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The decomposition of acetic acid was studied on a clean Ni/Cu(llO) alloy single crystal by 
means of thermal desorption spectroscopy. The primary alloy surface composition employed 
in this work was 370/, Ni and 630/, Cu az measured by Auger electron spectroscopy. Acetate 
wsa the predominant surface intermediate observed, giving rise to the CO* and Hz decomposi- 
tion products observed, in analogous fashion to the decomposition of formic acid. Surface 
carbon residue was also detected and could be driven into the bulk by annealing the sample 
above 900°K. The rate constant for the decomposition of the acetate intermediate on the 
alloy was found to be lO1*.6 exp (-33 (kcal/mol)/RT)sec -1. The autocatalytic decomposition 
of both carboxylic acids previously observed on a clean Ni (110) surface waz totally suppressed. 
The product distribution from acetic acid observed on both the 37yo Ni/65yo Cu alloy and the 
carburized Ni(ll0) surfaces were very similar, indicating chemical similarities between these 
two surfaces. At high coverages of the acetate intermediate the activation energy for CO, 
formation increased by 14 kcal/gmol. This effect was attributed to strong attractive interactions 
in the adsorbate layer. 

INTRODUCTION 

Metal alloys have long been a subject 
of interest in catalysis (1-r). Work with 
Cu/Ni alloys has clearly indicated the 
importance of the Cu/Ni surface composi- 
tion in determining the selectivity for a 
variety of reactions (1, 2, 4, 10). Recent 
photoemission work on the Ni/Cu alloy 
system by Spicer et al. (8, 9), utilizing 
short electron escape depths, illustrated 
that the surface electronic properties of 
the alloy were simply the superposition 
of the surface electronic property of each 
separate metal. The decomposition of the 
simplest carboxylic acid (formic acid) on a 
clean, (1 lO)-oriented Ni/Cu alloy single 
crystal (10) has shown that the product 
selectivity ratio is strongly governed by 
the surface composition of the alloy. The 

selectivity was controlled by the degree 
of admixture of two different reaction 
pathways involving adsorbed formic anhy- 
dride or formate, respectively. Whereas on 
Ni(ll0) the flash decomposition of formic 
acid proceeded solely via the anhydride 
intermediate (11-IS), on Cu(ll0) the 
intermediate was formed alone (14). Both 
dehydration and dehydrogenation path- 
ways were observed on the Ni/Cu alloy. 
The CO/CO2 product ratio decreased 
with increasing copper surface concentra- 
tion. The decomposition of acetic acid on 
pure Ni (110) surface was investigated by 
Madix et al. (15), and an autocatalytic 
reaction similar to that of formic acid 
decomposition was observed. The surface 
intermediate was identified as acetic anhy- 
dride. It was interesting to see whether 
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this autocatalytic decomposition of acetic 
acid was suppressed by the presence of 
copper as for the formic acid decomposition, 
and whether a similarity existed in the 
surface intermediates from the decomposi- 
tion of both carboxylic acids on the alloy 
surface. The primary goal of the present 
work was to study the decomposition of 
acetic acid on clean Ni/Cu (110) alloy 
single crystals and to see to what extent 
the chemical analogy for the reactivity of 
the carboxylic acids would persist on the 
alloy surface. 

Chemical similarities between nickel 
carbide surface and the Ni/Cu alloy with 
low nickel surface concentration (37%) 
were evident from the comparison of the 
formic acid decomposition on both the 
carburized Ni (110) surface (16-18) and 
the alloy surface (10). Adsorbed formate 
(HCOO& was the predominant surface 
intermediate observed on both of these 
surfaces, and the nearly identical CO/CO2 
product ratio strongly suggested the chem- 
ical similarity between these two surfaces. 
Preliminary results of the acetic acid 
decomposition on a carburised Ni(ll0) 
surface (19) indicated that acetate was the 
predominant surface intermediate, giving 
rise to the COz, HZ, and absorbed carbon 
observed. The present study provided a 
further test of the suggestion of the chemical 
similarities between the nickel carbide and 
the Ni/Cu alloy surfaces. 

