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The catalytic decomposition of formic acid was studied on a (110)-oriented copper single-crystal
surface. Dehydrogenation of formic acid was the sole decomposition path observed. The parent
molecule dissociated to form a stable formate species (HCOQ,,,) as the surface intermediate. It was
postulated that the formate species was bonded to the surface copper sites through the two oxygen
atoms. The decomposition of the formate species was the rate-limiting step governing the rates of
the formation of the CO, and H, products. The rate constant was determined to be 9.4 x 10"
exp(—31,870/RT) sec™!. A comparison of the catalytic properties of the Cu(110) surface with those
of the carburized Ni(110) surface showed strong chemical similarities between the two surfaces.

INTRODUCTION

The catalytic decomposition of formic
acid on copper has been widely studied (/-
10). Tt was generally agreed among most in-
vestigators that the dehydrogenation of
formic acid was the predominant decom-
position path. However, the activation
energy for the decomposition of formic acid
on copper catalysts reported in the litera-
ture showed the usual wide spread (from 8.5
to 36 kcal/mole). Recently Joyner and
Roberts (/1) used photoelectron spectro-
scopy to study the adsorption and catalytic
decomposition of formic acid on polycrys-
talline copper in a temperature range of 80
to 500°K. The authors reported that at 80°K
the adsorbed formic acid molecules were
hydrogen-bonded to each other. This
hydrogen-bonding broke up above about
140°K. Then between 170 and 190°K,
reorientation of the formic acid molecule
occurred, and it began to dissociate into a
formate ion. The formate ion was held on the
copper surface until above 400°K. The acti-
vation energy for the decomposition of the
formate ion was measured to be 115-130
kJ/mole (27.5-31.1 kcal/mole) in a temper-
ature range of 400-450°K by assuming a
first-order process and assigning a value of
10'3 for the preexponential factor.
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In the present work, flash desorption
spectroscopy was used to investigate the
catalytic decomposition of formic acid on a
clean Cu(110) single-crystal surface. One
purpose of this study was to determine the
decomposition mechanism and the kinetics
of the reaction quantitatively in order to
compare with previous results on nickel,
and copper-nickel alloys. In addition, it has
been suggested by McCarty and Madix
(12, 13) that the nickel carbide surface may
behave chemically more like copper than
clean nickel. This suggestion followed that
of Levi and Boudart (/4) that transition
metal carbides may have chemical proper-
ties similar to elements of higher atomic
number in the same row of the periodic ta-
ble. The other goal of the present study was
to compare the catalytic properties of cop-
per with those of the carburized Ni(110)
surface (12, 13).

EXPERIMENTAL

The catalytic decomposition of formic
acid on a clean Cu(110) single crystal sur-
face was conducted in a stainless-steel ul-
trahigh vacuum reaction chamber. The
reaction chamber was equipped with an
argon ion bombardment gun, a UTI quad-
rupole mass spectrometer, four-grid
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LEED-Auger electronic optics, and a
stainless-steel dosing needle. The arrange-
ment of the equipment had been described
previously (/5). The pressure of the
chamber was maintained in the 10~'® Torr
region by means of a vac-ion pump and
titanium sublimation pump.

The copper sample was (110)-oriented.
The sample was initially cleaned by cycles
of Argon ion sputtering at 300 V for 45 min
and annealing at 925-950°K for 10 min. The
cleanliness of the surface was measured by
means of Auger electron spectroscopy. The
major contaminants were S, C, and O. A
clean sample surface was achieved when
the Auger signals of these major contami-
nants were down to noise level. During the
Auger measurement the sample was scan-
ned to ensure cleanliness of the entire sur-
face. A zigzag type of filament was made
from a tungsten wire and located at the back
of the copper sample. The area covered by
the zigzag tungsten filament was compara-
ble with that of the sample to provide even
heating by radiation. The temperature of
the sample was measured by a chromel-
alumel thermocouple which was firmly held
in a notch at the upper corner of the sample.
The sample could be cooled to 173°K by
means of a liquid nitrogen cooling tube.

