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Decomposition of deuterated formic acid (DCOOH) was studied on supported Ni/SiO, catalysts
at atmospheric pressure by using temperature-programmed decomposition (TPD) to allow a direct
comparison to similar studies on single crystal nickel surfaces under ultrahigh vacuum. A bimole-
cular reaction mechanism appears to be occurring on both surfaces; the acid hydrogens form
predominantly water while the carbon-bonded hydrogens form predominantly molecular hydrogen.
The formation of D, and CO; is limited by decomposition of a surface intermediate and not by
desorption. The formation of the CO product is limited by desorption, however, as was observed in
single crystal studies. Though studies at atmospheric pressure on supported nickel are influenced
by readsorption, CO disproportionation, adsorption on the support, and exchange reactions, agree-

ment between the studies at vastly different pressures is quite good.

INTRODUCTION

Formic acid decomposition has been
studied extensively on supported and un-
supported metals, particularly nickel (1-7).
Two reaction pathways are possible: dehy-
dration and dehydrogenation. Based on ki-
netic and IR data, it appeared that decom-
position proceeded through a formate
intermediate (5-7). More recent tempera-
ture-programmed desorption (TPD) studies
on clean, single crystal nickel surfaces un-
der ultrahigh vacuum (8-13), however, in-
dicated that the reaction proceeded through
a bimolecular dehydration mechanism in
which water was formed at low tempera-
tures. An intermediate with the stoichiome-
try of formic anhydride was proposed (11),
but high-resolution electron energy loss
spectroscopy (EELS) studies (/4) indi-
cated that the intermediate was not an an-
hydride; it consisted of formate and carbon
monoxide species that exhibited attractive
interactions. These lateral interactions,
which resulted in species that were tightly
coupled but not necessarily chemically
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bonded, were apparently responsible for
the autocatalytic decomposition of formic
acid on Ni(110) (14).

Benziger and Schoofs (15) found in a
more recent study on Ni(111) that the bi-
molecular dehydration mechanism only oc-
curred when formic acid was adsorbed as a
dimer. The dimer adsorption resulted be-
cause formic acid dimers are the main spe-
cies in the gas phase above the low-tem-
perature sources used to dose the crystals.
For adsoprtion of a dimer, Benziger and
Schoofs observed autocatalytic decomposi-
tion and a CO,/CO ratio of 0.8. For adsorp-
tion of the monomer, however, decomposi-
tion was slower and the CO,/CO ratio was
3.3. The monomer reaction was a simple
dehydrogenation to form a formate; the
small amount of CO product was due to the
water—gas shift reaction and CO, dissocia-
tion; Auger spectroscopy indicated that
more oxygen remained on the surface at the
end of the monomer experiment.

The differences between the monomer
and dimer reactions under ultrahigh vac-
uum were used by Benziger and Schoofs to
explain why steady-state kinetics at moder-
ate pressures did not show agreement with
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previous ultrahigh-vacuum studies. A more
direct comparison between reaction in ul-
trahigh vacuum (UHV) on single crystals
and reaction at atmospheric pressure on
supported nickel can be made by carrying
out on supported nickel the same TPD ex-
periments that were done under UHV. This
is the purpose of this paper. By using deu-
terated formic acid, the reaction pathways
of the individual hydrogens can be followed
to determine if a bimoiecuiar dehydration
occurs on supported nickel at high pres-
sures. By exposing the supported nickel to
formic acid vapor that is in equilibrium with
the liquid at room temperature, mostly di-
mers should be adsorbed on the surface
(15)

The use of TPD on single crystal nickel,
combined with deuterated formic acid
(DCOOH), allowed the bimolecular reac-
tion pathway to be detected. The two dis-
tinct hydrogen atoms in formic acid fol-
lowed separate reaction pathways with acid

hydrogens reacting to form water during
room temvnerature adsorntion. and the car-

room temperature adsorption, and the car
bon-bound hydrogens reacting to form mo-
lecular hydrogen at higher temperatures.
The water desorbed below room tempera-
ture (12) to leave an intermediate with an
anhydride stoichiometry. When the tem-
perature was raised, the intermediate de-
composed to form carbon dioxide and hy-
drogen simultaneously. Carbon monoxide
also formed but remained adsorbed on the
surface until higher temperatures.