EXPERIMENTAL 

Temperature-programmed reaction spec- 
troscopy was employed to study the 
decomposition of acetic acid on a clean 
Ni/Cu (110) alloy single crystal. The clean 
alloy surface was achieved by ion bombard- 
ment and subsequent annealing at a higher 
temperature, following by quickly cooling 
back to room temperature. The surface 
composition of the alloy was measured by 
Auger electron spectroscopy (AES). The 
quantitative determination of the alloy 
surface composition by AES was described 

previously (10, 204%). The M1M4,6M4,0 
Auger transition spectrum near 100 eV 
was doubly integrated to obtain the surface 
composition. 

When a clean alloy surface was obtained, 
the previously purified acetic acid vapor 
(16) was dosed onto the sample surface 
in the ultrahigh vacuum reaction chamber. 
The ambient pressure was maintained in 
the lo-lo Torr region by means of an ion 
pump and a titanium sublimation pump. 
The detailed arrangement of the equipment 
was described previously (10, 28). The 
sample temperature during adsorption was 
controlled by a liquid nitrogen cooling 
tube compensated by partial heating of the 
sample from a tungsten filament. After 
dosing, the sample was flashed linearly 
with time, and the partial pressure rise of 
each product gas was recorded by UT1 
quadrupole mass spectrometer as a function 
of the sample temperature. The mass 
spectrometric signal was directly propor- 
tional to the desorption rate due to the 
high pumping speed of the system. There 
was an appreciable amount of surface 
carbon residue detected by Auger electron 
spectroscopy after each flash. This surface 
carbon residue could be driven into the 
bulk by annealing the sample at 900”K, 
thereby regenerating a clean alloy surface. 
However, this method lcould be applied 
solely to the 37yo Ni/63yo Cu alloy surface, 
because the other higher nickel surface 
concentration alloys were achieved by 
annealing at a lower temperature, whi’ch 
was not sufficient to drive all the surface 
carbon into the bulk. Hence, surfaces of 
all other compositions were regenerated 
by sputtering and annealing at the required 
temperatures after each flash. 

A shorthand notation was employed to 
identify the origin of the desorbing gas as 
follows : 

X(Y>lY 
where X was the desorbing gas observed 

(y) was the binding state of the gas 
Y was the preadsorbed gas. 
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FIG. 1. Product distribution in the low-tempera- 
ture region following and adsorption of CH&OOH 
on an alloy with a surface composition of 37% Ni 
and 630/, Cu at 190°K. Heating rate was 18°K 
set-*. Saturation exposure. 

For example, 

Hz(r)/CH&OOH 

refers to the y state of the Hz product 
following the adsorption of CH,COOH. 

RESULTS 

Figures 1 and 2 show the product distri- 
bution in two temperature regions following 
the adsorption of CH$OOH at 190°K 
on an alloy with a surface composition of 
3701, Ni and 63y0 Cu. COz and HP were 
the major decomposition products ob- 
served. The hydrogen product desorption 
spectrum exhibited two distinct peaks at 
253 and 543°K labeled as Hz(r) and Hz@), 
respectively, as shown in Figs. 1 and 2. 
The H2(@)/H2(y) product ratio was 2.7 
f 0.2. A comparison of the Hz(r) product 
peak with the Hz/H2 desorption spectrum 
(14) indicated that the H*(Y) product was 
desorption limited. The H&9) spectrum 
had a shoulder at around 500”K, indicating 
that this peak was a composite. The COz 
and Hz (/3) desorption spectra showed nearly 
identical shape and peak position, suggest- 
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ing that these products were evolved from 
the same rate-limiting steps. The small 
amount of CO product, after subtracting 
out the cracking fraction of the COz 
product at mass 28, showed a broad peak; 
the peak position could not be located 
exactly. This CO product only amounted 
to less than one-tenth of the COz product. 
In addition, small amounts of CH&OOH 
and Hz0 were detected in both the low- 
and the high-temperature regions. The 
CH&OOH(r) peak corresponds to the 
desorption of the parent molecule intact 
from the alloy surface. The pumping 
speeds of both the Hz0 and CH&OOH 
were not known, so it was impossible to 
make quantitative estimates of the Hz0 
and CH,COOH formed. However, the 
mass spectrometric signals of the HzO(@) 
and CH&OOH@) (see Fig. 2) peaks were 
less than 1% of the COz product, indicating 
they were insignificant amounts with 
respect to the total amount of products 
formed. 

