concentration ratio of 
GOQDs:cesium green molecule.    
3.2.4. Photoluminescence detection of cesium 
The Cs detection was performed at room temperature. There are two different 
concentrations of cesium chloride (CsCl) solution. The CsCl solution was made by adding 
0.6 g CsCl in 30 mL distilled water. Based on that, the concentration of the CsCl solution 
was 0.12 mmol/L. Then, prepared the second CsCl solution to get a concentration of 0.06 
mmol/L. The next step was that the different amounts of CsCl solution (changing volume 
from 200 L-800 L) were added into the nanocomposite solution. The 
photoluminescence spectra were measured and recorded under excitation slit 10 nm, 
emission slit 10 nm, PMT voltage 400 V, and excitation wavelength 330 nm. Finally, 
plotted the data as a standard curve graph (the PL intensity unit is cps as measured from 
the instrument). 
3.2.5. Instrumentation and Characterization 
Atomic force microscopy (AFM) was conducted by Asylum, MFP-3D origin (Oxford, 
UK). Ultraviolet-visible spectroscopy (UV-Vis) measurements were carried out using 
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JASCO V-650 spectrophotometer (Japan). Photoluminescence spectroscopy 
measurement was performed by Fluorescence spectrophotometer F-7000, Hitachi 
(Fukuoka, Japan). Transmission electron microscopy (ultra-high resolution transmission 
electron microscope) was performed using JEM-2010 (Tokyo, Japan). Zeta potential 
measurements were performed using Zeta potential and particle size analyser ELSZ-
series 2000 (Otsuka, Japan). Elemental analysis was carried out using Perkin Elmer 
CHNS/O 2400II (USA).  
 
3.3. Results and Discussion 
3.3.1. Characterization of GO and GOQDs  
The transmission electron microscopy (TEM) (Fig. 1a and 1b) and atomic force 
microscopy (AFM) (Fig. 1c and 1d) were performed to characterize the morphology and 
structure of GO as precursor material and GOQDs after reflux process. It is observed that 
the GO sample is wrinkles and overlap (Fig. 1a). For the ratio of graphite to potassium 
permanganate (KMnO4) as oxidizing agent, 1:4, the graphite was successfully exfoliated. 
The elemental analysis of the GO sample was carried out to confirm the C, H, N, and O 
element as displayed in the Table. 1. In addition, the as obtained GO was employed as a 
precursor to fabricate GOQDs. As shown in Fig. 1b, the GOQDs image was produced. 
The NaOH reflux process has detached well the flake of oxidation debris (OD) from GO 
sample. These pieces (several nm) fell down on the GO layer. These are GO quantum dots 
(GOQDs). The GOQDs have a heterogeneous particle size distribution as is shown in 
TEM imaging (Fig. 1b). As proposed by previous experimental work, these small particles 
are adsorbed on the surface of graphene-like sheets [22]. And these small particles can be 
separated from GO by base treatment. Rourke at al. used the terminology for this small 
particle as `oxidation debris` [23]. 
 

Table 1. Elemental analysis of GO sample 
Sample C% H% N% O% C/O 
GO 43.82 2.97 0.18 52.4 0.84 

 
Furthermore, to confirm the thickness of the GO and GOQDs sample, the AFM imaging 
was conducted. Fig. 1c exhibited the height of GO is about 2-3 nm. It is also convinced 
that the GO material consists of a few layers. In addition, there are two types of dots for 
as-obtained GOQDs. The aggregating dots (aggregates) and small dots were confirmed 
with an average thickness of about 2 nm and 1.5 nm, respectively (Fig. 1d, S1a, see 
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supporting information). This value (for small dots) is close to the value corresponding 
to the thickness of OD as previously obtained by AFM (0.5-1.5 nm) [24] and SNR or 
specular neutron reflectivity (1 nm) [25]. It is suggested that the aggregates are composed 
of many single GOQDs gathered as disc pile up (H-type aggregation) (Fig. S1b, see 
supporting information) rather than head to tail arrangement (J-type aggregation). 
Another group has reported that there is a unique emission of graphene quantum dots 
induced by self-assembled aggregation [26]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.3.2 Optical properties of GOQDs and their nanocomposite 
The optical properties of GOQDs were characterized. UV-Vis absorption spectra (Fig. 2a) 
show a broad absorption from 800 to 200nm and have one peak at 205nm and two 
shoulders at 270nm and 330nm for GOQDs. The photoluminescence (PL) spectra (Fig. 2b) 
show that the different PL peak intensity appeared before (Fig. 2d) and after 
centrifugation process (Fig. 2e). This method also has been considered by another 
researcher to achieve the tunable optical properties [27]. In particular, the centrifugation 
method demonstrated an effective way to decrease the size of functionalized graphene 
oxide (GO). This is in good accordance with the characterization data shown in an early 
section (Fig. 1b). The TEM image emphasized a different size of GOQDs. Moreover, in 
the Fig. S5a (see supporting information), the larger particle has been isolated. It showed 

Fig.1. TEM imaging of (a) GO, scale bars: 200 nm, (b) GOQDs, scale bars: 50 nm. 
(c) AFM image of GO, and (d) GOQDs deposited on freshly cleaved silicon 
substrate.   

a b 

c d 
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the presence of large sheets, almost similar in size with the as-produced GO (Fig. 1a). As 
a result, it is expected that as-produced GOQDs have an intrinsic PL intensity. The other 
experimental studies were reported to identify the disintegration of GO during the base 
treatment [22].  In their work, the concentration ratio of GO to NaOH, 1:1, was used to 
treat with heating for 1-5 hours. The results showed that the prolonged base treatment 
leads to disintegration of the flake of GO into smaller pieces. This work also confirmed 
that insignificant deoxygenation would proceed if base treatment was conducted without 
heating. On the contrary, heating without base treatment does not bring in detectable 
deoxygenation. It is consistent with our result that confirmed the deoxygenation after 
base treatment with reflux process. As is shown in Fig. S5b (see supporting information), 
the elemental analysis obtained by TEM shows that the oxygen content decreased 
significantly.   