The preparation and purification of the
formic acid employed in the present study
was described previously (/5). The copper
sample was maintained at a constant tem-
perature before exposing to the formic acid
vapor. This was achieved by adjusting the
power input to the tungsten filament to par-
tially compensate the cooling due to the
liquid nitrogen cooling tube. The formic
acid was kept at —45°C in a solid form, and
its vapor was dosed on the copper sample
through the stainless-steel dosing needle di-
rected at the front face of the sample, The
sample was flashed at a linear rate of 3.5
ksec™' unless noted. The partial pressure
rise of the products was measured by the
mass spectrometer as a function of the
sample temperature. The measured mass
spectrometric signals directly represented
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their desorption rates because of the suffi-
ciently high pumping speed of the system.
A shorthand notation X (8)/ ¥ was used to
identify the desorption of the 8 state of gas
X following the adsorption of gas Y. For
example, CO,(B8)/HCOOH refers to the 8
state of the CQ, product following the ad-
sorption of HCOOH. When the entire prod-
uct spectrum was displayed the notation
Prod/HCOOH was employed.

RESULTS
Formic Acid Decomposition

Formic acid adsorbed at 190°K with an
initial sticking probability of unity. Satura-
tion coverage near 2 x 10'* molecules/cm?
was reached at an exposure of about 10"
molecules/cm? with the adsorption kinetics
following roughly Langmuirian behavior.
Extensive condensed layers were not
formed at this temperature. Carbon dioxide
and hydrogen were the sole product ob-
served from the decomposition of formic
acid on a Cu(110) surface. The produce dis-
tribution following the adsorption of
HCOOH at 190°K is shown in Fig. 1. The
CO,(B) and H,(B) products showed identi-
cal peak temperatures at 473°K with a heat-
ing rate of 3.4 ksec™'. A mass 28 peak was
observed at the same temperature which
was totally accounted for by the cracking
fraction of the CO,(B) product in the ionizer
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Fi1G. 1. The notation Prod/ HCOOH(200K) refers to
the product desorption spectrum subsequent to ad-
sorption of HCOOH at 200°K.
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of the mass spectrometer employed. When
the adsorption temperature of the parent
molecule was increased from 190 to 298°K,
only the CO,(8) and H,(B) peaks were ob-
served. The Hy(8)/CO,(B) ratio was calcu-
lated to be 0.4 = 0.1. This stoichiometric
ratio suggested the dissociative adsorption
of the formic acid molecules at room tem-
perature to form a stable surface intermedi-
ate with only one hydrogen atom. To within
experimental error of about 20% this reac-
tion occurred with a unit sticking probabil-
ity. Small amounts of undissociated formic
acid did desorb below room temperature.
When deuterated formic acid (HCOOD)
was adsorbed at room temperature CO,(8)
and H,(8) were the major decomposition
products observed. As the adsorption tem-
perature was lowered to 190°K, additional
D, and HD products were detected. Figure
2 shows the product distribution following
the adsorption of HCOOD at 190°K. The
CO,(B) and H,(B) products showed identi-
cal peak position at 475°K as observed for
the CO,(8)/HCOOH and H,(B)/HCOOH
shown in Fig. 1, suggesting that formate is
the stable surface intermediate. In addition,
Fig. 2 shows a small HD(B) peak and a
D,(B) bump at 485 and 495°K, respectively,
amounting to less than 10% of the H,(B)
product. The evolution of these HD(8) and
D,(B) products was due to the DCOOD im-
purity in the HCOOD reactant gas, as in-
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F1G. 2. Product distribution following the adsorption
of HCOOD at 200°K. Heating rate was 3.4°K/sec.

€0,/HCOOH d

[2x107%amPS

MASS SPECTROMETER SIGNAL

a

. .
100 125 150 175 200 225 250 275
TEMPERATURE °C

Fic. 3. A coverage variation study for the
CO,/HCOOH product peak. Relative exposures are
given as pressure in the dosing line times the exposure
time. (a) =100 usec; (b) 500 usec; (c) 2000 wsec; (d)
10000 pusec.

ferred from the appearance of a small mass
48 signal in the mass scan of the HCOOD
vapor. Furthermore, the major D, and HD
products were detected below room tem-
perature at 288 and 278°K, respectively.
The evolution of HD(y) was undoubtedly
due to HCOOH impurities in the dosed gas.

The CO, flash desorption spectra as a
function of formic acid exposure are shown
in Fig. 3. The CO, peak position was inde-
pendent of formic acid exposure over two
orders of magnitude change in the initial
exposure. This constancy of the CO, peak
temperature indicated a first-order process.