When the adsorption temperature was 

(0) PROD/CH3COOH (190’K) 

TEMPERATURE IOK) 

FIQ. 2. Product distribution in the high-tempera- 
ture region following the adsorption of CHaCOOH 
on an alloy with a surface composition of 37yc Ni 
and 63% Cu at 19O’K. Heating rate was 18°K 
~0. Saturation exposure. 
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increased from 190 to 298”K, COZ and Hz 
were still the major products observed as 
shown in Fig. 3. Small amounts of CO, 
HpO, and CHICOOH were also detected. 
Since the low-temperature y states were 
not observed in the room temperature 
study, the 6 state symbol was deleted in 
the following discussion. Although the 
same decomposition products were observed 
when the adsorption temperature was 
increased from 190 to 298”K, the peak 
position shifted to a lower temperature, 
and the total amount of product was 
reduced by about 35%, indicating a reduc- 
tion in sticking probability of CHGOOH. 

Figures 4 and 5 show the desorption of 
the COe product at saturation exposure of 
acetic acid as a function of adsorption 
temperature. The results are summarized 
in Table 1. The CO, peak position shifted 
continuously to lower temperatures as the 
adsorption temperature was increased until 
at 457°K the peak moved back to a slightly 
higher temperature. This abrupt reversal in 
the shift of the COZ peak position at the 
adsorption temperature of 457 “K occurred 
because the adsorption temperature was 
sufficiently high to prevent the formation 
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FIG. 3. Product diitribution following the adeorp- 
tion of CHICOOH on an alloy with a surface 
composition of 37% Ni and 63% Cu at 298°K. 
Heating rate was 18°K eec-I. Saturation expotmre. 
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FIQ. 4. CO% product desorption spectra aa a 
function of adsorption temperature on a 37% 
Ni/63% Cu alloy surface. (a) Adsorbed at 190°K; 
(b) adsorbed at 219%; (c) adsorbed at 247°K; 
(d) adsorbed at 273°K; (e) adsorbed at 298%. 
Saturation exposure of CH$ZOOH. Heating rate 
was 18°K se@. 

of the COz product from the lower tempera- 
ture states. In addition to the shift of the 
peak position and the attenuation of the 
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FIG. 5. CO2 product deaorption spectra 
function of adeorption temperature on a 

asa 
37% 

Ni/63% Cu alloy surface. (f) Adsorbed at 347’K; 
(g) adsorbed at 395°K; (h) adsorbed at 445°K; 
(i) adsorbed at 457°K. Saturation expoeure of 
CH&OOH. Heating rate was 18°K see-I. (j) 
Adsorbed at 470°K. 



TABLE 1 1800 
CO1 Peak Position as a Function of 

the Adsorption Temperature 

Adsorption Peak 
temperature position 

C’K) CW 

190 540.0 
219 535.2 
247 534.0 
273 531.5 
298 527.7 
347 522.0 

200 I,(/, 0 , , ,,- 

510 514 518 522 526 530 
395 519.0 PEAK POSITION (OK) 
445 515.0 
457 517.0 FIG. 7. A plot of the CO* product versus its peak 

position for the variation of adsorption temperature 
and coverage studies. Heating rate was 18°K set-i. 

product formed, the profile of the CO2 
changed as the adsorption temperature process, theoretical calculat,ion indicates a 

was varied. Table 2 shows the ratio of the ratio of 1.72, suggesting that the COZ 

integrated area in front of and behind the desorption following the adsorption of the 

peak maximum (Ai/Ab) for all the CO2 parent molecule at 445°K is a first-order 

spectra shown in Figs. 4 and 5. This ratio process. 

varied from 3.8 to 1.7. For a first-order The effect of varying the acetic acid 
exposure was also investigated. Figure 6 

I I I I I I 
COz/CH3COOH (298’K 

shows the COz product spectra as a function 
of the coverage following the adsorption of 
the parent molecule at room temperature 
on the 37% Ni surface. When the coverage 
was decreased, the COz peak position also 
shifted to lower temperatures, suggesting 
that the shift of the COz peak position 

Adsorption A dAba 
temperature 

(“K) 

190 3.8 i 0.2 

I I I I I I 219 2.5 f 0.2 
420 445 470 495 519 544 247 2.7 f 0.2 

TEMPERATURE (OK) 273 2.9 f 0.2 
298 3.0 f 0.2 

FIG. 6. Coverage variation study of the CO% 347 2.3 f 0.2 
product following the adsorption of the acetic acid 395 2.3 f 0.2 
at room temperature on a 37’% Ni 63% Cu alloy 445 1.7 f 0.2 
surface. Relative exposures are pressure in the 
dosing volume times the exposure time. Heating rate a Ai is the integrated area in front of the peak 
was 18OK see-1. (a) 250 fi; (b) 500 as; (c) 1250 fi; maximum; Ab is the integrated area behind the peak 
(d) 3750 pS; (e) 10000 $S; (f) 15000 as. maxmmm. 
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TABLE 2 

