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Catalyzed oxidation of IG-110 nuclear graphite by simulated fission 
products Ag and Pd nanoparticles 
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A B S T R A C T   

To evaluate the stability of nuclear materials in high temperature gas reactors under air ingress conditions, 
catalytic oxidation of IG-110 graphite by two simulated fission products, metallic Pd and Ag, was studied in 
oxidative atmosphere and at temperatures up to 1000 ◦C using an integrated furnace, mass spectroscopy and 
infrared spectroscopy system. Transmission electron microscopy and X-ray diffraction studies show that Pd and 
Ag nanoparticles were successfully introduced onto powdery IG-110 graphite through an impregnation and 
subsequent heat-treatment process. The combined mass spectroscopy and infrared spectroscopy methods allow 
simultaneous analysis of two gaseous products, CO and CO2, and separate measurements of activation energy for 
their formation reactions. It was found that the introduction of Pd or Ag to IG-110 graphite substantially cata
lyzed the oxidation of graphite, characteristic of decreased onset temperatures for the oxidation of graphite. 
Moreover, the catalytic effects by Pd and Ag are considerably different based on measured concentration ratios of 
CO2 to CO as a function of oxidation temperatures. Ag makes the graphite oxidation commence at approximately 
400 ◦C with CO2 being the dominant product. In contrast, Pd significantly increases the concentration ratio of 
CO2 to CO at temperatures higher than approximately 690 ◦C, although it decreases the onset temperature for the 
oxidation reaction to around 525 ◦C. To understand the catalytic difference, the mechanism of the graphite 
oxidation is discussed based on the changes of surface oxygen species on Ag and Pd.   

1. Introduction 

High temperature gas-cooled reactors (HTGRs), which are developed 
to operate in the coolant outlet temperature range between 600 and 
1000 ◦C, represents one of the front-runner Generation-IV reactors 
because of their inherent safety and high thermal efficiency attributes. 
To boost the deployment of HTGRs, considerable efforts have been made 
to evaluate the durability of core structural and fuel materials under 
operation and design-basis-accident conditions [1,2]. Nuclear graphite 
has been widely used in HTGRs as a structural material, moderator, and 
fuel element. In an air ingress accident, graphite will react with mo
lecular O2 at high temperatures, seriously damaging its mechanical and 
thermal properties and introducing safety concerns. Therefore, the 
oxidation of nuclear graphite has been theoretically and experimentally 
studied under different oxidative conditions [3–5]. Generally, the 
oxidation behavior is strongly dependent upon reaction temperatures. 
Considerable oxidation of commonly studied nuclear graphite such as 
IG-110 and IG-430 occurs at approximately 700 ◦C [6–8]. At higher 

temperatures, the oxidation rates are significantly increased [7,8]. 
Based on the temperature dependence of the reaction rates, activation 
energy values were calculated and determined to fall within a wide 
range extending from around 160 to 400 kJ/mol, depending on exper
imental conditions and methods [8,9]. To understand the oxidation 
behavior, several different models have been proposed [10,11]. The 
oxidation of graphite is divided into three regimes: a chemical kinetics- 
controlled regime at low temperatures, an in-pore diffusion-controlled 
regime at intermediate temperatures, and a boundary layer-controlled 
regime at high temperatures. Because molecular O2 participates in the 
oxidation of graphite to CO and CO2, an oxygen transfer model was 
developed to elucidate the reaction mechanism [12]. The oxidation ki
netics are determined by the microstructures of graphite surfaces, sur
face absorption/desorption of oxygen-containing species, and their 
surface diffusion. In addition, computational simulation and modeling 
was conducted to understand the oxidation reactions at multiple length 
scales [13,14]. However, most of the studies described above are based 
on the use of high-purity nuclear graphite. 
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During HTGR operations, a range of fission products are generated 
and a limited amount of some fission products can diffuse from fuels to 
graphite-based matrix [15,16]. Therefore, the release and transport of 
fission products from tri-structural isotropic (TRISO) particle fuel have 
been intensively studied to boost the development and implementation 
of HTGRs [17–20]. The TRISO kernel is encapsulated by three layers of 
carbon- and ceramic-based materials that limit the release of radioactive 
fission products under all reactor conditions. At temperatures higher 
than approximately 1100 ◦C, fission products Ag, Sr, Eu, and Pd are 
likely to be released in their metallic forms. Moreover, their release rates 
are significantly higher with increasing temperatures [21]. Their 
transport and sorption in carbon materials and silicon carbide have been 
carefully examined [22,23]. The diffusion of Ag through intact TRISO 
fuel particles is a well-documented phenomenon [24]. Recent studies 
suggest that the significant attack of Pd on SiC may facilitate the diffu
sion of Ag through the intact SiC layer [24,25]. Therefore, Ag and Pd 
could eventually diffuse into surrounding fuel matrix and structural 
graphite in HTGRs. To understand the diffusion of Ag and the migration 
of Pd, their effective diffusion coefficients in IG-110 graphite were 
measured [26]. In particular, the sorption of fission products in carbon 
materials was reviewed [27]. It is suggested that the parameters of 
carbon structures and irradiation level likely play a dominant role in the 
sorption. High-temperature isotherms of Ag on nuclear graphite NBG-17 
were measured to estimate its adsorption heat [28]. 

