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Abstract:

Zirconium dioxide (ZrO2) is an active catalyst for isosynthesis (hydrogenation) reactions in the
conversion of carbonaceous fuels to gaseous and liquid fuels. An enhanced understanding of the
catalytic mechanism of surface reactions on ZrO2 will provide fundamental information toward the
development of improved technical hydrogenation catalysts for fuel conversion processes.

A model ZrO2 test catalyst was developed and characterized for utilization in subsequent investigations
of the catalytic properties of ZrO2 using high vacuum electron and ion spectroscopic methods. The
catalytic surface was constituted of a thin ZrO2 surface layer on an oxygen-saturated polycrystalline
zirconium metal substrate. This electrically conductive substrate provides for the dissipation of surface
electrical charge during spectroscopic studies of the ZrO2 surface.

The surfaces developed in this study were analyzed by Auger Electron Spectroscopy (AES). AES,
together with ion etching equipment (sputtering), was utilized to measure the stoichiometry, thickness
and compositional depth profiles of the ZrO2 surface layers formed on oxygen-saturated zirconium
substrates at several temperatures and extents of O2 exposure.

It was found that the thickness of the ZrO2 surface layer formed increased with O2 exposure
temperature up to about 900 K and then decreased at higher exposure temperatures. The oxide layer
formed at 900 K has a partially reduced surface if it is cooled in vacuum after oxidation. Cooling the
oxidized sample in O2 eliminates this reduction, retaining the full oxidation of the surface. The ZrO2
surfaces formed are stable up to about 900 K. The outermost surface becomes reduced at or above 900

K, but the oxide layer under that thin reduced surface remains stable at temperatures up to as high as
1200 K.



AUGER ELECTRON SPECTROSCOPIC STUDY OF THE OXIDATION OF

'OXYGEN-SATURATED POLYCRYSTALLINE ZIRCONIUM

by

Ramazan Kahraman

A thesis submitted in partial fulfillment
of the requirements for the degree

of
Master of Science
in

Chemical Engineering

MONTANA STATE UNIVERSITY
Bozeman, Montana

March 1988




APPROVAL
of a thesis submitted by

Ramazan Kahraman

This thesis has been read by each member of the thesis
committee and has been found to be satisfactory regarding
content, English usage, format, citations, bibliographic
style, and consistency, and is ready for submission to the
College of Graduate Studies.

Date Chairper-soh,Graduate Committee

Approved for the Major Department

Date He”~d,Major Department

Approved for the College of Graduate Studies

J‘_)_
Date Graduate Dean



iii

STATEMENT OF PERMISSION TO USE

In presepting this thesis in partial fulfillment of the
requiréments for a Master's degree at Montana State.
University, I agree that the Library shall make it available
to borrowers under rules of the Library. Brief quotations
from this thesis are allowable without special permission,
provided that accurate acknowledgment of source is made.

Permission for extensive quotation from or reproduction
of this thesis may be granted by my major professor, or in
his absence, by the Director of Libraries when, in the
opinion of éither, the proposed use of the material is for
scholarly purposes. Any copying or use of the material in
this thesis for financial gain shall not be allowed without

my written permission.

Signature 943%;22 d

Date 2/ 1o / DER




iv

TABLE OF CONTENTS

APPROVAL . . « « & +

STATEMENT OF PERMISSION TO

TABLE OF CONTENTS . .
LIST OF TABLES . . . .
LIST OF FIGURES . . .
ABSTRACT . . . « .« . .
INTRODUCTION . . . . .
BACKGROUND . . . . . .
EXPERIMENTAL METHOD .
EXPERTMENTAL SYSTEM .
EXPERIMENTAL PROCEDURE

RESULTS AND DISCUSSION

Auger Spectra of Sputter-Cleaned and Room
Temperature Oxidized Pure 2r . .

Auger Spectra of Sputter-Cleaned and Room
Temperature Oxidized Zr:0ss . . .

Effect of Oxidation
Oxygen

Effect of High Temperature Evacuation on
Zr:0ss Oxidized at 900 K with 300 L O3

Concentration
Layer Thickness of 300 L 05 Exposed Zr:0ss

Temperature
and Surface

on Surface
Oxide

Page
ii
iii
iv
vi
vii

ix

12
13

22

22

27

30

35




v

} TABLE OF CONTENTS--Continued

Page
Effect of High Temperature Treatment on Surface
Oxygen Concentration of Z2Zr:0ss Oxidized at
900 K with 300 L O3 and Cooled in O3 . . . . . . 37
Stability of the Surface Zi02 Layer . « « o o « o o 43
Effect of Oj Exposure Conditions on Surface ’
Oxidation of Zr:0ss at 900 K . . ... ¢ « « « < & 45
Effect of Sputtering on Surface Condition . . . . . 45
Relation of Observed High Temperature Surface
Reduction to Catalytic Mechanisms on ZrOy . . . . 49
SUMMARY AND CONCLUSIONS . « o « & « & « o o o« « o o & 51
RECOMMENDATIONS . . o ¢ ¢ o ¢ o o o o o o o o o » s o 53
LITERATURE CITED . . ¢« &« & o o o o o o s s o o o o o o 54

APPENDIX . ¢ .« ¢ o o o o o o o o o o o o o o o o o = o 57




b

Table

1.

vi

LIST OF TABLES

Page

The surface oxygen concentration and the

thickness of the 2r0; 1layer formed on

Z2r:0ss by 300 L Oy exposure at different

temperatures . . . . . . . . 0 . . . 0 .. .. 32

The surface oxygen concentration of a

2r:0ss sample, which had been cooled in

O after 300 L O exposure at 900 K,

after heat treatments at different

temperatures for 5 minutes . . . . . . . . . . 40

The resulting surface oxygen concentration and

the thickness of the surface ZrO; layer after

hedt treatment (at different temperatures

for 5 minutes) of Zr:0ss samples, which

had been cooled in 03 following

300 L Op exposure at 900 K & & o &« o o o o o .« . 41

The surface oxygen concentrations and the

thickness of the surface 2r0; layers

determined by depth profiling of

oxidized Zr:0ss samples after high

temperature heat treatments . . . . . . . . . . 44

The effect of 0Oy pressuré.and the level
of Op exposure on the surface _
oxidation of Zr:0ss at 900 K . . . . . . . . . 46




vii

LIST OF FIGURES

Figure Page
1. Phase diagram of the oxygen-zirconium system . 5
2. Energy diagram of the Auger pProcess . . « « o = 7

3. The AES spectrum from 30 eV to 530 eV
for a sputter-cleaned Z2r sample . . . . . . . . 10

4. The AES depth profile, as peak-to-peak
vs. sputter time, conducted on Zr:0ss
after 300 L Oy exposure at 700 K . . . . . . . "~ 16

