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The reaction between oxygen and carbon on a nickel film supported by a sapphire substrate has
been studied with temperature programmed desorption (TPD) and Auger electron spectroscopy
(AES). Oxygen was dissolved into the nickel film from the gas phase during high-temperature
oxidation and annealing. Carbon was subsequently deposited on the nickel surface from the thermal
decomposition of ethylene. During TPD, the bulk oxygen diffused to the vacuum interface of the
nickel film, reacted with surface carbon, and desorbed as CO. A set of CO TPD peaks obtained for
increasing initial carbon coverages showed a common low-temperature leading edge. This common
leading edge has been fitted to a model in which the rate-limiting step in the carbon—-oxygen reaction
is taken to be the diffusion of bulk oxygen to the nickel film’s surface. An activation energy for
oxygen diffusion in nickel of 80 kcal/mole has been obtained. Sequential carbon exposures and
TPD flashes eventually resulted in bulk oxygen depletion; this manifested itself in the CO desorption
spectra as a reduction in the area under the CO peak and a shift of the peak to higher tempera-

tures. © 1992 Academic Press, Inc.

1. INTRODUCTION

The degradation of catalysts during use
is a severe problem in the chemical indus-
try. One form of catalyst deterioration is
caused by poisoning by undesired contami-
nation or intermediate species buildup
(I-3). Sulfur is an example of the former
(4), while carbon deposition during
Fischer—Tropsch  synthesis  reactions
(coking) typifies the latter (5, 6). One way
to regenerate nickel-based catalysts which
have lost their efficacy because of coking
is to expose them to a high-temperature
oxygen or steam treatment. This removes
the carbon deposit through its oxidation to
form CO and CO,. The present study was
undertaken to explore the role that dis-
solved oxygen in a metallic catalyst might
play in the removal of surface carbon dur-
ing thermal treatments. This paper summa-
rizes the results of temperature pro-
grammed desorption and AES experiments
on a model catalyst consisting of a single-
crystal nickel film supported by a sapphire
substrate.
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2. EXPERIMENTAL

The nickel/sapphire specimen was pre-
pared from eight-pass zone refined INCO
270 grade nickel, and single-crystal sapphire
(AL O,) disks of (1011) orientation. A thin
section of a nickel rod was placed between
opposing sapphire disks, and the assembly
was annealed in a vacuum furnace above
1726 K, and then cooled slowly over a 24-h
period. A cut through the nickel layer re-
sulted in two sapphire disks each covered
by a continuous, circular-shaped nickel film.
After final cutting, two 1.4 cm x 1.0 cm X
0.1 cm specimens were obtained. The nickel
film was then mechanically and chemically
polished to produce a layer 25 wm thick. X-
ray Laue back reflection showed that the
nickel film was predominantly a single crys-
tal (7), and had a surface orientation that
can be described in the notation of Thapliyal
and Blakely (8) as Ni(111) 16° [112]. That is,
the film was a Ni(111) surface rotated 16°
about the [112] zone axis toward (110). In
conventional Miller indices, the nickel sur-
face was very close to (423). A slot was then
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cut in the sapphire substrate parallel to the
plane of the nickel film, leaving enough sap-
phire to permit the specimen to be hung
over a tantalum ribbon heater for TPD. A
chromel-alumel thermocouple was spot
welded to the top portion of the nickel film
for temperature measurement during TPD.

The UHV system has been described in
more detail elsewhere (9, 10). It consisted
of an ion and titanium sublimation pumped
vacuum chamber equipped with a single-
pass cylindrical mirror analyzer (CMA) for
AES, an argon sputter ion gun for specimen
cleaning, an ion gauge for pressure measure-
ment, leak valves for gas admission, and a
differentially pumped UTI 100C quadrupole
mass spectrometer (QMS) with a line-of-
sight detection tube for TPD. Since the area
of the nickel film was greater than that of
the TPD detection tube (~0.4 cm?), and the
specimen was positioned 1 mm from the
tube during TPD, potential boundary effects
from the nickel-sapphire interface and de-
tection of desorption species from other
parts of the vacuum chamber were avoided.

