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The flash decomposition of adsorbed formic acid on clean Ni(110) produced H.O,
CO, H,, and CO: peaks. The CO decomposition peak appeared at much higher tem-
peratures than the H:. or CO. decomposition peaks; it was identical to the flash
desorption peak of adsorbed CO. The H:O peak was observed at temperatures well
below the H. and CO:. decomposition peaks. The H. and CO. decomposition peaks
were identical and quite narrow. The insensitivity of the peak temperature of H, and
CO: to initial coverage and the detailed peak shapes were inexplicable by simple
mechanisms; they were suggestive of an autocatalytic decomposition. The hydrogen
decomposition peak occurred at a much higher temperature than the flash desorption
peak of H..

The initial sticking probability of formic acid was near unity at room temperature.
Low exposures to formie acid produced CO and surface oxidation. The sticking prob-
ability of H: was quite temperature sensitive, increasing from 0.01 to 0.5 between 50
and —25°C; it was immeasurable on a carbon-covered surface. The initial sticking
probability of CO was 0.7 = 0.2. Decomposition of CO. to adsorbed CO and O oc-

curred with a probability of 0.15 per incident CO. molecule.

INTRODUCTION

The interaction of formic acid with a
clean (110) nickel single crystal surface
was studied in an ultra high vacuum sys-
tem. The objective of this study was to ob-
tain kinetic information about the catalytic
decomposition of formic acid on the clean
surface and to determine how surface im-
purities of carbon, sulfur, and oxygen, as
well as surface structure, effect the kinetics
of this reaction. Results on contaminated
surfaces will be presented in a later paper.
Experiments employing a combination of
mass spectrometric flash desorption, Auger
spectroscopy, and LEED are reported
below.

The decomposition of formiec acid on
metals and metal oxide surfaces has been
extensively studied by many workers. In
most cases the reaction was studied in
batch, flow or recirculating reactors at rela-

tively high pressures (10-°~100 Torr). Also
the surfaces used were usually not well de-
fined in terms of surface structure and com-
position (powders, decomposed formates,
or carbonates). Recent advances in analyt-
ical techniques such as Auger electron
spectroscopy (AES) for observing surface
composition and structure make more de-
tailed studies possible.

In general the observed reaction kinetics
for this reaction is fairly simple, and the
products can be readily separated and de-
tected. Reasonable reaction rates occur at
low temperatures, and since many materials
catalyze the dehydrogenation reaction, it
has been used as a test reaction for a large
number of catalysts. The reaction, there-
fore, appeared particularly suitable for
fundamental study on well characterized
surfaces.

The three reaction paths for the decom-
position are:
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HCOOH — H, 4+ CO,
HCOOH — H,0 4 CO 0]
2HCOOH — H,0 + CO, + CH:0. 3)

Reaction (3) is not observed on metals
(1), and the dehydrogenation reaction (1)
is generally considered to be the major re-
action on metal catalysts. The dehydration
reaction usually oceurs to less than one
percent on nickel (3-8). One exceptional
observation to this general pattern was due
to Inglis and Taylor (2) who observed a
large CO to CO, product ratio for decom-
position on freshly deposited thin films of
several metals (CO/CO, = 0.41 for nickel).
After several experimental runs on a given
film, however, they observed a large de-
crease in the CO/CO, ratio and obtained
results similar to those for metal powders.
They attributed this change in decompo-
sition product ratio to surface contamina-
tion. In this study kinetic information on
a clean surface was obtained by making
use of Auger electron spectroscopy (AES)
to monitor surface composition.

(1)

EXPERIMENTAL METHODS

A stainless steel ultra high vacuum
chamber was used as the flash desorption
chamber (designed for use as a modulated
molecular beam system). It was pumped

GAS
DOSING SYSTEM
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by a 2000 liter/sec TSP and a 240 liter/sec
Noble Vac Ion pump. After a twelve hour
bake-out to 200°C for the chamber and
300°C for the shielded ion pump base pres-
sures less than 5 X 10-1° Torr were reached
routinely. The system contained PHI four
grid LEED-Auger optics, an EAI quad-
rupole mass spectrometer, an argon ion
bombardment gun, and a molecular beam
source region. A schematic diagram of the
apparatus is shown in Fig. 1.