Thus, the reaction pathway on single

crystal nickel for adsorption of formic acid
dimer was (14):
2DCOOH — (DCO + DCOO)a
H,O(g) (1)
(DCO + DCO0), — (CO + DCOO
+ D). ()

The species in parentheses are bound to-
gether by attractive interactions, though
the r01e Of t'ne ueuterlum atom lS Ul’lClCdI'
(14). If the deuterium atom was not inter-

acting with the other surface species, then

(3]
W

it should have desorbed well before CO,
formed; instead, it formed D, in the gas
phase at the same temperature that CO, ap-
peared. Decomposition of these adsorbed
species then occurred as

(CO + DCOO + D), —
Dy(g) + COxg) + CO. (3)

and at higher temperatures, gas phase CO
formed,

CO, - CO(g). 4)
Our studies for DCOOH adsorption on

several Ni/SiO; catalysts show that indeed
the same reaction pathways are followed as
seen on single crystal nickel. A number of
secondary processes somewhat modify the
Bmal grmanten ac uill ha chawwn Nuarall tha
1illai speniiad, dd Wikl UL 311U Wil Uviladll, ulv

agreement between the single crystal and
supported catalyst studies is excellent.

A temperature-programmed desorption
system similar to that m-e\nmmlv described

was used (16). A 100-mg sample of catalyst
was supported on a frit in a quartz reactor,
and an inert carrier gas at atmospheric pres-
sure flowed over the catalyst. Immediately
uO'W"IiSLi'eam, the gas was anaryzeu with a
UTI quadrupole mass spectrometer located
in a turbopumped ultrahigh-vacuum sys-
tem. A microcomputer system simulta-
neously recorded amplitudes of five mass
peaks and the thermocouple voltage. A
0.25-mm-diameter, shielded thermocouple

was located in the catalvst bed to measure
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the temperature. The thermocouple was
connected to a derivative-proportional tem-
perature programmer which controlled an
electric furnace to provide a constant heat-
ing rate of 1 K/s.

A helium carrier gas was used when de-
tecting D,0O, H,0, and HDO products, and
an argon carrier was used to detect D, and
HD. Separate carrier gases were used be-
cause D, could not be separated from the
mass 4 signal of He, and D,O could not be
separated from the mass 20 signal due to
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Ar?t, Carbon dioxide and carbon monoxide
products were observed in both carrier
gases, and the change in carrier gas had no
effect on the CO, and CO spectra. The car-
rier gas flow rates were 200 cm3/min. The
argon carrier was also used for hydrogen
adsorption and desorption, and helium was
used for CO adsorption and desorption.

All adsorptions were carried out at room
temperature. Gases were injected with a
pulse valve until saturation was observed,
and liquids were injected with a liquid sy-
ringe. Water and formic acid were injected
slowly (10 min) so that liquid accumulated
on the tip of the syringe and then evapo-
rated into the gas phase at close to room
temperature; liquid never contacted the
catalyst. To obtain reproducible TPD
results, 5 ul of formic acid was exposed to
the catalyst and data were taken after a 15-
min delay for equilibration. An accurate
measurement of the amount of formic acid
adsorption was difficult since reproducible
liquid injections were not possible. Thus,
the mass balances have errors of =15%.
Separate calibrations were done in He and
in Ar by injecting gases with a gas-tight sy-
ringe into the carrier gas. A liquid syringe
was used for H,O and D,O calibrations.
Calibrations for HD and HDO were esti-
mated by linear interpolations between H,
and D, and between H,O and D,O calibra-
tions, respectively. Little exchange oc-
curred when D,0O was injected, but the
stainless-steel tubing between the reactor
and the mass spectrometer was maintained
at 360 K to minimize water adsorption on
the walls.

Corrections were made for the contribu-
tion to the mass 28 signal from CO, crack-
ing in the mass spectrometer and to the
mass 18 signal from both formic acid and
D,0 cracking.