The specimen heating rate during TPD
was ~14 K/s in the CO desorption tempera-
ture range. The QMS output for CO (m/e
= 28) and the thermocouple voltage were
recorded on a Hewlett Packard model 7004B
x—y recorder. The recorded TPD spectra
were transferred to a mainframe computer
by use of an electronic digitizing tablet.

3. RESULTS AND DISCUSSION

Preliminary TPD experiments showed
that the sapphire substrate did not appear
to supply oxygen for reaction with surface
carbon on the nickel film. After UHV an-
neals of the nickel/sapphire specimen at
temperatures of 1073 K for several hours,
followed by carbon deposition from the de-
composition of ethylene (C,H,), no desorp-
tion species were measured by the QMS.
The nickel film was then charged with oxy-
gen by heating the specimen to 773 K and
exposing to 1 x 107 Torr of oxygen for
several hours. At the end of the oxidation,
the sample was heated to 1173 K for several
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FiG. 1. AES spectra from the nickel film after differ-
ent specimen treatments. The top spectrum is after
oxidation at 773 K, and the bottom spectrum is after
sputtering, annealing, and carbon deposition. The car-
bon coverage in this case is estimated to be ~2 A, and
appears to be of a graphitic nature (see text).

minutes until vacuum chamber wall desorp-
tion became excessive. The top AES spec-
trum in Fig. 1 shows the specimen surface
after the oxidation procedure. The surface
oxide was removed by argon ion sputtering
at room temperature, and the specimen was
then annealed at 813 K for 90 min prior to
carbon deposition. No oxygen was detected
by AES on the nickel surface after this
treatment.

A carbon deposit was then formed on the
specimen by heating to 643 K and exposing
to 1 x 10~ Torr of ethylene (C,H,) for vari-
ous times to produce the desired quantity of
carbon. The temperature for ethylene expo-
sure was determined by concern over the
fact that ethylene and CO would both have
principal desorption peaks at m/e = 28.
TPD spectra taken after room temperature
ethylene exposure showed that there was
almost no m/e = 28 desorption above 643
K. Stroscio et al. (11) had shown that ethyl-
ene was completely decomposed to atomic
carbon by 500 K on Ni(110), and so it was
felt that the contribution to the m/e = 28
peak during TPD after the high-temperature
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F1G. 2. CO (mm/e = 28) desorption spectra from the
specimen with various initial coverages of carbon. The
AES ratios are based on peak-to-peak heights. TPD
heating rate = 14 K/s.

carbon deposition procedure was caused by
CO, and not ethylene. A final indication that
the species recorded during TPD in this
study was actually CO was the observation
of m/e = 16 (oxygen) and m/e = 12 (carbon)
peaks in experiments where those species
were specifically monitored, consistent with
the cracking pattern for CO. The bottom
AES spectrum in Fig. 1 shows the nickel
surface after a typical amount of carbon was
deposited. The carbon coverage for this par-
ticular surface preparation was estimated to
be ~2 A, based on the attenuation of the Ni
61-eV Auger peak after carbon deposition
(12) and the estimated inelastic mean free
path and attenuation length for 61 eV elec-
trons in carbon (13, 14). The deposited car-
bon overlayer showed Auger peak shapes
characteristic of graphite (15-17). TPD was
then performed after the carbon deposition
step. The specimen was annealed at 1173 K
for 1 min after the completion of a TPD flash
to redistribute the dissolved oxygen prior to
the carbon deposition step preceeding the
next TPD flash. This annealing step was per-
formed to replenish near-surface oxygen re-
moved by the flash.