A 0.05 mm thick nickel (110) single-
crystal with 0.5 em? area on each side was
used. It was spotwelded to a 0.25 mm di-
ameter nickel wire which was clamped to
an alumina rod for electrical isolation. The
crystal holder was connected to a linear
rotary-motion feed-through located on top
of the vacuum chamber. The sample could
be heated linearly with time by either radi-
ation or electron bombardment from a
tungsten filament located 4 mm behind it.
The thin sample could be cooled to —60°C
by conduction through the alumina rod
which was in thermal contact with a liquid-
nitrogen cooling tube. After a typical flash
to 500°C, the sample cooled back below
room temperature in approximately two
minutes. The total exposure to background
gases between the completion of a flash
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F1G. 1. Top view of ultra high vacuum flash desorption chamber.
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Fie. 2. Auger spectrum of ‘‘clean’” Ni{110) sample (2 kV gun voltage, 3.5 V r.m.s. modulation).

desorption and the start of the next ad-
sorption sequence was negligible, The tem-
perature of the ecrystal was measured by
a chromel-alumel thermocouple spotwelded
between the erystal and support wire.
The degree of surface contamination was
monitored by Auger electron spectroscopy.
An electron gun was suspended from the
top of the chamber at an angle of 15°
to the crystal plane and provided more
than 100 pA of ionizing current at 2 kV.
The retarding grid method was used to
analyze the Auger electron current, and
the lower limits of detection due to instru-
mental noise were estimated to be 2% of
a surface layer for carbon and sulfur and
less than 5% for oxygen. A typical “clean”
Auger speetrum is shown in Fig. 2. This
clean surface was obtained by argon ion
sputtering and heating. All contaminants
except carbon were readily removed by a
typical cleaning cycle of 4 X 105 amps of
Ar* ions at 300V for 20 min followed by a
brief anneal at 500°C. In the carlv stages
of this work a sulfur peak and peaks at 165
and 180 V appeared upon heating to 750°C
or after repeatedly flashing to 500°C (see
Fig. 3). After many cleaning cycles and
flashes, the sample could bhe heated to

750°C without any appearance of these
Auger peaks; apparently the repeated
cleaning and flashing cyecles purified the
bulk sufficiently to maintain a clean sur-
face during flashing. All results reported
below were obtained on these clean sur-
faces. Carbon was very difficult to remove
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Fi1c. 3. Auger spectrum of Ni{(110) with contami-
nation peaks due to numerous flashes to 500°C.
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completely and a small amount was always
present after Ar* sputtering. This level of
surfaee carbon could be further reduced but
not eliminated by heating the sample to
about 500°C for several minutes. Usually
less than 10% of a surface carbon mono-
layer resulted after this heating. A surface
carbon monolayer was defined as the sa-
turation carbon coverage (C¢;) obtained
from cracking ethylene at saturation cov-
erage on the nickel surface. In fact, no dif-
ference in the desorption kinetics for
HCOOH was observed when the carbon
level was between 2 and 10% C,:. When
carbon and/or oxygen built up on the sur-
face due to carbon dioxide or formic acid
exposure, g flash to 750°C eliminated oxy-
gen and decreased the carbon to less than
0.1 C,.

In order to minimize adsorption and de-
composition of formic acid on the chamber
walls the formic acid was introduced
through a stainless steel syringe located in
front of the LEED grids and directed at
the front face of the crystal (see Fig 1).
During dosage the background pressure
did not rise above 1 X 10-° Torr, and the
sample was dosed at an effective pressure
greater than 3 X 10-® Torr. Thus, as veri-
fied experimentally, negligible adsorption
occurred on the back side of the sample
during formie acid dosing. Product gases
were adsorbed both through the doser or
from ambient gas. In all cases the chamber
was pumped below 1 X 10 Torr before
the sample was flashed.

