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Abstract 

The initial probabilities of activated, dissociative chemisorption of methane and 

ethane on Pt(110)-(1 x2) have been measured. The surface temperature was varied 

from 450 to 900 K with the reactant gas temperature constant at 300 K. Under t hese 

conditions, we probe the kinetics of dissociation via trapping-mediated (as opposed 

to 'direct') mechanism. It was found that the probabilities of dissociation of both 

methane and ethane were strong functions of the surface temperature with an ap

parent activation energies of 14.4 kcal / mol for methane and 2.8 kcal / mol for ethane, 

which implys that the methane and ethane molecules have fully accommodated to 

the surface temperature. Kinetic isotope effects were observed for both reactions, 

indicating that the C-H bond cleavage was involved in the rate-limiting step. A 

mechanistic model based on the trapping-mediated mechanism is used to explain 

the observed kinetic behavior. The activation energies for C-H bond dissociation 

of the thermally accommodated methane and ethane on the surface extracted from 

the model are 18.4 and 10.3 kcal/mol, respectively. 

The studies of the catalytic decomposition offormic acid on the Ru(001) surface 

with thermal desorption mass spectrometry following the adsorption of DCOOH and 

HCOOH on the surface at 130 and 310 K are described. Formic acid (DCOOH) 

chemisorbs dissociatively on the surface via both the cleavage of its 0 -H bond to 

form a formate and a hydrogen adatom, and the cleavage of its C- 0 bond to form 

a carbon monoxide, a deuterium adatom and an hydroxyl (OH) . The former is the 

predominant reaction. The rate of desorption of carbon dioxide is a direct measure 

of the kinetics of decomposition of the surface formate. It is characterized by a 

kinetic isotope effect, an increasingly narrow FWHM, and an upward shift in peak 

temperature with Or, the coverage of the dissociatively adsorbed formic acid. The 

FWHM and the peak temperature change from 18 K and 326 K at Or = 0.04 to 
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8 K and 395 K at ()T = 0.89. The increase in the apparent activation energy of the 

C-D bond cleavage is largely a result of self-poisoning by the formate, the presence 

of which on the surface alters the electronic properties of the surface such that the 

activation energy of the decomposition of formate is increased. The variation of the 

activation energy for carbon dioxide formation with ()T accounts for the observed 

sharp carbon dioxide peak. The coverage of surface formate can be adjusted over 

a relatively wide range so that the activation energy for C-D bond cleavage in the 

case of DCOOH can be adjusted to be below, approximately equal to, or well above 

the activation energy for the recombinative desorption of the deuterium adatoms. 

Accordingly, the desorption of deuterium was observed to be governed completely by 

the desorption kinetics of the deuterium adatoms at low ()T, jointly by the kinetics 

of deuterium desorption and C-D bond cleavage at intermediate ()T, and solely by 

the kinetics of C-D bond cleavage at high ()T· The overall branching ratio of the 

formate to carbon dioxide and carbon monoxide is approximately unity, regardless 

the initial coverage ()T, even though the activation energy for the production of 

carbon dioxide varies with ()T· The desorption of water, which implies C-0 bond 

cleavage of the formate, appears at approximately the same temperature as that of 

carbon dioxide. These observations suggest that the cleavage of the C-D bond and 

that of the C-0 bond of two surface formates are coupled, possibly via the formation 

of a short-lived surface complex that is the precursor to to the decomposition. 

The measurement of steady-state rate is demonstrated here to be valuable in 

determining kinetics associated with short-lived, molecularly adsorbed precursor to 

further reactions on the surface, by determining the kinetic parameters of the molec

ular precursor of formaldehyde to its dissociation on the Pt(ll0)-(1 x2) surface. 

Overlayers of nitrogen adatoms on Ru(OOl) have been characterized both by 

thermal desorption mass spectrometry and low-energy electron diffraction, as well as 

chemically via the postadsorption and desorption of ammonia and carbon monoxide. 
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The nitrogen-adatom overlayer was prepared by decomposing ammonia thermally 

on the surface at a pressure of 2.8 x 10-6 Torr and a temperature of 480 K. The 

saturated overlayer prepared under these conditions has associated with it a ( vJP x 

vJP )R22.7° LEED pattern, has two peaks in its thermal desorption spectrum, and 

has a fractional surface coverage of 0.40. Annealing the overlayer to approximately 

535 K results in a rather sharp ( y'3 x -/3)R30° LEED pattern with an associated 

fractional surface coverage of one-third. Annealing the overlayer further to 620 

K results in the disappearance of the low-temperature thermal desorption peak 

and the appearance of a rather fuzzy p(2x2) LEED pattern with an associated 

fractional surface coverage of approximately one-fourth. In the low coverage limit, 

the presence of the ( -/3 x -/3)R30°-N overlayer alters the surface in such a way that 

the binding energy of ammonia is increased by 20% relative to the clean surface, 

whereas that of carbon monoxide is reduced by 15%. 

A general methodology for the indirect relative determination of the absolute 

fractional surface coverages has been developed and was utilized to determine the 

saturation fractional coverage of hydrogen on Ru(001). Formaldehyde was employed 

as a bridge to lead us from the known reference point of the saturation fractional 

coverage of carbon monoxide to unknown reference point of the fractional coverage 

of hydrogen on Ru(001), which is then used to determine accurately the saturation 

fractional coverage of hydrogen. We find that 8H.at = 1.02 (±0.05), i.e., the surface 

stoichiometry is Ru : H = 1 : 1. The relative nature of the method, which cancels 

systematic errors, together with the utilization of a glass envelope around the mass 

spectrometer, which reduces spurious contributions in the thermal desorption spec

tra, results in high accuracy in the determination of absolute fractional coverages. 
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Chapter 1. 