The photoluminescence (PL) spectra of GOQDs, cesium green (CG) and their 
nanocomposite in THF solvent were shown in Fig. 2 and Fig. 3. The PL spectra of GOQDs 
are significantly different between acidic and basic conditions. As is reported by a 
previous study the GOQDs are strongly sensitive to the deprotonation and protonation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
process [28]. It is suggested that the different concentration in OH- and H+ influences the 
change of electronic transition of - * and n- * in GOQDs. It is also amplified by Taniguchi 
et al. that the proposed concept of the reversible epoxy formation leads to pH-dependent 
on/off PL of GO [18]. They found that the enhancing and quenching PL of GO can be 
induced by increasing/decreasing the epoxy concentration and will be influenced by the 

Fig.2. UV-Vis absorbance of (a) GO, GOQDs. Photoluminescence emission spectra of (b) 
GOQDs before and after centrifugation process, (c) GOQDs in acidic and basic condition, 
Cesium green in THF. (d) GO solution after reflux process (before centrifugation). (e) GOQDs 
solution after centrifugation.  

d e
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Fig.3. Photoluminescence emission spectra of (a)composite-51, composite-81 in basic 
condition, (b) composite-51, composite-81 in acidic condition. (c) TEM image of 
GOQDs-based nanocomposite (composite-81). Scale bars: 50 nm.  (d) High-resolution 
TEM image of individual nanodot (composite-81) labelled by red circle with inset of the 
Fast Fourier Transform (FFT) from the selected region. Scale bars: 5 nm.     

presence of charge transfer exciton (CTE). In the present study, the PL intensity of 
GOQDs in acidic condition increased compared to that in basic condition. The present 
result may be explained by pH-dependent change of functional group. The peak also red-
shifted from 435nm to 454nm by changing from basic to acidic condition (Fig. 2c).  
        On the other hand, as shown in Fig. 3, after the nanocomposite was formed, the PL 
intensity drastically increased in basic condition (pH 11.01) for both nanocomposites 
(composite-51 and composite-81), while the PL intensity was slightly quenched in acidic 
condition. In this case, the PL of the nanocomposite exhibited an opposite response for 
acidic and basic conditions compared with the original sample. For original sample, the 
GOQDs exhibited enhancing PL intensity in acidic condition and quenching PL intensity 
in basic condition. Whilst for the nanocomposites, the decreased PL intensity was 
observed in acidic condition and the increased PL intensity was observed in basic 
condition. In the other work the GO showed the reversible response upon acidic and basic 
condition [27]. Fig. 3b shows that the spectrum of the nanocomposite is almost the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

superposition of the GOQDs and CG in acidic condition, suggesting the physical 
mixture of GOQDs and CG in acidic condition. On the other hand, the PL intensity of the 
nanocomposite was significantly enhanced under basic condition (Fig. 3a). In basic 
condition the chemical bond was suggested between GOQDs and CG. This enhancement 
in basic condition is in accordance with PL of conventional carbon nanodots with edge-



66 
 

located COH/COOH/C=O groups [30]. In the present experiment, the pH condition was 
changed from basic condition to acidic condition. Then we also investigated the PL 
intensity of the nanocomposite from acidic condition to basic condition. As a result, the 
peak moved back to the original position and the intensity significantly increased (Fig. 
S13, see supporting information). 
As is already reported, the GOQDs-PEG (Polyethylene glycol) interaction exhibited a 
typical excitation wavelength dependence of the photoluminescence [31], [32]. Fig. 3c, 
and Figs. S3, S4 (see supporting information) show the TEM image of the present 
composite. It can be seen that the nanodots are combined. Figure 3d shows high-
resolution TEM image of an individual nanodot (composite-81). This indicates high 
crystallinity (localized in lattice fringes labelled by red circle) of GOQDs after forming a 
composite. It is also suggested that the cesium green (CG) molecule functionalization of 
GOQDs does not cause significant damage to the graphene  system.  
 
3.3.3. Cs detection performance  
3.3.3.1. Cs detection in acidic condition 
The PL response of the nanocomposite to the Cs cation was tested by mixing a 
nanocomposite solution with an aqueous solution of CsCl. In this experiment, the Cs 
treatment was carried out in two different pH conditions (acidic and basic condition) of 
the nanocomposite by adding two concentrations of CsCl (0.12 mmol/L and 0.06 
mmol/L). Then, the CsCl addition was conducted in the volume range 200 L-800 L. 

The results show that the addition of 0.12 mmol/L cesium chloride (200 L-800 L) in 
acidic condition led to increase the PL intensity gradually (turn ON) by employing 
composite-51 (Fig. 4a). For composite-81, using similar method with the case of 
composite-51, the PL intensity was decreased (turn OFF) at the first time of Cs addition 
(200 L), and then the PL intensity increased (turn ON) gradually after adding another 
200 L CsCl solution (Fig. 4b). The turn ON PL phenomenon also occurred in composite-
81 by reducing the concentration of CsCl (0.06 mmol/L) (Fig. 4c). This might be explained 
by the fact of composite-81 having much GOQDs part compared with the composite-51. 
At first GOQDs part reacts with CsCl, leading to the decrease in PL intensity (Fig. 4b) as 
is observed in GOQDs (Fig. 4d). After that, turn ON occurs as is the case of composite-51.  