Earlier studies of the oxidation of various carbon materials revealed 
that the oxidation reaction can be substantially promoted by the intro
duction of efficient catalysts which include transition metal oxides, 
inorganic salts, and noble metals [29,30]. Among reported catalysts, Pd 
and Ag exhibit pronounced catalytic effects to not only the oxidation of 
carbonaceous materials (such as soot particles and carbon nanotubes) 
but also the oxidative conversion of CO to CO2 [31,32]. In contrast, their 
catalytic effects to the oxidation of graphite—especially that of nuclear 
graphite—have been rarely studied. Therefore, there is interest to 
investigate the oxidation of HTGR materials containing fission products 
under air ingress conditions. 

The purpose of the present work was to evaluate the oxidation of IG- 
110 nuclear graphite modified with metallic Pd and Ag nanoparticles, in 
an oxidative atmosphere at temperatures correlating to the operation of 
HTGRs. It was found that Pd and Ag catalyze the oxidation of graphite to 
CO2 and CO differently. Ag significantly decreases the onset temperature 
of the graphite oxidation to approximately 400 ◦C with CO2 being the 
dominant product. In contrast, Pd exhibits significant catalytic effect to 
the oxidation of graphite to CO2 at temperatures higher than approxi
mately 700 ◦C. Furthermore, the values of activation energy for the 
oxidation of graphite to CO and CO2 were separately calculated, and the 
temperature dependence of molar ratio of the products CO2 to CO was 
also determined. Therefore, this study will provide an effective method 
to evaluate TRISO materials under simulated air ingress conditions and 
the results explain the oxidation behavior of nuclear graphite at tem
peratures correlated to the operation of HTGRs. 

2. Experimental 

2.1. Introduction of Pd and Ag nanoparticles to IG-110 graphite 

As-received nuclear-grade graphite IG-110 (Toyo Tanso) which is 
fine-grained isotropic graphite, was ball-milled into powder and sized 
using mesh sieves. The modification of graphite powder with Pd and Ag 
nanoparticles followed an impregnation and heat-treatment procedure. 
To obtain the designed loading of 1 wt% Ag on graphite, 1 wt% AgNO3 
solution was added to the graphite powder. The mixture was first dried 
at room temperature, followed by further drying in an oven at 80 ◦C. The 
dried mixture was then transferred into a tube furnace and heat-treated 
under an Ar flow with a temperature range increasing from room tem
perature to 600 ◦C at 3.7 ◦C/min, holding at 600 ◦C for 3 h, and sub
sequent cooling down to room temperature at 3.7 ◦C/min. There is no 

safety concern during the drying and heat-treatment. The resulting 
powdery solids were then pressed into disc samples using a 0.25 cm 
diameter stainless steel die and a force of 3000 kg for the studies of 
oxidation reactions. The preparation of graphite powder loaded with 1 
wt% Pd followed the same procedure described as above, except the use 
of a solution of 1 wt% PdCl2 + 5 wt% HCl during the impregnation. 

For simplification thereafter, powdery graphite, Pd-modified 
graphite, and Ag-modified graphite were denoted as IG-110, Pd- 
IG110, and Ag-IG110, respectively. 

2.2. Oxidation studies 

The graphite oxidation was studied using an integrated system 
comprised of a horizontal tube furnace (Model 1630-12HT, CM Furnaces 
Inc.) and an HPR-20 R&D analyzer equipped with HAL/3F 201 RC triple 
filter mass spectrometer (MS) using Faraday/Multiplier detector (Hiden 
Analytical Limited) and a mass range of 0 to 100 amu, as shown in Fig. 1. 
To reliably analyze the gaseous product CO without the inference of N2, 
a CO analyzer (Thermo Scientific Model 48i-TLE) was coupled to the MS 
unit. Two gas streams, high-purity Ar and a customized gas of 6.7 vol% 
O2 balanced by helium (He), were separately controlled using Bronk
horst mass flow controllers and an E-8000 series digital readout/control 
system. The tube furnace was controlled using a control system con
sisting of a 2404 EUROTHERM temperature controller, SCM power 
controller, and over-temperature protector. Hiden QGA quantitative gas 
analysis software was used for quantitative analysis of multicomponent 
gases. 

During each oxidation run, a high-purity alumina boat holding a 
pressed sample was placed in the center zone of the furnace tube and a 
gas flow of 1500 SCCM consisting of 300 SCCM O2-He and 1200 SCCM 
Ar was introduced to flow through the tube. The temperature was 
increased from room temperature to 1000 ◦C at a ramp rate of 3.7 ◦C/ 
min. The gases exiting the tube were analyzed continuously by the MS 
and CO analyzer as the temperature was rising. 

The changes of Gibbs energy for the oxidation of graphite and the 
transformation of Ag and Pd components induced by molecular O2, CO, 
or CO2 were analyzed using HSC Chemistry® 10 software [33] and a 
thermochemical diagrams module containing a database of enthalpy, 
entropy, heat capacity, Gibbs energy, and exergy for different chemical 
species. 