Introduction 



-2 -

The quest for gammg the ability to control the activity and the selectivity 

of solid surfaces towards chemical transformations of molecules on the solid sur

faces has been motivating surface scientists to probe kinetics, dynamics and mech

anisms of gas-solid interactions in ever more precise details (1-5 ). The activity 

and selectivity of a surface for a chemical reaction are ultimately dictated by the 

multi-dimensional potential energy surface that describes the gas-solid interaction 

in quantum mechanical details, which up to now remains as 'black box' due to its 

extreme complexity. The reactivity of a surface reaction, one important output of 

the 'black box,' can be expressed as a function of a set of input variables, both 

macroscopic and microscopic ones. Examples of these variables are surface and 

gas temperatures, reactant pressure, translational and internal energies of the in

cident molecules, angle of incidence and orientation of the incident molecules, the 

surface geometric and electronic structures, and the modification of them due to 

electronegative and electropositive adsorbates. Over the years with the advent of 

new technologies for surface scientists, the understanding of the gas-solid chemical 

interactions progresses significantly as one becomes able to control precisely, and 

measure changes in reactivity and selectivity caused by variation of, more and more 

of these variables, especially the microscopic ones. 

Kinetic measurement, both transient and steady state, has been and remaines 

as one of the most powerful means of probing the nature of the chemical interactions 

between gas-phase molecules and surfaces and assessing effects of the input variables 

on the reactivity and selectivity of the surface reaction. Kinetic information concern

ing the most fundamental and technologically important surface processes obtained 

on well-characterized transition metal surfaces, including atomically flat, atomically 

rough, stepped and kinked, and adsorbate-modified surfaces, has provided us with 

tremendous insights into the mechanisms of the chemical transformations on the 
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surfaces, and sheds light on the factors that affect the activity and selectivity of 

various catalysts. The latter is of extreme significance since the control of these 

factors is the ultimate goal of the heterogeneous catalysis. Some of these most fun

damental and technologically important surface chemical reactions are dissociative 

chemisorption of nitrogen (6-8) and methane (3), oxidation of carbon monoxide (1, 

2), reduction of nitric oxide (9), oxidation of hydrogen (10), and methanation from 

carbon monoxide and hydrogen (11). 

The activity and selectivity of a transition metal surface toward a surface chem

ical reaction can be strongly altered by the geometric structure of surface, such as 

the dissociative chemisorption of nitrogen on the low-index surfaces of tungsten 

(7) and hydrogenolysis of alkanes on nickel surfaces ( 4). On the other hand, cer

tain reactions are surface-structure insensitive, such as the methanation reaction 

of hydrogen and carbon monoxide on nickel surfaces ( 4). Surface additives, both 

electropositive (12) and electronegative (13), can alter dramatically the activity 

and selectivity of a transition metal surface, resulted from both geometric blocking 

of specific binding or reaction sites and modification of the electronic structures of 

the catalytic surfaces. The potential energy surface that describes the interaction 

of gas phase molecules and the surface is modified by the presence of the surface 

additives in such a way that the activation energy of the desired reaction is either 

lowered or increased. Accordingly, the reaction is said to be promoted or poisoned 

by the additives. Often the surface species generated during a catalytic surface re

action are found to influence profoundly the selectivity of the surface. For instance, 

acetic acid undergoes both dehydration that leads to the formation carbon monox

ide and water and dehydrogenation that leads to the formation of carbon dioxide 

and hydrogen on a initailly clean platinum polycrystalline wire (14). The reactions 

deposits atomic carbon on the surface. As the surface carbon adatoms build up, the 

re!}.ction the leads to the formation of carbon dioxide and carbon monoxide becomes 
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gradually poisoned. It comes finally to a stop, while another reaction pathway, the 

dehydration of the acetic acid to produce ketene and water is activated, as the 

surface is covered by a monolayer of carbon (14). 

This thesis, which describes kinetic investigations of mechansims of chemically 

catalyzed reactions on the atomically flat, close-packed (001) surface of ruthenium 

and highly corrugated, reconstructed (110)-(1 x2) surface of platinum, is basically 

composed of three sections, each of which aims at an understanding of different, 

but closely related aspects of the heterogeneous catalysis. 

The first section consists of Chapter 2 in which the kinetics of the trapping

mediated, activated dissociative chemisorption of methane and ethane on the Pt(110)

(1 x 2) surface are examined. The mechanisms by which a gas molecule dissocia

tively chemisorbs on a surface are often classified into two types, namely, trapping

mediated and direct mechanisms . In the trapping-mediated mechanism, the gas 

molecules lose a sufficient fraction of their incident kinetic energy to become trapped 

and thermally accommodated to the surface temperature. The trapped molecules 

can either desorb back into gas phase, or they can locate a minimum barrier in the 

potential energy surface and chemisorb. In the case of methane and ethane on the 

Pt(ll0)-(1 x2) surface, the trapped molecules may be considered to be physically 

adsorbed, and the chemisorption is dissociative involving C-H bond cleavage. The 

observed probability of dissociative chemisorption is a convolution of a dynamical 

factor (the trapping probability) and a kinetic factor (the relative rates of disso

ciation vs. desorption from the physically adsorbed state). The former decreases 

precipitously with increasing incident translational energy (or gas "temperature") 

(15) but is a rather weak function of the surface temperature (16, 17). The latter 

can be rather sensitive to the surface temperature, depending upon the energetics 

associated with the two competing pathways for the trapped molecules (5). The 

rate associated with the direct mechanism, however, is not a strong function of the 
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surface temperature. The overall rate of dissociative chemisorption can be expressed 

as the sum of a trapping-mediated component and a direct component . Depend

ing upon the reaction conditions, one of the two components may be dominant 

in the overall rate, making it possible to investigate the kinetics and dynamics of 

the two reaction channels separately. In this case, the pressures of the reactants 

were so chosen that the gas temperature was maintained at 300 K whereas the 

surface temperature was varied, in order to probe the kinetics of the dissociative 

chemisorption via trapping-mediated mechanism. Note that in the case where the 

temperature of the reactant changes in unison with the surface temperature, not 

only the component via the direct mechanism would increase but also would the 

trapping probability of the reactant decrease when the surface temperature is in

creased, making the analysis of the overall probability of dissociation much more 

complicated. 