We also considered that another factor such as structural defect (holes) effect might 
contribute to the PL phenomenon. The presence of holes in nm-size was investigated in 
HRTEM studies of GO [33]. Another researcher also considered these tiny vacancy defect 
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Fig.4. Photoluminescence emission spectra of (a) composite-51 before and after Cs treatment for 0.12 
mmol/L (in acidic condition), (b, c) composite-81 before and after Cs treatment for 0.12 mmol/L and 0.06 
mmol/L (in acidic condition), (d) GOQDs after and before Cs treatment for 0.12 mmol/L (in acidic 
condition). A colour line (graphic) in each figure indicate the PL response signal by the additional 
amount of CsCl solution, with volume range 200 L (orange), 400 L (gray), 600 L (yellow), and 800 L 
(blue). 

as a part of the oxidized domains [34]. As is explained previously, during the base-
treatment the functional groups have been reduced (deoxygenation) from  surface and 
disintegration of the flake of GO occurred. In this situation, it can be predicted that 
numerous additional defects were formed. In the present study the evidence of the 
structural change was shown through the Zeta potential value change (from -19.67 mV 
for GO to -34.63 mV for GOQDs). As a result, these defects can serve as a trap or binding 
point since the functional groups (especially the carbonyls) likely exist along the edges of 
the holes [35]. Subsequently, a TEM measurement was performed to consider the 
adsorption behaviour of Cs by nanocomposite. The information obtained from the TEM 
image (Fig. 5a) confirmed the small black spots. It is considered as Cs cluster on the 
nanocomposite layer by using its eds (Fig. 5b). This might be related to the GO acidity. 
Our previous work presented that the different C/O ratio of GO (different in degree of 
oxidation) has significant aspect in producing the diversification of sp2/sp3 carbon cluster 
of GO and influenced the Cs adsorption performance [10]. Another study also 
authenticated that the oxidation debris (OD) has an important role in GO acidity [36]. The 
study also proved that the amount of acid site density of OD is almost 3 times higher than 
that of GO. As we considered in the early section of the present study GOQDs are termed 
as the small size of OD produced by reflux process (with base treatment). A chemical  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
analysis by TEM (Fig. 5d) revealed that Cs rich structure is the main constituent along 
with other species (C, O, Na, Cl). However, it might include the undesired impurities (Si, 
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Fig.5. (a) TEM image of composite-81 after Cs treatment (in acidic condition), small black 
spots are identified with inset of HRTEM from the selected area. Scale bars: 20 nm. (b) 
Elemental analysis of figure a. (c) HRTEM image of composite-51 after Cs treatment (in 
acid condition) with inset of the Fast Fourier Transform (FFT) from the selected region. 
Scale bars: 5 nm.  (d) Elemental analysis of figure c. 
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Na, K, S) as revealed in Fig. 5 (b). Si and K might come from the re-used laboratory 
glassware as a source. In addition, the remaining Na is originated from a part of NaOH 
addition during the base-treatment. Specifically, we assumed that the formation of Cs 
cluster is produced as a part of the moiré fringe pattern formation (Fig. 5c) mechanism. It 
was verified as a consequence of the decomposition process of the adatoms nanoparticle 
under electron beam irradiation [37]. Nakashima`s group also reported the CsCl and Cs 
rich particle formation depending on the substrate concentration and the solvent [38]. 
Further discussion is presented based on several phenomena in the section 3.3.4 
regarding the Cs metal formation on GOQDs and nanocomposite layer.  
          However, as is shown in Fig. 4d, there is no PL enhancement (turn OFF) after 0.12 
mmol/L CsCl solution addition by employing original GOQDs solution, and also 
quenching occurred in basic condition (Fig. 6a). This is due to the interaction between 
GOQDs and Cs+. Some researchers have proved that the fluorescence-quenching 
phenomenon occurred after addition of metal and nanoparticles like Fe3+ ions in GO 
solution and unbonded gold nanoparticles (NPs) to graphene quantum dots [39], [40]. 
Typically, GO and GOQDs can act as both an attractive fluorophores and remarkable  
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quencher [41]. As enhancing agent, the fluorophores can serve the tunable PL emission 
and in contrary, as quencher, the GO and GOQDs revealed an effective quenching 
efficiency through either electron transfer or fluorescence resonance energy transfer 
(FRET) mechanism.  

It can be thought that the surface charge has a significant role in the PL of GOQDs 
when interacted with Cs cation. As is already shown, Zeta potential was -34.63 mV for 
GOQDs and -19.67 mV for GO in the present study. The surface of GOQDs is more 
negative than that of GO. In addition, since the GOQDs still have an oxygen functional 
group, it can be assumed that the interaction between Cs cation and -COOH has induced 
PL quenching in the detection system. Another possibility is the -OH on the surface area 
can coordinate to Cs cation. Previous study has proposed the concept of dynamic 
structural model of GO responsible for binding metal ions [42]. Particularly, the dynamic 
structural model is well supported by the conversion process from vicinal diols (formed 
by opening the epoxides) to enols as the structural transformation of the functional 
groups led to enols being acidic. The other researcher has revealed the reversible epoxy 
formation [18]. More current work also strongly suggested a possibility that the other 
functional groups (not only carboxyl) have played a significant role for binding to metal 
ions [43]. The as-formed enols as the product resulted from reorganization of GO 
structure might serve as a chelating agent for the metal cations.   
 