5. The AES depth profile, as atomic composition
: vs. sputter time, conducted on Zr:0ss
after 300 L Oy exposure at 700 K . . . . . . . 16

6. The AES spectra from 78 eV to 178 eV for
Zr:0ss samples oxidized at 900 K with
300 L Op and cooled in vacuum, and )
1.0x1076 "Torr 09 « « ¢ 4 4 v v e 4 e e e e . . 20

7. The AES spectra from 78 eV to 178 eV for
sputter-cleaned, and 300 L Oj exposed Zr
and Zr:0ss samples at room temperature . . . . 23

8. The AES spectra from 495 eV to 515 eV for
sputter—-cleaned and 300 L O exposed
Zr at room temperature . . . . ¢ ¢ ¢ @ ¢ o o a 24

9. The compositional depth profile of
Zr:0ss after 300 L O3 exposure
at room temperature . . . . < ¢ ¢ ¢ ¢ e e o o 29

10. The AES spectra from 78 eV to 178 eV for
Zr:0ss after 300 L O3 exposure at
different temperatures . . . o ¢ ¢« ¢ ¢ o o o o 31

11. The depth profile of oxygen concentrations
measured on 2r:0ss after 300 L O3
exposure at different temperatures . . . . . . 33




viii

LIST OF FIGURES--Continued

Page
The AES depth profiles conducted on Zr:0ss
samples oxidized at 900 K with_ 300 L Oj
and cooled in vacuum, and 1.0x10~6 Torr Oz . . 36
The AES spectra (from 78 eV to 178 eV) of a
Zr:0ss sample, which had been cooled in
1.0x107® Torr 0, after 300 L 02 exposure
at 900 K, after heat treatment at
different temperatures for Smin . . . . . . . 38
AES depth profiles conducted on Zr:0ss
samples which had- been cooled in
1.0x20"% Torr Oy following a 300 L O)
exposure at 900 K and heat treated
at different temperatures for 5 min el e e s e 42
The AES spectrum from 78 eV to 178 eV
for a sputtered ZrO; surface . . . . . . . . . 47

Proposed mechanism for methanol synthesis
Over Zr02 ¢ ¢ o o o o o o o o o o o o o o o o o 50




ix

ABSTRACT

Zirconium dioxide (ZrOj) is an active catalyst for
isosynthesis (hydrogenation) reactions in the conversion of
carbonaceous fuels to gaseous and liquid fuels. An enhanced
understanding of the catalytic mechanism of surface
reactions on ZrOp will provide fundamental information
toward the development of improved technical hydrogenation
catalysts for fuel conversion processes.

A model Zr0Op test —catalyst was developed and
characterized for utilization in subsequent investigations
of the catalytic properties of 2rOs using high vacuum
electron and ion spectroscopic methods. The catalytic
surface was constituted of a thin 2r0Oj surface layer on an
oxygen-saturated polycrystalline zirconium metal substrate.
This electrically conductive substrate provides for the
dissipation of surface electrical charge during
spectroscopic studies of the ZrO; surface.

The surfaces developed in this study were analyzed by
Auger Electron Spectroscopy (AES). AES, together with ion
etching equipment (sputtering), was utilized to measure the
stoichiometry, thickness and compositional depth profiles of
the ZrOj; surface layers formed on oxygen-saturated zirconium
substrates at several temperatures and extents of O3
exposure.

It was found that the thickness of the ZrOj; surface
layer formed increased with O exposure temperature up to
about 900 K and then decreased at higher exposure
temperatures. The oxide layer formed at 900 K has a
partially reduced surface if it is cooled in vacuum after
oxidation. Cooling the oxidized sample in Oj eliminates this
reduction, retaining the full oxidation of the surface. The
ZrOp surfaces formed are stable up to about 900 K. The
outermost surface becomes reduced at or above 900 K, but the
oxide layer under that thin reduced surface remains stable
at temperatures up to as high as 1200 K.




INTRODUCTION

Zirconia (ZrOj3) is an active catalyst for the reduction
of carbon oxides (CO and CO3) by hydrogen to form C4 to C8
branched chain hydrocarbons [1]. The hydrogenation of carbon
oxides are technically important reactions in the conversion
of carbonaceous fuels to gaseous and liquid fuels. Improved
technical hydrogenation catalysts may be developed for fuél
conversion processes by an enhanced understanding of the
catalytic mechanism of surface reactions on Zr0j.

The principal fundamental investigations of the
catalytic mechanism of these reactions have used bulk ZrO,
test catalysts [2,3,4]. These catalytic investigations have
utilized surface measurement techniques which can be
directly applied to -electrically insulating refractory
substrates, principélly Temperature Programmed Desorption
(TPD) [2,4] and Fourier Transform Infrared Spectroscopy
(FTIR) [3,4]; The understanding of the catalytic activity of
2rO03 will be significantly enhanced through studies
utilizing the additional advanced surface analytical
techniques 1like X-Ray Photoelectron Spectroscopy (XPS),
Ultraviolet Photoelectron Spectroscopy (UPS),‘Auger Electron

Spectroscopy (AES), Static Secondary Ion Mass Spectroscopy
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(SSIMS), and High Resolution Electron Energy Loss

Spectroscopy (HREELS). These surface analytical techniques

involve either electron or ion bombardment and/or electron

‘or ion emission from the test surface, requiring some mode

of surface charge dissipation during testing.
The specific objective of this research is to develop
and characterize a model ZrO; test catalyst surface on a

conductive substrate which has the potential to be directly

-utilized in these advanced surface analytical systems.




BACKGROUND

There have been no published studies of the catalytic
propérties of the surface oxide layer on bulk Zirconium (Zr)
metal. This cohesive surface oxide forms when the highly
electropositive Zr is exposed to oxygen. It has been shown
that the surface oxide layer has a 2r0; stoichiometry [5].
Zr metal is therefore a primary candidate for conductive
(charge dissipating) éubstrate for the model 2ZrO; test
catalysts.