Chapters 3 through 8 constitute the second section of this thesis. It describes 

kinetic and mechanistic studies of reactions of small oxygen-containing organic 

molecules , formic acid and formaldehyde in particular, on the Ru(OOl) and Pt(ll0)

(1 X 2) surfaces and a couple of applications resulted from these studies. Formic acid 

reacts on Ru(OOl) via two pathways, dehydration and dehydrogenation. The de

composition of formic acid is a convenient model catalytic system for studying the 

kinetics and mechansim of a branching reaction on surfaces. Both steady-state 

and transient decomposition rates were measured for isotopically labeled and non

labeled formic acid, to establish a reaction mechanism in terms of elementary surface 

reactions. When a decomposition reaction reaches steady state at sufficiently high 

surface temperature, surface processes such as desorption of reaction products be

come so fast that they disappear from the overall rate expression. The rate becomes 

dictated by the kinetics associated with the molecular precursor to its decomposi

tion. This provides us with means of measuring the kinetic parameters associated 



- 6 -

with the elementary reaction of the molecular precursor, which are often too difficult 

to be obtained due to its extremely low concentration on the surface. An applica

tion of this principle is demonstrated for the decomposition of formaldehyde on the 

Pt(110)-(lx2) surface, in which kinetic parameters associated with the elementary 

reaction of molecularly adsorbed formaldehyde are obtained. 

Finally, characterizations of surface overlayers of hydrogen and nitrogen ada toms 

on Ru(OOl) are the subject of the third section which consists of Chapters 9 and 

10. Hydrogen adatoms are involved in numerous numbers of important catalytic 

reactions. In spite of the large number of studies concerning hydrogen adsorption 

on the Ru(OOl) surface, the fundamental question of what is the absolute satura

tion fractional coverage of hydrogen adatoms is yet to be answered accurately and 

unambiguously. The coverage obtained with traditional means has associated with 

it, a large uncertainty. A general methodology for the indirect relative determina

tion of the absolute fractional coverage is described in this section and applied in 

the case of hydrogen on Ru(OOl). The absolute fractional coverage of hydrogen is 

determined accurately to be unity, i.e, one atomic hydrogen per ruthenium atom. 

This implies that half of the three-fold sites on the surface are empty at saturation. 

These three-fold sites stop to be populated either due to an altered kinetics of hy

drogen dissociation by the presence of hydrogen adatoms on the surface in such a 

way that the dissociation stops, or due to unfavorable energetics of populating the 

other half of the three-fold sites on the surface. Which is the case remains to be 

determined. 

To describe fully the kinetics of a surface catalytic reaction, one must take into 

account effects of various reaction-generated surface species, on the kinetic param

eters of adsorption and desorption of reactants and products, as well as elementary 

steps involved in the overall reaction. Nitrogen adatoms was found to be the most 

abundant surface species in a number of industrially important catalytic reactions 
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including ammonia synthesis, nitric oxide reduction and the synthesis of hydrogen 

cyanide. Despite its importance, little is known concerning the nature of its over

layers on Ru(OOl) including the chemical effects on the chemisorptive properties on 

the Ru( 001) surface. In this section is described a characterization of overalyers 

of nitrogen with thermal desorption mass spectrometry, low-energy electron diffrac

tion, as well as chemical probes such as the postadsorption and desorption of carbon 

monoxide and ammonia, which interact qualitatively differently with the surface. 
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CHAPTER 2. 

Kinetics of Dissociative Chemisorption of Methane and Ethane 

on Pt{110)-(lx2) 

[This chapter consists of an article coauthored with W. H. Weinberg] 
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ABSTRACT 

The initial probability of dissociative chemisorption Pr of methane and ethane 

on the highly corrugated, reconstructed Pt(ll0)-(1 x 2) surface has been measured in 

a microreactor by counting the number of carbon atoms on the surface following the 

reaction of methane and ethane on the surface which was held at various constant 

temperatures between 450 and 900 K during the reaction. Methane dissociatively 

chemisorbs on the Pt(ll0)-(1 x 2) surface with an apparent activation energy of 

14.4 kcal/mol and an apparent preexponential factor of 0.6. Ethane chemisorbs 

dissociatively with an apparent activation energy of 2.8 kcal/mol and an apparent 

preexponential factor of 4.7 x 10- 3 • Kinetic isotope effects were observed for both 

reactions . The fact that Pr is a strong function of surface temperature implies 

that the dissociation reactions proceed via a trapping-mediated mechanism. A 

model based on a trapping-mediated mechanism is used to explain the observed 

kinetic behavior. Kinetic parameters for C-H bond dissociation of the thermally 

accommodated methane and ethane are extracted from the model. 
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1. INTRODUCTION 

The dissociative chemisorption of a gas-phase molecule on a solid surface is a 

complicated process that occurs on a multi-dimensional potential energy surface. 