2.3. Characterization of Ag and Pd impregnated graphite 

The characterization of IG-110, Pd-IG110, and Ag-IG110 was per
formed prior to oxidation tests using a scanning-electron-microscope 
(SEM), energy-dispersive X-ray spectroscopy (EDS), X-ray powder 
diffraction (XRD), and transmission electron microscopy (TEM) at the 
Microscopy and Characterization Suite (MaCS) of the Center for 
Advanced Energy Studies (CAES). The crystalline structures of the 
samples were examined in the 2θ range from 15◦ to 85◦ at a scanning 
speed of 2◦/min using a Rigaku Smartlab X-ray diffractometer with Ni 
filtered Cu Kα radiation operated at 40 kV and 40 mA, and PDXL soft
ware. SEM and EDS measurements were performed using a JEOL JSM 
6610LV SEM equipped with an EDS detector. TEM samples were pre
pared by diluting the ink with isopropyl alcohol and drop casting onto a 
300 mesh TEM Cu grid coated with a carbon support film. TEM imaging 
studies were carried out using a FEI Tecnai G2 F30 STwin scanning 
transmission electron microscope operated at 300 kV. FEI TIA (ESVison) 
software was employed to analyze EDS data. 

3. Results and discussion 

3.1. Characterization of IG-110, Pd-IG110, and Ag-IG110 

Fig. 2 shows SEM images of pressed samples prior to oxidation for IG- 
110, Pd-IG110, and Ag-IG110. They show similar irregular appearance 
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and a wide particle size distribution. The EDS spectra for the three 
samples measured in selected areas that have fine and large particles are 
shown in Fig. 3. IG-110 contains 100 wt% C. Pd-IG110 and Ag-IG110 
exhibit Lα and Lβ peaks corresponding to Pd and Ag, respectively. 
Their loadings are approximately 1.2 wt% Pd for Pd-IG110 and 0.9 wt% 
Ag for Ag-IG110, estimated from the EDS spectra performed on areas of 
around 50 µm × 50 µm. A more accurate analysis of Pd and Ag elements 
in the samples could be obtained using glow discharge mass spectrom
etry or through appropriate sample digestion followed by inductively 
coupled plasma optical emission spectrometry or mass spectrometry. 

Spot EDS analysis performed on selected bright fine particles in Fig. 2 
(B) and (C) indicates that some of them are likely to be Pd or Ag parti
cles. To examine the crystalline structures of Pd and Ag supported on IG- 
110, the XRD patterns of IG-110, Pd-IG110 and Ag-IG110 were 
measured in the 2θ range from 15◦ to 85◦ and they are shown in Fig. 4. 
IG-110 exhibits diffraction peaks at 2θ = 26.6◦, 42.7◦, 44.7◦, 54.8◦, 
59.9◦, 77.7◦, and 83.9◦. These values are consistent with literature data 

for IG-110 graphite [34]. They can be assigned to C(002), C(100), C 
(101), C(004), C(103), C(110), and C(112) planes, respectively. For 
Pd-IG110, four new peaks at 2θ = 40.2◦, 46.8◦, 68.2◦, and 82.2◦ were 
observed. They correspond to (111), (200), (220), and (311) planes of 
polycrystalline Pd with face centered cubic (fcc) crystalline structure 
[35]. Similarly, Ag-IG110 generates three new peaks at 2θ = 38.4◦, 64.7◦

and 81.8◦, corresponding to Ag(111), Ag(220) and Ag(311) facets, 
respectively [36]. Therefore, the XRD studies of three samples suggest 
that metallic Pd and Ag particles are formed on IG-110 through the 
impregnation and heat-treatment procedure. 

The crystalline sizes (d) of Pd and Ag particles can be estimated ac
cording to Debye-Scherrer’s formula as follows [37]: 

d =
0.89λ

β2θcosθ
(1) 

Fig. 1. Schematic setup for the studies of graphite oxidation using an integrated tube furnace, mass spectrometer, and CO analyzer.  

Fig. 2. SEM images of pressed IG-110 (A), Pd-IG110 (B), and Ag-IG110 (C).  

Fig. 3. EDS spectra of IG-110, Pd-IG110, and Ag-IG110.  

Fig. 4. XRD spectra of IG-110, Pd-IG110, and Ag-IG110.  
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where λ is the X-ray wavelength (0.15418 nm), θ is the Bragg 
diffraction angle, and β2θ is the full peak width at half-maximum. The 
calculated crystallize sizes for Pd and Ag particles based on their peak 
broadening profile of (111) peak are approximately 22.1 and 21.4 nm, 
respectively. 

