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Abstract

The surface chemical behavior of U3O8 has been studied by X-ray photoelectron spectroscopy (XPS), gas chro-

matography (GC) and thermodynamic calculations in reducing atmospheres. The surface of U3O8 is remarkably re-

duced in the atmospheres of CO and H2. The e�ect of the oxide reduction is more obvious at higher temperatures and

the oxygen content in the oxide is decreased with increasing exposure to the gases. The in¯uence of H2 is less than that

of CO. It is also shown that the oxide surface layer is resistant to further hydriding as there does not exist any hydriding

reaction for U3O8 in a H2 atmosphere. Results of GC investigations and thermodynamic calculations are in good

agreement with the above conclusions. Ó 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

The corrosion of uranium by atmospheric gases and

water vapor is an important engineering problem and

has received considerable attention. Many studies in the

past were focused on the ®eld of oxidation of uranium

and oxides in air, O2, H2O (v) and O2/H2O (v) mixtures

[1,2]. Although signi®cant progress has been made, there

are still many details of the oxidation process that have

been not fully investigated or not well understood. In

particular, the e�ect of carbon monoxide on the oxygen-

, water vapor- and hydrogen- uranium reactions are

unknown. The surface of uranium metal may have a

resistance to further corrosion in the gas atmosphere

which contains carbon monoxide as the strong interac-

tion between carbon and uranium would be expected to

e�ect signi®cantly the adsorption of di�erent gases on

uranium and its subsequent oxidation [3].

There are some scattered papers which involve the

surface reactions of uranium and its alloys with CO and

H2 [4±10]. We considered that the main compounds of

uranium are oxides (for example UO2, UO3 and U3O8,

etc.) in natural environment due to the humidity. So, it

was thought worthwhile to carry out systematic surface

chemical studies of uranium oxide in CO and H2 at-

mospheres. The result is very important not only for

exploring the atmospheric environment which is bene-

®cial for uranium metal that has resistance to further

corrosion, but also for providing an available experi-

mental research method for further similar studies of

uranium metal in the same atmospheres.

The previous reports on uranium oxides were focused

on structure and valence studies using XPS [11,12]. In

this paper, detailed XPS and GC measurements as well

as thermodynamic calculations of U3O8 in CO and H2

atmospheres are performed.

2. Experimental

2.1. Reagents and apparatus

U3O8, 99.945% purity, was a product of State 404

Factory of China. The test coupon was a pellet (U� 8.2

mm, h� 1 mm) pressed from powder. The CO and H2

used in these experiments were of 99.99% and 99.999%

purity, respectively, and were products of Southwest

Academy of Chemical Engineering of China.

The spectrometer used in this work was the Kratos

XSAM 800. X-ray photoelectron spectra were produced
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using Al K a radiation. The routine anode power was

325 W and the spectrometer was run in the ®xed ana-

lyzer transmission mode which gave a Ag 3d5=2 peak

with full width at half maximum (FWHM) of 1 eV. The

base pressure of the sample treatment chamber (STC)

was 5.0 ´ 10ÿ6 Pa and sample analysis chamber (SAC)

was 5.0 ´ 10ÿ8 Pa. The sample temperature was mea-

sured with a thermocouple attached to the side of a thin

coupon cap. The spectrometer energy scale was cali-

brated using the binding energy of adventitious carbon

to be 285.0 eV for the C 1s peak.

2.2. XPS analytical procedure of the surface reaction of

U3O8 in CO and H2 atmospheres

U3O8 spectra were measured in a copper holder and

recorded in the SAC. Surface reactions were performed

in atmospheres of CO and H2 in the STC. Dry CO was

dynamically ¯owed through the system at a pressure of

6.6 mPa for about 45 h at room temperature. Dry H2

was statically ¯owed through the system at a pressure of

50 Pa for about 40 h at temperatures of 25°C, 80°C and

200°C, respectively. The data were collected in a multi-

channel analyzer and transferred to a computer system

for storage and analysis.

2.3. GC analytical procedure of the surface reaction of

U3O8 in CO atmosphere

A known amount of the U3O8 pellet was put into the

glass testing bottle of which the volume had been ac-

curately determined. The testing bottle was linked up

with the vacuum apparatus system together with the

blank bottle and then was evacuated to 0.64 Pa. CO was

exposed to the system and stored statically. The gaseous

components in di�erent reaction times were analyzed by

HP PE 9000 gas chromatography.