The mechanisms by which a gas molecule dissociatively chemisorbs on a surface are 

often classified into two types, namely, trapping-mediated and direct mechanisms 

(1-5). In the trapping-mediated mechanism, the gas molecules lose a sufficient 

fraction of their incident kinetic energy to become trapped and thermally accom

modated to the surface temperature. The trapped molecules can either desorb 

back into gas phase, or they can locate a minimum barrier in the potential energy 

surface and chemisorb. In the case of methane and ethane on the Pt(110)-(lx2) 

surface, the trapped molecules may be considered to be physically adsorbed, and 

the chemisorption is dissociative involving C-H bond cleavage. The observed prob

ability of dissociative chemisorption is a convolution of a dynamical factor (the 

trapping probability) and a kinetic factor (the relative rates of dissociation vs. de

sorption from the physically adsorbed state). The former decreases precipitously 

with increasing incident translational energy (or gas "temperature") ( 5, 6) but is a 

rather weak function of the surface temperature ( 4). The latter can be rather sen

sitive to the surface temperature, depending upon the energetics associated with 

the two competing pathways for the trapped molecules (2). The rate associated 

with the direct mechanism, however, is not a strong function of the surface tem

perature. The overall rate of dissociative chemisorption can be expressed as the 

sum of a trapping-mediated component and a direct component. Depending upon 

the reaction conditions, one of the two components may be dominant in the over

all rate, making it possible to investigate the kinetics and dynamics of the two 

reaction channels separately. This has been demonstrated explicitly for the dis

sociative chemisorption of nitrogen on the W(lOO) surface ( 4) and ethane on the 
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Ir(110)-(1x2) surface (5). 

The activation of C-H bonds in alkanes for subsequent functionalization is an 

extremely important chemical process. An understanding of the chemical interac

tions of methane and ethane, the two simplest alkanes, with initially clean transi

tion metal surfaces is likewise very important. While there have been a number of 

molecular beam investigations of the direct, dissociative chemisorption of methane 

on a variety of transition metal surfaces including W(llO) (7), Ir(ll0)-(1 X 2) (8, 9), 

Pt(111) (10, 11), Ni(111) (12) and Ni(llO) (13), less work has been concerned with 

dissociative chemisorption on well-characterized surfaces via the trapping-mediated 

mechanism (14). The goal of the work reported here is to measure the probabil

ity of dissociative chemisorption of methane and ethane via the trapping-mediated 

mechanism and to interpret the results microscopically. 

2. EXPERIMENTAL DETAILS 

The experiments were performed in a microreactor that . has been described 

previously (15, 16). The microreactor has a volume of 30 cm3 and is connected to 

an ion-pumped UHV chamber which has a base pressure of 3 x 10-10 Torr. The 

reactant pressures were measured by a Baratron gauge. Both sides of the Pt( llO) 

crystal were polished and the surfaces were cleaned initially by argon ion sputtering 

in Jitu in the microreactor. The (110) surface has a total area of 0.8 cm2 (both 

sides). Two high purity platinum wires (0.010 in. in diameter and 0.2 in. in 

length) were spot welded to the edge of the crystal and were clamped onto two 

0.24-cm-diameter copper leads that support the crystal and allow it to be h eated 

resistively. The temperature of the crystal was measured with a 0.003-in.-diameter 

W-5% Re/ W -26% Re thermocouple, which was spot welded to the crystal. The 

crystal was cleaned between experiments by heating to 950 K for 5 min in 5 X 10- 4 

Torr of 0 2 flowing through the microreactor, and subsequently in 5 x 10- 4 T orr of 
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H2 for another 5 min to remove surface oxygen. Thermal desorption spectra of CO 

from the surface are in good agreement with the previously published ones (17), 

verifying the validity of our cleaning procedures. 

The microreactor was operated in a batch mode when studying the dissociation 

of methane (1 3 CH4 ) on Pt(110)-(1x2) at low surface temperatures(~ 740 K), since 

the probability of dissociative chemisorption is very low. In this mode the crystal 

was held at a constant temperature, and a methane "pressure jump" was created 

by rapidly opening and then closing the inlet valve. The transient part of the 

pressure profile is shorter than five seconds, which is less than 15% of the minimum 

batch reaction time. Thus we have a well-defined reaction condition (i.e., surface 

temperature and reactant pressure) . The methane was allowed to react in the 

sealed reactor for a period of time r, followed by immediate cooling of the crystal 

and pump-out of the contents of the reactor. The number of carbon-13 adatoms 

on the surface Nc, which is directly proportional to the probability of dissociation, 

was determined by counting the number of 13 C02 molecules mass spectrometrically 

during oxygen titration of the carbon-13 adatoms. No 13 CO was observed under 

the titration conditions. The pressure of methane and the value of r were chosen 

in a such way that the coverage of carbon-13 adatoms is above the detection limit 

of the titration method and below 10% of a monolayer. The initial probability of 

dissociative chemisorption at a surface temperature T, Pr(T), was calculated by 

extrapolation to zero-carbon coverage using the following relation 

Nc 
Pr(T) = - F, 

nr 
(1 ) 

where n 1s the number of carbon atoms in the reactant molecule, and F is the 

impingement rate of reactant molecules. 

For the dissociative chemisorption of methane at high surface temperatures 

(> 740 K) and ethane in the entire temperature range studied (345 to 715 K), the 
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experimental procedure was the same as that described above except that the reac

tor was operated in a flow mode in which the reactant continuously flows through 

the reactor for a period of time T at a flow rate that is much greater than the 

reaction rate in order to maintain low conversions of methane (at a pressure of 

approximately 1 x 10-4 Torr) and ethane (at a pressure of 5 x 10- 6 Torr) in the 

reactor. Unlabeled ethane (C2H 6 ) rather than carbon-13 labeled ethane was used 

since it was found in the experiments with the carbon-13 labeled methane that the 

signal of 12 C02 due to oxidation of background CO is negligibly small compared 

with that of 13 C02. Hence the carbon labeling was not necessary. 