Variation of Adsorption Temperature Study 
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with adsorption temperature was simply 
a coverage variation effect. Figure 7 shows 
a plot of the amount of CO2 product 
formed versus its peak position observed 
with both the variation of adsorption 
temperatures and coverage. The data points 
from both studies agreed excellently, sup- 
porting the above suggestion of the varia- 
tion of the adsorption temperature to be a 
coverage effect. 

An isothermal analysis (25) was em- 
ployed in an attempt to measure the 
reaction order of the CO2 peak. Figure 8 
shows a In-ln plot of the CO2 desorption 
rate versus the coverage. At low coverages 
the reaction order approached unity, but 
with increasing coverage the apparent order 
decreased. This behavior was consistent 
with an activation energy, which increased 
with coverage, in agreement with the 
spectra of Figs. 4-6. 

The activation energy for the CO2 forma- 
tion was measured by means of a heating 
rate variation method. The details of this 
method were described elsewhere (26’). 
Figure 9 shows the plot of ln(/?/TP2) versus 
l/T,, for the CO2 peak at saturation 
coverage. The activation energy was found 
to be 47 kcal/mol. With an assumption of 
a pseudo-first-order process, the preexpo- 
nential factor was estimated to be 1018.’ 
set-‘. Since the CO2 peak shifted to a 

/ , I , I , I 

CO,/CH,COOH (298°K) 

4 0.5 I .o 1.5 3.0 

&I (Cl (Arbitrary units) 

Fro. 8. Isothermal plot. Plotting the logarithm of 
the CO* deaorption rate vereus the coverage follow- 
ing the adsorption of acetic acid on a 37% Ni/63% 
Cu alloy surface at room temperature. 

I 
186 1.88 1.90 1.92 1.94 1.96 1.98 2.00 2.02 2.04 2.Oe 

I/Tp x103 (OK-’ 1 

FIG. 9. Activation energy of the CO* product 
formation determined by a heating rate variation 
method. Saturation exposure of CH&OOH at 
room temperature. 

lower temperature at a lower coverage, the 
same heating rate variation method was 
applied to measure the activation energy 
for the CO2 peak at a low CH&OOH 
exposure. The data were quite scattered 
due to the difficulty in controlling the low 
acetic acid exposure and the sensitivity 
of the CO2 peak position to coverage. 
However, since low coverage CO2 spectra 
were obtainable by adsorbing at higher 
temperatures, the activation energy for the 
CO2 formation at low coverage was mea- 
sured by applying the heating rate varia- 
tion method to the CO2 peak obtained at 
saturation coverage following the adsorp- 

-Id 1 / 1 I I I 
1.96 1.97 1.98 1.99 2.00 2.01 

l/ Tp x103 (%‘I 

FIG. 10. Activation energy of the CO, product 
formation determined by a heating rate variation 
method. Saturation exposure of CH&OOH at 
457°K. 
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FIG. 11. CO% product desorption spectrum 
observed on a 37y0 Ni/630/, Cu alloy with surface 
carbon contaminant. - Experimental spectrum 
with surface carbon contaminant. -- Experi- 
mental spectrum from a clean alloy surface. - - - 
The difference between - and - -. 

tion of the parent molecule at 456”K, as 
shown in Fig. 10. The activation energy 
was found to be 33 kcal/mol, and the 
preexponential factor was estimated to be 
101s.s se+ with the assumption of a 
first-order process. 

In addition to the decomposition prod- 
ucts observed, surface carbon was detected 
by Auger electron spectroscopy after a few 
flashes, the presence of the surface carbon 
caused a high temperature shoulder to 
appear in the CO2 spectrum and shifted 
the peak position slightly to a higher 
temperature. After subtracting off the 
contribution due to the clean alloy surface, 
an extra CO2 peak was obtained as shown 
in Fig. 11. The peak position of this 
additional CO2 peak matched that observed 
from the decomposition of acetic acid on a 
carburiaed Ni(ll0) surface (19), suggesting 
that this extra COZ peak was due to the 
carburiaed nickel sites on the alloy surface. 
By annealing the sample to 900”K, a clean 
alloy surface was regenerated, and‘ the 
normu CO2 peak observed on a clean alloy 
surface was reproduced. 