The particle sizes of Pd and Ag on IG-110 and their dispersions were 
examined using TEM. The dark-field and bright-field TEM images and 
electron diffraction patterns for Pd-IG110 and Ag-IG110 are shown in 
Fig. 5(A) and (B) respectively. Fig. 5(A) exhibits aggregated and highly 
dispersed Pd. The equivalent size of the largest particle in the aggregate 
is about 300 nm. In the highly dispersed region, the particle sizes fall in a 
range of approximately 2 to 20 nm. The electron diffraction patterns at a 
selected area can be indexed to (111), (200), (220), and (311), 
consistent with the XRD results shown in Fig. 4. Compared to Pd-IG110, 
higher dispersion was observed on Ag-IG110. Fig. 5(B) shows smaller 
aggregates. The equivalent sizes of well dispersed particles are in the 
range of around 30 and 120 nm. The electron diffraction patterns are 
consistent with those of Ag crystalline indices, albeit with some inter
ference of crystalline IG-110. 

3.2. Oxidation of IG-110, Pd-IG110, and Ag-IG110 

Fig. 6 shows the temperature dependence of CO and CO2 concen
trations for IG-110, Pd-IG110, and Ag-IG110. For comparison, each 
measured concentration in ppm was normalized to the geometric surface 
area exposed to the oxidative flow for a disc sample (which includes the 
top circular area and the cylinder-side area, and the density is approx
imately 1.44 g/cm3). The oxidation of IG-110 to both CO and CO2 
commences at approximately 650 ◦C. Their concentrations significantly 
increase with increasing temperatures until their values are maximized. 
For the CO formation, the peak concentration is approximately 155 
ppm/cm2 at 776 ◦C. When the temperature is further increased to 
1000 ◦C, the CO concentration gradually decreases. The CO2 concen
tration is maximized to around 909 ppm/cm2 when the temperature is 
increased to 906 ◦C. A plateau with slight concentration decline is seen 
at higher temperatures. In the oxidation, the concentration of molecular 
O2 was also measured as a function of reaction temperature. The initial 

concentration is approximately 6100 ppm/cm2. It starts to decrease at 
approximately 650 ◦C where the oxidation of graphite occurs and rea
ches a minimum of approximately 5200 ppm/cm2 when the CO2 con
centration is maximized at 909 ppm/cm2. Therefore, the consumption of 
O2 is not significant during the oxidation. 

The introduction of Pd and Ag substantially changes the character
istics of the concentration-temperature dependence. For Pd-IG110, the 
onset temperatures for the CO and CO2 formation are approximately 525 
and 590 ◦C, respectively. The CO concentration increases along with the 
temperature until it is maximized at 668 ◦C. A considerable decrease in 
the concentration is observed when the temperature is increased to 
about 700 ◦C, followed by gradual decrease at higher temperatures up to 
1000 ◦C. The CO2 concentration is substantially increased with rising 
temperatures until a concentration plateau appears at temperatures 
higher than approximately 835 ◦C. 

For Ag-IG110, the distinguishing characteristic from those for IG-110 
and Pd-IG110 is that the onset temperature for the CO2 formation is only 
400 ◦C and the CO concentration is negligible at this temperature. 
Increasing temperature significantly increases the CO2 concentration 
and produces two concentration waves. One is seen between approxi
mately 580 and 763 ◦C with a value of around 600 ppm/cm2 and 
another is seen between approximately 849 and 946 ◦C with a value of 
about 811 ppm/cm2. The CO formation exhibits a symmetric peak- 
shaped temperature dependence, characteristic of an onset tempera
ture at 608 ◦C and a peak temperature at 774 ◦C, with a high peak 
concentration of about 262 ppm/cm2. 

Based on the above results, the characteristic parameters for the 
oxidation of CO and CO2 on IG-110, Pd-IG110 and Ag-IG110, including 
their corresponding onset temperatures, peak temperatures, and peak 
concentrations are included in Table 1. 

The temperature dependence of the sum of CO and CO2 concentra
tions indicates that the oxidation of graphite to CO2 becomes gradually 
dominant on IG-110, Pd-IG110, and Ag-IG110 when the temperatures 
are higher than the peak temperatures for the CO formation. 

The correlation of the rates of the graphite oxidation reactions for the 
CO and CO2 formation in this case can be described as follows: 

Fig. 5. Dark-field and bright-field TEM images and selected area electron diffraction of Pd-IG110 (A) and Ag-IG110 (B).  
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kCO =
100 × [CO] × ρ × Q

A × MCO
(2)  

kCO2 =
100 × [CO2] × ρ × Q

A × MCO2

(3) 

where kCO and kCO2 are the reaction rate for the CO and CO2 for
mation (in mol/cm2 s), [CO] and [CO2] are the CO and CO2 concen
trations (in ppm), ρ is the density of the oxidative gas mixture (in g/cm3), 
Q is the flow rate of the gas mixture (in cm3/s), A is the geometric 
surface area of the sample (in cm2), MCO and MCO2 are the molar mass of 
CO and CO2 (in g/mol) respectively. 