The formic acid (Baker and Admason
reagent grade, 99.5% minimum assay,
0.40% maximum acetic acid impurity) was
purified by repeated fractional crystalliza-
tion until a constant freezing point of 8.4°C
was reached. It was then twice vacuum dis-
tilled. This purification procedure left
residual methanol and acetic acid, since
fragments of mass numbers 31, 32, 43, and
60 were detected in the mass spectrum of
the formic acid vapor. These impurities
were completely removed by extended
vacuum evaporation at —45°C. The formic
acid vapor above the solid at —~45°C was
used to dose to sample. When not in use
the formic acid was stored under vacuum
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in a dry ice-acetone bath. The composition
of the gases used for adsorption studies
were as follows; (a) hydrogen, Matheson
ultrapure 99.999%, (b) argon, Matheson
99.995%, (c) carbon monoxide, Matheson
Research Purity 99.99%, and (d)} carbon
dioxide, Liquid Carbonic US.P. grade
99.9%.

The flash desorption technique was used
to study the adsorption and desorption of
product gases as well as the adsorption and
decomposition of formic acid. The results
reported below were obtained using radia-
tion heating from the tungsten filament
located behind the sample in order to avoid
the complications introduced by decom-
posing adsorbed formic acid by electron
bombardment heating. Nearly linear flash
rates up to 12°C/sec were used. The quad-
rupole mass spectrometer with a Brink-
type axial ionizer functioned as a partial
pressure indicator and was calibrated with
a Bayard Alpert ionization gauge. The mass
spectrometer signal was amplified by a
Keithly electrometer and plotted on a X-Y
recorder against the thermocouple voltage.
Pumping speeds were measured frequently
against known effusion rates through an
orifice from the beam chamber, and they
agreed well with values obtained from
known leak rates through the dosing
syringe.

LEED was used to verify the presence
of the nickel (110) face and to observe the
effect of formic acid adsorption. Prelimi-
nary results indicate no fractional order
spots but some change in intensity of sub-
strate spots was observed. More extensive
LEED studies are in progress.

ResuLts

A. Adsorption and Desorption of
Hydrogen

Hydrogen was adsorbed on the Ni (110)
surface from —55 to 55°C at pressures up
to 1 X 107" Torr. Figures 4-6 show typical
hydrogen desorption for adsorption at 25,
0, and —30°C, respectively. For adsorp-
tion at 25°C and above only one flash peak
was found, the maximum desorption rate
occurring around 80°C (peak temperature)
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¥ia. 4. Hydrogen flash desorption after 20 Langmuir hydrogen exposure at 25°C.
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Fia. 5. Hydrogen flash desorption after 4 Langmuir hydrogen exposure at 0°C.
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Fic. 6. Hydrogen flash desorption after 8 Langmuir hydrogen exposure at —30°C.
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for a heating rate of 10°C/sec. The peak
shape was symmetrical about the peak
temperature indicating second order de-
sorption kinetics. At lower temperatures,
two desorption peaks were observed as seen
in Fig. 6. The coverage for adsorption at
50°C reached a limiting value of 1.3 X104
molecules/cm?.

Full coverage for adsorption at —25°C
was approximately 4 X 10 molecules/cm?
with a sticking probability of 0.5 at cov-
erages less than 1 X 10 molecules/ecm?,
Though the initial sticking probability at
—25°C was 0.5 for the clean surface, at
—25°C with a carbon coverage of 1.0 C,;
no observable adsorption occurred after
100 Langmuirs exposure to hydrogen.

Figure 7 shows a plot of the natural
logarithm of rate divided by the square of
the coverage versus inverse temperature. A
linear least-squares fit provided an activa-
tion energy of 25 keal/g-mole and a pre-
exponential factor of 1 cm?/atom-sec. If
the pre-exponential factor was taken to be
10t (a value typical of second-order sur-
face reaction), the resulting activation
energy was 23.5 kcal/g-mole. After several

24 25 26 27 28 29 3.0

1000/ T{°K)
Fig. 7. Logarithm of ratio of desorption rate to

square of coverage versus inverse temperature for
hydrogen desorption after hydrogen exposure.
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hydrogen flash desorption sequences the
Auger electron spectrum remained essen-
tially the same as before adsorption.