3. Results and discussion

3.1. XPS study on surface reaction of U3O8 in CO

atmosphere

U3O8 is a mixed valence compound in which the

metal is present in two formal oxidation states. An

intensity analysis of the composite U 4f photoelectron

spectrum of U3O8 indicates that the compound should

be written as UVI
2 UIV

nÿ2 O2n�2 [11]. As CO was dy-

namically ¯owed through the system for about 45 h

which exposed up to 7.2 ´ 106 L (1 L� 1.33 ´ 10ÿ4 Pa

s), the U 4f signal changed the shape gradually with

the low binding energy component slowly growing in

intensity while its position also shifted to lower

binding energies. There existed also a distinct wider

shoulder to the low binding energy side of each of the

U 4f7=2 and U 4f5=2 peaks. This indicates that the

surface layer of U3O8 is partially reduced to UO2 by

CO, Fig. 1 shows the comparison of the U 4f pho-

toelectron region for U3O8 after CO exposure up to

7.2 ´ 106 L. The equations of the U3O8±CO surface

reaction are as follows:

2CO�U3O8 ! 2CO2 � 3UO2 �1�

CO�UO3 ! CO2 �UO2: �2�
From the deconvolution spectrum of Fig. 2, we

found that the content of UO3 in U3O8 decreased and

that of UO2 increased with increasing exposure to CO.

We also observed that the deconvoluted peak areas were

in the ratio 1:1.58 according to Fig. 2. Compared with

the original result of 1:1.9 for U3O8 [11], it showed that

the content of UO3 in U3O8 is decreased by 20%. Apart

from UO2 and UO3 in the deconvoluted spectrum, there

could exist a third peak of U 4f5=2 and U 4f7=2 which

were 392.2 and 381.3 eV, respectively. The binding en-

ergy of the third deconvoluted peak was between that of

Fig. 1. Comparison of the U 4f photoelectron region of U3O8: (a) before and (b) after exposure to 7.2 ´ 106 L CO.
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UO3 (U 4f7=2, 381.9 eV) [13] and U4O9 (U 4f7=2, 380.8

eV) [14]. It may be an interim state, U4O9ÿy or UO2�x.

The intensity of the third peak in U3O8 increased with

increasing exposure of carbon monoxide and the bind-

ing energy of the peak changed with increasing exposure

of gas. Fig. 3 shows such change trade expressed above.

The e�ect of reduction by CO on the surface of U3O8

could be observed by the O 1s/U 4f intensity ratio. But it

is di�cult to carry out the quanti®cation by simple use

of the intensities of the XPS peaks since there exist some

problems how to de®ne the background of the mea-

surements of the peak area, and the relative sensitivity

factors are changed by changing the elements and

spectrometers. The most practical solution at the present

time is to compare the relative O 1s/U 4f intensity ratio

by de®ning the background of the peak with the same as

the method in the series experiments to overcome the

systematic error. So, it is also important to recognize

that the analysis of the O 1s/U 4f intensity ratio is de-

pendent on the change of the oxygen content in the

surface of U3O8. In the light of this investigation, we

observed that the O 1s/U 4f intensity ratio decreased

with increasing the CO exposure to the surface (see

Fig. 4). After the CO exposure up to 7.2 ´ 106 L, the O

1s/U 4f intensity ratio showed that the oxygen content in

the surface oxide is decreased by 11%. Obviously, there

existed a di�erence of 9% compared with that of the

oxygen content in the surface oxide which is decreased

by 20% with method of deconvolution described above.

The di�erence of 9% could be produced by the interim

state (U4O9ÿy or UO2�x) and con®rmed the above as-

sumption.

3.2. XPS study on the surface reaction of U3O8 in H2

atmosphere

After U3O8 was stored statically in a H2 atmosphere

of 50 Pa at 200°C for about 40 h (the H2 exposure was

about 4.56 ´ 1010 L), there exists also a reduction on the

surface of U3O8 according to the analysis of the XPS

spectrum. Fig. 5 shows the comparison of the U 4f

photoelectron region for U3O8 after exposure to H2.

This indicates obviously the position of the U 4f signal

shifts to lower binding energies. But the shifting is

smaller than that in CO atmosphere and the exposure to

H2 is much more than that to CO for the U3O8±CO

reaction. The investigation indicates, although a reduc-

tion of U3O8 to UO2 exists after exposure to H2 for a

long time, the e�ect of reduction by H2 on the oxide

Fig. 3. Relative variation of UO2 and U4O9ÿy (UO2�x) in U3O8 with CO exposure at room temperature.