3.3. Reaction activation energy 

The values of activation energy for the oxidation of graphite to CO 
and CO2 based on Equations (4) and (5): 

kCO = ko,CO×e(−
Ea,CO

RT ) (4)  

kCO2 = ko,CO2×e(−
Ea,CO2

RT ) (5) 

where Ea,CO and Ea,CO2 are the activation energy (in kJ/mol), ko,CO 
and ko,CO2 are the pre-exponential factors, and other terms have their 
normal meanings. By combing Equations (2) ~ 5, the concentration 
dependence of activation energy can be written as 

ln([CO] ) = BCO −
Ea,CO

RT
(6)  

ln([CO2] ) = BCO2 −
Ea,CO2

RT
(7) 

where BCO and BCO2 are the constants independent of [CO] and 
[CO2], which incorporate their corresponding pre-exponential factors. 

The Arrhenius plots for the formation of CO and CO2 on IG-110, Pd- 
IG110, and Ag-IG110 are shown in Fig. 7. The temperature dependence 
of logarithm of [CO2] exhibits similar linear regions in the lower tem
perature ranges for the three samples, followed by the less-temperature 
dependent regions at the higher temperature ranges which is related to 
mass transport limitation of O2. This dependence is similar to the liter
ature results for IG-110 graphite [38]. In contrast, the temperature 
dependence of the logarithm of [CO] shows local maxima near the 
middle of the temperature range. They are comprised of linear rising 
regions in the lower temperature ranges, maximized concentrations, and 
decreasing regions in the higher temperature ranges. Compared to IG- 
110, the influences of adding Pd and Ag to IG-110 are different. The 
higher temperature region of 500 to 1000 ◦C on Pd-IG110 is comprised 
of approximately four sub-regions. The low-temperature region of 
approximately 450 to 550 ◦C in which the CO concentration linearly 
rising for Ag-IG110 is considerably separated from that for the CO2 
formation with a temperature difference of approximately 170 ◦C. 

The activation energy for the CO and CO2 formation on each sample 
can be separately estimated from their corresponding low-temperature 
linear regions. Their values (Ea,CO and Ea,CO2 ) are provided in Table 2. 
For IG-110, the Ea,CO2 and Ea,CO values are approximately 250.2 and 
196.9 kJ/mol, respectively. In the literature, the activation energy for 
the oxidation of IG-110 under varying conditions has been normally 
measured according to the mass changes of a graphite sample during 
oxidation as a function of temperatures [6–9]. The reported values are 

Fig. 6. Temperature dependence of CO2 and CO concentration during graphite 
oxidation. (A) IG-110; (B) Pd-IG110; and (C) Ag-IG110. 

Table 1 
Onset temperatures (To), peak temperatures (Tp), peak or plateau concentrations for the formation of CO and CO2.   

To, CO (◦C) Tp, CO (◦C) [CO]peak (ppm/cm2) To, CO2 (◦C) [CO2]plateau (ppm/cm2) 

IG-110 650 776 155 705 903 
Pd-IG110 525 668 168 590 908 
Ag-IG110 608 774 262 400 601, 811  
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within a wide range of 160 to 400 kJ/mol. One of the reasons for the 
wide variance may be the use of different temperature ranges. However, 
the individual measurements of Ea,CO and Ea,CO2 have rarely been re
ported. In contrast, the values of Ea,CO and Ea,CO2 were determined in this 
study according to the individual changes of [CO] and [CO2] with 
increasing temperature. The simultaneous determination of Ea,CO and 
Ea,CO2 makes it possible to analyze the oxidation of graphite to CO and 

CO2 under the same conditions, the relative amounts of CO and CO2 
produced, and the competition between their formation reactions. 

The introduction of Pd and Ag effectively decreases the values of the 
Ea,CO and Ea,CO2 . The Ea,CO values are 166.0 for Pd-IG110 and 169.6 kJ/ 
mol for Ag-IG110. Their Ea,CO2 values are 171.9 and 107.6 kJ/mol, 
respectively. These values indicate that Pd and Ag can efficiently cata
lyze the oxidation of IG-110 to both CO and CO2. Moreover, Ag is highly 
active, and therefore catalyzes the oxidation of graphite to CO2 
commencing at approximately 400 ◦C. 

3.4. Temperature dependence of concentration ratio of CO2 to CO 

The intrinsic oxidation of graphite in O2 is described as follows: 
C + 0.5(1 + χ)O2 = χCO2 + (1-χ)CO(I) 
where χ is the molar fraction of CO2 in the mixture of CO and CO2. 

The ratio of χ to (1-χ) is equal to the molar ratio of CO2 to CO. Its 
temperature dependence can be determined from the variations of 
[CO2] and [CO] with temperatures according to Equation (8), as shown 
in Fig. 8(B). 