3.3.3.2. Cs detection in basic condition 
The significant PL quenching was observed in the Cs detection performance in basic 
condition. As shown in Fig. 6, the PL intensity of all samples decreased gradually after 
Cs treatment with different concentration, 0.12 mmol/L and 0.06 mmol/L (200 L-800 L 
Cs addition). This quenching phenomenon was clearly different from Cs treatment in 
acidic condition that shows enhancing phenomenon.  It can be seen in the Fig. 6 (b), (c), 
(d) that no change at 380nm and large change at 470nm. Unlike in acidic condition, the 
carboxylic acid groups are present as COO  and the surface of GOQDs plane is 
negatively charged in basic condition. It is also well known that many metal ions can act 
as a PL quencher in several ways such as the effect of complexation, fluorescence 
resonance energy transfer, or charge transfer. The previous work emphasized that the 
quenching reaction can be considered as a longer or shorter distance effect between donor 
and acceptor molecules [44], [45]. Furthermore, another study confirmed that in strong 
basic condition, GO has a greater interaction for binding metal, which is provoked by a 
surface modification of GO structure [46].  
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Fig.6. PL emission spectra of (a) GOQDs before and after Cs treatment for 0.12 mmol/L (in basic condition), 
(b) PL emission spectra of composite-51 before and after Cs treatment for 0.12 mmol/L (in basic condition), 
(c, d) PL emission spectra of composite-81 before and after Cs treatment for 0.12 mmol/L and 0.06 mmol/L, 
respectively (in basic condition). A colour line (graphic) in each figure indicate the PL response signal by the 
additional amount of CsCl solution, with volume range 200 L (orange), 400 L (gray), 600 L (yellow), and 
800 L (blue). 

In the present study, the modification of GO structure was induced by a chemical 
reaction through the base-treatment followed by the reflux process. And as-obtained pH 
value of GOQDs solution was 11.60. As was suggested by A. M. Dimiev et al. the base-
treatment of aqueous GO solution led to hydrolysis of organic sulfates and trigger the 
reaction and cause a C-C bond cleavage with formation of ketone at the new edge. Then, 
the ketones further transform into carboxylates [22]. The other observation additionally 
convinced that the negatively charged GO as a ligand can replace water molecule from 
the first coordination sphere of metal [34]. Therefore, the oxygen functional group of 
GOQDs dominantly plays a significant role (activated) for Cs detection as its natural 
environment even after forming the nanocomposite. The TEM image (Fig. S6 (a, c), see 
supporting information) was taken and the interaction between Cs cation and 
nanocomposite shows a similar tendency with the previous section (in acidic condition), 
and the CsCl and Cs clusters were observed. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
3.3.3.3. The detection behaviour of Sr2+, K+  
For comparison, the effect of the other cation addition was investigated. Under similar 
conditions to the Cs+ treatment, the Sr2+ and K+ treatment was performed in acidic and 
basic conditions by using a composites solution. In acidic condition, as exhibited in Fig. 
7 (a, b), the addition of KCl solution (from 200uL-800uL) shows a decrease in PL intensity 
(turn OFF). However, in the case of Sr2+ treatment, the PL intensity increased (turn ON) 
for the first 200uL SrCl2 addition both in composite-51 and composite-81, and then, the 
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PL intensity decreased (turn OFF) gradually after adding another 200uL SrCl2 solution 
(Fig. 8 (a, b)).  
 Moreover, under basic conditions, the presence of K+ and Sr2+ in the composite 
solutions exhibited a similar quenching phenomenon (Fig. 7 (c, d) and Fig. 8 (c, d)).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.7. PL emission spectra of (a) composite-51 before and after K+ treatment for 0.12 mmol/L 
(in acidic condition), (b) composite-81 before and after K+ treatment for 0.12 mmol/L (in 
acid condition), (c) composite-51 before and after K+ treatment for 0.12 mmol/L (in basic 
condition), (d) composite-81 before and after K+ treatment for 0.12 mmol/L (in basic 
condition). A colour line (graphic) in each figure indicate the PL response signal by the 
additional amount of KCl solution, with volume range 200 L (orange), 400 L (gray), 600 

L (yellow), and 800 L (blue). 
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Fig.8. PL emission spectra of (a) composite-51 before and after Sr2+ treatment for 0.12 mmol/L (in 
acidic condition), (b) composite-81 before and after Sr2+ treatment for 0.12 mmol/L (in acidic 
condition), (c) composite-51 before and after Sr2+ treatment for 0.12 mmol/L (in basic condition), 
(d) composite-81 before and after Sr2+ treatment for 0.12 mmol/L (in basic condition). A colour 
line (graphic) in each figure indicate the PL response signal by the additional amount of SrCl2 
solution, with volume range 200 L (orange), 400 L (gray), 600 L (yellow), and 800 L (blue). 
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Especially for Sr2+ treatment, the quenching phenomenon occurred drastically in the first 
200uL SrCl2 addition. It might be caused by the Sr2+ having a higher 2+ charge to form 
coordination compounds. The precipitation was directly observed after the Sr2+ addition, 
which is the cause of drastic decrease in PL. These observations suggested that the 
nanocomposite in this experiment has a different selectivity and sensitivity to the target 
metal ions (Cs+, Sr2+, K+). This feature is an important factor for the detection system. As 
is expected, the nanocomposite is more sensitive to the Cs+ by enhancing the PL intensity 
(turn ON) in acidic conditions compared to other metal cation (Sr2+, K+).  The result also 
indicated that the nanocomposite can be used as a promising Sr detection candidate, and 
future investigation is required.  
        The interaction among GOQDs, cesium green molecule, and some different metal 
cations indicated a different PL response signal as displayed in the table S1, see 
supporting information. The input-output detection mechanism was constructed to 
identify the PL response signal in different pH conditions as applied in the previous work 
[20]. Here, the different metal cations and cesium green molecule are used as input factor, 
and the presence of the input factor is represented by `1` and `0` for the absence of the 
input factor. In addition, as output factor, `1` represents the turn ON PL, and `0` 
represents the turn OFF PL. In acidic condition, the result shows that, when the input 
factor is (0, 0), (1, 1) both for Cs+ and Sr2+ treatment, the PL response signal turns ON, 
therefore the output is `1`. This tendency was confirmed by using composite-51 and 
composite-81. On the other hand, the output is `0` for K+ treatment by applying (1, 1) as 
input factor. A similar phenomenon was observed in the basic condition, i.e., the output 
is `1` when the input factor (0, 1) was applied but was not found in the acidic condition 
both for composite-51 and composite-81. Furthermore, the quenching phenomenon 
appeared in all input factor (0, 0), (1, 1) in basic condition. Therefore, these results 
concluded that the presence of different metal cations will activate a different PL response 
signal. It is also influenced by the pH condition and the addition of cesium green 
molecule in the system.  
 