B. Adsorption and Desorption of
Carbon Monoxide

Carbon monoxide readily adsorbed on
Ni (110) at temperatures between —55 and
50°C at less than 10-®* Torr of CO pres-
sure. The sticking probability at coverages
less than 0.3 L exposure was 0.7 + .2. Max-
imum coverage corresponded to 4 X 10
molecules/cm?,

A typical CO flash spectrum is shown in
Fig. 8. Only one desorption peak was de-
tected following CO adsorption at 35°C
and flashing to 750°C. The peak oceurred
at 165°C = 5°C, and the peak shape in-
dicated first order desorption. An activation
energy of 26 kecal/mole was obtained from
the peak temperature (9) using a pre-ex-
ponential factor of 10 sec-!.

Exposure of the surface to greater than
two Langmuirs of CO resulted in the ap-
pearance of a second small peak at 125°C
+ 10°C, which appeared as a broadening
on the low-temperature side of the 165°C
peak. It had only 10% of the area of the
peak at 165°C.

Exposing the surface to oxygen or bom-
barding adsorbed CO with the Auger elec-
tron beam produced two additional CO de-
sorption peaks. These higher temperature
peaks occurred at 380-410°C and 530-
650°C. These peaks did not appear follow-
ing CO adsorption on a clean surface. The
sample was held at 200°C while the Auger
spectrum was taken to minimize cracking
adsorbed CO with the electron beam. After
a series of CO adsorption and desorption
cycles, the carbon coverage increased from
0.1 to 0.2 C.; but no oxygen was detected
on the surface.

C. Adsorption of Carbon Diozxide

No carbon dioxide was observed to desorb
from Ni (110) after exposure of 80 Lang-
muir at 25°C or 10 Langmuir at —55°C.
Although no carbon dioxide was desorbed
upon flashing, carbon monoxide was always
detected after carbon dioxide exposure. Two
experiments indicated that the CO flash
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Fia. 8. Carbon monoxide flash desorption after 0.4 Langmuir carbon monoxide exposure at 45°C.

peak was not due to background CO; (a)
CO, dosing through the syringe with the
sample moved out of the way of the doser
resulted in negligible CO desorption, and
(b) CO flash desorption did not cause a
buildup of oxygen on the surface, as was
observed for CO, exposure.

The CO flash peaks following CO, ad-
sorption were similar to the CO peaks
arising from CO adsorption. The adsorption
of CO, alone increased significantly the
amount of surface oxygen after flashing the
exposed surface to 500°C. The sticking
probability of CO, to produce adsorbed
CO was 0.15. The CO coverage observed
for CO, exposure of 4.3 Langmuir was 1.8 X
10** molecules/cm?. The sticking proba-
bility was of the order of 0.1 for the clean
surface or a slightly oxygenated surface.

D. Flash Decomposition of Formic Acid

Formic acid readily adsorbed on the Ni
(110) surface at adsorption temperatures
from —55°C to 80°C. The sticking prob-
ability for less than 0.2 Langmuir exposure
was 0.9 = 2 at 40°C. Formic acid did not
desorb directly from the surface, and the
only reaction products observed were H,,
CO., and CO.* At adsorption temperatures

* Note added in proof: Recently we have ob-
served H.O from flashes following adsorption of
formic acid below —30°C. Water itself shows two
separate flash peaks, one below 0°C, and one at
100°C, indicating that H.0 may form upon the
adsorption of formic acid at room temperature
and above, but most of it is desorbed prior to
the flash.

between 0 and 80°C carbon dioxide and
hydrogen always desorbed in a single, very
narrow peak when flashed. The temper-
atures corresponding to the maximum in
the CO, and H, flash peaks were identical;
they were always greater than the temper-
ature corresponding to the peak for the de-
sorption of adsorbed hydrogen. Except for
height differences due to different pumping
speeds and mass spectrometric sensitivities
the flash peaks for products H, and CO,
were nearly identical. The ratio of CO, to
H, evolved was estimated to be 1.0 + 0.2
in all instances. Immediately after formic
acid flashes, AES showed a carbon decrease
and an oxygen buildup on the surface (sec
Fig. 9). In all flashes the final flash tem-
perature was 500°C; flashes to 500°C
without gas adsorption resulted in a car-
bon increase and no detectable oxygen
buildup. The carbon Auger signal was often
reduced to the noise level by repeated
formic acid flashes.