Materials

The 15.6% Ni/SiO, catalyst used for
most of the studies was prepared by im-
pregnation of nickel nitrate on Davison 57
grade silica (17). A 2% Ni/SiO; catalyst
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prepared by impregnation gave similar
results. After catalyst preparation (final re-
duction temperature was 773 K), oxygen in
helium was used to passivate the nickel.
Before TPD, the catalysts were pretreated
in hydrogen for 2 h at 773 K. Nickel load-
ings were measured by atomic absorption.

Formic-d acid (DCOOH) was obtained
from MSD Isotopes and was 98.6% deuter-
ated according to NMR analysis. A small
water impurity may be present since the
freezing point was below 0°C. The D,O
(99%) was obtained from MSD Isotopes.
Distilled H,O and -D, (99.7%, U.S. Ser-
vices, Inc.) were-used without further purifi-
cation.

The helium carrier gas was purified by
flow through a Matheson Deox unit and
then through a molecular sieve trap cooled
to liquid nitrogen temperatures. The argon
was purified by a molecular sieve cooled in
an ethanol slush. Hydrogen was purified
with an Engelhard deoxo catalyst followed
by a liquid-nitrogen-cooled, molecular
sieve trap. The carbon monoxide was puri-
fied by flow through activated carbon in an
ethanol slurry bath.

RESULTS

A silica support was used for the nickel
catalysts since much less formic acid ad-
sorbs on silica (less than 10 umol/g) than a
nickel/silica catalyst (210 umol/g). Another
reason for using silica is that it does not
adsorb large quantities of CO, H,, or CO,
(19). Water is also adsorbed less strongly
on SiO, than on other supports such as
AlLO; (19). Thus the rate that products ap-
pear in the gas phase are less strongly influ-
enced by readsorption on and subsequent
desorption from the SiO, support than from
other supports. Decomposition of formic
acid was also studied on nickel/alumina
catalysts (20), but the alumina adsorbed
large quantities of formic acid, water, and
carbon dioxide. .

Temperature-programmed  decomposi-
tion of formic acid on baked silica (heated
at 873 K for 24 h) yieclded mostly carbon
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Fic. 1. Temperature-programmed decomposition

spectra of the major products from DCOOH decompo-
sition on 15.6% Ni/SiO,. The CO, curve is displaced
vertically for clarity. Scale factors indicate that the
signal was multiplied by the indicated numbers to
place them on the y-axis.

dioxide and hydrogen in a 1 : 1 ratio; a quar-
ter of the adsorbed formic acid desorbed
unreacted. Silica was not a good catalyst
for formic acid decomposition; the reaction
products were only observed above 600 K
(20), and thus they did not interfere with
observation of decomposition products
from the nickel surfaces. Iglesia and
Boudart (21) saw somewhat different prod-
ucts from formic acid decomposition on sil-
ica, though a similar low activity was ob-
served. They saw both CO and CO, at 575
K and the amount of products was similar
to the amount from the copper in their cop-
per/silica catalysts. The differences from
our study are probably due to the use of a
different silica and a different pretreatment.
We observed both CO and CO, products on
silica that was not pretreated at 873 K.
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The decomposition of formic acid was
carried out on two nickel/silica catalysts
that had weight loadings of 15.6 and 2%
nickel. The two catalysts yielded similar
results; most of the data reported are for
the 15.6% catalyst. During programmed
heating, almost all of the 210 wmol/g of for-
mic acid that adsorbed on the 15.6% cata-
lyst decomposed. The small amount of un-
reacted formic acid desorbed with a peak
near 375 K. The TPD spectra for the main
products from decomposition of DCOOH
on nickel/silica are shown in Fig. 1. Carbon
dioxide was the largest product and it
formed in a relatively narrow peak (40 K
halfwidth) with a peak temperature of 412
K. A smaller and broader CO, peak was
seen at 539 K. At the same temperature as
the low temperature CQ,, a narrow D, peak
was seen. The water product (H,O) was ob-
served at a somewhat higher temperature
and it exhibited a long tail such that desorp-
tion was not complete until 773 K. Carbon
monoxide formed above 450 K in two broad
peaks, and most of the CO was above 650
K. The CO product peak in Fig. 1 was cor-
rected for cracking of carbon dioxide in the
mass spectrometer.