Oxyéen has been shown to cﬁemisérb on Zr over the first
2 [6] or 3.5 [5] L (1 L = 1076 Torr.s) of 0Oy exposure at
room temperature. Additional Oj exposure results in the
formation of nuclei of surface oxide which grow to
coalescence. The oxide layer is complete at an O, exposure
of 30 to 60 L and has a thickness of approximately 2 nm
[5,6]. Because the diffusién of 0O through 2Zr0O; is very
slow, the formation of a thin ZrO; surface layer on Zr
protects the underlying metal from further significant
oxidation ét 300 K. However, at higher temperatures,
increased ox?gen diffusivity in Zr resulté in oxygen
permeation into the bulk metal from the surface oxide layer

at measurable rates [7]. As seen in the Zr-oxygen phase
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diagram, Figure 1, the oxide film wili not be stable if the
atomic fraction of oxygen in the bulk Zr is lower than about
0.29 [8]. The bulk Zr, which has a hcp Erystal structure
commonly ‘designated a-Zirconium at temperatures below
1135 K, absorbs this oxygen without appreciable change 1in
the hcp lattice constants until the atomic fraction of
oxygen is about 0.29 (oxygen saturated zirconium, designated
Zr:0ss) [8]. |

The wutilization of the 2ZrO; surface on a pure Zr
substrate, as a model catalyst surface in surface analytical
studies, would not be satisfactory because of the loss of
the surface oxide layer by dissolution into the bulk metal
in high temperature tests. It has been indicated that a ZrOj
surface layer on a Zr:0ss substrate avoids this high
temperature dissolution [9]. Zr:0ss substrates have been
prepared in a . separate research program [10]. In this
research program, model ZrOj; test surfaces are formed by
sputter cleaning Zr:0ss substrates and reoxidizing these
surfaces at several temperatures and extents of oxygen
exposure. The thickness, composition and stability of these

surface oxide layers on Zr:0ss substrates are investigated.
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Figure 1. Partial phase diagram of the oxygen-
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EXPERIMENTAL METHOD

The primary method of analyzing the surfaces developed
in this study was Auger Electron Spectroscopy. AES is based
on the Auger process, which is illustrated in Figure 2 [11].
The principle of the technique 1is that the sémple is
bombarded by a primary electron beam of between }_EEE_}E_EEEL
energy which ejects core electrons from an energy level Ey
in the atoms in the surface region éf Ehe sample, up to 1 um
or so thick. After this excitation process, the core hole is
then filled by an internal process in the ionized atom,
whereby an-electron from a higher energy level Ey, either a
shallower core level or a valence state, falls into the core
hole. The energy lost by this electron (Ey—Ex) is taken up
by a third electron from an energy level E;, also either a
shallower core electron or a valence electron. This last
electron; called an Auger electron, is then ejected from the

atom with an energy E5, given approximately by [12]:
Ea=Ez+Ey_EX

These Auger electrons are detected by an analyzer that

measures their energy and abundance (frequency) of emission.




Figure 2. Energy diagram of the

Vacuum Level —

® ®

Auger process. In a

preliminary step (A) a hole 1is created in the
system through excitation by a primary electron
which transfers all its energy to a core electron
of energy Ex. The core hole is then filled by the
Auger process (@B which i1nvolves two other
electronic states of the system, Ey and Ez.
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The whole process, excitation plus Auger recombination,
is usually designated using the conventional spectroscopic
notations for the initial states of the three ‘electrons
involved. Fdr example, if the excitation involves a hole in
ls state and this hole is filled by an electron in the 2s
state that transfers its excess energy to another electron
in the 2p state, then the entire process-ié labeled KLL. In
this notation the valence states are denoted by the letter
V. Because the final energy of the Auger electron is linked
to the energies of the three initial stétes, the emissioﬂ of
Auger electrons at specific energies revéals the presence of
certain energy levels in the atoms near the surface under
study. Since there are patterns of electron enerqgy levels
characteristic of each element, the energy distribution of
Auger electrons reveal the pfesence of specific elemehts
near the surface [11]. The Auger electrons thus have unique
energies for each atom and, if the energy spectrum from
about 0 to 2 keV 'is analyzed, the energies of ‘the Auger
electron peaks allow for the identification of the surface
elements present, except hydrogen and helium. The reason
that AES 1is a surface—senéitive technique 1lies in the
intense inelastic scattering that occurs for electrons in
this energy range. Only Auger electrons from the top few
atomic layers of a solid survive to be ejected and measured

[12].
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Figure 3 shows an examble of Auger spectrum from a
clean 2r surface. The most prominent- Auger peaks at about
89, 114, 122, 144 and 172 eV are characteristic of 2r. The
weak Auger peaks at about 215, 270 and 506 eV are Auger
transitions from contaminants of Ar, C and oxygen,

respectively. ‘The increase in background intensity with

‘electron energy consists mainly of backscattered primary

electrons and inelastically scattered Auger electrons [13].

Quantitative analysis is also possible utilizing AES,

. .as discussed in the Experimental Procedure section. One of

" the most interesting applications of quantitative Auger

analysis is the depth profiling technique, in which surface
atoms are removed by sequential ion bombardment with
intermediate analysis of surface composition by AES. The

equipment used in AES depth profiling is equivalent to a

"standard Auger spectrometer except for the presence of an

ion gun. The ion gun is used to bombard the surface of the
sample with 1ions of an inert gas, usually argon. The

bombardment can be used to remove the surface atoms of the

sample aE a relatively slow rate, almost atomic layer by

atomic layer. If a ‘quantitative Auger analysis 1is carried
out during interruptions in the ion bombardment, tpe results
yield the composition of the eample at different depths with
respect to the original surface [1l].

In this study, AES,rtogether with ion etching equipment




00 250 300 350
Kinetic Energy (eV)

Figure 3. The AES spectrum from 30 eV to 530 eV for a sputter-
cleaned Zr sample
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(sputtering), is wutilized to measure the stoichiometry,

compositional depth profiles:  of the ZrOo

thickness and

surfaces formed on - sputter-cleaned Zr:0ss substrates at

several temperatures and extents of Op exposure.
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EXPERIMENTAL SYSTEM

The experimental system used in this study was the  PHI
595 scanning Auger microprobe located in the Center for
Research in Surface Science and Submicron Analysis (CRISS)
at Montana State University. This system has a base pressure
of 2x10710 Torr and can be pumped by a 110 1s~1 turbopump, a
200 1s~1 ion pump and a titanium sublimation pump. The
electron gun incorporated iﬁ this éyétem is capable of
producing a primary electron beam energy in the range of 0
to 30 keV. In this study, the primary electron beam had a
voltage of 3 keV and a beam current of approximately
0.20 uyA, which correspondé to an electron beam diameter of
about 0.80 um. The electron energy analyzer is a cylindrical
mirror analyzer} The system also includes a differentially
pumped argon ion gun. It is used for surface cleaning and
depth profiling. The energy of argon ions used for surface
sputtering was 3.0 keV. The AES and sputter time data were
recorded digitally on magnetic discs with the use of an

integral DEC PDP 11/04 computer.
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EXPERIMENTAL PROCEDURE

Two zirconium samples were utilized. One was a 99.99
percent pure, 0.025 Hm1: thick polycrystalline foil
4 mm x 10 mm in size. The second was a polished Zr:0ss
sample 0.25 mm thick and approximately 4 mm x 8 mm in size;
which was formed ’by saturating a 99.99 éercent pure
polycrystalline foil with oxygen [10].