3.3.3.4. Cs metal formation on GOQDs and nanocomposite layer 
An unexpected phenomenon was observed during the TEM measurement. By using a 
composite sample, the movement of particle or rearrangement of structure was observed 
in composite-51 (acidic condition), refer to supporting information, Video S15.1. It can be 
attributed to crystal movement between locations or rotation around axis during the 
electron beam exposure [37]. The effect of electron beam was considered as a possible 
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reason for the mobility of the particle during the scanning process [47]. Thus, a moiré 
fringe pattern under electron beam exposure was formed (red line (Fig. 5c). As 
theoretically proved, the moiré fringe pattern was formed when crystalline surfaces with 
a lattice mismatch or a rotational misorientation are vertically stacked [48]. It also 
corresponded to the crystalline conductive area of small sp2 domains [49]. In the present 
study, the lattice size of composite-51 after Cs treatment is 0.39 nm, and the lattice size of 
GOQDs after Cs treatment is 0.31 nm (This corresponds to (200) of Cs metal.) (Fig. S7, see 
supporting information). It has a larger lattice-size compared with the as obtained-
nanocomposite before Cs treatment (Fig. 3d) and original GO sample, 0.21 nm (Fig. S8, 
see supporting information). This value (for GO sample) is aligned with previously 
observed value [50].  

Moreover, this phenomenon might be influenced by the role of cesium green (CG) 
molecule that led to enhance the properties of the nanocomposite. It is correlated well 
with other phenomena that have been proved by using aromatic molecules (which are 
non-covalently bound to 2D material), which affected the electronic properties of the 2D 
materials significantly [51]. This also confirmed that the moiré superlattices have arisen 
in bilayer graphene. It was strengthened by other researchers that the PL of GO was 
attributed to the electronic energy transition [52], and theoretically proposed by 
speculating the effect of the different oxidation levels of GO [53]. Their calculation 
analysis also showed that hydroxyl and epoxy groups have a responsibility for the 
change of hybridization of sp2 to sp3. In the present study, a similar behaviour (the 
adatoms movement) was observed in Figure S6 (a), (b), for composite-81 after Cs 
treatment (in basic condition) by the HRTEM image (refer to supporting information, 
Video S15.2, S15.3). It is also amplified by other researchers who theoretically suggested 
that the formation of CsI (cluster shape) was assigned based on the number of atom or 
ion [54]. For example, a four-ion cluster and a six-ion cluster of CsI were supposed to 
have a square planar structure and to form planar hexagon sequentially. It is consistent 
with our result (Fig. 5 (c), S7 see supporting information) as discussed in the previous 
section, which predicted the interaction between CsCl and the nanocomposite layer 
generates a moiré fringe pattern under electron beam irradiation. It can be explained that 
two or more crystals are overlapping with slightly different orientation.  

To understand the present phenomenon, the mechanism of the moiré fringe pattern 
formation should be considered together with  
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the formation of two-dimensional nanocrystal on the substrate layer, as is observed in the 
previous work [37]. Therefore, another phenomenon is worth mentioning. Through the 
electron microscopy characterization by using GOQDs sample after Cs treatment (in 
acidic and basic condition), the crystal structure transformation was observed. The results 
demonstrated the different phenomenon between acidic and basic conditions. In acidic 
condition, as shown in Fig. S9 (see supporting information), the crystal structure has 
changed from single crystals to amorphous form (Fig. S10, see supporting information). 
The FFT of Figure S9 (c) is provided in Figure S9 (d), where (110) reflections of CsCl are 
observed at 0.29 nm. In Fig. S9 (b), the elemental analysis revealed that the Cs and Cl are 
strongly detected. On the other hand, Cl content decreased (Fig. S10(b)), but still 
remained after electron beam exposure. Furthermore, in basic condition, the crystal 

1 

3 2 

Fig.9. TEM image of GOQDs after Cs treatment in basic condition (a) soon after TEM 
measurement was conducted. Scale bars: 200 nm. (b) Fast Fourier Transform (FFT) to 
figure a. (c) Elemental analysis of figure a. (d) After electron beam irradiation was applied 
for the second time. Scale bars: 200 nm.  (e) Fast Fourier Transform (FFT) to figure d.  (f) 
Specific spot area of the observed sample of figure d. Scale bars: 200 nm. 
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transformation was also recorded by TEM.  As shown in Fig. 9, the sample was further 
identified. Soon after TEM measurement the observed crystal formation was recorded 
(Fig. 9(b)). Continuously, the prolonged electron beam irradiation was applied to confirm 
the stability of the sample. In contrast to the Fig. 9(a), the TEM image exhibited a different 
morphology (Fig. 9(d)) and different crystal formation (Fig. 9(e)). Following these 
observations, we evaluated the FFT of Fig. 9 (b) and Fig. 9 (e), where (100) reflection of 
CsCl at 0.42 nm has similarity for both crystal formations. The observed sample was 
distinguished in three different investigated areas (Fig. 9 (f)). It was found that there are 
three different types of crystal formation as depicted in Fig. S11 (a, c, e). These findings 
suggest that the characterization of the nature of the active sites of the graphene layers 
has an essential aspect to promote different reactions [55]. Also, it is well known 
theoretically that the active site is not uniformly found over the surface area. Other 
literature obviously investigated that the catalytic activity of GO is affected by the acid 
and base addition [56]. We predicted that several impurities (chemical contaminations) 
are determined by the chemical analysis (Fig. S11 (b, d, f)). Interestingly, if compared with 
basic condition, the Cl content was significantly decreased in acidic condition.  

