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Abstract – The problem of radioactive wastes seems severe when it comes to the 
development of nuclear reactors. High temperature gas-cooled reactor (HTGR) 
faces the problem of radioactive C-14, which comes from the nitrogen absorbed on 
the surface of nuclear carbon materials widely used in HTGRs, mainly. The study of 
nitrogen adsorption is vital to predict the methods of minimizing the radioactive 
wastes. In present work, three sorts of carbon materials (IG-110 graphite, fuel 
element graphite, and boron-containing carbon brick) are concerned, and the 
surface chemical properties after adsorption with nitrogen at elevated temperature 
as well as implantation by N+ ion are studied, by Raman spectroscopy and X-ray 
Photoelectron Spectroscopy (XPS) respectively. A comparison among the samples 
adsorbing or implanted by nitrogen in different conditions of the adsorption 
temperature, time and the implantation dose, it elucidated that the graphitization 
degree is related to the amount of N impurities, which exists in different states in the 
carbon materials. The absorption reaction is apt to occur at higher temperature, 
which the reaction product lacks thermal stability. 

 
Keywords – HTGR, nuclear carbon materials, surface chemical properties, 
nitrogen adsorption, ion implantation, graphitization. 

 
 
 

I. INTRODUCTION 
 

High Temperature Gas-cooled Reactor (HTGR) is 
one of the most advanced nuclear reactors across the 
world. It bears the excellent property of safety and 
economy. Hence, lots of countries are planning to 
develop HTGRs, especially China[1]. 

Due to the excellent mechanical properties at 
high temperature, low neutron absorption cross-
section and wonderful corrosion resistance, nuclear 
graphite is widely used as moderator and structural 
materials in HTGRs[ 2 ]. The property of nuclear 
carbon materials needs to be studied carefully. 

Despite the superiority and advantages, HTGR 
also confronts the problem of radioactive wastes, 
among which C-14 dominates. 

C-14 has a very long half-life ( 1 2T 5730a= ) and 
is hard to be eliminated. The previous research put 
forward that the C-14 dramatically comes from the 
N-14 impurities absorbed into the carbon 
materials [3]. Thus the interaction between N and 
carbons in HTGRs should be focused, which is 
helpful to figure out the solution minimizing the 
generation of the wastes. 

One approach to observe the interaction between 
the carbon materials and N impurities is the analysis 
of surface chemical properties. There are various 
technics to analyze the surface of materials, such as 
the Raman Spectroscopy [ 4], X-ray Photoelectron 
Spectroscopy[ 5 ], and Fourier transform infrared 
spectroscopy etc. These technics can give different 
information about the sample surface; by contrasting 



 
 
 

Proceedings of the HTR 2014 
Weihai, China, October 27-31, 2014 

Paper HTR2014-41341 
 

 

and integrating the results, it is convenient to draw 
the conclusion about the interactions credibly. 

 
II. EXPERIMENT 

 
Three kinds of carbon materials mainly used in 
HTGRs were conducted: IG-110 graphite, the fuel 
element graphite and the boron-containing carbon 
brick, all of which have the specific structures 
respectively[6]. The IG-110 graphite is provided by 
the Japanese commercial enterprises Toyo Tanso, 
whose purity is high. The fuel element graphite is 
made by the Institute of Nuclear and New Energy 
Technology. And the boron-containing carbon brick 
is supplied by FANGDA Carbon New Material 
Technology Co., Ltd., which is very tough and 
contains more impurities. 

In the present work, the 3 different kinds of 
carbons samples were cut into cuboid with the equal 
size: 2mm 2mm 1.5mm× × . 

So as to investigate the surface chemical 
properties of nuclear carbon materials after 
interaction with N-14 impurities, two methods were 
carried out in the experiment, that is, adsorption with 
elevated temperatures[7] and ion implantation[8] , to 
introduce the N impurities onto the surface of 
carbons. The equipment for high-temperature N2 
adsorption was provided by the School of Materials 
Science and Engineering, Tsinghua University, while 
the equipment for N+ ion implantation was provided 
by the Beijing Radiation Center. The emphasis of the 
study is adsorption. The parameters of adsorption 
and ion implantation will be mentioned in the part of 
RESULTS AND DISCUSSION. 

The equipment employed here to analyze the 
surface chemical properties includes Raman 
spectrometer (HR800) and XPS (ESCALAB 250 Xi). 

Raman spectroscopy is commonly used to 
observe the vibrational and rotational information of 
chemical bonds in molecules. For carbons, it gives 
the degree of graphitization by calculating the ratio 
of the relative intensity of 2 characteristic peaks for 
graphite materials under Raman shift [9]. 

Meanwhile, XPS often measures the chemical 
state and electronic state of the elements that exist 
within materials. In this work, XPS was used to 
analyze the element N mainly [4]. 

 
III. RESULTS AND DISCUSSION 

 
III.A. Adsorption experiments for IG-110 

 
IG-110 graphite is utilized as the reflector and 
moderator material in HTGRs [1]. In the adsorption 
process, the samples of IG-110 graphite were kept at 
900 C° for 2h and 6h respectively with the 10% 
concentration of N2. 