Fig. 2. Deconvolution of the U 4f photoelectron region of U3O8

after exposure to 7.2 ´ 106 L CO: 380.8 eV ± U 4f7=2 for UO2;

391.6 eV ± U 4f5=2 for UO2; 382.0 eV ± U 4f7=2 for UO3; 392.8

eV ± U4f5=2 for UO3; 381.3 eV ± U4f7=2 for U4O9ÿy (UO2�x);

392.2 eV ± U 4f5=2 for U4O9ÿy (UO2�x).

X. Wang et al. / Journal of Nuclear Materials 257 (1998) 287±294 289



surface is obviously less than CO. The equations of the

U3O8±H2 surface reaction are the following:

2H2 �U3O8 ! 3UO2 � 2H2O �3�

H2 �UO3 ! UO2 �H2O: �4�
The content of UO3 in U3O8 is decreased and that of

UO2 is increased gradually with increasing the H2 ex-

posure, the same as the U3O8±CO surface reaction. It

can be con®rmed from the deconvoluted spectrum that

the content of UO2 is increased with increasing the H2

exposure and at higher temperatures. There also existed

a third peak of an interim state apart from UO2 and

UO3 in the deconvoluted spectrum which were U 4f5=2

and U 4f7=2 with 392.2 and 381.3 eV, respectively, in

U4O9ÿy or UO2�x. The content of third peak in U3O8

increased with increasing the CO exposure, and the

binding energy of the peak changed with increasing the

exposure of the gas also. But the content of the interim

state produced by the surface reaction of U3O8±H2 is

less than that of the surface reaction of U3O8±CO. Fig. 6

could express clearly the changing trade of UO2, UO3,

U4O9ÿy(UO2�x) in U3O8 with the H2 exposure and

temperature.

The e�ect of reduction by H2 on the surface of U3O8

also could be observed by the change of the O 1s/U 4f

intensity ratio. In the light of the analysis from Fig. 7,

we observed that the O 1s/U 4f intensity ratio increased

with increasing the exposure of H2 and increased more

with higher temperatures. But the increasing trade of the

O 1s/U 4f intensity ratio for the U3O8±H2 surface re-

action is less than that of the U3O8±CO surface reaction.

After CO exposure up to 4.8 ´ 1010 L (25°C), 5.1 ´ 1010

L (80°C) and 4.56 ´ 1010 L (200°C), respectively, the O

Fig. 5. Comparison of the U 4f photoelectron region of U3O8 at 200°C: (a) before and (b) after exposure to 4.56 ´ 1010 L H2.

Fig. 4. Variation of the O 1s/U 4f intensity ratio of U3O8 with CO exposure at room temperature.
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1s/U 4f intensity ratio shows that the oxygen content in

the surface oxide is decreased by 10%, 16% and 20%,

respectively.

3.3. GC analysis on the surface reaction of U3O8 in CO

atmosphere

It has been deduced from the investigations using

XPS that the surface of U3O8 is reduced remarkably in

CO atmospheres and the e�ect of reduction on the oxide

is more obvious at higher temperatures and increasing

the exposure of gas. But the di�erence of the gaseous

component in the STC cannot be observed due to the

lack of an available instrument such as a quadrupole

mass spectrometer in real-time. In order to judge and

con®rm the possibility for the U3O8±CO surface reac-

tion, the content of CO2 in the system produced by the

U3O8±CO surface reaction for 1±8 days has been de-

termined using GC, and the results are illustrated in

Fig. 8. It is obvious that the content of CO2 is increased

with increasing the storage times and the results are

entirely consistent with above XPS investigation.

Meanwhile, we also observed that there had been a

small change of the content of CO2 in the reaction sys-

tem. In sharp contrast with this result, there was a large

change of the content of UO2 and UO3 in the U3O8±CO

surface reaction which was analyzed using XPS and it

may be due to the di�erence of the method of the surface

analysis and others. But results and conclusions by two

methods above (XPS and GC analysis) are well in

agreement. Fig. 9 is a GC spectrum of CO2 for the

U3O8±CO surface reaction.

Fig. 7. Variation of the O 1s/U 4f intensity ratio of U3O8 with H2 exposure.

Fig. 6. Relative variation of UO2 and U4O9ÿy (UO2�x) in U3O8 with H2 exposure. 1±200°C; 2±80°C; 3±25°C; a ± UO2/UO3; b ± UO2�x/

UO3.
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3.4. Thermodynamic calculations on the surface reactions

of U3O8±CO/U3O8±H2

The basic equations for thermodynamic calculations

are very common to the following reaction:

3U�s� � 2CO�g� ! 2UC�s� �UO2�s�: �5�
The related changes of enthalpy, entropy and Gibbs

energy of reaction are denoted by DrH
o, DrS

o and DrG
o.