Both the carbon-13 labeled methane (1 3 CH4, 99 atom % 13 C) and deuterated 

methane (CD4, 99 atom %D) were obtained from Icon Services, the ethane (C2He , 

99.99%) from Matheson, and the deuterated ethane (C2D 6 , 98 atom %D) from 

Cambridge Isotopes. All gases were manipulated in a gas manifold that was pumped 

by a diffusion pump and had a base pressure below 1 x 10- 7 Torr. 

3. RESULTS AND DISCUSSION 

The logarithm of the measured initial probability of dissociative chemisorption 

Pr of 13 CH4 on the Pt(110)-(1x2) surface is plotted as a function of reciprocal 

surface temperature in Fig. 1, where Pr is represented by filled circles. The diagram 

is divided into three different regimes (by the two vertical dashed lines), i .e ., low

(below 510 K), intermediate- (510 to 740 K) and high-temperature (above 740 

K) regimes. In the low-temperature regime, Pr increases with increasing surface 

temperature more rapidly than it does in the intermediate surface temperature 

regime. In the high-temperature regime, Pr first levels off and then decreases slightly 

wi.th increasing surface temperature. Only in the intermediate-temperature regime 

is Pr the true initial dissociative chemisorption probability of 13 CH4 on the Pt(ll0)

(1 x2) surface. In the low-temperature regime, the measured value of Pr is decreased 
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due to adsorption of CO from the background, and in the high-temperature regime 

it is decreased due to the diffusion of carbon into the bulk of the platinum (16). 

Taking into account appropraite corrections for these processes caused all data to 

agree with those measured at intermediate-temperatures, cf. Fig. 1. The slope 

of the straight line in Fig. 1 corresponds to an apparent activation energy of 14.4 

kcal / mol and an apparent preexponential factor of 0.6, i.e. , we find 

(2) 

where ki~~ = 0.6 and Ea.pp = 14.4 kcal/mol. 

The initial probability of dissociative chemisorption of CD4 was also measured 

and was found to be consistently lower than that of 13 CH4. Assuming the same 

value of the preexponential factor as for 13 CH4, the apparent activation energy for 

the dissociative chemisorption of CD4 is 15.6 kcal/ mol. (16). The observation of 

this kinetic isotope effect is expected since C-H bond cleavage is the rate-limiting 

step in the decomposition of the methane. 

Ethane dissociates on the Pt(ll0)-(1 x 2) surface more readily than methane. 

The initial probability of dissociative chemisorption of C2H6 and C2D6 were mea-

sured at a pressure of 5 x 10- 6 Torr. Since the reactant pressure was much lower 

than it was in the methane experiment, there is negligible background adsorption 

of CO in this case. The results of the measurements are shown in Fig. 2 in the form 

of an Arrhenius plot. The data are well-described by Eq. (2) with an apparent acti

vation energy of 2.8 kcal/mol and an apparent preexponential factor of 4. 7 X 10- 3
• 

Deuterated ethane reacts on the surface with a rate that is approximately 2.5 times 

slower than that of C 2H6, with an apparent activation energy of 3.5 kcal/mol and 

the same preexponential factor as that of C 2 H6. 

Since all of the experiments were carried out at reactant pressures below 10- 2 

Torr, the temperature of the reactants should be nearly equal to the wall temper-



- 17-

ature of the reactor (approximately 300 K) rather than the surface temperature of 

the single crystal {14). The probability of direct, dissociative chemisorption of a 

Maxwell-Boltzmann gas of methane or ethane at 300 K is negligibly small compared 

to our measured values. Furthermore, the fact that Pr is a strong function of surface 

temperature and can be described by Eq. (2) indicates that the dissociation reac-

tions are proceeding via a trapping-mediated mechanism. Consider, for example, 

the case of methane. A trapped methane molecule can either desorb or dissociate 

on the surface, i.e., 

CF 
CH4(g) ~ CH4(a) 

]cd 

CH4(a) ~ C(a) + 2H2(g). 

Assuming a pseudo-steady state for 13 CH4 (a), one finds that the probability of 

dissociation is given by (2) 

(kr 
Pr= --

kr + kd' 
(3) 

where (is a thermal average of the trapping probability of methane, and kd and kr 

are the rate coefficients of the two competing processes, i.e., desorption and reaction 

of the trapped methane molecules on the surface. Since kd ~ kr for methane on 

the Pt(ll0)-(1 x2) surface, Eq. ( 4) may be rewritten as 

(4) 

Assuming that both kd and kr are of the Arrhenius form k~ 0>e-E; /ksT and that (is 

independent of the surface temperature ( 4), one would expect a straight line when 

ln Pr is plotted vs. 1/T with the slope being -(Er -Ed)/kB and the intercept being 

ln((k~o) /k~0>). Hence, our measured apparent activation energies for the dissociative 

chemisorption of methane (14.4 kcal/mol) and ethane (2.8 kcal / mol) represent the 

activation energy with respect to an energy zero that is the alkane in the gas phase. 

The activation energy with respect to the bottom of the physically adsorbed wellEr 
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is simply equal to the measured activation energy plus the activation energy for de

sorption Ed of the physically adsorbed alkane, i.e., Er = Eapp + Ed. Since the values 

of Ed for methane and ethane are approximately 4 and 7.5 kcal/ mol, respectively 

(16), the values of Er for methane and ethane on this surface are approximately 

18.4 and 10.3 kcal/mol, respectively. Furthermore, if the preexponential factors of 

the desorption rate coefficients of methane and ethane from the physically adsorbed 

well are 1013 3 - 1 and ( is taken to be unity (5), then the preexponential factors of 

the rate coefficients for dissociation on this surface are 6 x 1012 3 - 1 for methane 

and 4.7 x 1010 3 - 1 for ethane. 