The Zr:0ss specimen was mounted on a Ta foil backing.
The Ta foil was spot welded to Ta support wires connected to
two large copper feedthroughs allowing resistive heating of
the sample. The temperature measurement of the specimen was
made by a W-5% Re/W-26% Re thermocouple welded to the back
of the Ta foil mount. The temperatures employed varied
between room temperature and 1200 K. All testé on pure Zr
were performed at room temperature.

The AES measurements Were made by rastering the
electron beam over a 0.06 mm x 0.06 mm area. A phosphor foil
was utilized to ensure thét this area was central to
2 mm x 2 mm area cleaned by a rastered Art beam Quring the
ion bombardment of the surface. All AES measurements were
conducted at room temperature.

Two primary types of AES scans were performed. One
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involved additive multiple scans from 30 eV to 530 eV to
detecf the primary Zr and oxygen Auger peaks, as well as
evidence of other elements on the surface, with Auger peak
energies in this region. The second type of AES.scan focused
primarily on Zr and oxygen features By multiple#iﬁg selected
energy regions. One multiplexed region was between 78 eV and
178 eV to detect the primary Zr Auger peaks and the other
between 495 eV and 515 eV for oxygen detection.

Utilizing a conventional method for quantitative
analysis [14], the surface oxygen atomic fraction (Xg) can

be determined by:

Xg = —————mmmmmm e : (1)
Po/So + Pgzr/Sgzr

where Py and Pg. ‘are the peak-to-peak heights in the
differentiated spectrum, and Sg and Sy, are the relative
sensitivity factors of the oxygen' and Zr peaks,
respectively. The AES spectra taken during depth profiles of
the oxidized substrates were automatically differentiated by
the PHI software designed for depth profiling. The resulting
peak-to-peak heights were used to develop compositional -
profiles. The intensity of the Auger peak at 89 eV is
generally superior'as a monitor of the surface abundance of

Zr since the intensity of the more commonly utilized 144 eV
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peak 1is strongly dependent on the oxidation state of %Zr
[7,15,16,17]. The relative sensitivity factor (Sgz.144) of
144 eV peak is 0.22 [15]. Similar compositions were obtained
on sputter cleaned Zr substrates if the relative sensitivity
factor (Sgz;8%) of the 89 eV peak was set at 0.096. Thus,
surface oxygen concentrations were determined employing the
89 eV peak for 2Z2r and the 506 eV.peak for oxygen, and 0.5
and 0.096 for Sg [14] and Sg.89, respectively. Note: The
peak energies in the differentiated (d[N(E)*E]/dE vs. E)
spectra are somewhat higher, by abéut 2 eV, than peak
positions (in N(E)*E vs. E spectra) presented in this thesis
for clean 7Zr. Effects of impurity carbon and implanted Ar
were neglected, since they were assumed to have 1little
influence on the atomic ratio of oxygen to zirconium.

During depth profiling, Auger intensities were
established by scanning the region between 80 and 95 eV for
15 seconds to measure the Zr 89 eV peak and the region from
495 eV to 515 eV for 20 seconds for the oxygen 506 eV peak.
These intensity measurements were performed automatically
during programmed interruptions in the argon ion sputtering
of the surface. The duration of the individual sputters was
chosen to be 30 seconds, since the time for the Art beam to
achieve stability would significantly affect the results for
shorter sputter times. Figure 4 shows an example of a depth

profile (peak-to-peak height wvs. sputter time), which was
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Spucrer Tiae (min)

Figure 4. The AES depth profile, as peak-to-peak height
VS. sputter time, conducted on ZrrOss after
300 L exposure at 700 K

Sputter Time (min)
Figure 5. The AES depth profile, as atomic composition

Vvs. sputter time, conducted on ZrrOss after
300 L O™ exposure at 700 K
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conducted on Zr:0ss after 300 L O exposure -at 700 K. The
compositional depth profile (atomic composition vs. sputter
time) shown in Figure 5 was obtained by a subroutine of the
PHI software utilizing Equation 1 on the ‘depth profile
intensities plotted in Figure 4. The two peak-to-peak and
composition values recorded before sputtering is initiated
are for the original surface. The surface oxygen
concentration was calculated to be about 64 atomié percent
before the sputtering and about 38 atomic peréent at the end
of twelve 30—secondisputter'cycles.

The experimental system had a sputter rate of 81 &/min
for SiO3, which has been established using an oxide standard
(460 R SiOy on Si metal). The ratio of the sputter rates of
S103 and ZrO3 has been measured to be 0.14/0.12 using 4 kev
argon ions [18]. In this study, sputtering was carried out
using 3.0 keV argon ions. This change in ion energy should
not significantly change the ratios of sputter rates. Hence,
the spu£ter rate of the Zr0O;.surface layer on the oxidized
substrates is assumed to be about 69 A/min in this étudy.
The thickness of the ZrO; layers formed on Zr:0ss substrates
were determined by multiplying this sputter rate and the
sputter time, indicated in the depth profiles, up to the
time at which the surface oxygen concentration starts to
decrease from a constant (about 67 atomic percent) value.-

For those tests in which thé surface was not sputtered,
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the surface oxygen concentration was determined by a
different method than that utilized in the automated depth
profile subroutine. The following equation [19] was used in

the manual evaluation of surface oxygen concentration.

K(Ap/Azr)
X = ——==——mmm—e— (2)
1l + K(Ao/AZr)

where Xp 1is the surface oxygen atomic fraction, Ag and Ag,
are the peak areas (integrated spectral intensities) in the
AES spectrum for oxygen and zirconium,. respectively and K is
a constant which is determined utilizing a surface whose
okygen concentration is known. The 89 eV and 506 eV Auger
peaks were employed for zirconium and .oxygen, respectively.
The peak areas were measured using thé PHI software designed
for this procedure. The program provides the area  between a
~straight 1line connecting the selected end points on the
background spectra and the spectral curve. The end points
utilized for the 89 eV peak of Zr were 80 eV and the minimum
point on the background spectra occurring between 94 and
99 eV. The oxygen AES peak area was measured by integration
of the spectra between 500 and 515 eV. The uncertainty in
the background subtraction, which is larger for the Zr 89 eV
peak, may add some error to the surface composition values

determined by this method.
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The constant K in Equation 2 was determined to be 0.26,
utilizing the Zr 89 eV and the oxygen 506 eV peak areas for
each of the two independent spectra taken for Zr:0ss samples
which were oxidized with 300 L O; exposure at 900 K followed‘
by cooling in 0Os. The AES épectrum from 78 eV to 178 eV for
one of these surfaces is shown in Figure 6, curve b. This
surface 1is most probably fully oxidized to Zr0p with a
surface oxygen concentration of about 67 atomic percent. The
second oxidized . sample revealed a surface oxygen
concentration of about 67 atomic percent during automated
depth profiling. Curve a in Figure 6 is for Zr:0ss cooled in
vacuum aftér 300 L O exposure at .900 K, and will be
discussed later.