The related DrH DrS and DrG are written as

DrH o � DrH o
298 �

ZT
298

DCp dT � DrH o
298

� DaT � 1

2
Db� 10ÿ3T 2 ÿ Da� 298

ÿ 1

2
Db� 10ÿ3 � 2982; �6�

DrSo � DrSo
298 �

ZT
298

DCp

T
dT � DrSo

298

� Da ln T � Db� 10ÿ3T ÿ Da ln 298

ÿ Db� 298� 10ÿ3; �7�

DrGo � DrHo ÿ T DrSo; �8�

DCp � Da� Db� 10ÿ3T ; �9�
where a, b are constants characteristic of the given

substance (see Table 1).

It is not di�cult to carry out the study of the equi-

librium of the system which is described above and its

thermodynamic calculation according to the principles

of thermodynamics. The related data for the thermo-

dynamic calculations are given in Table 1, the results are

summarized in Table 2.

Fig. 9. GC spectrum of CO2 of the U3O8±CO surface reaction.

Fig. 8. Variation of CO2 of the U3O8±CO surface reaction with storage time.
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There are negative values of DrG
o for the surface

reactions of U3O8 in CO and H2 atmospheres in Ta-

ble 2. This indicates the possibility of a surface reaction

and con®rms the experimental result of the surface re-

duction discussed above. There are positive DrG
o values

for surface hydriding reactions of U3O8 in H2 atmo-

spheres. This means that there does not exist any surface

hydriding reaction. It is true that the U 4f photoelectron

region of UH3 (of which the binding energy of U4f7=2 is

378.5 eV [9]) cannot be observed in the surface reactions

of U3O8 with H2 using XPS. This indicates that there

does not exist any hydriding reaction for uranium oxides

in a H2 atmosphere and the surface oxide layer has a

resistance to further hydriding. But the H atom or H2

molecule is very small. So, H2 (molecule or H atom) can

penetrate through the oxide layer into the metal/oxide

interface and UH3 is produced by the hydriding reac-

tion. It is necessary to carry out further research on the

mechanism of the hydriding reactions of uranium and its

oxides due to the importance, practicability and com-

plication of surface hydriding.

4. Conclusions

1. The surface of U3O8 is remarkably reduced in a CO

atmosphere. The oxygen content in the surface oxide

is decreased with increasing exposure to CO. After

exposure to 7.2 ´ 106 L CO, the O 1s/U 4f intensity

ratio shows that the oxygen content in the surface ox-

ide is decreased by 11%. The GC investigation indi-

cates that the CO2 content is also increased with

increasing storage times.

2. There exists also a reduction of the surface of U3O8

in a H2 atmosphere. But the in¯uence of H2 is less

than that of CO. The oxygen content in the oxide is

decreased with increasing the H2 exposure and the ef-

fect of reduction of the oxide is more obvious at high-

er temperatures. After CO exposure up to 4.8 ´ 1010 T
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b
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Table 1

Related data for the thermodynamic calculations [15]

DrH o
298

(kJ molÿ1)

So
298

(J molÿ1 Kÿ1)

a b

U (a) 0 50.24 2.6 8.95

UC (s) )98.39 59.24 17.9 )3.7

UO2 (s) )1085.6 77.08 19.2 1.62

UO3 (s) )1224.6 96.17 22.1 2.64

UO (g) 20.93 (67.0) (10.6) (2.0)

U3O8 (s) )3577.2 282.8 67.5 8.83

UH3 (b) )127.3 63.64 11.8 /

CO (g) )110.6 198.0 6.60 1.2

CO2 (g) )393.8 213.8 7.7 5.3

H2 (g) 0 130.7 6.62 0.81

H2O (l) )286.0 70.0 8.2 0.4
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L (25°C), 5.1 ´ 1010 L (80°C) and 4.56 ´ 1010 L

(200°C), respectively, the O 1s/U 4f intensity ratio

shows that the oxygen content in the surface oxide

is decreased by 10%, 16% and 20%, respectively.

3. The investigation shows that the surface oxide layer is

resistant to further hydriding as there does not exist

any hydriding reaction of U3O8 in a H2 atmosphere.

Results of GC investigations and thermodynamic cal-

culations for the reactions of U3O8 in CO and H2 at-

mospheres agree well with the conclusions made

above.
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