Figure 2 shows a series of CO TPD spec-
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tra taken from the nickel/sapphire specimen
for increasing amounts of carbon coverage.
The relative carbon coverage is expressed
as the ratio of the carbon 272-eV AES peak
to the nickel 61-eV peak. The significant
feature is the common low-temperature
leading edge of the CO desorption peak ex-
hibited by the family of TPD spectra, indi-
cating that the initial rate of CO desorption
is independent of the carbon concentration
on the surface. List and Blakely (/8) have
previously observed very similar behavior
for a set of CO TPD spectra from oxygen-
exposed nickel crystals which contained
dissolved carbon. However, the lower tem-
perature 8, CO desorption peak (/8) was
not observed in the present experiment; this
peak was believed to be caused by the reac-
tion between surface carbon and surface ox-
ygen in the previous study and had been
observed in the ~500-650 K temperature
range. The absence of the 8, CO desorption
peak in this study is consistent with the lack
of oxygen on the nickel surface at the begin-
ning of the TPD flash (as determined by
AES). List and Blakely proposed that the
rate-limiting step for the formation of the
B, CO desorption peak (the label given the
highest temperature CO desorption peak in
their study) was the diffusion of bulk carbon
to the surface of the nickel specimen, and
derived an equation relating the CO desorp-
tion flux to the carbon diffusivity in nickel,
the carbon concentration, and the heating
rate used in the TPD experiments. The acti-
vation energy they obtained for C diffusion
in nickel (E; = 36.5 kcal/mole), and preex-
ponential factor (D, = 0.04 cm?/s), were in
reasonable agreement with values measured
by Diamond and Wert using anelastic tech-
niques (19).

The present investigation is an analogous
diffusion study, except that the initial distri-
butions of carbon and oxygen are reversed:
carbon is now the surface species, and oxy-
gen is dissolved in a nickel film. If bulk oxy-
gen diffusion to the surface is the rate-lim-
iting step in the CO desorption spectra in
Fig. 2, the same analysis should be applica-
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F1G. 3. (a) Least squares fit of Eq. (1) to the CO desorption peaks in Fig. 2 (b) Least squares fits of Eq.
(1) to spectrum (d) of Fig. 2 and to a later flash when the specimen showed characteristics of oxygen
depletion; that is, a displacement of the CO peak to a higher temperature. Both fits use the value of

80 kcal/mole for E4.

ble, and the flux of oxygen to the vacuum
interface of the nickel film during TPD
would be given by (18)

[(C3DoB)/m]*> exp (— E4/kT)

T 0.05 °
[ fT exp(—Ed/kT’)dT’]
0

JT) = D

where C, is the bulk oxygen concentration,
B is the TPD heating rate, 7T is the specimen
temperature, T, is the TPD-initiation tem-
perature, and & is the Boltzmann constant.
The oxygen diffusivity, D, has been taken
to follow an Arrhenius form

D = D, exp(—E/kT), )

where D, is the oxygen diffusivity preexpo-
nential, and E; is the activation energy for
oxygen diffusion in nickel. The CO desorp-
tion flux would then be directly proportional
to the flux of dissolved oxygen to the surface
if oxygen diffusion were rate-limiting.
Equation (1) was fitted to the CO desorp-
tion spectra shown in Fig. 2 by arbitrarily
selecting a value for CZD, that resulted in
coincidence of Eq. (1) with the midpoint of
the common leading edge of the family of

TPD spectra, and varying E; until a mini-
mum in the sum of the squares of the differ-
ence between the fit and the common lead-
ing edge was achieved. A value of 80 kcal/
mole was then obtained for the activation
energy for oxygen diffusion in nickel. This
value is in fair agreement with other studies
of oxygen diffusivity in nickel (using internal
oxidation techniques) which reported val-
ues of 71-74 kcal/mole for E, (20-23). Fig-
ure 3a shows the fit of the bulk-oxygen-diffu-
sion-limited model superimposed on the
data of Fig. 2. It should be noted that Eq.
(1) predicts an exponentially increasing flux
of oxygen to the nickel surface, but actual
experiments must eventually deviate from
this because one or both of the reactants will
become depleted during the TPD flash: in
the present case carbon on the surface is
believed to be completely consumed during
the flash, causing a peak in the CO desorp-
tion spectrum.

Figure 3b shows the CO TPD spectrum of
curve (d) in Fig. 2 and that from a later flash.
One can see that the CO desorption peaks
for these two flashes did not exhibit the com-
mon low-temperature leading edge behavior
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seen earlier. In this case, after a new carbon
adlayer was deposited, a third TPD flash
showed no CO desorption. It is believed
that the shift of the CO TPD peak to higher
temperatures was caused by the depletion
of bulk oxygen from the limited volume of
the nickel film. It was generally observed
that if a series of experiments was continued
beyond approximately four TPD flashes,
subsequent CO desorption peaks shifted to
increasingly higher temperatures, with each
peak reduced in magnitude, until a point at
which no CO was desorbed during TPD.