DISCUSSION 

Acetic acid decomposed on the 37yo 
Ni/63% Cu alloy surface forming primarily 
COZ, Hz, and surface carbon. The reaction 

mechanism proposed was as follows : 

CH,COOH(,, --) 
CHsCOO(a, + &a, (A) 

CH&OOH(,, -+ CH,COOH(,, (B) 

CH,COOH(,, --, CH&OOH(,, (C> 

2&a, + Hz(g) CD) 

CH&OO(,, + 

Cow + ~Hw + C (El 

2Hw -+ Hz(s) 09 

CHaCOOc,, + Hc,, -+ C&COOHw (G) 

The first step was the dissociative adsorp- 
tion of the parent molecule forming the 
acetate surface intermediate (CH&OO(,,). 
This dissociative adsorption was inferred 
from the presence of two widely separated 
hydrogen peaks : Hz (/3) and Hz(y). In 
addition, the Hz(@)/H2(r) ratio was close 
to three which was a correct stoichiometric 
ratio between the oxygen-bonded hydrogen 
and the carbon-bonded hydrogen atoms ; 
this Hz(/3)/H2(r) ratio was analogous to 
the 1: 1 ratio for DJDCOOH: Hz/DCOOH 
observed in the decomposition of formic 
acid on the same alloy surface (IO), 
forming the formate intermediate. Further- 
more the dominant CO2 product also 
indicated the existence of the acetate 
surface intermediate. 

Step (E) represented the decomposition 
of the acetat)e to form carbon dioxide, 
adsorbed hydrogen atoms, and surface 
carbon residue. Since no CO2 binding state 
existed on the alloy surface, the CO2 
product desorbed immediately upon its 
formation. Hence the rate of CO2 formation 
was decomposition limited. The recombina- 
tion of the hydrogen atoms shown in step 
(F) was a fast process in this high-tempera- 
ture region, leaving the decomposition of 
the acetate to be the rate governing step. 
Therefore, the CO2 and the Hz@) products 
exhibited identical desorption spectra. The 
surface carbon residue could be driven into 
the bulk by flashing the sample to the 
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initial annealing temperature (900°K) at 
each flash, so that a clean alloy surface 
was ready for the subsequent flash. In addi- 
tion, once when the acetate (CH&OO& 
started to decompose, the hydrogen atoms 
captured some of the acetate intermediates 
before they decomposed to form the acetic 
acid molecule which desorbed from the 
surface to give rise to the trace of 
CH&OOH product observed. This capture 
of the acetate intermediate was analogous 
to that of the CHaO(., intermediate 
observed in the oxidation of methanol on 
Cu(ll0) and Ag(ll0) surfaces ($7). 

With an assumption of a linear coverage- 
dependent activation energy, one could 
qualitatively explain the data shown in 
Fig. 8. The calculated activation energy 
change from low coverage to saturation was 
1.8 f 0.2. Equation (l), 

N = BVI exp(-E/RT) 0) 

is a first-order rate expression. N is the 
normalized reaction rate, 8 is the fractional 
coverage (0 I 0 5 l), vI is the first order 
preexponential function, E is the activation 
energy, and T is the absolute temperature. 
If the activation energy was assumed to 
increase linearly with coverage as shown 
below 

E = Et, + ae (2) 

where a is a positive constant, Eq. (1) can 
be written as follows: 

N = hl exp( - (E. + aO)/RT). (3) 

By taking the logarithm of Eq. (3), one 
obtains the expression. 

ln W) = In(e) - adIRT 
+ ln(vS - &/RT. (4) 

Equation (4) can be arranged to obtain 

B = (RT/a) ln(e/N) + (ln(v1) 
- EJRT). (5) 

Therefore, a plot of 8 as a function of 
ln(e/N) would give an estimate of the a 

value. Figure 12 shows a plot of 0 versus 

$5 -3.4 -3.3 -32 -3.1 -3.0 -2.9 -2.8 -2.7 -2.6 -2.5 

h (8/R) 

FIG. 12. A plot of 8 versus In(8lR) for the CO, 
peak at isothermal conditiona. 

ln(e/R) for the COz peak at isothermal 
condition ; a fairly reasonable straight line 
was obtained. The value of a was calculated 
to be 1.8 f 0.2 kcal/mol. Figure 13 shows 
the fit of the COZ spectrum observed in the 
high adsorption temperature study. The 
gross feature of the COs peak was fitted 
by the theoretically simulated spectrum. 
A precise fitting was not obtained as 
normally expected when a composite peak 
was fitted by a pseudo-single process. 