Typical flash spectra for CO,, H, and
CO from adsorbed formic acid are shown in
Fig. 10 for adsorption at 50°C. The CO,
and H, peaks were extremely narrow with
a width at half maximum of 6.5 + 0.5°C.
The temperature at the peak maximum was
115° £ 0.5°C for a flash rate of 10°C/sec.
The peaks were asymmetric about the max-
imum; the rate fell off more rapidly above
the peak temperature than it rose below.
Assuming the CO, flash desorption is de-
seribed by a single first order rate limiting
step, the Arrhenius rate constant required
to produce such a sharp peak has an acti-
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Fic. 9. Auger spectra of Ni{110) after series of
formic acid exposures and flashes to 500°C.

vation energy of 100 kcal/g-mole and a
pre-exponential factor of 10%° sec (see
Discussion) !

The activation energy for first order de-
sorption kinetics was also determined by
changing the heating rate and noting the
shift in peak temperature (9). In this case
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no assumption was made about the pre-ex-
ponential factor. Varying the flash heating
rate from 2.1 to 25°C/sec produced a shift
of 20°C in the peak temperature. Such a
shift corresponded to an activation energy
of 25 £ 5 keal/g-mole.

Carbon monoxide also desorbed from
the surface after exposure to formic acid,
and a typical flash spectrum after adsorp-
tion at 50°C is also shown in Fig. 10. The
narrow part of the low temperature peak
had the same peak temperature and shape
as the H, and CO, flash peaks. When the
fraction of CO* ions due to cracking in the
mass spectrometer ionizer was subtracted
from the low temperature peak, a small
peak remained at 100°C with an area 20-
30% of the high-temperature CO area. The
higher-temperature CO peak at 165°C was
identical to the peak found for desorption
of adsorbed CO and was located at the
same temperature. The saturation CO peak
observed with formic acid adsorption was
1.8 X 10 molecules/cm?, 40% of the max-
imum found for CO adsorption. The amount
of CO desorbed at 165°C reached a limit-
ing value at lower exposures than the CO,
and H, peaks, as shown in Fig. 11.

In order to determine the extent of ad-
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Fra. 10. Carbon dioxide, hydrogen and carbon monoxide flash desorption after 4 Langmuir exposure

(through doser) of formic acid at 50°C.
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Fie. 11. Carbon dioxide, hydrogen, and carbon monoxide coverage versus formic acid exposure at 42°C,

sorption of CO from the ambient gas dur-
ing HCOOH adsorption the sample was
moved away from the doser so that no
formic acid could directly impinge on it.
After introduction of formic acid into the
chamber through the syringe the H,, CO,,
and low-temperature CO flash spectra com-
pletely disappeared and the higher tem-
perature CO peak was reduced to less than
20% of its usual size with the erystal in

CARBON DIOXTDE SIGNAL

275 300 325 350

this position. Repositioning the sample and
trapping the formic acid in the doser line
by cooling the line in a dry ice-acetone bath
produced a similar effect. No H, and CO.
was observed, and CO was again reduced
by about 80%. Clearly, at least 80% of
the second ecarbon monoxide flash comes
from interaction of formic acid with the
crystal rather than adsorption of residual
CO. It was also observed that coadsorp-

375 400 425 450 475

SAMPLE TEMPERATURE (°K)

Fig. 12. Carbon dioxide flash desorption after coadsorption of formic acid and carbon monoxide.
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Fic. 13. Carbon dioxide, hydrogen, and carbon monoxide flash desorption after 4 Langmuir exposure
(through doser) of formic acid at 28°C.
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Fic. 14. Carbon dioxide, hydrogen, and carbon monoxide flash desorption after 4 Langmuir exposure
(through doser) of formic acid at 3°C.
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tion of CO with HCOOH yielded significant
broadening of the narrow CO,, H, flash
peaks (see Fig. 12).