Our speculation is that the crystal formation phenomenon might be established on the 
substrate layers of GOQDs in three continuous steps. The first step is the decomposition 
of CsCl nanoparticles under prolonged electron beam exposure (see supporting 
information, Video S15.4). From this process, the Cs rich cluster (or residual Cs and  
Cl adatoms) is formed. The second step is the rearrangement process of residual Cs and 
Cl atoms to form a two-dimensional nanocrystal (Fig. 9 (b, e)). The motion of adatoms 
(adsorbed Cs and Cl atoms) is a reasonable explanation. The consequence of the electron 
beam effect (200 kV) causes the bond breakage of the nanocomposite layer. This 
phenomenon was clearly observed (the layer was broken 
then moved around/rotated) in GOQDs sample after Cs treatment (in basic condition), 
refer to supporting information, Video S15.5. This makes the movement of atom on the 
basal plane be easily accelerated, even though the restoration of the graphitic layer is 
possible due to the remaining functionalities [35]. This is also found in the present work 
(refer to supporting information, Fig. S12, Video S15.6). The interaction of electron beam 
with the GOQDs surface after Cs treatment in acidic condition led to the GOQDs layer 
being reorganized. The third step is that the interaction between a two-dimensional 
nanocrystal and the graphitic layer produces the moiré fringe pattern formation (see 
supporting information, Fig. S7 (a, b)). Therefore, the unveiling moiré fringe pattern 
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formation has an important role to understand the electronic properties of graphene [57]. 
Thus, it can significantly influence the PL phenomena (turn ON response) after Cs 
treatment in acidic condition.  

Additionally, the present experiments also indicated the formation of Cs metal 
(cluster). It should be noted, however, that more effort is still necessary to get strong 
evidence and also to open the understanding of the role of oxygen functional group and 
the various defects that act as an active site of the GOQDs for Cs metal formation.   

Moreover, since the GOQDs and nanocomposite still include Na originated from 
NaOH addition during the reflux process (see Fig. S3 (A3), S4 (A3), supporting 
information), the presence of Na cation can be considered as a part of the process of two 
dimensional Cs nanocrystal formation via charge transfer between Na atom and aromatic 
rings of the graphene layer [58]. However, in the present work, the overall mechanism 
process is complex, and it is influenced by many conditions such as the composition of 
the nanocomposite, the pH, the concentration of CsCl, and the solvent. Therefore, this 
result suggests that the observed cluster was formed because of the migration effect of 
the adatoms on nanocomposite layer (specifically trapped to defect site in the graphene 
lattice) and transformation of the local adsorption environment induced by electron beam 
exposure.  

 
Conclusions 
The nanocomposite was effectively fabricated by functionalized GOQDs and cesium 
green molecule in mixed solution (Distilled water/THF). Until now, no study has 
investigated the development of the application of cesium green (CG) molecule for Cs 
detection in aqueous solution. In the present study we showed that as-produced 
nanocomposite can be essentially used to recognize the presence of Cs cation in the 
aqueous solution both in acidic condition and basic condition with turn ON/OFF 
photoluminescence (PL) response. There are several important keys that solved in the 
present paper. (1) The unique properties of GOQDs (pH dependent) have a dual role as 
an enhancer and quencher in composite in the presence of Cs cation. In acidic condition, 
the PL behaviour shows turn ON the PL after detecting the Cs cation. On the contrary, 
the turn OFF PL occurred in basic condition. (2) Cesium green molecule can be used as 
Cs cation detection material not only in solid state (as previous works reported) but also 
in aqueous mixed solution. (3) Cesium green molecule can work effectively in basic and 
acidic condition. (4) The co-solvent application in the nanocomposite system might have 
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a contribution to the Cs detection process. (5) The nanocomposites are more sensitive as 
Cs detection (turn ON) compared to other metal like Sr and K in acid condition. (6) The 
Cs cluster was formed under electron beam irradiation as consequence of adatom 
mobility on the substrate layer. In this phenomenon, the pH condition of the 
nanocomposite system has an important key in the PL response in mixed solvent. In 
particular, for the sensitivity and the accuracy of the nanocomposite system further 
investigation is needed, since GO structure as precursor material has different local 
arrangement of functional group from one batch to the other. Also, it is expected that this 
work as an initial stage of GOQDs-cesium green molecule research offers a new chemical 
pathway and widely increases the application in environmental protection with more 
deep investigation.   
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Fig S1. AFM image of GOQDs (a) Small dots (red line) and (b) Aggregating dots (red circle).   
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(A) (B) 

Fig S2. TEM measurement of Cesium Green in different scale. (A) Cesium green in 200 nm scale, (B) Cesium 
green in 1 μm scale, (C) Cesium green in 1 μm scale (in another point of view). (D) Elemental analysis of 
figure A. (D) Elemental analysis of figure B.  
 

(B) (E) 

(C) 

O 

C 

Si 

C 

O 
Si 

(D) 



85 
 

 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig S3. TEM measurement of GOQDs-based composite (ratio 5:1), (A.1) in 100 nm scale, (A.2) in 50 nm scale, 
(A.3) Elemental analysis of figure A.1. 
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Fig S4. TEM measurement of GOQDs-based composite (ratio 8:1), (A.1) in 50 nm scale, (A.2) in 100 nm scale, 
(A.3) Elemental analysis of figure A.2. 
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Fig. S5. TEM image of (A) isolated fragment (Larger particle of GO) after base treatment with reflux 
process followed by double centrifugation process and (B) Elemental analysis of figure A.  