Fig.1 illustrates the Raman spectra (laser 
wavelength 488nm) of the IG-110 graphite absorbed 
nitrogen at 900 C°  with 2 different adsorption times. 
The 0h represents the sample without adsorption 
(same as below).  

There are four typical peaks of graphite in the 
Raman spectra. Among these, D peak which locates 
approximately 1360 1cm−  and G peak which locates 
approximately 1580 1cm−  are vital to calculate the 
graphitization [8]. Generally, the intensity ratio of G 
and D, i.e. IG/ID, is calculated to represent the 
graphitization degree positively. The ratio ID/IG of 
0h, 2h and 6h is 4.62, 6.86, 3.62, which means that 
the most graphitized is sample absorbed N2 at 
900 C°  for 2 hours while the least graphitized is the 
6 hours. The correlation relationships of adsorption 
between IG-110 and N2 keeps uncertain. 

Fig.1 The Raman spectra of the IG-110 graphite 
absorbed N2 at 900 C°  with different 
adsorption time. 
 
Fig.2 shows the N1s core-level spectra of IG-

110 graphite absorbed nitrogen at 900 C°  with 
different adsorption time. The relative intensity of 
the N1s peak declined sharply with absorption time 
increasing.  Only the peak of original sample was 
obvious. Therefore, it alluded that the original IG-
110 already contained the N impurities meanwhile 
the original N impurities desorbed during the 
adsorption process. Above all, it implied that 
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interactions between C and N hardly occurred under 
the experiment conditions 

Fig.2 XPS N1s core-level spectra of IG-110 graphite 
absorbed N2 at 900 C°  with different 
adsorption time. 

 
III.B. Adsorption experiments for fuel element 

graphite 
 

The fuel element graphite is made of natural graphite 
and artificial graphite and used as the structure 
materials for fuel [1]. In this part, the samples of fuel 
element graphite were kept for 3h at 800, 900, 
1000 C°  respectively with the 10% concentration of 
N2. Besides, after the adsorption under 1000 C° , 
another desorption experiment was conducted for 3h 
at 1000 degrees as well. 

Fig.3 shows the Raman spectra (laser 
wavelength 633nm) of the fuel element graphite 
absorbed nitrogen for 3h. The symbol a-d represents 
the original samples as well as those kept under 800 

C° , 900 C°  and 1000 C°  separately. Table1 
displays the intensity of peak D and G together with 
the ratio. 

 

Table 1 Intensity of peak D and G (I) 

sample ID IG IG/ID 
a 29.4 69.5 2.36 
b 192.1 341.7 1.78 
c 298.0 543.0 1.82 
d 172.0 493.9 2.87 

 
 

Fig.3 The Raman spectra of the fuel element graphite 
absorbed N2 for 3h at different adsorption 
temperature. 

 
Fig.4 shows the N1s core-level spectra of 

samples. The symbol a-d is the same as Fig.3. 
 

Fig.4 XPS N1s core-level spectra of IG-110 graphite 
absorbed N2 for 3h at different adsorption 
temperature. 

 
Combining the results above, it can be 

concluded that with temperature elevating, the value 
of IG/ID increased from 1.78 to 2.87, meaning that 
the degree of graphitization of the samples increased 
during adsorption. Then, XPS indicated that non-
adsorption sample also contained some N impurities 
which desorbed at an elevated temperature. Besides, 
the samples would not absorb N significantly unless 
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the temperature was no less than 1000 C° . The state 
of N absorbed was different from the N presented 
initially, which is proved by the moving of peak in 
XPS. More importantly, the graphitization degree 
increased with the content of N growing. 

In order to figure out the thermal stability of 
reaction products between N and graphite, the 
samples absorbed under 1000 C°  were annealed at 
1000 C°  for another 3 hours. Fig 5 and Fig 6 
showed the results of Raman spectra and XPS. 

Fig.5 The Raman spectra of the fuel element graphite 
absorbed together with the annealed one 
 

Fig.6 XPS N1s core-level spectra of the fuel element 
graphite: original, absorbed and annealed. 
 
In Fig 5, it appears obviously that the intensity 

of D peak roughly remained while the G peak 
declined distinctly. In Fig.6, it shows that N existed 
scarcely in the samples annealed. Integrating the 
results above, the amount of N impurities is 
supposed to have an influence on the graphitization 
degree of fuel element graphite [10]. 

By using of peak-fit software, the N1s core-level 
spectra can be divided into 3 parts, which means 
there are 3 different combining states (I II III) 
between N and graphite in the materials [7]. State I 
(399.1eV) is the main state after adsorption at high 
temperature. Therefore, it can be concluded that the 
fuel element materials absorb nitrogen when the 

temperature is not lower than 1000 C° .  However, 
the reaction product between N and carbon lacks 
thermal stability. 

 
III.C. Adsorption experiments for boron-

containing carbon brick 
 

In the strict sense, the boron-containing carbon brick 
is not graphite, and it is commonly used as shielding 
material absorbing neutron in HTGRs. In this section, 
the samples of boron-containing carbon brick were 
kept for 2h at 600 C° , 900 C°  separately with the 
10% concentration of N2. 