In addition to the D, and H,0 products,
the other isotopes of dihydrogen and water
were also seen (Fig. 2). The H, and HD
peaks had the same peak temperature as D,
(Table 1), but were slightly broader, and
more of the H, and HD desorption was in
the high-temperature tails. Note, however,
that the amount of H, was quite small (Ta-
ble 2) and that the high-temperature tail in
Fig. 2 corresponds to a very small amount
of product. Similarly, the HDO and D,0O
peaks were similar to the H,O peak, but
correspond to much smaller amounts of wa-
ter (Table 2). Table 3 shows the distribution
of the isotopes for the hydrogen-containing
products for both nickel/silica catalysts.
Most of the deuterium, originally bound to
the carbon atom in formic acid, was present
in the dihydrogen product, and most of the
hydrogen (H), originally present as the acid
hydrogen in formic acid, was present in the
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FiG. 2. Temperature-programmed decomposition
spectra for the secondary products that contain hydro-
gen and deuterium from DCOOH decomposition on
15.6% Ni/Si0;. The curves are displaced vertically for
clarity.

water product. For the 15.6% catalyst, 86%
of the D was in the dihydrogen products
and 63% of the H was in the water prod-
ucts. The HD and HDO products were not
present in statistical distributions; only 2%
of the deuterium was seen as D,O and only
4% of the hydrogen was seen as H,. The
temperature-programmed  decomposition
spectra were similar for the 2% Ni/SiO,
catalyst, and the distribution of hydrogen
isotopes was similar (Table 3).

The CO, : CO ratio for the 15.6% Ni/SiO,
catalyst was 3.8, but this was influenced by
disproportionation of adsorbed carbon
monoxide, as will be discussed. The mass
balances (Table 2) were reasonable consid-
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TABLE 1
Peak Temperatures (K) on 15.6% Ni/SiO,

Temperature
DCOOH decomposition
CO, (in He) 412, 539
CO;, (in Ar) 411, 536
CcO 535, 731
D,, HD, H, 411
H,0, D,O, HDO 425
CO adsorption
CO 450, 700, 775
CO, 550
H, adsorption
H, 435

ering that data were always obtained in two
separate experiments, one in He flow and
one in Ar flow. The calibration for water
was also difficult. The correction for CO,
cracking introduced additional error since
the large CO, peak caused a large correc-
tion to the smaller CO peak. Some of the
carbon monoxide may have desorbed
above 773 K and have not been detected
(19).

Adsorption of Reaction Products

The reaction products were also sepa-
rately adsorbed and desorbed from the Ni/

TABLE 2
Product Quantities (umol/g) on 15.6% Ni/SiO,

(6(078 152(107)* Total C 192(237)
Co 40(130) Total H 256

D, 49 Total D 212

HD 84 Total O/2 219

H, 5

H,0 68

HDO 26

DO 2

e Numbers in parentheses represent esti-
mates of the amounts of CO, and CO initially
formed. The disproportionation of CO to form
CO; and carbon yielded the measured values.
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TABLE 3

Distribution (%) of Hydrogen-Containing
Products

Product 15.6% Ni/SiO, 2% Ni/Si0,

Water

H,0 71 81

HDO 27 18

DO 2 1
Hydrogen

H, 3 8

HD 61 68

D, 36 24

SiO, catalysts. At room temperature, car-
bon dioxide does not adsorb on clean
nickel/silica, though it does adsorb on
nickel/alumina (/9). At elevated tempera-
tures, CO, adsorbs by dissociating into CO
and O, and the resulting desorption is simi-
lar to that seen for carbon monoxide ad-
sorption (/9). Carbon monoxide desorption
was similar to that reported previously; CO
desorbed over a wide temperature range
with three peaks at 450, 700, and 775 K. It
also disproportionated to carbon dioxide
with a peak at 550 K. Similar results for
TPD of CO were reported by Lee et al.
(22). Hydrogen desorption was similar to
that reported by Lee and Schwarz for high-
loading Ni/SiO, (23). It desorbed in a
broad peak at 435 K and desorption was
seen up to 700 K due to readsorption on the
nickel (24). Table 1 compares peak temper-
atures for product desorption (following ad-
sorption of the product) to that for products
from formic acid decomposition.