(B) 

Fig. S6. TEM image of (A) composite-81 after Cs treatment (in basic condition), Cs cluster are identified, (B) 
moving adatoms, (C) Elemental analysis of figure B.  
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Fig. S7. TEM image of moiré fringe pattern (A) Composite-51 after Cs treatment (in acid 
condition) under prolonged electron beam irradiation, the lattice size is 0.39 nm and (B) GOQDs 
after Cs treatment (in basic condition) under prolonged electron beam irradiation, the lattice 
size is 0.31 nm.  

(A) (B) 

Fig. S8. (a) HRTEM image of GO. Scale bars: 10 nm. (b) Fast Fourier Transform (FFT) from the selected region 
of GO sample. 
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(c) (d) 

(a) 

Fig. S9. TEM image of GOQDs after Cs treatment (in acidic condition), (a) under electron beam irradiation (soon 
after TEM measurement was carried out), (b) Elemental analysis of figure a, (c) Investigated area of figure a, 
(d) Fast Fourier Transform (FFT) corresponding to figure c. 
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(a) 

(d) (c) 

Fig. S10. TEM image of GOQDs after Cs treatment (in acidic condition), (a) after prolonged electron beam 
irradiation was applied, the graphitic layer being reorganized, (b) Elemental analysis of figure a, (c) Investigated 
area of figure a, (d) Fast Fourier Transform (FFT) corresponding to figure c. 
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Fig. S11. TEM image of GOQDs after Cs treatment (in basic condition), under electron beam irradiation 
(soon after electron beam irradiation was applied for the second time, (A) Fast Fourier Transform (FFT) 
corresponding to figure 9f, (B) Elemental analysis of figure a, (C) Fast Fourier Transform (FFT) corresponding 
to figure 9f, (D) Elemental analysis of figure c, (E) Fast Fourier Transform (FFT) corresponding to figure 9f, 
(F) Elemental analysis of figure e. 
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(a) 

Fig.S12. TEM image of GOQDs after Cs treatment (in acidic condition) under prolonged electron 
beam irradiation, (a) before recombination process, (b) Elemental analysis of figure a, (c) after 
recombination process, (d) Elemental analysis of figure c. 
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Fig. S13. Photoluminescence emission spectra of (a) composite-51 (basic condition), (b) 
composite-81 (basic condition), (c) composite-51 (acidic condition), (d) composite-81 
(acidic condition). The pH condition was changed from acidic condition to basic 
condition. 
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Table S1. The input-output detection mechanism  

                 
Precursor 
material 

 
pH 

condition 

Input  
Output  

Metal 
Cesium green 

molecule  
(5:1 ratio) CsCl SrCl2 KCl 

 Acidic 0 0 0 0 1 
  0 0 0 1 0 
  1 0 0 1 1 
  0 1 0 1 1 
  0 0 1 1 0 
GOQDs solution Basic 0 0 0 0 0 
  0 0 0 1 1 
  1 0 0 1 0 
  0 1 0 1 0 
  0 0 1 1 0 
  

pH 
condition 

Input  
Output Precursor 

material 
 

Metal 
Cesium green 

molecule  
(8:1 ratio)  CsCl SrCl2 KCl 

 Acidic 0 0 0 0 1 
  0 0 0 1 0 
  1 0 0 1 1 
  0 1 0 1 1 
  0 0 1 1 0 
GOQDs solution Basic 0 0 0 0 0 
  0 0 0 1 1 
  1 0 0 1 0 
  0 1 0 1 0 
  0 0 1 1 0 
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SI-videos 

S15.1 The movement of particle or rearrangement of structure in composite-51  

S15.2, S15.3 The movement of particle or rearrangement of structure in composite-81 

S15.4 The decomposition of CsCl nanoparticles under prolonged electron beam exposure 

S15.5 The bond breakage of the GOQDs layers (moving or rotating phenomenon of the layer) 

S15.6 Recombination of the GOQDs layers 
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        The Fukushima accident of 2011 has led to numerous environmental problems. 
Radionuclides have become one of the significant concerns of many researchers. 
Therefore, it is important to design a new nanocomposite that can potentially use to 
address the issue of radionuclides contamination. This thesis explored the tremendous 
property of graphene oxide (GO), their derivatives (graphene oxide quantum dots 
(GOQDs)), and its composites. Specifically, by considering the dynamic nature of the 
surface area of GO, it can be used as an entry point to design the structure and the 
function system. In addition, through a better understanding of the specific characteristic 
and the structural diversity of GO (having different C/O ratio), the optimization of GO 
properties can potentially generate a new advance nanocomposite. Some methods 
(covalent bonding, functionalization) and radionuclides removal concepts (ion-trapping, 
coagulation, electrostatic interaction, and H+-exchange) offers a bridge among GO, 
GOQDs and other potential materials. Based on that, chemical modifications open up the 
idea or tailoring the GO, GOQDs with another compound. In this study, Dawson-type 
POM (polyoxometalates) and cesium green molecule (C32H33NO8) were identified. Based 
on that, two types of nanocomposites were produced. First, GO-POM nanocomposite as 
Cs removal. Second, graphene oxide quantum dot-based nanocomposite (functionalized 
by cesium green molecule) as Cs detection. 
       Moreover, in this thesis, GO and GOQDs as precursor material was synthesis by 
modified Hummer`s method. Further measurement was conducted to evaluate the 
crystallite morphology and some properties of the sample. Raman spectroscopy, 
transmission electron microscopy (TEM), scanning electron microscopy (SEM), atomic 
force microscopy (AFM), UV-Vis spectroscopy, Photoluminescence spectroscopy, PXRD, 
FTIR, Zeta potential were measured to obtained some evidences by spectroscopic and 
microscopic data.  
        As a result, GO-POM nanocomposite increased the Cs adsorption capacity 
effectively compared to the adsorption capacity of the original material. The change range 
is around 6.7% to 42.9%. An effective increment value of Cs adsorption can be attributed 
to several reasons, such as the characteristic of surface area (showing an important role 
of POM species with GO surface), as well as the functional group of GO provide a binding 