4. SUMMARY 

The initial probabilities of dissociative chemisorption of methane and ethane 

on the highly corrugated, reconstructed Pt(ll0)-(1 x2) surface have been measured. 

The surface temperature was varied with the reactant gas temperature maintained 

constant at 300 K. Under these conditions we probed the kinetics of trapping

mediated dissociation. Dissociative chemisorption is activated for both methane 

with an apparent activation energy of 14.4 kcal/mol, and ethane with an apparent 

activation energy of 2.8 kcal/mol. These activation energies are measured with 

respect to the alkane in the gas phase. The activation energies measured with 

respect to the bottom of the physically adsorbed well (i.e., the activation energies 

of the elementary surface reactions) are approximately 18.4 kcal/mol for methane 

and 10.3 kcal/mol for ethane. 
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Figure Captions 

Fig. 1: Arrhenius plot of the apparent initial dissociative chemisorption prob

ability, P:PP ( • ), of 13 CH4 on the Pt(ll0)-(1 x2) surface. Two vertical dashed lines 

divide the diagram into three different regimes. The solid line is a fit to the data in 

the intermediate temperature regime with Eapp = 14.4 kcal / mol. The data at both 

low and high temperatures fall on this same line when suitably corrected (see text) . 

Fig. 2: Arrhenius plot of the initial dissociative chemisorption probability of 

C2Hs ( •) and C2Ds ( o) on Pt(110)-(1x2). The apparent activation energies are 2.8 

and 3.5 kcal/mol, respectively. 
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CHAPTER 3. 

Kinetics and Mechanism of Formic Acid Decomposition on Ru(OOl) 

(This chapter was published as a paper by Y. -K. Sun, J. J. Vajo, C. -Y. Chan and 

W. H. Weinberg in Journal of Vacuum Science and Technology A 6, 854 (1988).] 
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Summary Abstract: Kinetics and mechanism of formic acid decomposition 
on Ru(001) 

Y.-K. Sun, J . J . Vajo,•• C.-Y. Chan. and W. H. Weinberg 
Division o[Ciremistryand Chemical Engineering, California IIIStituuo[Teclrnology. Pasadena, 
California 91115 

( Received 7 December 1987; accepted 13 January 1988 ) 

The steady-state rate of decomposition of formic acid on 
Ru(OOI ) has been measured as a function of surface tem
perature. parametric in the pressure of formic acid. The 
products of the decomposition reaction are C02, H 2, CO, 
and H 20 , i.e., both dehydrogenation and dehydration occur 
on Ru ( 00 I ) . A similar product distribution has been ob
served on Ni(ll0) , 1 Ni(l00),2 Ru(IOO),l Fe(l00).4 and 
Ni( Ill> ' surfaces; whereas only dehydrogenation to C02 
and H2 occurs on the Cu( 100),6 Cu( 110)/ and Pt( Ill )8 

surfaces. Only revenible adsorption and desorption of for
mic acid is observed on the less reactive Ag( 110) surface at 
low temperatures, 9 whereas the more reactive Mo( 100) sur
face is oxidized by formic acid at low temperatures with the 
products of this reaction being H 2, CO, and H20 ( Ref. I 0) . 
We report here the confirmation of earlier observations of 
the occurrence of both dehydrogenation and dehydration of 
formic acid on Ru(OOI ), 11

•
12 and more importantly, we pro

vide a detailed mechanistic description of the steady-state 
decomposition reaction on this surface in terms of elemen
tary steps. 

Details concemina both the UHV system that was em
ployed in this work 13 as well as cl'}'$t&l preparation and 
cleaning 14 have been presented previoualy. The formic acid 
was introduced onto the Ru(OOI) surface through a direc
tional beam doeer consisting of a multichannel array of cap
illaries, and the ratio of the "beam pressure" of formic acid at 
the surface when the crystal was in froot of the doeer to the 
background pressure of formic Kid in the UHV chamber 
was > 40. Under our experimental cooditiona, the incident 
formic acid was predominantly in mooomer form. The rate 
of decomposition of the formic acid was measured by a mul
tiplexed quadrupole mass spectrometer (UTI-IOOC) as the 
Ru ( 00 I ) surface was ~X»itioned in~ out of the formic acid 
beam with the aurface temperature bdd constanL The mea
surements were carried out at surface temperatures between 
3SO and 800 K and for formic acid pressures of7.3X 10- 7 

and 2.1 X 10-6 Torr. 
Arrhenius plots of the rate of decomposition of formic 

acid on Ru(001) an shown in F11. 1 from which it is clear 
that there an two quite distinct kinetic regimes, labeled I 
and II in the ftaure. At relatively low surface temperatures 
between 360and 400 K (regime II) , the reaction rate is zero 
order in formic-acid pressure with appuent activation ener
gies of 16.0 ± 0.3 kcallmol for C02 and H 1 production, and 
IS .O ± 1.0 kcal/mol for CO and H20 production. At tem
peratures above SOO K (regime I) the reaction rate becomes 
first order in formic acid pressure with apparent activation 
energies of - 1.3 ± 0.2 kcallmol for C02 and H 2 produc
tion, and - 0.2 ± 0.3 kcallmol for CO and H 20 produc-

tion. The logarithm of the ratio of the rate of production of 
C02 and H2(=Ra,,) to that of CO and H20 (=-=Ra, ) 1s 
plotted as a function of reciprocal surface temperature in 
Fig. I (b ). It is apparent that the rate of dehydrogenation is 
two to three times greater than that of dehydration in regtme 
II. and five to eight times greater in regime I. 