List (10) was able to determine values for
the quantities Dy and C, for carbon diffusion
in nickel by fitting Eq. (1) (after a value for
E; was obtained) to a series of TPD spectra
from specimens which were not annealed
between flashes. For the unannealed cases,
the CO desorption spectra progressively
shifted to higher temperatures during a se-
ries of flashes because the bulk carbon con-
centration near the surface was no longer
the constant value assumed in the model.
His technique for extracting Dy and Cjrelied
on a uniform, but incremental, decrease in
the nickel specimen’s near-surface carbon
concentration, a decrease which is caused
by the removal of carbon as CO during the
TPD flash, and not compensated for by a
post-TPD high-temperature anneal. In the
present study, if the specimen was not an-
nealed between TPD flashes to redistribute
dissolved oxygen, the removal of near-sur-
face oxygen during TPD should cause a pro-
gressive shift of the CO peaks to higher tem-
peratures. Theoretically, this shift would
permit the use of List’s technique for calcu-
lating D, and C;. Unfortunately, D, and C,
for oxygen diffusion in nickel could not be
separately extracted because the dissolved
oxygen was completely depleted almost im-
mediately after the TPD spectra began to
shift to higher temperatures (see Fig. 3b),
leaving an insufficient number of TPD spec-
tra exhibiting oxygen depletion for quantita-
tive analysis.

If the specimen was reoxidized, high-tem-
perature annealed to dissolve oxygen, sput-
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Fi1G. 4. AES spectra from the nickel surface before
and after a TPD flash to 1000 K in which no CO was
desorbed. The drastic reduction of the carbon signal
after the flash is caused by carbon dissolution into the
crystal.

ter cleaned to remove surface oxygen, then
low-temperature annealed to remove sput-
ter damage, CO TPD spectra which had co-
incident low temperature leading edges with
the data of Fig. 2 could be regenerated after
the carbon deposition step. Figure 4 shows
AES results prior to and after a TPD flash
which showed no CO desorption. The car-
bon layer was gone after the flash, presum-
ably through dissolution into the nickel film.
Situations in which surface carbon dissolu-
tion occurs concurrently with the oxidation
reaction complicates the proposed model;
however, quantitative measurements for the
activation energy for oxygen diffusion in
nickel were only made for cases in which it
appeared that all surface carbon partici-
pated in the oxidation reaction, and subse-
quently desorbed as CO.

Figure 3b also illustrates the fit of Eq. (1)
(with the same activation energy for oxygen
diffusion in nickel, E; = 80 kcal/mole, as
derived from Fig. 2) superimposed on the
CO spectrum which was shifted to higher
temperatures, but with a smaller value cho-
sen for the C3D, term. The oxygen-diffu-
sion-limited CO desorption model is consis-
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tent with the experimental observations
even when oxygen depletion is believed to
occur, and can be accounted for in the model
by a reduction in the C3 term. The model
should, however, be applied carefully since
there may be systems in which the rate-
limiting step is not simply the diffusion of
oxygen to the surface, but, instead, some
other process, such as the surface recombi-
nation reaction itself.

4. SUMMARY

TPD and AES experiments on a nickel
film supported by a sapphire substrate dem-
onstrated that oxygen, which was dissolved
in the nickel film, was able to diffuse to the
nickel surface and react with surface carbon
during specimen heating to form CO; the
CO subsequently desorbed from the nickel
surface. A series of CO desorption spectra
for various initial carbon coverages con-
sisted of a set of peaks, which had a common
low-temperature leading edge. The CO de-
sorption rate is consistent with a model in
which the rate-limiting step is the diffusion
of bulk oxygen to the surface of the nickel
film, and a value of 80 kcal/mole was calcu-
lated for the activation energy for oxygen
diffusion in nickel. Continued carbon expo-
sure and TPD flashes caused bulk oxygen
depletion of the nickel film, resulting in a
shift to higher temperatures of the CO de-
sorption peak; eventually no CO desorption
was observed. The bulk oxygen concentra-
tion could be restored by high-temperature
oxidation and annealing, and CO TPD spec-
tra from the specimen after this treatment
again showed a common low-temperature
leading edge.
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