The flash spectra of formic acid adsorbed
at temperatures down to 0°C were not
significantly different from that at higher
temperatures. Figures 13 and 14 show the
CO,, H, and CO flashes after formic acid
adsorption at 28°C and at 3°C, respec-
tively. With the exception of the hydrogen
peak occurring at approximately 50°C the
other peaks remained essentially the same.
The peaks were still very narrow and oceur
at the same peak temperature. The hydro-
gen low-temperature peak increased in
area with lower adsorption temperature
for the same exposure. For adsorption at
53, 28, and 3°C the saturation amount of
hydrogen desorbed was 3.2, 5.2, and 6.2 X
10" molecules/cm?, respectively.

In Fig. 15 are CO,, H,, and CO flashes
for formic acid adsorption during cooling
of the sample from 25°C to as low as
—40°C. The narrow CO, and H, peaks
have been replaced by smaller amplitude,
broader peaks located at slightly lower tem-
peratures. The CO, peak was decomposed
into three separate peaks (69, 95, and
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106°C) at high coverages. It was not pos-
sible to determine if corresponding H, peaks
appeared, since the broad H, peak at 42°C
partially obscured this region of the de-
sorption spectrum. When the sample was
moved away from the doser, the 42°C H,
peak remained, though the other H, peak
at 106°C disappeared. Thus it could not be
determined if the peak at 42°C was in
part due to formie acid decomposition. The
ratio of CO, to total H, was approximately
1:1. The narrowing of the H, and CO,
peaks was completely reversible with tem-
perature, and after a number of broad low-
temperature flashes, a flash with adsorption
at 28°C, for example, yielded narrow CO.
and H, peaks and no H, peak at a lower
temperature.

The CO peak at 165°C obtained from
the colder-temperature adsorption was
identical to that obtained from adsorption
at 50°C. The amount of CO desorbed was
the same, and the temperature peak loca-
tion and peak shape was unchanged. One
CO peak was again identified as the CO.
fragment. For both CO, and H, the amount
desorbed after formic acid adsorption to
saturation below 0°C was 5 = 10" mole-

N

375 400 425 450
bl —T

SAMPLE TEMPERATURE (°*K)

Fi16. 15. Carbon dioxide, hydrogen, and carbon monoxide flash desorption after formic acid adsorption
starting at 28°C and continuing while sample cooled to —30°C.
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cules/em?. For adsorption at 28°C and
above the maximum was about half this
amount.

Discussion

A. Adsorption and Desorption of
Hydrogen

The hydrogen flash desorption results
obtained were in good agreement with other
investigators. On polycrystalline nickel
maximum coverages of 3.9-5.7 X 10** mole-
cules/cm? were obtained by others (10-
12); the value we observed was 4 X 10
molecules/em?. Qur observation of second
order desorption Kkineties was in agreement
with other workers (10, 13, 14).

The activation energy of 25 keal/g-mole
was close to that reported for hydrogen de-
sorption from polycrystalline nickel (10).
Likewise for low coverages on Ni (110)
Lapujoulade and Neil (15) obtained an ac-
tivation energy of 20.3 kecal/g-mole. The
dependence of sticking probability on sur-
face cleanliness was observed by Gilbreath
and Wilson (9) who obtained sticking
probabilities from 0.002 on a surface with
no cleaning to 0.19 at room temperature on
a freshly deposited film. Our results indi-
cated that surface carbon reduced the stick-
ing probability. The most important ob-
servation for the purpose of this work was
that hydrogen desorbed from the surface
at temperatures significantly below the
temperature characteristic of hydrogen de-
sorption due to formic acid decomposition.