Fig.7 shows the Raman spectra (laser 
wavelength 633nm) of the boron-containing carbon 
brick absorbed nitrogen for 2h under 600 C° , 
900 C°  separately as well as the original one. Fig.8 
shows the XPS N1s core-level spectra.  

Fig.7 The Raman spectra of the boron-containing 
carbon brick absorbed N2 for 2h at different 
adsorption temperature 
 
Fig.7 shows that the intensity of D peak was 

stronger than G peak for all, which means that the 
structure of boron-containing carbon brick is much 
distinct from the other two. By observing the XPS of 
B1s, it seems that a little amount of Boron element 
and compound exist in the carbon bricks. (see Fig.9). 

Table 2 lists the intensity of peak D and G 
together with the ratio. The results were similar with 
each other, implying few interactions occurred under 
the condition given, either. 

Fig.8 illustrates that non-adsorption sample also 
contained some N impurities. Akin to fuel element 
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graphite, it involved 3 different states (398.5eV, 
400.0eV and 401.0eV) as well. With the adsorption 
temperature elevating, the attenuation varied among 
the 3 states, which alluded the thermal stability of 3 
kinds of compound was not the same [7]. Finally, it 
can be concluded that some N impurities would 
remain in carbon brick at high temperature (at least 
for 900 C° ). 

 

Table 2 Intensity of peak D and G (II) 

sample ID IG IG/ID 

900 C°  339.0 253.8 0.75 

600 C°  304.4 238.0 0.78 

original 97.1 74.2 0.76 
 

Fig.8 XPS N1s core-level spectra of boron-
containing carbon brick absorbed N2 for 2h at 
different adsorption temperature. 

Fig.9 XPS B1s core-level spectra of boron-
containing carbon brick samples. 

 
III.D. Ion implantation experiments for IG-110 

 
N+ implantation experiments were conducted as a 
contrast to figure out the interaction between carbon 
materials and N impurities more apparently. The 
implantation doses were 5×1016 cm-2, 1×1017 cm-2  
3×1017 cm-2 and 5×1017 cm-2. The energy of N+ was 
100 keV. The focus of this part is IG-110. 

Fig 10 displays the Raman spectra of samples 
implanted by 4 different doses. The relative intensity 
of D peak and G peak distinguished from the 
absorbed ones. (shown in Fig 11) 

 

Fig.10 The Raman spectra of IG-110 implanted by 
N+

 by 4 different doses. 
 
The calculation of the intensity ration between 

G peak and D peak IG/ID was 0.90, 0.87, 0.86, 0.83 , 
with the implantation dose increasing from 5×1016 
cm-2 to 5×1017 cm-2 . It demonstrates that the 
graphitization of IG-110 implanted did not decrease 
acutely while the ion dose was enhanced. These 
results show that the surface structure of IG-110 was 
awfully broken during the implantation process. On 
one hand, the new chemical structure between 
N+ and carbon formed by implantation contributed to 
enhancing the graphitization; on the other hand, 
collision between ions and carbon made the original 
structure even more disordered [ 11 ].Given the 
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illustrations of Raman spectra, the latter factor is 
prior. 

Fig.11 The Raman spectra of IG-110 before and after 
ion implantation. 

 
Fig 12 displays the N1s core-level spectra of 

samples. The result implied that enhancing the ion 
dose could promote the amount of N existed in IG-
110 materials. Meanwhile, 3 sub-peaks (located at 
399.0eV, 401.0eV and 403.5eV roughly) can be 
divided by deconvolution, which alluds N-O bonds 
(403.5eV) and C-N bonds (399.0eV, 401.0eV) have 
formed during the implantation process[12]. 

 
 

IV. CONCLUSION 
 

In this work, high temperature adsorption and ion 
implantation were used to introduce the N impurities 
onto the surface of carbon materials. And Raman 
spectra and XPS were employed to analyze the 
surface properties. From the above experiments, 
conclusion can be drawn as follows: 

The graphitization varies in the 3 different carbon 
materials, among which boron-containing carbon 
bricks holds the lowest. 

There are 3 different combining states of N after 
reaction with carbon materials; the amount of 
adsorption is relevant to the graphitization of 
materials positively. Simultaneously, ion 
implantation also influences the surface properties 
profoundly; gaining the ion dose will make the 
structure of carbon materials increasingly disordered. 

The N impurities are contained in all the selected 
carbon materials before adsorption. With the 
temperature elevating, desorption of the N impurities 
existed occurred without exception; then if possible, 
adsorption may take place at appropriate temperature 
(such as the fuel element). However, the reaction 
product between N and carbon materials lacks 
thermal stability; generally, higher temperature 
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contributes the N impurities to accumulating in the 
nuclear materials to some degree. 

In the interaction between carbon materials and 
N impurities, C-N bond is not the sole product; N-O 
bond is easy to be discovered [7], due to the O 
element involved in the materials. 

However, further study is still needed, since the 
experiment condition is short of systematics and 
perfect contradistinction. Therefore, more useful 
conclusions remain confidential. Additionally, 
polishing the samples before adsorption and 
implantation is necessary which was omitted in this 
work. 
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