The kinetics of dehydrogenation of DCOOH were mea
sured and compared with those ofHCOOH. They are essen
tially the same in regime I. At relatively low temperatures 
( regime II) , however, the apparent activation energy for 
DCOOH is 17.1 ± 0.3 kcallmot. compared to 16.0 ± 0.3 
kcal/mol for HCOOH. The absolute rate of dehydrogena
tion ofHCOOH in regime II is greater than that ofDCOOH. 
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FIG. 1. (a) Arrlleniua piau ol the st-sy-state race o( decomposition of 
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and lint on:1er above 300 K . ( b ) Loprithm o( It. co, I It. co u a function of 
=iproc:al temperature. 
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This difference in the kinetics of dehydrogenation of 
DCOOH and HCOOH is due to a kinetic isotope effect. and 
indicates that C- H bond cleavage is involved in the rate
limning step under these conditions. A third kinetic regime 
(regime III. not shown m Fig. I ) was observed below 370 K 
for the dehydrogenation of DCOOH. The rate is zero order 
in formtc actd pressure m regtme III with an apparent activa
tion energy of 29.0 ± 0.6 kcal/mol. 

A bidentate formate species has been identified by elec
tron energy-loss spectroscopy to be the stable intermediate 
upon adsorption of formic acid on Ru(OOl) at 90 K with 
subsequent annealing to between 200 and 375 K . , .. ,, Che
misorbed carbon monoxide and oxygen adatoms were ob
served spectroscopically on the surface after annealing to 
higher temperatures. The observation of the isotope effect 
for C-H bond cleavage together with the fact that formate is 
a stable intermediate clearly indicate that formate decompo
sition is the rate-limiting step in kinetic regime II. 

Additional insight into the reaction mechanism can be 
gained if one has knowledge of the coverages of the various 
surface species during the steady-state reaction. Transient 
thermal desorption measurements carried out during the 
steady-state reaction'$ allow the determination of DCOO, 
D, H. and CO coverages during the steady-state decomposi
tion ofDCOOH. For pressures ofDCOOH near w-• Torr, 
the hydrogen coverage is much smaller than that of deuter
ium in kinetic regimes II and III. Funhennore, the thermal 
desorption spectra of 0 2 and C02 from DCOOH adsorbed 
at 300 K have the same shape and peak temperature. These 
facts imply that the formation of 0 2 and C02 are governed 
by the same rate-limiting step, the decomposition of surface 
formate. The evolution of 0 2 is reaction limited, whereas 
that of H 2 is desorption limited. The formate coverage (and 
thus the D coverage) remains essentially constant in kinetic 
regime III and decreases with increasing temperature in re
gime II with an activation energy given by k•d(ln 9 ocoo )/ 
d(T - ') = -13.3 ± 1.0 kcal/mo}( aE~> - The activa
tion energy E for the elementary reaction DCOO(a) 
- C02 (g) + D(a), the apparent activation energy of dehy
drogenation E-, and E~ are related by 
E- = E- E~. Since E~ ,..o in rqime III, the ap
parent activation energy measured in this repme is the reac
tion barrier for formate to decompo~e via C-D bond clea
vage (E = E- = 29.0 ± 0.6 kcal/mol) . Utilizing the value 
E- = 17.1 ± 0.3 kcal/mol from resiJne II yields 
E = 30.4 ± 1.3 kcal/mol, which agrees well with the val~ 
obtained from regime III (29.0 ± 0 .6 kcal/mol) . These re
sults together with the kinetic isotope effect observed in re
gime II imply that the rate in regime III is also limited by the 
decomposition of formate. 

The fact that the dissociative chemisorption of formic acid 
is irreversible was confirmed by reacting a mixture of 
HCOOH and 0 2 of which the molar ratio was I :2 and ob
serving no mass 47 (HCOOD) as a reaction product under 
any conditions. The imponant fact that a secondary reaction 
leading to C02 via the oxidation of CO does not occur was 
established by carrying out the decomposition reaction at 
SOO K on a Ru(OOI) surface on which a half-m!)nolayer of 

'"0 was predosed. The only initially observed reaction prod
ucts were H,. C 160 160, and H!'O. As the '"O was depleted 
from the surface. C'60 was also observed as a reaction prod
uct; in no case was C 16 0 ' 80 detected, ruling out the second
ary oxidation of CO on Ru ( 00 I ) during the steady-state de
composition of formic acid. 

The transition region seperating kinetic regimes I and II 
occurs between approximately 425 and 475 K , and it is char
acterized both by the desorption of chemisorbed CO from 
Ru ( 00 I ) and by the accumulation of oxygen ada toms on the 
surface. Auger electron spectroscopic data revealed that the 
concentration of oxygen adatoms is negligible below 425 K 
during the steady-state reaction, and approaches a quaner
monolayer as the temperature increases above 475 K . The 
presence of oxygen leads to an enhancement in the rate of 
production of C0 2 relative to CO. 

To summarize, for formic acid pressures near w-• Torr, 
there are three distinct kinetic regimes in the steady-state 
decomposition reaction on Ru ( 00 I) : regime I above 500 K. 
regime II between 360 and 400 K , and regime III below 370 
K . At relatively low surface temperatures ( regimes II and 
II[) the rate is limited by the decomposition of surface for
mate; whereas at high temperatures, the rate is limited by the 
formation of formate from molecularly adsorbed formic 
acid. The low-temperature regimes are characterized by a 
Ru(OOI) surface that is essentially saturated with reaction 
intermediates. The coverage of CO remains approximately 
constant in regimes II and III and decreases above 425 K . 
The formate coverage is relatively constant in regime III and 
decreases rapidly in regime II. The surface hydrogen cover
age is insignificant compared to those of CO and formate. 
The high-temperature regime is characterized by a surface 
on which there is a steady-state concentration of oxygen ada
toms approaching a quaner-monolayer. The latter selective
ly enhances the rate of dehydrogenation ( C02 and H2 pro
duction) relative to dehydration (CO and H20 production ). 
A detailed account of this work, including mechanistic mod
eling, will be presented elsewhere. ' 6 
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CHAPTER 4. 