B. Adsorption and Desorption of
Carbon Monozide

Although earlier studies on carbon mon-
oxide flash desorption from Ni (110) yielded
results different from ours, more recent
work using AES showed very good agree-
ment. Degras (16) and Ertl and Kuppers
(17) both observe three flash desorption
peaks from Ni (110). Madden et al. (18,
19) observed a single first order CO flash
peak at 165°C (8°C/sec heating rate) with
an activation energy of 254 * 1.1 keal/
g-mole and a pre-exponential factor of 103
in agreement with our results. They ob-
served two high energy peaks at approxi-
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mately 380 and 530°C (17°C/sec heating
rate) when the surface was exposed to oxy-
gen or to an electron beam in the presence
of CO. They attributed the higher energy
flash peaks to oxygen and carbon reacting
on the surface and desorbing as earbon
monoxide. On the clean surface when a
single flash peak was observed, Madden
et al. observed no oxygen on the surface
although they could cause a carbon in-
crease by heating to 200°C in 2 X 10 Torr
CO. Madden et al. also obtained a binding
energy by LEED and Kelvin-method work
function measurements of 25 kecal/g-mole
for coverages above 0.7 monolayers and
30 keal/g-mole for coverages below 0.7
monolayers. Tracy (20) obtained a binding
energy of 31 keal/g-mole and observed a
single CO peak which desorbed below
180°C on Ni (100).

The near unity sticking probability we
observed was also obtained by Klier et al.
(21) and Tracy (20). Maximum coverages
obtained by previous workers (18-21) are
consistent and correspond to 1.1 X 10
molecules/cm? on both the (100) and
(110) surfaces. The value of 4.4 X 10"
molecules/cm? we obtained was consistent
with the equilibrium coverages observed
by Klier et al. due to our low adsorption
pressures.

C. Adsorption and Desorption of
Carbon Dioxide

It was observed that CO, dissociated on
a nickel surface to yield adsorbed CO and
oxygen. The effects of background CO
were shown to be negligible and the results
were similar to those observed on nickel
by Khor'kov et al. (22) and on tungsten by
Clavenna and Schmidt (23). The implica-
tions of this dissociation will be discussed
in more detail with regard to the CO peaks
from formic flash decomposition.

D. Formic Acid Flash Decomposition

Unlike flash desorption spectra of most
gases from metal surfaces the flash peaks
of hydrogen and earbon dioxide from formic
acid decomposition on Ni (110} were ex-
tremely narrow and occurred at temper-
atures defined within 1°C. The desorption
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temperature of hydrogen during decomposi-
tion was significantly higher than that cor-
responding to the desorption of hydrogen
following hydrogen adsorption. Signifi-
cantly, carbon dioxide desorbed after for-
mic acid exposure although no CO, flash
peak was observed following CO. exposure.
Furthermore, the flash desorption peaks of
CO, and H, from formic acid decomposi-
tion oceurred at the same temperature with
nearly identical shapes. It was apparent
that the reaction pathway which yielded
the sharp CO, and H, peaks did not corre-
spond to dissociation of formie acid into
CO, and H, upon adsorption. Rather, these
products were apparently produced from
the same reaction sequence. The value for
the activation energy for formic acid de-
composition of 25 keal/mole calculated
from the shift of the peak temperature with
changes in heating rate agreed well with
values reported in the literature (7, 24, 25).
In addition the aectivation energy deter-
mined by holding the sample temperature
at 60°C for several minutes and observing
the decrease in the size of the subsequent
flash peaks corresponded to approximately
25 keal/mole.

As evidenced by the absurdly high value
of the pre-exponential factor obtained from
the least squares fit to the desorption rate,
the peak shapes for H. and CO, did not
correspond to a simple first-order decom-
position of HCOOH. The striking inde-
pendence of the peak temperature on the
initial coverage and the shape of the de-
composition trace ruled out the possibility
of (a) a first order reaction with a coverage
dependent activation energy (b) higher
order reactions with constant activation
energy, and (c¢) a second order reaction with
a coverage dependent activation energy. In
each case when the peak temperature be-
havior with coverage was properly ac-
counted for, the curve shape could not be
fitted, or vice versa. For example, the curve
shape fitted well a first order reaction with
an activation energy of the form E = 25 +
30 kecal/g-mole, but this form of the acti-
vation energy predicted a 45°K temperature
shift in the peak maximum for coverages
between 4.10* and 0.4 X 10'* molecules/
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em?  Generally speaking, the rate ac-
celerated too rapidly as the reaction pro-
ceeded to be accounted for by any of the
above mechanisms, while showing a cov-
erage independent peak temperature. The
most likely explanation of this behavior is
that the decomposition was autocatalytic.
The mechanism leading to the autocatalytic
behavior is unknown at this time. Ap-
parently the initiation step is first order in
coverage, but the rate accelerates as the
reaction proceeds. The general features of
the flash decomposition curves are ac-
counted for by such a kinetic process.