It is important to note that this value 
of a was used merely as a fitting parameter 
however. The values of AJAb in Table 1 
clearly show that at high coverages the CO, 
peak is a composite peak, as values of 1.7 
would be expected for a simple first-order 

I ’ I I I I I I I 

0.8 

e 

2 0.6 
0 
ii 
i 0.4 

I 
“0 0.2 
z 

I I I I I I I 

420 445 470 495 519 544 569 
TEMPERATURE (OK) 

FIG. 13. Theoretical eimulation to fit the CO% 
product spectrmn following a saturation expcaure 
of CH&OOH at 4W’K. First-order process activa- 
tion energy was 33 kcal/mol. Preexponential 
factor wee 1oU.6 eec-1. Heating rate was 13*K ee0. 
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desorption step. This value was observed 
only for the highest adsorption tempera- 
tures (lowest initial coverages). The high 
values of Ai/Ab indicate a major reaction 
peak to the left of the peak maximum and 
this contribution is easily observed in 
Figs. 2 and 3, for example. Another 
indication that the high coverage peaks 
are a composite is the high apparent 
activation energy and preexponential 
factors obtained from the heating rate 
variation (Fig. 9). Nonetheless, the low 
coverage data do provide an accurate 
measure of the decomposition rate constant 
for the acetate intermediate. 

Qualitatively, the Ni/Cu alloy interacts 
similarly with both formic acid and acetic 
acid. Both carboxylic acids were observed 
to decompose autocatalytically on the 
clean Ni(ll0) surface (11-15, 15). This 
autocatalytic decomposition was attributed 
to island formation of the formic anhydride 
and acetic anhydride intermediates due to 
attractive interactions. The presence of 
copper on the Ni/Cu alloy surface totally 
suppressed both autocatalytic reactions. 
The study of the decomposition of formic 
acid on Ni/Cu alloy surfaces (10) indicated 
an increasing CO to COz product selectivity 
ratio as the alloy surface was enriched with 
nickel atoms. Although the decomposition 
of acetic acid was not studied in detail on 
surfaces of higher nicke1 concentrations, 
preliminary results indicated that the CO 
to CO2 product ratio increased with 
increasing nickel surface concentration, 
following the same trend as observed in 
the formic acid decomposition. Further- 
more, analogous to the formate (HCOO(,,) 
intermediate predominant on the 37% 
Ni-63% Cu alloy surface, acetate 
(CH&OO(.,) was the dominant interme- 
diate on the alloy surface of the same 
composition. It is interesting to note that 
the ratio of the limiting preexponential 
factor for HCOO(,, (10) and the pre- 
exponential factor estimated with the 
assumption of a first-order process for 

CH&OO(,, was approximately 3.0. This 
estimated ratio was close to the square 
root of the inverse ratio of the masses for 
the H- and CH1-groups (3.9). If the 
vibration of the H-COO and CH,-COO 
bonds was involved in their transition 
states to give rise of their products, the 
ratio of their vibrational frequency should 
follow the square root of the inverse ratio 
of their masses (H- and CHa-groups). 
Hence the estimated preexponential factor 
ratio suggests that the motions of these 
hydrogen and methyl groups were involved 
in the decomposition steps. It should be 
pointed out that the assumption of a first- 
order process might overestimate the pre- 
exponential factor for CH&OO(,,. If it 
was assumed that the acetic anhydride 
intermediate was absorbed on the surface 
nickel sites of the alloy and was responsible 
for the slight amount of CO product 
observed (in analogy to the formic anhy- 
dride in the decomposition of formic acid 
on the same alloy surface (10) the high 
preexponential factor for acetic anhydride 
decomposition (15) would cause an ap- 
parently larger preexponential factor for 
acetate decomposition. Fortunately, the 
CO product was so small that the correction 
due to the presumed acetic anhydride 
would not be substantial. In any event, 
the correction would increase the pre- 
exponential factor ratio, approaching the 
value of 3.9. 