An isothermal technique was also em-
ployed to determine the reaction order for
the CO, product. Equation (1),

N = kC*, (D

is a simple rate expression where N is the
desorption rate, k is the rate constant, C is
the surface concentration, and » is the reac-
tion order. Since the rate constant £ was
assumed to be only temperature dependent,
k will be a constant at a fixed temperature.
Then a plot of In(N) as a function of In(C) at
constant temperature should yield a straight
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line with slope representing the reaction or-
der. Figure 4 shows a In-In plot of the CO,
desorption rate versus the surface concen-
tration. Four isotherms were used, covering
the entire CO, flash desorption spectrum.
The values of these slopes are shown in
Table 1. Within the experimental error the
slopes of all four isotherms gave the value
of unity, indicating a first-order process.
The result of the isothermal technique anal-
ysis agreed with that of the coverage study
for the CO, product. In addition, these four
isotherms were obtained with more than
one order of magnitude change in coverage.
No evidence of any coverage dependence of
k was observed. Hence these straight
isotherms were indicative of the rate con-
stant to be coverage independent, or its de-
gree of dependence was so negligibly small
that it was perfectly valid to assume the rate
constant to be coverage independent.

Two different techniques were used to
determine the activation energy of the CO,
product: the heating rate variation method
and the method of desorption isosteres. The
detailed analysis of the heating rate varia-
tion method was described previously (16).
In this method In(N,) and In(B/7T,?) were
plotied, respectively, as a function of the
reciprocal peak temperature (7). N, is the
maximum desorption rate and g is the linear
heating rate. The activation energy was de-
termined from the slopes of these plots. The

-~ S
21 CO,/HCOOH o / / ﬁ
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F1G. 4. Isothermal analysis for the CO,/HCOOH(RT)
product peak. (a) 478°K; (b) 470°K ; (c) 463°K; (d) 455°K.

TABLE 1
Reaction Order Determination from Isothermal
Plots
Isotherm Reaction order measured from
(°K) slope of isothermal plot
478 1.01
470 0.98
463 0.96
455 0.97

activation energy values of the CO, product
was calculated to be 31.89 and 31.87
kcal/mole from the plots of In(¥,) and
In(B/T,%, respectively.

The other technique was related to con-
stant surface coverage. From Eq. (2),

N = v, exp (:E) cr,

RT @

where v, is the preexponential factor and £
is the activation energy one obtains the fol-
lowing expression:

In(N) = In(w,) + nIn(C) — E/RT (3)

In some special cases, the preexponential
factor will be coverage dependent (/7), but
at fixed surface coverage, the whole term
(In(v,) + nIn(C)) becomes a constant.
Hence, a plot of In(N) as a function of re-
ciprocal temperature should yield a straight
line with the slope representing the activa-
tion energy. This technique has the same
advantage as the heating rate variation
method, i.e., no assumption of the reaction
order is required. Figure 5 shows a plot of
In(V) versus the reciprocal temperature for
the CO, product. The activation energy was
found to be 33.3 kcal/mole.

DISCUSSION

Dehydrogenation was the sole reaction
path for the catalytic decomposition of for-
mic acid on a clean Cu(110) surface. The
results indicated that formic acid was dis-
sociatively adsorbed on a Cu(110) surface
forming a stable formate surface intermedi-
ate (HCOO,,) and adsorbed hydrogen
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FiG. 5. Determination of the activation energy of the
CO,/HCOOH peak by plotting In{N) versus the recip-
rocal temperature at constant coverage.

which desorbed directly below room tem-
perature. When the sample was flashed
above 400°K, the adsorbed formate surface
intermediates decomposed, giving off car-
bon dioxide and hydrogen. The entire reac-
tion sequence was therefore as follows:

HCOOD,,, » HCOO,,, + D

2D, — Dy
HCOO, — COyy + Hyy (slow)
2H( a H'.:( g (fast)

This mechanism was also supported by the
observed product stoichiometries. It was
interesting to note that the Hy(y)/ HCOOH
peak was about 50° lower than the H,/H
binding state observed on the Cu(i10) sur-
face (18). This low temperature desorption
of the H,(y) peak was probably induced by
the formate ions, but the nature of this in-
teraction is not exactly understood at this
time. Additionally, the magnitude of the
H,(y)/HCOOH peak was only about 70%
of the H,(B) peak. This difference may be
due to a competition for sites between H,,
and the absorbed formate, resulting in the
displacement of some of the H, formed
from HCOOH upon adsorption.