The procedure employed in each test involved cleaning
the sample by Ar* bombardment until the surface oxygen
concentration detected by AES was negligible for pure 2Zr or
constant for a Zr:0ss sample. After the temperature
adjustment of the sample, oxygen was admitted into the
vacuum chamber through a leak valve for the pressure-time
values appropriate for the test. The oxygen exposure
pressures and the exposure times varied between 1.0x10~7
Torr to 1.0x10"%® Torr, and 30 seconds to 600 seconds,
respectively. Since nearly identical spectra were observed
both for repeated cycles of cleaning and oxidation of

specific Zr:0ss substrates, and for separate pure Zr




N(E)*E (arb. units)

Figure 6.

120 130 140
Kinetic Energy (eV)

The AES spectrum from 78 eV to 178 eV for: (@) ZriOss cooled
vacuum-after 300 L O exposure at 900 K; (b) Zr:0ss cooled
1.0x10 Torr O~ after 300 L O™ exposure at 900 K

In
In
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substrates, it is improbable that any significant surface
contaminants were present.

The spectra are presented in the Results and Discussiqn
section as plots of N(E)*E vs. E..They are used.to indicate
the state of oxidation of 2r, and determine the surface
oxygen concentration utilizing peak areés in addition to the
surface oxygen concentration determined during depth

profiling.
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RESULTS AND DISCUSSION

Auger Spectra of Sputter-Cleaned and
Room Temperature Oxidized Pure Zr

The 30 eV to 530 eV AES spectrum of sputter-cleaned Zr
foil 1is presented in Figure 3. The multiplexed spectrum
-taken on sputter-cleaned Zr in the region of 78 eV to
1178 eV, within which the most importanﬁ Zr Auger peaks
occur, is shown in Figure 7. Also shown in Figure 7 are
spectra taken on sputter-cleaned Zr:0ss and both substrates
after 300 . L 05 exposure at room temperature. The most
prominent Zr Auger peaks for the sputter-cleaned Zr surface
are the following: MNN peaks at 89 and 114 eV, MNV peaks at
122 and 144 eV and an MVV peak at 172 eV. The three major

changes in the AES peaks, after 300 L Oj exposure on pure

Zr, are the new MNV peak at 138 eV (shifted -6 eV relative

to clean Zr), the MNN peak at 110 eV (shifted -4 eV) and the

MNN peak at 85 eV (shifted -4 eV). Figure 8 shows the AES

spectra from 495 eV to 515 eV for sputﬁer—cleaned Zr and'for
this surface after 300 L Oj exposure. The main new feature
in the spectrum from oxidized Zr, as compared with that
observed in the clean Zr spectrum, is the high intensity

oxygen KLL peak at 506 eV.
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The energy shifts of the main Zr-derived AES peaks upon
oxidation are indicative of a change in the chemical state
of the zirconium atoms in the 'surface region of the oxidized
Zr. The Auger peaks at 89 and 114 eV, arising from core
level transitions, exhibit a modest shift of about =4 eV
during surface oxide formation. The shift from 144 eV to
138 eV of the MNV peék, involving one valence electroﬁ, is
larger because the 2r(4d,5s) valence band electrons are
transferred to the O 2p valence band of ZrOj; upon oxidation.
This difference in the energy shifts of the main Zr AES
peaks attests to the fact that the core level electrons are
less affected by the chemical environment than the wvalence
electrons. It has been shown that the Zr MVV peak at 172 eV,
involving two valence electrons, decreases so rapidly in
intensity with oxygen exposure that no shift can be
identified [15]. The strong decrease in the intensity of the
172 eV peak upon oxidation is evident in Figure 7.

The surface oxygen concentration of the pure Zr sample
after it was exposed to 300 L O was determined to be about
67 atomic percent by the depth profiling technique, which
evidences the existence of ZrOj on the surface. The surface
oxygen concentration of about 65 atomic percent, established
by utilizing peak areas, is not far from the value of 67
percent established during depth profiling. The small peak

remaining at 144 eV and the shoulder (at about 122 eV) at
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the high energy side of the Zr 110 eV peak in Figure 7 for
the 300 L 0Oy exposed Zr indicate the presence of some
reduced Zr on the surface. This could arise either from an
incomplete oxidation of the zr subétrate or from a very thin
surface oxide layer. The escape depths are approximately 7 &
for the 144 eV electrons and 6.6 & for the 122 eV electrons
[20]. Hence, if the thickness of the surface b#ide layer was
less than about 7 &, the remaining 144 eV and 122 eV peaks
could arise from the underlying Zr metal.

The 89 eV peak areas were determined both for clean Zr
and oxidized Zr. The rather small change in the area of the
89 eV peak upon oxidation, about 66‘percenﬁ of the clean
surface value, confirms that the strenéth of this Auger
transition is not changed much during oxidation, since
it involves only Zr core electrons. Actually, if it was
assumed that the strength of the transition and the mean
free path at 89 eV were both the same for Zr and zrO; [15],
one could obtain an asymptotic value of 67 percent due to
the difference in Zr atom density in 2r and ZrO; [see
Appendix]. This is very close to the observed value of 66
percent.

The observations above are qualitatively in good
agreement with the previous studies [15,21,22], in that the
energy shifts and the intensity changes of the primary 2r

Auger peaks are indicative of a change in the chemical state
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of the zirconium atoms in the specimen surface region. The

Auger peak (at about 138 eV) at the low enerqgy side of the
Zr 144 eV peak is an indication of oxidized zirconium° The
degree of attenuation of the Zr Auger peak intensities upon
oxidation 1is primarily related to the number of valence
electrons involved in the respective BAuger transitions, and
secondarily to the decrease in the atomic concentration of

Zr as the surface oxide is formed.

Auger Spectra of Sputter-Cleaned and
"Room Temperature Oxidized Zr:0ss

The' AES spectrum between 78 eV and 178 eV for sputter-
cleaned Zr:0ss is shown in Figure 7. This spectrum is very-
similar to the spectrum for clean Zr, except for a small
shoulder at the low energy side of the Zr 144 eV peak. This
shoulder at about 138 eV indicates a slight oxidation of the
Zr:0ss substrate. The surface oxygen concentration was
determined by using Equation 1 to be 33 atomic percent,
which is not far from the value 29 atomic percent for oxygen
saturation as shown in the Zr-oxygen phase diagram, Figure 1
[8].