The methyl fragment which was detached 
from the acetate intermediate behaved 
somewhat differently from the hydrogen 
atom detached from the formate interme- 
diate. The hydrogen atom recombined 
immediately with another hydrogen atom 
to form HZ which desorbed from the 
surface, whereas the methyd species further 
decomposed to form adsorbed hydrogen 
and carbon residue, with the adsorbed 
hydrogen atoms recombining to produce 
Hz. It was attempted, though unsuccess- 
fully, to stabilize and capture the methyl 
group with background hydrogen gas to 
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form ,methane. This surface readily ad- 
sorbed hydrogen, and some recombination 
to form CHI would be expected if CHs 
were relatively long-lived. No methane 
was observed. This failure to capture the 
methyl group indicated that the methyl 
fragment is not a stable species residing 
on the alloy surface. 

It has been suggested that the presence of 
surface carbidic carbon modifies the surface 
reactivity of nickel in a fashion similar to 
alloying with a group IB element (10). 
This argument was partially based upon 
the comparison of the adsorption and 
desorption of Hz and CO on Ni/Cu(llO) 
and on Ni(100)(2 X 1)C. Practically, the 
carbide surface does not chemisorb hydro- 
gen (98). Hydrogen desorption state was 
observed on Ni/Cu alloy surface (24), 
but this adsorption was solely due to pure 
surface nickel binding sites. No Hz desorp- 
tion state which can be associated with 
pure copper or mixed copper-nickel binding 
sites was detected. The presence of surface 
carbidio carbon reduces the CO binding 
energy on pure nickel sites from 32 to 21 
kcal/mole (17, M), lowering the CO 
desorption peak temperature by about 
80°C. The CO desorption spectrum on 
Ni/Cu alloy surface (9, 10, 24) showed 
multiple peaks which retained the impuri- 
ties of the pure nickel and pure copper 
binding sites and which included a mixed 
Ni-Cu binding or “alloy” sites. The 
carburized nickel binding site for CO 
showed a bind energy between the pure 
nickel and mixed Ni-Cu binding states, 
lying closer to the mixed state and support- 
ing the qualitative similarity between the 
alloy and carbide surfaces. 

Another similarity was found in the close 
resemblance between the decomposition of 
formic acid on both surfaces. The formic 
acid molecule dissociatively adsorbed on 
the carburized Ni( 110) surface (17) to 
form a formate (HCOO& fragment, 
which decomposed to give rise of the 
hydrogen and carbon dioxide products. A 

slight amount of dehydration was also 
detected to form CO, amounting to approx- 
imately one-tenth of the COZ product. 
The dehydration to dehydrogenation selec- 
tivity ratio on the Ni/Cu alloy surface 
highly depends on the surface nickel 
concentration. This selectivity ratio in- 
creases with increasing nickel surface sites. 
On a 37% Ni-63% Cu surface (IO), 
formate (HCOO& was identified as the 
major surface intermediate giving rise to 
the decomposition products which closely 
resembled those observed on the carburized 
nickel surface, strongly indicative of similar 
chemical reactivity between these two 
surfaces. Comparison of the acetic acid 
decomposition on these two surfaces further 
supports this indication, since the acetic 
acid decomposed on the carburized nickel 
and the alloy surface to form primarily 
COZ and Hz products (19) via the acetate 
surface intermediate. The COZ and Hz 
product spectra showed nearly identical 
peak temperature at 550°K. 

SUMMARY 

Acetate was the predominant surface 
intermediate observed in the acetic acid 
decomposition on an alloy with a surface 
composition of 37% Ni and 63% Cu. COZ, 
Hz, and surface carbon were the major 
decomposition products observed. The ac- 
tivation energy for the decomposition of 
the acetate intermediate on the alloy was 
measured to be 33 kcal/mol. In addition, 
the decomposition energies for the acetate 
intermediates at low and high coverages 
differed by an amount of 14 kcal/mol, 
suggesting the formation of complex bonds 
at high coverage. The surface carbon 
residue carburized the surface nickel sites, 
giving rise of an additional COZ product 
peak matching that observed in the 
decomposition of acetic acid on a carbur- 
ized Ni(ll0) surface. By annealing the 
sample to 900°K after each flash, the 
surface carbon residue diffused into the 
bulk, regaining a clean alloy surface. 
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Acetate was also the predominant surface 
intermediate observed on the carburized 
Ni(ll0) surface, supporting the suggestion 
that nickel carbide surface may chemically 
act like a Ni/Cu alloy. 
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