Chapter IV. General Conclusions 
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point for chemical modification. However, the increment value of Cs adsorption by 
comparing concentrations 1:8 and 4:1 in the composite material, there is not much 
significant difference. In addition, it also found that the aggregation process was 
observed in the adsorption behaviour (the mechanism of cation-GO interaction). The 
results demonstrated that the composite samples immediately coagulate after Cs 
adsorption except for [GO70POM]41, which still forms a stable solution after one hour 
keeping at ambient temperature. The unusual behaviour of [GO70POM]41 might be 
predicted that there is a different composition of oxidative debris (OD) component 
among the GO samples. As is well known that the OD of GO has a significant role in the 
origin of GO acidity. Further investigation was evaluated by identified the interaction 
GO samples with Cs cation. Immediately less than one minute after the stirring process, A 
brown milky coagulation was formed. The same behavior was observed between GOc72 
and Cs, however, there was a difference for GOc39, the brown milky coagulation was 
formed in a small quantity, and the milky coagulation was not formed for GOc40. The 
difference might be related to the variance in C/O ratio between GOc70, GOc72, and GOc39, 
GOc40. As evident, TEM measurement shows that there are many Cs clusters in the surface 
of GOc70. The black spots also can be seen in the [GO40POM]41, which consists of 
GOc40/POM. However, the black spots are not uniformly found all over the surface area. 
Regarding this phenomenon, it can be assumed that there are two important factors that 
might contribute to the aggregation behavior. First, the size of the GO and composite 
sample matter. As resulted, the size of each sample is diverse. The range of values is 
around 4.3 to 34.78 nm. Second, the other factor is the degree of acidity. It is strongly 
related with the functionalities of the GO sample. It was explained in an earlier section in 
this work that there are two types of GO samples, which have different C/O compositions.  
        Furthermore, since GO material consisted of oxidative debris (OD) component 
(covalently attached to the oxygen functional groups), in this thesis, we had produced 
graphene oxide quantum dot (GOQDs) by separating the OD from the graphene-like 
sheet with using base (NaOH) treatment and heating process. Continuously, GOQDs 
functionalized by cesium green (C32H33NO8) molecule. As a result, the nanocomposite 
was effectively fabricated by functionalized GOQDs and cesium green molecule in mixed 
solution (distilled water/THF). In this study, as-produced nanocomposite can be 
essentially used to recognize the presence of Cs cation in the aqueous solution both in 
acidic condition and basic condition with turn ON/OFF photoluminescence (PL) response. 
There are several phenomena observed in this experiment. First, the unique properties of 
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GOQDs (pH dependent) have a dual role as an enhancer and quencher in composite in 
the presence of Cs cation. In acidic condition, the PL behaviour shows turn ON the PL 
after detecting the Cs cation. On the contrary, the turn OFF PL occurred in basic condition. 
Second, the nanocomposites are more sensitive as Cs detection (turn ON) compared to 
other metal like Sr and K in acid condition. Third, the Cs cluster was formed under 
electron beam irradiation as consequence of adatom mobility on the substrate layer. In 
this phenomenon, the pH condition of the nanocomposite system has an important key 
in the PL response in mixed solvent. It should be noted, however, that more effort is still 
necessary to get strong evidence and also to open the understanding of the role of oxygen 
functional group and the various defects that act as an active site of the GOQDs for Cs 
metal formation. Therefore, based on this phenomenon, it suggests that the observed 
cluster was formed because of the migration effect of the adatoms on nanocomposite 
layer (specifically trapped to defect site in the graphene lattice) and transformation of the 
local adsorption environment induced by electron beam exposure. 
       Throughout this study it has been found that GO, GOQDs, and their composite has 
some remarkable features that are highly Cs adsorbent and Cs detection. More 
specifically, it shown below: 

 The GO-based POM nanocomposite was successfully obtained. The Cs adsorption 
capacity increased by forming a nanocomposite. The result proposed, that C/O ratio 
of the GO sample and the concentration ration of GO/POM has significantly 
influenced the characteristic of the GO-POM nanocomposite for the Cs adsorption 
performance after forming the composite. 

 A new nanocomposite was developed using functionalized graphene oxide quantum 
dots (GOQDs) with cesium green molecules for the first time. The results 
demonstrated that the unique properties of GOQDs (pH dependent) have a dual role 
as an enhancer and quencher in composite in the presence of Cs cation. In acidic 
condition, the PL behaviour shows turn ON the PL after detecting the Cs cation. On 
the contrary, the turn OFF PL occurred in basic condition. Additionally, the present 
experiments also indicated the formation of Cs metal (cluster).  

 The overall mechanism process is complex, and it is influenced by many conditions 
such as the composition of the nanocomposite, the pH, the concentration of CsCl, and 
the solvent.  

          However, since GO structure as precursor material has different local arrangement 
of functional group from one batch to another batch, the accuracy and the sensitivity of 
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the nanocomposite system further investigation is needed. Further scrutiny is also 
needed to open understanding of the role of degree of the oxidative debris (OD 
component) in each GO sample for adsorption capacity and detection system.    