The lack of significant energy shifts of the main Zr-
derived AES peaks or of significant change (about 2 percent

increase) in the area of the 89 eV peak, as compared to the
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spectrum of pure clean Z2r, establishes‘that there is not a
sigﬁificant .éhange in the chemical state of the surface
zirconium atoms in Z2r:0ss as compared to pure Zr.

The AES spectrum for Zr:0ss after 300 L 02'expoéure at
room temperature 1is shown in Figure 7. The similarity of
this spectrum to the spectrum for oxidized 2r and the
surface oxygen concentration of about 67 atomic percent,
determined by depth profiling of this oxygen exposed Zr:0Oss
surface, Figure 9, indicate the existence of ZrO3 on the
surface. The difference in area of the Zr 89 eV peaks of the

spectra for oxidized Zr and oxidized Z2r:0ss in Figure 7 is

less than 10 percent. Again the small peak at 144 eV and the

shoulder at the high energy side of the 2r 110 eV peak could
either indicate.an incomplete surface oxidation or an oxide
layer thinger than the escape depth of the Zr - Auger
_electrons, about 7 A. The compositional depth profile of the
room temperature oxidized Zr:0ss ih”Figure 9 shows that the
surface oxide is removed during the first 30-second sputter,
indicating that the thickness of the surface oxide layer is

less than 35 &.




Sputter Time (min)

Figure 9. The compositional depth profile of Zr :0Oss after
300 L exposure at room temperature
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Effect of Oxidation Temperature on Surface
Oxygen Concentration and Surface Oxide Layer
Thickness of 300 L. O» Exposed Zr :0ss

Figure 10 shows the AES speqtra from 78 eV to 178 eV
for Zr:0ss after 300 L Op exposﬁre at each of several
temperatures between 300 K and 1200 K. The sample was cooled
in vacuum after each oxidation at temperatures above 300 K.
The surface oxygen concentrations and the thickness of the
surface ZrO; layers, established by depth profiling of the
oxidized Zr:0ss surfaces, are presented in Table 1.
Figure 11 shows the plot of atomic oxygen concentration vs.
sputter time for each case.

The surface oxygen concentration values in Table 1
indicate the formation of a partially reduced outer su;facé
ﬁpon oxidation and subsequent evacuation at  high
temperatures, especially at or above 900 K. .The only
exception is at 1100 K, where the surface is more oxidized
than at 900 K or 1200 K. (Note: The data taken after 1160 K
oxidation may not be reproducible.) This surface reduction
is also indicated by Fhe shift of the 85 eV, 110 eV and
138 eV peaks in Figure 10 to higher energies following -
oxidation and evacuation at sequentially higher
temperatures, with the exception again of spectrum afte;'the
1100 K oxidation. This shift in the eneféies of the Zr peaks

brings them closer to the peak energies characteristic of
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Figure 10. The AES spectra from 78 eV to 178 eV for ZrrOss after 300 L O
exposure at temperatures: (@ 300 K; (b)) 500 K; (c) 700 K;
@ 900 K; (e) 1100 K; (f) 1200 K



32

Table 1. The surface oxygen concentration and the thickness
of the 2zZr02 Ilayer formed on ZrrOss by 300 L 02
exposure at different temperatures

300 L 02 exposure on ZrrOss at 1.0x10-6 Torr

Resulting Surface Atomic The Thickness
Exposure Oxygen Concentration of the Zr02
Temperature, Determined by Depth Layer Formed,
K Profiling, % A

300 67 0-35
500 63 0-35
700 64 100
900 56 550*
1100 64 70
1200 56 0

This value is for the thickness of the Zr02 layer under
the thin reduced surface.
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clean Zr, as shown in Figure 7, curve a. The depth profile
for the 900 K oxidation in Fiéure 11 shows that under a thin
reduced surface thére is a ZrOy layer about 550 & thick.
Table 1 shows that the thickness of the ZrOy layer formed on
Zr:0ss increases with temperature up to about 900 K and then
decreases. | | |

The AES spectrum for the 1100 K oxidation shown in
Pigure 10 is quite similar to the spectrum from room
temperature oxidized -Zr:0ss. This indicates the formation 6f
a 2rO3 surface upon oxidation at 1100 K. The _oxygen
concentration of this surface was about 64 atomic percent,
which is not far from the value 67 atomic percent for Zr0O3.
The small decrease in the Zr 144 eV peak intensity for the
surface oxidized at 1100 K, compared to the 300 K oxidized
surface, may be an indication that a thicker ZrOj layer was
formed at 1100 K than at room temperature. As seen in
Table 1, the thickness of the ZrO; layer formed at 1100 K is
about 70 A&, which is thicker than it was at 300 K but much
thinner than the Zr0O; layer formed at 900 K.

The depth profile data in Figure 11 shows that no
extended 2rOp layer is formed upon oxidation at 1200 K. On
the other hand, the oxygen concentration profile through' the
bulk is much broader than from surfaces oxidized at lower
temperatures. The broader oxygen concentration profile

through the bulk may be an indication of the formation of
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sub-oxides during oxidation at high temperatures. Many sub-
oxides of Zr are known in the bulk. The highest bulk sub-

oxide reported in the literature is Zro0 [23].

Effect of High Temperature Evacuation on
Zr:0ss Oxidized at 900 K with 300 L Ojp

Figure 10 presents the AES spectrum from 78 eV to
178 eV for Zr:0ss cooled in vacuum after 300 L O, exposure
at 900 K. As shown in Table 1, the Suéface was partially
reduced, with an oxygen concentration of about 56 atomic
percent. The thickness -of the Z2rOj; surface under that thin
reduced surface was about 550 A. The AES depth profile
conducted for this case is shown in .Figure 11 and 1is
repeated in Figure 12 together with the depth profile of
Zr:0ss cooled in 0y following 300 L Oj ekposure at 900 K.

Figure 6 shows the AES spectra from 78 eV to 178 eV for
Zr:0ss cooled in 1.0x10~® Torr Oy, as well as the sample
cooled in vacuum, following a 300 L O, exposure at 900 K.
The peak positions in the spectrum from the sample cooled iﬂ
O, indicates the existence of 2rO; on the surface, while
that of £he vacuum cooled sample indicates a partial
reduction of the surface. The AES depth profiles conducted
~on the oxidized surfaces, shown in Figure 12, indicate that

the surface oxygen concentration was about 66 atomic percent
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before sputtering on the sample cooled in O2, while it was
lower for the vacuum cooled sample. The thickness of the
ZrO3 surface Qas determined to be about 500 R for both
samples.

The observations above indicate that the oxide layer
formed on Zr:0ss at 900 K is reduced near the outermost
surface 1if it 1is cooled in vacuum after the oxidation.
Cooling the oxidized sample in O, eliminates this reduction
and retains the full oxidation of the surface Z2Zr. The
thickness of the ZrOj; layers formed on 2r:0ss are close to

each other for the two cases.