χ
1 − χ =

[CO2]MCO

[CO]MCO2

(8) 

Generally, the dependence for IG-110 shows the gradual increase of 
CO2 fraction with increasing temperature when the temperature is 
higher than 736 ◦C, following a slight decrease in the lower temperature 
range. At 1000 ◦C, the ratio is maximized to approximately 114. On Pd- 
IG110, the CO2-to-CO ratio shows an approximate three-stage temper
ature dependence at temperatures higher than 685 ◦C: an initial rise 
between 685 and 728 ◦C, a gradual increase between 728 and 835 ◦C, 
and a rapid increase from approximately 35 to 324 when the tempera
ture is further increased to 1000 ◦C. A different dependence is observed 
on Ag-IG110, exhibiting the peak-shaped response over a wide range 
between 400 and 775 ◦C and gradual increase when the temperature is 
further increased. The peak ratio is approximately 56.4 at 561 ◦C, the 
lowest value is about 1.4 at 775 ◦C, and a value at 1000 ◦C is 53.3. The 
molar fraction of CO2 as a function of temperature is shown in Fig. 8(A). 
However, it is clearly observed that the lowest χ values for the three 
samples are: 0.30 at 725 ◦C for IG-110, 0.30 at 600 ◦C for Pd-IG110, and 
0.59 at 775 ◦C for Ag-IG110. All χ values at 1000 ◦C approach 1.0 
indicative of nearly 100% CO2 as the oxidation product. For Ag-IG110, 
the χ values higher than 0.97 at temperatures lower than around 600 ◦C 
also indicate that the main reaction is the oxidation of graphite to CO2. 

Based on Equations (2)–(5) and 8, the temperature dependence of 
χ/(1-χ) can be written as: 

ln
(

χ
1 − χ

)

= ln
(

ko,CO2

ko,CO

)

+
(Ea,CO − Ea,CO2 )

RT
(9) 

This equation indicates that the temperature dependence of the χ/(1- 
χ) ratio is likely to follow an Arrhenius behavior. In the plot of loga
rithmic ratio versus reciprocal temperature in Kelvin (Fig. 9), IG-110 
and Ag-IG110 exhibit linear relationships at temperatures higher than 
785 ◦C. However, no linear relation can be drawn for Pd-IG110 in the 
similar temperature range. Instead, a three-region dependence was 
observed. This may indicate the complexity of the oxidation reaction. In 
the above temperature range, the oxidation of CO to CO2 (Reaction II) is 
spontaneous. In addition, the reaction of CO2 and C becomes likely 
(Reaction III) when the temperature is higher than approximately 

Fig. 7. Arrhenius plots of CO2 and CO concentration as a function of inverse 
temperature. (A) IG-110; (B) Pd-IG110; and (C) Ag-IG110. 

Table 2 
Calculated values of activation energy (Ea) for the oxidation of IG-110, Pd- 
IG110, and Ag-IG110 to CO2 and CO.   

Ea for oxidation to CO2 (kJ/mol) Ea for oxidation to CO (kJ/mol) 

IG-110 250.2 ± 0.1 196.9 ± 0.2 
Pd-IG110 171.9 ± 0.1 166.0 ± 0.1 
Ag-IG110 107.6 ± 0.1 169.6 ± 0.1  
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700 ◦C. If Reaction II or III occurs, there is a need to modify Equations 2 
or 3, which is likely to result in some deviation from a linear relation 
predicted by Equation (9). Moreover, Reaction III can also be catalyzed 
by Pd or Ag, as discussed in the following sections. 

C + CO2 = 2CO(II). 
CO + 0.5O2 = CO2(III). 
In the literature, the values of the CO2 to CO ratio were measured 

during the oxidation of graphite within the range between 520 and 
1420 ◦C and several empirical correlations between the ratio and tem
peratures were suggested [6,39,40]. In this case, Equation (9) provides 
the physical meaning for the temperature dependence of the ratio. On 
IG-110 and Ag-IG110, the linear regions could be attributed to the dif
ference of activation energy for the CO2 and CO formation. 

3.5. Catalytic effects by Pd and Ag 

Fig. 10 shows the variations of Gibbs energy for the oxidation of 
graphite to CO and CO2 (via Reactions IV and V) and the oxidation of CO 
to CO2 (Reaction III) in the temperature range of 20 and 1000 ◦C. All 
their values are negative, indicative of thermodynamical spontaneous
ness for Reactions III ~ V. The Gibbs energy for the reaction between 
graphite and CO2 (Reaction II) is strongly temperature dependent. The 
zero value is seen at approximately 700 ◦C. At higher temperatures, it 
turns positive, indicating that Reaction II becomes thermodynamically 
unfavored. 

C + O2 = CO(IV). 
C + 0.5O2 = CO(V). 
The reaction mechanism of nuclear graphite oxidation in molecular 

O2 has been discussed frequently based on several reaction kinetics 
models [41–46]. It is accepted that graphite can be oxidized to CO and 
CO2 through multiple pathways, depending on several factors which 
may include the activity and microstructures of graphite surfaces, 
driving forces such as temperature and pressure, and oxygen concen
tration [10,41]. Among several kinds of intermediates discussed in the 
literature, dioxyranyl intermediates and semiquinone intermediates are 
considered reactive [42,43]. In contrast, epoxide intermediates are 
relatively stable and unable to directly desorb from basal planes [44]. 
They may be involved in the indirect desorption of CO2 and are likely to 
reduce C–C bond which is the major energy barrier for deposition of CO 
and CO2. During the formation of surface intermediates, the adsorption 
of oxygen and its surface diffusion play important roles [45,46]. The 
focus of this discussion is the role of introduced Pd and Ag in the 
graphite oxidation. 