The decomposition of adsorbed formie
acid was sensitive to the adsorption tem-
perature. Reproducible, narrow flash de-
sorption curves were obtained for adsorp-
tion at 25°C and above, while adsorption
at temperatures less than 0°C produced
much broader CO, and H, flash peaks. Ad-
sorption at these lower temperatures also
resulted in larger saturation coverages
(Table 1).

The fact that formic acid oxidized the
nickel surface may account for the differ-
ence for the product distribution among
the results of other investigators who em-
ployed wires, evaporated films, supported
metal, or metal powders in their investiga-
tions under various degrees of surface pre-
treatment (1, 4-8, 24-27). As shown above
at low exposures CO was the predominant
flash product for room temperature adsorp-
tion, and only as the exposure of formic
acid was increased did CO. and H, appear
in similar quantities. Previously Tamaru
(3) observed that initial exposure of re-
duced nickel powders to formic acid at
100°C released hydrogen, and no CO, was
evolved until the ratio of CO,/H, adsorbed
was 2/1, and Giner and Rissman (7) pos-
tulated that their catalysts deactivated due
to oxidation of the nickel by the product
CO.. While our results on CO, adsorption
support this postulate, we also believe that
formic acid itself oxidizes the nickel sur-
face in the absence of reducing agents in
the gas phase. Furthermore, Inglis and
Taylor (2) recently observed CO/CO,
product ratios of 0.4 on nickel films ini-
tially, but much lower ratios were observed
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TABLE 1

Maximum

Eaot? Sticking coverage

Desorption Tp(°C)e (kcal/mole) probability mol/em?
CO from CO adsorption 165 26.7 0.7+ .2 4.4 % 104
H; from H, adsorption 96 (RT) 22.3 01 £ .01 2 X 104
71 (cold) 20.7 ~2 X 101
28 (cold) 13.0 N | ~1.5 X 10%
CO from formic acid adsorption 165 26.7 1.8 x 10¢
100 22.5 2.3 X 10%
CO, from formic acid adsorption 115 (RT) 23.8 1.8 x 10
106 (cold) 23.3 ~3 X 104
95 (cold) 22.4 9+ .2 ~2 X 101
69 (cold) 20.8 ~4 X 108
H., from formic acid adsorption 115 (RT) 23.8 1.8 X 10%
106 (cold) 23.3 ~1.5 x 101
50 (cold) 19.2 ~4 X 104
CO from CO; adsorption 165 26.7 0.15 + .05 1.8 x 101

a RT refers to room temperature adsorption, cold refers to adsorption below 0°C.
b Eaet values are intended only to show relative activation energy differences corresponding to differ-
ent T,. These values were calculated assuming all rates were first order with a preexponential factor

of 101 sec1.

after more extensive exposure to formic
acid. These results indicate that the product
distribution shifted toward CO, and H,
with surface oxidation even at low oxygen
coverages.

SUMMARY

The results of this study of formic acid
decomposition on well-defined Ni (110)
showed applicability to previous studies of
the reaction in more conventional catalyst
systems. It was observed that initial ex-
posure of the surface to formic acid at room
temperature resulted in the formation of
CO and surface oxygen, whereas increased
exposures produced CO, and H, in addition
to CO. Formic acid flash decomposition was
characterized by very narrow flash peaks
which did not shift with exposure time prior
to flashing. The behavior of these curves
with coverage suggested a surface explosion
mechanism for the decomposition with a
slow first-order initiation step. The decom-
position produced equal amounts of H,
and CO,. At adsorption temperatures below
—30°C the -characteristic decomposition
peaks changed appreciably.
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