Effect of High Temperature Treatment on Surface
Oxygen Concentration of Zr:0ss Oxidized at
900 K with 3000L O> and Cooled in O»

A Zr:0ss sample, which had been cooled in 1.0x10-6 Torr
O after a 300 L Op exposure at 900 K, was heat treated in
vacuum at different temperatures for 5 minutes and surface
analyzed by AES after cooling without conducting any depth
profiling between the heat treatments. Figure 13 shows the’
AES spectra from 78 éV to 178 eV, which were taken after
each heat treatment. The shift of the Zr AES peaks at 85,
110 and 138 eV to-higher energies and the iﬁcrease of the Zr
122 eV peak intensity at higher treafment'températures are

indicative wof partial surface oxide reduction at high
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temperatures. The resulting surface oxygen concentration
after each heat treatment was determined by utilizing peak
areas. The findings are sqmmariéed in Table 2. The table
shows a significant decrease ' of the surface oxygen
concentration after treatment in vacuum at high
temperatures.

As another series of tests, Zr:0ss samples which ﬁad
been cooled in 1.0x1076 Torr 0, following a 300 L O,
exposure at 900 K were heat'treated in vacuum at different
temperatures for 5 minutes and then depth profiled. Table 3
shows the resulting surface oxygen concentration and the
thickness of the surface 2ZrOj lgyer, determined by depth
profiling after each heat treatment. The oxygen
concentration profiles measured on 'these samples . are
presented in Figqure 14. As can be seen in Table 3 and
Figure 14, surface oxygen concentration decreases when the
samples are treated at high temperatures, but.there is no
significant change in the thickness of the ZrO; layer formed
on Zr:Oss.‘

The ZrOp layer formed on Zr:0ss is. not significantly
affected by high temperature treatments in vacuum except for
the partial reduction of the outermost surface. The oxygen
concentration of the outermost surface of the oxidized

Zr:0ss significantly decreases at high temperatures.
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Table 2. The surface oxygen concentration of a ZrrOss

sample, which had been cooled in 1.0x10-6 Torr 02
after 300 L 02 exposure at 900 K, after heat
treatments at different temperatures for 5 minutes

5 Minutes Heat Treatment The Resulting Surface
in vacuum at  the Atomic Concentration
Following Temperatures, Determined by Utilizing
K Peak Areas, %

None 67
700 65
800 60
900 54

1100 49

1200 8

(53, by Depth Profiling)
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Table 3. The resulting surface oxygen concentration and the
thickness of the surface ZrO] layer
treatment (at different temperatures for 5 minutes)
of ZrrOss samples which had been cooled

Torr 02 following a 300 L 02 exposure at 900 K

5 Minutes Heat

Treatment in Surface Atomic
Vacuum at the Oxygen Concentration
Following Determined by Depth
Temperatures, K Profiling, %

300 66

700 63

900 58

1100 58

These values are for the Zr02 layers
reduced surfaces.

The Thickness
of the Zr02
Layer, A

500

620

550*

550*

under the thin

after heat
in 1.0x10“°
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Figure 14. AES depth profiles”~conducted on ZriOss samples which had been
cooled 1in 1.0x10 Torr following a 300 L exposure at
900 K and heat treated for 5 min at temperatures of:
(a)none; (b) 700 K; (c) 900 K; (d 1100 K
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Stability of the Surface Zr0O; Layer

Table 4 shows the surfacerxygen concentrations and the
thickness of the surface ZrO; layers determiﬁed by depth
profiling of oxidized 2r:0ss samples after high temperature
heat treatments in vacuum. Oxidation and heat treatment
conditions are given in the table. All samples were cooled
in vacuum after the initial oxidation.

The data presented in Table 4 indicate that holding an
oxidized sample at 700 K in vacuum does not result in a
significant change on the surface oxide formed on Zr:0ss. At
temperatures of about 900 K or above, the outermost oxide
surface 1is partially reducéd but there is no sigﬁificant
decrease in the ZrO; layer thickness from dissolution into
the bulk. If the substrate were not saturated with oxygen,
increased oxygen diffusivity in Zr would result in oxygen
permeation into the bulk'metal from the surface oxide layer
at measurable.rates at o£ above 500 K [7]. Thus, the abéence
of a significant change of the oxide layer thickness after
holding the oxidized surface at temperatures as high as
1100 K supports the assumption that the substrate used in
this study was essentially saturated with oxygen. The reason
for the outer surface oxide reduction at temperatures of
about 900 K or above is probably the dissociation of oxygen

from ZrO3 into the vacuum at high temperatures.
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Table 4. The surface oxygen concentrations and the thickness
of the surface Zr02 layers determined by depth
profiling of oxidized ZrrOss samples after high
temperature heat treatments

Oxidat:ion Heat Treiatment Surface
Condit:ions* in Vacmim Oxygen Thickness
i Atomic of the

Temp., 02, Temp., Time, Cone., Zr02 Layer,
K L K min % A

700 300 - None 64 100
700 300 700 60 64 100

700 300 900 5 58 100**
900 300 - - - None 56 550**
900 300 900 60 56 550**
900 300 1100 5 53 550**

The sample was cooled in  vacuum after the high
temperature oxidations.

These values are for the Zr02 [layers under the thin
reduced surfaces.
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Effect of 0O) Exposure Conditions on
Surface Oxidation of Zr:0ss at 900 K

The surface oxygen concentration and the thickness of
the ZrO; layer formed on Zr:0ss at 900 K for several
different Oj; exposure time-pressure conditions are shown in
Table 5. The samples were cooled in vacuum after oxidation.

As the data in Table 5 indicate, O3 exposure pressure
affects the surface oxidation significantly. The same O3
exposure level which forms a Zr0O; surface at one pressure
results in a partially reduced surfaée at a lower exposure
pressure. On the other hand, O pressure does not have a
significant effect on the thickness of the ZrO; layer formed

on Z2r:0ss, except at the exposure level of 30 L.

Effect of Sputtering on Surface Condition

The Zr:0ss sample which had been oxidized at 900 K and
heat treated at 1200 K for 5 minutes indicated a partial
reduction of the surface oxide according to its AES spectrum
in Figure 13. Its surface oxygen concentration was about 53
atomic percent as shown in Table 2. This sample was sputter-
cleaned for 150 secopds until a surface oxygen concentration
of about 64 atomié percent was established by depth

profiling. An AES spectrum taken on the sputter exposed

surface is shown in Figure 15. The existence of the 138 eV
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surface

Oxygen Exposure at 900 K

Oxygen Oxygen
Exposure Exposure
Level, Pressure,
L Torr
30 1.0x10-7
30 1.0x10-6
100 3.3x10-7
100 1.0x10-6
600 1.0x10-6
600 2.0x10-6

These thickness values are for the ZrO]

thin reduced surfaces.