DISCUSSION

Using temperature-programmed decom-
position of formic acid on a supported
nickel catalyst at atmospheric pressure al-
lows a direct comparison to TPD studies
under ultrahigh vacuum on single crystal
nickel. Although TPD has been used in nu-
merous studies under UHV, few studies
have attempted to make comparisons to
these studies by similar TPD studies on
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supported catalysts. Formic acid decompo-
sition is well suited for such comparisons
since it has been extensively studied on
several crystal faces and many details on
the mechanism appeared to be established.
Also, since the decomposition exhibits two
pathways, dehydration and dehydrogena-
tion, reaction products for each of the path-
ways can be followed.

Recent studies by Benziger and Schoofs
(15) indicate that most of the earlier studies
on single crystal nickel under UHV used
formic acid adsorbed as a dimer on the sur-
face, due to the exposure of formic acid
from a low-pressure, low-temperature
source (formic acid solid). For exposure of
the same surface to the monomer, different
kinetics were observed. In the present ex-
periments, the vapor pressure above formic
acid liquid at 300 K was used, since this is
the most convenient method to dose the
larger quantities needed for high-surface-
area catalysts and since this corresponds to
the general conditions used for previous ki-
netic studies on supported nickel. At equi-
librium for these conditions, approximately
75% of the partial pressure of formic acid
should be due to the dimer (25). For equal
sticking probabilities of monomer and di-
mer on the surface, approximately 86% of
the formic acid molecules on the surface
would be from the dimers. Thus, our stud-
ies on Ni/SiO; should be directly compara-
ble to most of the studies on Ni(110),
Ni(100), and Ni(111) surfaces, for which di-
mers were used.

Comparison of Fig. 1 to data obtained on
single crystals shows that indeed many sim-
ilarities exist between TPD on Ni/SiO, and
that on single crystal nickel. A one-to-one
correspondence is not expected since the
higher pressure used for the supported cat-
alysts allows additional secondary reac-
tions that do not occur at the lower pres-
sures used for the single crystals. The
support also creates an additional surface for
readsorption to occur, as will be discussed.

The similarities imply that the same
mechanism is operating under both condi-
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tions. Carbon dioxide and deuterium (from
the carbon-bonded hydrogen) both form at
the same temperature and in a narrow peak.
For a supported catalyst, which consists of
a distribution of crystal faces and which can
also exhibit readsorption at these pres-
sures, the peak widths of 40 K are fairly
narrow. Since CO, does not adsorb signifi-
cantly on supported nickel except by disso-
ciating (19), the formation of CO; is limited
by a surface reaction step. Since the D, de-
sorption does not correspond to the desorp-
tion seen for adsorbed hydrogen, D; is also
formed by the same reaction-limited step.
Thus, a surface intermediate decomposes
to form CO; and D,. The decomposition
temperatures are somewhat higher on Ni/
Si0; than on single crystal nickel.

Ten times as much D, forms as H,, and
35 times as much H,O forms as D,0, indi-
cating that the two hydrogens in a formic
acid molecule follow different pathways, as
seen on the single crystals. The acid hydro-
gens form mostly water and the carbon-
bound hydrogens form mostly dihydrogen.

Carbon monoxide is also formed as a
product in significant quantities. The car-
bon monoxide does not form at the same
temperature as the CO,, but is delayed to
higher temperatures and CO formation is
limited by desorption. This occurs on both
supported and unsupported nickel, since a
CO adsorption state is available at the tem-
perature that the intermediate decomposes.
The CO desorption peaks in Fig. 1 are quite
similar to the high-temperature peaks seen
for carbon monoxide adsorbed alone on Ni/
Si0; (19).