Fig. 8. (A) Temperature dependence of CO2 fraction in the mixture of CO and 
CO2 during the oxidation of IG-110, Pd-IG110 and Ag-IG110; (B) temperature 
dependence of concentration ratio of CO2 to CO. 

Fig. 9. Arrhenius plots for the molar ratio of CO2 to CO in the mixture on IG- 
110, Pd-IG110, and Ag-IG110. 

Fig. 10. Temperature dependence of Gibbs energy for major reactions involved 
in graphite oxidation. 
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The interaction of oxygen with silver surface at high temperatures 
and the nature of oxygen species adsorbed on Ag surfaces have been 
discussed in the literature [47,48]. Four types of oxygen species which 
were distinguished include: molecular, atomic ionic species, covalent 
quasi-molecular species, and Ag2O on the surface, depending on tem
peratures and oxygen pressures. These oxygen species on Ag surface and 
subsurface were considered to exhibit different activities toward 
different reactions such as ethylene epoxidation and methanol to 
formaldehyde [49]. However, their nature is still under debate. 

The reactions of metallic Ag and molecular O2 can be written as 
follows: 

2Ag + 0.5O2 = Ag2O(VI). 
Ag + 0.5O2 = AgO(VII). 
Thermodynamic calculations of Gibbs energy suggest that Reaction 

VII is less likely in the whole temperature range, as shown in Fig. 11. The 
changes of Gibbs energy for Reaction VI with temperature show a 
dependence different than Reaction VII. At temperatures lower than 
approximately 630 ◦C, negative values are seen. At higher temperatures, 
the values turn positive and increase with increasing temperature. This 
temperature behavior suggests that the dissociative adsorption of mo
lecular O2 on Ag is likely, leading to the formation of Ag2O. Compared to 
Reaction VI, the Gibbs energy values of Reaction VII are positive over 
the whole temperature range of 20 to 1000 ◦C, suggesting that the for
mation of AgO is less likely. Therefore, the surface of Ag could be free of 
stable oxides at temperatures considerably higher than 630 ◦C. 

Ag2O is likely to react with CO and C to generate CO and CO2 via the 
following Reactions VIII to X since they are thermodynamically favored 
(shown in Fig. 11). 

Ag2O + C = 2Ag + CO(VIII). 
Ag2O + 0.5C = 2Ag + 0.5CO2(IX). 
Ag2O + CO = 2Ag + CO2(X). 
Therefore, Reactions VII to X indicate that Ag is likely to be an 

effective catalyst towards the oxidation of graphite to CO2 through the 
formation of active Ag2O intermediate at temperatures lower than 
630 ◦C. This is consistent with the results shown in Fig. 6(C) and Fig. 8 
(A) and (B), clearly demonstrating that CO2 is the dominant product. 
The catalytic oxidation of CO and carbon nanotube by Ag was recently 
examined [50,51]. For the CO oxidation reaction, the activity of Ag 
nanoparticles was correlated to the Ag-O interaction strength and Ag 
surface area [50]. During the oxidation of carbon nanotube, both 
theoretical and experimental studies suggest that the molecular O2 
dissociate on the surface of Ag nanoparticles and diffuse through the 
nanoparticles to reach the Ag-C interfaces and subsequently the carbon 

[51]. Once the C atoms on the carbon nanotube were oxidized, an ox
ygen concentration gradient is likely to develop inside the nanoparticles 
to establish a dynamic equilibrium. The oxygen species far from the Ag- 
C interface will supply this consumption by transiting oxygen species to 
the interface, driven by the oxygen concentration gradient within the 
nanoparticles. Because graphite and carbon nanotube are carbon ma
terials, it is reasonably postulated that Ag nanoparticles on graphite 
could similarly promote the dissociation of molecular O2 and the 
diffusion of dissociated oxygen species, although the nature of very 
active oxygen species is still unclear. According to the temperature 
dependence of the CO2 fraction shown in Fig. 8(A), the dominant 
oxidation of IG-110 to CO2 at temperatures lower than approximately 
630 ◦C is likely to be promoted by the generation and diffusion of very 
active oxygen species on Ag. At higher temperatures, the formation of 
Ag2O becomes thermodynamically formidable, leading to a decrease in 
the amount of active oxygen species. It is expected that the role of Ag 
will gradually change from an efficient catalyst to a standby observer 
since no oxides will be present on the Ag surface at temperatures higher 
than approximately 630 ◦C. In this case, the oxidation behavior of Ag- 
IG110 becomes similar to that of IG-110. This postulation is supported 
by the experimental results: the temperature dependence of the molar 
content of CO2 at temperatures higher than 775 ◦C shown in Fig. 8(A) 
and similar linear relations for IG-110 and Ag-IG110 in Fig. 9. 