Surface

Oxygen Atomic
Concentration
Determined by
Depth Profiling,
%

67

67

57

and the
oxidation

level of Oo
of ZrzOss at

The Thickness
of the Zr02
Layer Formed,
A

70

760*

740

layers under the
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Figure 15. The AES spectrum from 78 eV to 178 eV for a sputtered ZrO
surface which had an oxygen concentration of about 64 atomic2
percent determined by using Equation 1
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peak and the shifts of the 2r MNN peaks (at about 87
and 112 eV). by -2 eV, relative to cleaﬁ Zr, indicate that
the surface Zr is somewhat oxidized, whereas the Zr MNV
peaks at 122 and 144 eV indicate the extensive presence of
reduced Zr on the surface. The Zr MVV peak intensity at
about 172 eV is relatively low. The AES spectrum taken after
sputtering the surface for 30 more seconds was not
significantly different than the spectrum shown in Figure 15
while the intensity of the oxygen AES peak .at 506 eV
remained high. The depth profile atomic concentration
analysis indicated that there was approximately 64 atomic
percent oxygen on the surface.

The reason behind the observation of a reduction of the
sﬁrface Zr while the surface éxygen concentration remains
high'may be that the surface is disturbed by Art* ions during
sputtering. Ar* ion bombardment may result in the partial
reduction of the oxidized Zr atoms on the outermost surface.
One reason for the observed high oxygen concentration may be
that the oxygen 506 eV Aﬁger transition escape depth
includes both the reduced outermost surface and the oxide
layer under that disturbed surface, whereas the Zr 89 eV
'Aﬁger transition arises from a shallower depth. The escape
depth is about 5.9 & for the 2Zr peak at 89 eV. This is
shallower than the escape depth of about 13 & for oxygen

Auger transition at 506 eV [20].
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Relation of Observed High Temperature Surface
Reduction to Catalytic Mechanisms on ZrO»

Studies of the catalytic mechanism of CH3OH formation
on 2ZrOj by Ekerdt and Jackson [24] indicate that the surface
reaction steps depicted in Figure 16 are followed. This
proposed mechanism postulates the formation of carbonate,
formate, and methoxide surface species invthe hydrogenation.
of CO on Zr0Oj3. Surface hydrogen, hydroxyl, water groups, and
partially reduced zirconium are involved in the. surface
reaction sequence [2,3,4,24]. |

The results of this study provide support. for the
mechanism for methanol synthesis over Z2Zr0Oj préposed by
Ekerdt and Jackson. They demonstratéd that ZrOp is an active
catalyst for CO reduction by Hs at about 973 K. The reducing
environment present in the Hy, CO reaction system would most
probably support the formation of a partially reduced ZrO3
surface, very much like that observed in this research at or
above about 900 K. The demonstration of partially reduced
2rO0y surfaces in vacuum at high temperatures therefore
provides direct evidence of the existence of the partially
reduced ‘Zr on ZrOj, which 1is required in the proposed

reaction mechanism.
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Figure 16. Proposed mechanism for methanol synthesis
over Zr02 [24]
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SUMMARY AND CONCLUSIONS

The objective of this research was to develoﬁ and
characterize a model ZrO; test catalyst surface on a
conductive substrate, which can be directly tested by high
vacuum electron and ion spectroscopic methods which require
some mode of surface charge dissipation during testing. The

significant findings of this investigation are as follows:

1. It is possible to form a thin ZrOp surface layer on a
conductive oxigen—saturated zirconium metal substrate which
provides for the dissipation of surface electrical charge

during spectroscopic surface studies.

2. The thickness of the ZrOj; surface layer formed increases
with Oj exposure temperature up to about 900 K and then

decreases.

3. The oxide layer formed at 900 K is reduced near the
outermost surface if it is cooled in vacuum after the
oxidation. This reduétion may be eliminated by cqoling the
oxidized sample in O3, as this retains the full oxidation of

the surface Zr.

4. For oxidation temperatures above 900 K, the oxygen
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AY
concentration profiles indicate lower oxygen concentrations

through the surface oxide 1layer compared to surfaces

oxidized at 900 K or lower. The surface oxide layers formed

" at temperatures above 900 K also extend further into the

Zr:0ss substrate than those formed at 900 K. This may
indicate the formation of sub-oxides of Zr upon oxidation at

temperatures above 900 K.

5. The ZrOj surfaces formed are stable at temperatures up

‘to about 900 K. The outermost surface becomes reduced at or
‘above 900 K, but the oxide layer under that thin reduced
"surface stays stable at -even higher temperatures. The

"highest temperature tested was 1200 K.

6. Sputtering the Zr0O; surface layer with argon ions

produces a partially reduced Zr surface.
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RECOMMENDATIONS

Based on the results of this experimental work, the

following recommendations are made:

1. Extended AES studies of the oxidation of oxygen-
saturated zirconium (Zr:0ss) at 900 K Aat various oxygen
exposures and pressu;es.would'pro§ide more information about
the preésure effect on the surface oxidation of Zr:0ss at

this temperature.

2, If this typé of Zr02. surface is wutilized in an
investigation of the catalytic p;operties of Zr0O3, it should
be formed on a Zr:Osé substrate at temperatures lower than
about 900 K or the sample should be cooled in 03 after
oxidation at 900 K. The temperature of the oxidized sample
should not‘paés about 900 K if the surface reduction will be

any problem for the catalytic investigation.

3. The surface of bulk ZrOp should be investigated for

evidence of surface Zr reduction at high temperatures.
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The difference in Z2r atom density in Zr and Zr02

[density* of Zr/atomic weight of Zr]
x Avagadro's number

Atomic density of Zr

[6.49 (g/cm3) / 91.22 (g/gmol)]

X 6.02x1023 (atoms/gmol)

4.28x1022 atoms/cm3

Molecular dens. of ZrOj [dens.* of 2rO;/mol. wt. of Z2rOs]

X Avagadro's number

[5.89 (g/cm3) / 123.22 (g/gmol)]
X 6.02x1023 (molecules/gmol)

2.88x1022 molecules/cm3

1 ZrOj molecule has 1 Zr atom in it. Hence, Zr atom density
in 2r03 is the same as the molecular density of 2r0Oj3.
That is:

Zr atom density in ZrO; = 2.88x1022 atoms/cm3

The difference in
Zr atom density
in 2r and 2rOp = (2.88x1022/4.28x1022)x100 = 67 $%

* Density values, which are at room temperature, were taken
from Reference [25].

Note: dens. = density, and mol. wt. = molecular weight
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