The formation of CO,/HCOOD and
H,/HCOOD products shown in the decom-

position steps were governed by the same
rate-limiting step. Figure 6 shows the com-
parison of the normalized desorption
spectra of CO, and H,; the desorption
spectra coincided exactly. The isothermal
technique and coverage variation method
showed a first-order process for the forma-
tion of carbon dioxide. This result, coupled
with the fact that there is no binding state
for CO, on Cu(110) surface (19), indicated
the decomposition of the HCOO, ,, surface
intermediate was the rate-limiting step for
the CO, product. Furthermore, the recom-
bination of the hydrogen atoms was a rela-
tively fast process in the high tempera-
ture region. Hence, the formation of both
the CO,(B)/HCOOD and H,(8)/HCOOD
products were governed by the decomposi-
tion of the HCOQ,,, surface intermediate.

The measured activation energy was used
to generate a first-order theoretical spec-
trum to fit the CO, peak. The activation
energy required for the decomposition of
the absorbed formate species was deter-
mined by the heating rate variation method
and a constant surface coverage technique.
Within experimental discrepancy, the val-
ues measured in these two techniques
agreed with each other as the difference was
less than 5%. Figure 7 shows a theoretically
simulated spectrum with an activation
energy of 31.87 kcal/mole and a preexpo-
nential factor of 9.4 x 10'? sec™!. This gen-
erated spectrum fits the CO, peak except
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FiG. 6. Comparison of the normalized spectra of
CO,/HCOOH and H,/HCOOH products.
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FiG. 7. Computer simulation to fit the CO,/ HCOOH
product spectrum. First-order process activation
energy was 31.87 kcal/mole. Preexponential factor
was 9.4 x 10" sec™!. Heating rate was 4.7 ksec™'.

for a very slight discrepancy at the high
temperature edge.

There was a significant difference be-
tween the preexponential factor for the de-
composition of the adsorbed formate species
on a Cu(110) surface and that on a car-
burized nickel surface (/2). This difference
may have been due to different molecular
orientation of the chemisorbed formate
species. Formic acid decomposition on
Ni(110) (2 x DC and Ni(110) (4 x 5)C sur-
faces was studied by McCarty and Madix
(12, 13, 20). The activation energy and
preexponential factor were found to be 25
kcal/mole and 2 x 10'? sec™!, respectively.
The decomposition of the formate species
HCOO,,, was also found to be the rate limit-
ing step.

In any event, the low value of the preex-
ponential factor observed on the carburized
Ni surface was rationalized by the loss of
degrees of freedom in the transition state.
On Cu(110) the decomposition of the same
formate species was also the rate-limiting
step. However, the preexponential factor
was larger by more than one order of mag-
nitude. This difference in the preexponen-
tial factor indicated that the adsorption
state of the formate species on a copper sur-
face may be different from that on a car-
burized nickel surface possessing less en-
tropy. If it is postulated that the formate

species is chemisorbed on the copper sur-
face through the two oxygen atoms as
shown below, then it is reasonable to be-
lieve that the transition state might show an

H

l
C

7\

o7 o
Cu Cu

increase in entropy via the loosening of the
bonds of the complex. Hence, the preexpo-
nential factor of 10'*¥ sec™' observed for the
formate decomposition on the copper sur-
face seems reasonable.

The molecular orientation of chemi-
sorbed formate on evaporated copper
films was studied by Ito and Suetaka (27)
using infrared reflection spectroscopy. The
investigators reported the observation of
the strong infrared adsorption band at 1360
cm™! which was assigned to the symmetric
OCO stretching vibration and the absence
of the antisymmetric vibration at 1590 cm™".
This results, coupled with the earlier trans-
mission study (22), suggested that the
chemisorbed formate molecules were
oriented almost vertically on the copper
surface, having the oxygen atoms bonded to
the surface site. These results lend support
to the above transition state model. Fur-
thermore, in the oxidation of formaldehyde
on a Cu(110) surface, H,C'*O was observed
to exchange with preadsorbed '*O to form
H,C™O (I8). This result suggested that the
60 atom of the H,C'*O molecule was
bonded to the surface allowing the carbon
atom to pick up a '*O surface atom to ex-
change with the 'O atom. It was also ob-
served that the H,C'*O reacted with a sur-
face '"*O atom to form a stable HC'O'*O
intermediate, further supporting the sug-
gested chemisorbed model for the formate
on the Cu(110) surface mentioned above.