Analogous to the roles of Ag in the oxidation of graphite, Pd is likely 
to interact with O2, C, and CO through Reactions XI to XIV as follows: 

Pd + 0.5O2 = PdO(XI). 
PdO + 0.5C = Pd + 0.5CO2(XII). 
PdO + C = Pd + CO(XIII). 
PdO + CO = Pd + CO2(XIV). 
The variations of Gibbs energy for these reactions as a function of 

temperature are shown in Fig. 12. The values for Reaction XI remain 
negative until the temperature is increased to approximately 880 ◦C. 
Based on the values for Reactions XII to XIV, PdO can be reduced 
spontaneously to Pd by C and CO, leading to the formation of CO and 
CO2. Therefore, Pd is likely to effectively catalyze the oxidation of 
graphite to CO2 through the formation of PdO intermediate as the 
temperatures are lower than 880 ◦C. The catalytic oxidation of CO by Pd 
has been extensively studied at ambient pressure. The most active cat
alysts—based on highly dispersed Pd nanoparticles with optimized sizes 
and shapes on appropriate support—enable the oxidation of CO at low 
temperatures down to even room temperature [31]. In contrast, the 
catalytic oxidation of graphite has seen limited investigation [31,52]. 
Although Pd is likely to enable the dissociation of molecular O2 through 

Fig. 11. Changes of Gibbs energy for reactions involving Ag in graphite 
oxidation as a function of temperature. 

Fig. 12. Temperature dependence of Gibbs energy for reactions involving Pd in 
graphite oxidation. 
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the formation of PdO (Reaction XI), the activity of the bonded oxygen 
may be not sufficiently high to oxidize C through Reactions XII and XIII. 
Several groups observed the existence of oxygen species bound more 
strongly than the usual chemisorbed oxygen on Pd [53,54], which were 
assigned to surface oxides or dissolved oxygen in Pd. It is expected that 
increasing temperatures increases the activity of Pd. CO can also be 
catalytically oxidized to CO2 by Pd, accompanied by the direct oxidation 
of graphite to CO2. Molecular beam studies with a CO + O2 mixture 
suggests that a partially oxidized Pd surface might be the reason for its 
oxidation capacity at high temperatures [55,56]. This could be corre
lated to the considerable drop of CO concentration shown in Fig. 6(B), 
compared to the change of CO concentration on IG-110 shown in Fig. 6 
(A). With further increasing temperature, the reactivity of the bonded 
oxygen is likely to gradually increase until it can rapidly react with C. In 
this case, the role of Pd in the temperature of approximately 800 to 
900 ◦C becomes similar to that of Ag over 400 to 500 ◦C. In addition, 
catalytic effects of Pd toward the gasification of C in CO2 (Reaction II) 
over 700 to 1000 ◦C was also reported [57]. Therefore, the complicated 
temperature dependence of molar ratio of CO2 to CO for Pd-IG110 
shown in Fig. 9 may be related to multifunctional catalytic effects of 
Pd to several different reactions in this temperature range. 

4. Conclusions 

Two simulated metallic fission products known to transport - to a 
limited extent - through intact TRISO particles at temperatures higher 
than 1100 ◦C, Ag and Pd, exhibit pronounced catalytic effects towards 
the oxidation of nuclear graphite IG-110. The introduction of Ag nano
particles to IG-110 decreases the onset temperature of the oxidation 
reaction from approximately 650 to 400 ◦C. In the temperature range of 
400 to 650 ◦C, Ag can effectively catalyze the oxidation of IG-110 to 
CO2. It is suggested that Ag is likely to promote the formation of very 
active oxygen species that can oxidize C to CO2 through the dissociative 
absorption of molecular O2. At temperatures beyond this range, the role 
of Ag gradually changes from an efficient catalyst to a standby observer 
because the dissociative absorption of molecular O2 by Ag becomes 
thermodynamically forbidden. In contrast to Ag, Pd may play multi
functional roles in the oxidation of graphite. Pd is likely to promote the 
dissociative absorption of molecular O2, leading to the formation of very 
reactive oxygen which oxidizes C to CO2. But this occurs at temperatures 
higher than approximately 830 ◦C. At lower temperatures, Pd could 
effectively catalyze the oxidation of the intermediate or product CO to 
CO2. But the graphite oxidation is limited by the reactivity of dissociated 
oxygen through the formation of PdO. In addition, Pd is also likely to 
catalyze the reaction of CO2 and C at temperatures higher than around 
700 ◦C. These results will be useful to assess the consequences of air 
ingress during the operation of HTGRs. 

Simultaneous measurements of CO2 and CO concentrations by mass 
spectroscopy and CO analyzer enable the separate calculations of acti
vation energy for the formation of CO and CO2, and the analysis of their 
molar ratio in the product as a function of reaction temperature. This 
information is also useful for the analysis of the graphite oxidation under 
air ingress, as well as the elucidation of the mechanism of oxidation 
reactions which may be involved. 

The results presented are useful for assessing air ingress scenarios for 
an HTGR. The developed measurement provides insight into how this 
can alter the atmosphere in the reactor core by changing it from air to 
various volatile products. Future work will employ this method to 
quantify the influence of ingress air and moisture on graphite oxidation 
at higher temperatures including neutron-irradiated graphite, and 
further investigate catalytic effects of graphite and other TRISO mate
rials by fission products. 
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