These results indicate that the mecha-
nism on the supported nickel is similar to
that on the single crystal. The dimer reacts,
upon adsorption, to form water and an in-
termediate, (DCO + DCO0OO),, which is
present perhaps as (CO + D + DCOO), and
which is stabilized by attractive interac-
tions.

The intermediate decomposes to form D,
and CO, simultaneously in a relatively nar-
row temperature range:
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(DCO + DCOO), — COs(g) + 2D(a)

+ COG@). (5)
The D atoms recombine rapidly to form D,
at essentially the same temperature that
CO, forms; the CO remains adsorbed on the
surface. Since all the D, forms in one peak,
it seems unlikely that the two species de-
compose independently, or two distinct D,
peaks would be expected. Madix et al. (14)
concluded, however that the decomposi-
tion reaction, once started, was so fast that
differences in rates of different intermedi-
ates could be masked.

Water desorbs at a higher temperature
than CO, and D, but its desorption is prob-
ably delayed by adsorption on the support
(26, 27). On the single crystals, where no
adsorption sites are available, the water
forms and leaves the surface during the
room temperature adsorption.

At higher temperatures on Ni/SiO; some
of the adsorbed CO disproportionates and
the CO, that forms rapidly desorbs, with a
peak at 539 K.

2CO(a) = COx(g) + C(a)- (6)

The remaining CO desorbs at higher tem-
peratures,

CO(a) — CO(g). @)

This CO; peak at 539 K is also observed
when CO is adsorbed on the surface alone
(19). This reaction is not observed on the
single crystals because of the lower pres-
sures and because CO desorbs from single
crystal nickel at lower temperatures, and
thus is not present to undergo subsequent
reactions.

The presence of CO disproportionation
distorts the primary product distributions
since some CO that is formed as a primary
product is converted to CO,. The measured
CO,: CO ratio was 3.8, but an estimate can
be made of the initial amounts of CO; and
CO by measuring the amount of CO; in the
peak at 539 K. Approximately 45 umol/g of
CO, appears to form from CO dispropor-
tionation. If this amount is subtracted from
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_e CO; total and 90 pmol/g is added to the

(to account for the stoichiometry in the
disproportionation reaction), then the ini-
tial CO,: CO ratio is approximately 1 (see
values in parentheses in Table 2) This

O 4 17ATA

agrees with the values of UILty that were
measured on Ni(110) (8) and Ni(100) (13).
Thus, the disproportionation of CO ap-
pears to be responsible for most of the dif-
ference in CO,: CO ratios for Ni/SiO, and
single crystal nickel. The water—gas shift
reaction could also increase the CO,:CO
ratio, but its effect probably was not large
at the carrier gas flow rates used for the
data presented. At lower flow rates, a larger
CO,: CO ratio was seen, but the ratio did
not increase for flow rates above those used
to obtain Fig. 1 (20). The fact that some of
the formic acid may adsorb as a monomer
that decomposes to form mainly CO, and
H, would also increase the ratio (15). Sub-
traction of the CO,-cracking fraction from
the mass 28 signal can also introduce errors
that are magnified by taking ratios. On

SOIMe Qlﬂﬂ‘P {‘F\IQfQ‘ Q‘I]l“'FQ{‘PQ
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has been observed to oxidize the nickel
(15), though the monomer was observed to
leave more oxygen on the surface than the
dimer; this could affect the CO,: CO ratio
observed on Ni/Si0,. Considering the accu-
racy of the measurements, the overall mass
balances are thus quite good, as shown by
the total amounts of C, H, D, and O leaving
the surface (Table 2). The amount of carbon
leaving the surface is low, but this is ex-
pected if the disproportionation reaction

danngite carhan on the cnrface T tha octio
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mated amount of deposited carbon from
disproportionation is added to the total car-
bon desorbing, the carbon balance is also
good (values in parentheses in Table 2).
The CO; and D, peaks are broader on Ni/
SiO, than on single crystal nickel, most
likely because of the distribution of surface
planes on Ni/Si0O, and because of readsorp-
tion. The possible presence of both dimers
and monomers in the gas phase during ad-
sorption can also result in two reactions
that appear as one peak over a broader tem-