The formic acid decomposition products
observed in the current study agreed with
those reported in the literature (/-9). How-
ever, only the results of three investigators
for the activation energy for the decomposi-
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tion of formic acid on copper catalyst
¢, 6, 9) agreed with that found in this work
on a single crystal surface. In the present
study the leading edge of the CO, spectrum
indicated that the formate species started to
decompose around 400°K, in agreement
with that reported by Joyner and Roberts
(11). However, the activation energy for
the decomposition of the formate ion re-
ported by Joyner and Roberts was calcu-
lated by assuming a value of 10'® for the
preexponential factor. If this assumed value
was replaced by the preexponential factor
of 10'3 measured in the present study, the
activation energy became 29.5-33.1
kcal/mole. These values were in better
agreement with the presently calculated ac-
tivation energy which was determined with
neither the assumption of a reaction order
nor the assignment of a preexponential fac-
tor value. Furthermore, in a recent study of
the oxidation of methanol on a Cu(110) sur-
face (23), an activation energy of 31.0 = 1.0
kcal/mole was measured for the CO, prod-
uct deriving from the decomposition of an
adsorbed HCOO surface intermediate. A
preexponential factor of 8 x 10'% sec™' was
also reported; this value agreed with the
present result of 9 x 103 sec™.

It has also been suggested (/2, /3) that
the nickel carbide surface may behave more
like copper than nickel because of the pos-
sible filling of the d-band of the nickel atom
by the valence electron of carbon. Photo-
emission and optical data (24, 25) showed
that the nickel d-band density of the states
at the Fermi level was sharply attenuated
with the presence of surface carbon; the
reason for this attenuation was not exactly
understood. Qualitatively the results ob-
tained on Ni(110) (2 x 1C and Cu(110)
were similar, in that the formate intermedi-
ate dominated the mechanism and the sur-
face formic anhydride was suppressed. The
5 to 6 kcal/mole difference in the activation
energy observed for the carburized nickel
surface and for the Cu(110) surface indi-
cated quantitative differences, however. A
careful inspection of the CO,/HCOOH

spectrum observed on the carburized nickel
surface showed a high temperature shoul-
der at the same temperature as the peak
position of the CO, product observed on the
clean Cu(110) surface in the present study.
Previously, the CO, product spectrum from
the nickel carbide surface was fitted with a
three-state model consisting of three first-
order binding states (8,, B:, and 8;). The
rate parameters for the 8, and B; states and
the relative coverage of the three states
were adjusted over a wide range to fit the
flash curves. In fact, when the Arrhenius
parameters of the 3, state were replaced by
those measured for the CO, product in the
present study and a relative coverage of
10:4: 3 was used for B,: 8,: 8;, an equally
adequate fitting was obtained, as shown in
Fig. 8. This fit, coupled with the matching
of the shoulder of the CO, peak observed on
the carburized nickel surface to the CO,
peak observed on the Cu(110) surface, sug-
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Fig. 8. A three-states model to fit the CO,/HCOOH

product spectrum observed on the carburized nickel
surface.

State Activation Preexponential
energy factor
(kcal/mole) (sec™)
Bi 25.0 2 x 102
B 31.87 9.4 x 101
Bs 24.5 4.0 x 10"

Relative coverage 8, : B, : B; was 10: 4: 3. The informa-
tion of the B, and B; was obtained from Ref. (13). The
experimental data were obtained from Ref. (13). All
three states were first-order process.
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gested that one decomposition pathway on
the nickel carbide surface quantitatively
duplicated that observed on copper. In view
of these facts it appears that certain fea-
tures of the nickel carbide surface produce
chemical reactivity for formate decomposi-
tion identical to copper. Unfortunately, the
addition of surface carbon on nickel re-
sulted in the formation of islands of surface
carbon rather than randomly substitutional
nickel carbide surface (26) so that this sur-
face could not be directly compared to the
random Ni/Cu alloy surfaces reported
elsewhere (27).

SUMMARY

The formic acid molecule decomposed on
the Cu(110) surface to form carbon dioxide
and hydrogen solely. The dissociation of the
parent molecule occurred below room tem-
perature leaving a stable formate HCOO,,,
as the surface intermediate. This formate
species was held on the surface until above
400°K when it started to decompose form-
ing the CO, and H, product. The decompo-
sition of the adsorbed formate governed the
rates of the CO, and H, formation. The ac-
tivation energy and the preexponential fac-
tor for the decomposition of the formate
was determined to be 31.9 kcal/mole and
10'39% sec™!, respectively. This measured
preexponential value was reasonable quan-
tity in view of results of the infrared study
of the chemisorbed formate on evaporated
copper films (27).

A comparison of the catalytic properties
of the Cu(110) surface with those of the
Ni(110) (2 x 1)C surface indicated that the
nickel carbide surface did not exactly be-
have chemically like a copper surface,
though qualitative features of the decom-
position on both surfaces were identical.
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