formic acid
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perature range. The CO, and D, peaks are
stlll relatively narrow for supported cata-
lysts. On single crystal nickel, peaks were
14-18 K wide on Ni(100) for dimer adsorp-
tion (13). They were only 5-6 K wide on
Ni{119) and 10 K wide on Ni(111). For
monomer adsorption on Ni(111), peaks
were 22 K wide (15). Thus, the halfwidths
observed for the supported nickel are quite
reasonable.

For room temperature adsorption on sin-
gle crystal nickel, water is formed from the
acid hydrogens as adsorption occurs; the
water immediately desorbs. If the same
mechanism operates on supported nickel,
water also forms as adsorption occurs, but
most it remains adsorbed on the silica (26).
A small amount of unreacted formic acid
also desorbs at low temperature, but it cor-
responds approximately to the amount ex-
pected from the support; unreacted formic
acid does not appear to be on the nickel
after room temperature adsorption. It is

likely that some water desorbs from the

ciirface at raom tammnerature and thuc the
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total amount of water measured is lower
than that expected for a dehydration reac-
tion. The water calibration is also the least
accurate of these measurements because a
iiquid syringe was used for the calibraiion.
The delay in water desorption to higher
temperatures than seen on the single crystal
allows time for additional reactions (water—
gas shift, exchange of H and D) to occur on
the supported catalyst.

A significant fraction of the deuterium is

nracont ac HTY inctaad of TN. Tha Adictrilaii_
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tion is not statistical, however, and very
little H, is seen. Under our reaction condi-
tions the exchange reaction

D2 + Hzo —> HD + HDO (8)

can readily occur on Ni/SiO, catalysts (28).
Recause ‘water desorbs from SiO, at the
same temperature that D, forms, the water
is available for reaction. This accounts for
the HD and HDO and the small amount of

D,0 in the products.
Some HD and H; may

ome result from de-
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composition of the adsorbed monomer. As
the monomer decomposes to a formate, hy-
drogen atoms form and recombine. Hydro-
gen desorbs from Ni/SiO, at a higher tem-
perature than from single crystal Ni so that
the H atoms that form at low temperatures
are available for reaction with the D atoms
that form when the intermediate decom-
poses. For the monomer, Benziger and
Schoofs (15) saw that the H, from the
monomer formed before the formate de-
composed, so two distinct peaks were
present. In our study, since H; desorbs at a
higher temperature from Ni/SiO,, the two
peaks would be present at the same temper-
ature.

Thus, the same mechanism appears to be
operating on single crystals and on sup-
ported catalysts, but the presence of a sup-
port that can adsorb products, the different
bonding of H, to the two surfaces, the dis-
tribution of sites on Ni/SiO,, the higher
pressures, the exchange and disproportion-
ation reactions, and the different distribu-
tions of dimer and monomer in the two ex-
periments all modify the spectra somewhat.

CONCLUSIONS

Formic acid decomposition on nickel/sil-
ica catalysts at atmospheric pressure ap-
pears to follow the same reaction pathway
as seen for single crystal nickel under ultra-
high vacuum when similar temperature-
programmed decomposition experiments
are carried out. Adsorbed dimer reacts to
form water from the acid hydrogens and
leaves a surface intermediate that is com-
posed of a formate and a HCO group,
bound together on the surface by attractive
interactions. This intermediate decomposes
to form carbon dioxide and dihydrogen,
which desorb, and adsorbed carbon monox-
ide, which desorbs from the surface at
higher temperatures. The amount of de-
composition on the silica support is insig-
nificant, but readsorption of water occurs.
The supported catalysts show some differ-
ences from the single crystals because of
readsorption at the higher pressures used,

FALCONER ET AL.

CO disproportionation, and exchange reac-
tions, and because of the distribution of
sites presented on supported nickel.
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