Catalytic Decomposition of Formic Acid on Ru(OOl): 

Transient Measurements 

[This chapter consists of an article coauthored with W. H. Weinberg.] 
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ABSTRACT 

The kinetics of the decomposition of formic acid on Ru(001) have been in

vestigated with thermal desorption mass spectrometry following the adsorption of 

DCOOH and HCOOH at both 130 and 310 K. Formic acid (DCOOH) dissociatively 

chemisorbs on the surface not only via 0-H bond cleavage to form a formate and a 

hydrogen adatom but also via C-0 bond cleavage to form a CO, a deuterium adatom 

and an hydroxyl, with the second reaction being much slower than the first. The 

saturation fractional coverage of the dissociatively chemisorbed formic acid is 0.4 7 

following adsorption at 130 K, and 0.89 following adsorption at 310 K. Thermal 

desorption spectra of C02 are direct probe of kinetics of the C-D bond cleavage of 

the formate and are characterized by a kinetic isotope effect, a narrow peak width, 

and an upward shift in the peak temperature with increasing surface coverage of the 

formate. The latter indicates an increasing apparent activation energy for the C-D 

bond cleavage with increasing formate coverage, which results in self-accelerating 

decomposition kinetics that cause the observed sharp peak in the production of 

C02. Although the apparent activation energy for the C-D bond cleavage reaction 

varies strongly with the formate coverage, the relative yields of C02 and CO are 

independent of the formate coverage and are approximately 1 : 1. This observation, 

together with the observation that the formation of water which results from C-0 

bond cleavage of the formate appears at approximately the same temperature as 

that of C02 formation, suggests that the cleavage of the C-D and C-0 bonds of the 

formate might not be independent. It is possible that a complex is formed on the 

surface which is a precursor to the C-D and C-0 bond cleavage reactions . 
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1. INTRODUCTION 

Molecules that contain multiple types of bonds may react on a transition metal 

surface in a number of ways, leading to the formation of different products. An 

identification of the reaction intermediates and the determination of the reaction 

pathways and their corresponding kinetics are essential for an understanding of the 

catalytic properties of the surface. Of even m ore importance, perhaps, is an un

derstanding of the factors that can influence the selectivity of the surface, since 

the control of the selectivity is one of the primary goals in catalysis. On transition 

metal surfaces such as Ni(llO) (1-5), Ni(lOO) (6), Ni(lll) (7), Fe(lOO) (8), Ru(lOO) 

(9) and Ru(OOl) (10-13), formic acid decomposes via two pathways, namely, dehy

drogenation which le.ads to the production of C02 and H2, and dehydration which 

leads to the production of CO and H20. On the other hand, only dehydrogena

tion occurs on the Cu(lOO) (14), Cu(llO) (15) and Pt(lll) (16) surfaces. Only 

reversible adsorption and desorption of formic acid are observed on the less reac

tive Ag(llO) surface at low temperatures (17), whereas the more reactive M o(lOO) 

surface is oxidized by formic acid at low temperatures with the other products of 

this reaction being H2, CO and H 2 0 (18). The decomposition of formic acid is 

a convenient model catalytic system for studying the kinetics and mechanism of a 

branching reaction on surfaces. 

For the decomposition of formic acid that leads only to the production of C02 

such as on the Cu(lOO) (14), Cu(llO) (15) and Pt(lll) (16) surfaces, the reaction 

mechanisms are well-established. Formic acid chemisorbs dissociatively on these 

surface to produce a hydrogen adatoms and a formate. The formate decomposes 

via C-H bond cleavage to form a C02 and a hydrogen adatom. For the decom

position on formic acid that leads to the production of both C02 and CO such as 

on the Fe(lOO) (8) surface, the reaction mechanism is also clear. Similarly, formic 
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acid chemisorbs dissociatively on the surface to produce a formate and a hydrogen 

adatom. The formate, however, decomposes not only via C-H bond cleavage to 

produce C02 but also via C-0 bond cleavage to form CO, oxygen and hydrogen 

adatom. In thermal desorption experiments (8), no water was observed to desorb 

from the surface. Oxygen adatoms remain on the surface. The relative yield of C02 

to CO is approximately 1 : 1 , implying that the surface formate has approximately 

equal overall probabilities to undergo C-H and C-0 bond cleavage reactions. In 

addition to the production of C02 and CO, water was also observed to desorb from 

the Ni(llO) (1-5), Ni(100) (6), Ni(lll) (7), Ru(lOO) 9) and Ru(OOl) (10) surfaces 

in studies of the decomposition of formic acid with thermal desorption mass spec

trometry. The reaction mechanism(s) of the formic acid decomposition, however, 

remain ambiguous and some of those that have been proposed are inconsistent with 

the experimental observations. Due to the similarity in the product distribution, 

it is helpful t o review briefly pertinent results on the low-index surfaces of nickel , 

Ru(lOO) and Ru(OOl) surfaces. 

The decomposition of HCOOH on Ni(llO) was studied by McCarty, et al. usmg 

thermal desorption mass spectrometry, following adsorption of HCOOH at 240 K 

(1 ). It was found that the desorption spectra of H 2 consist of a desorption-limited 

peak centered at 310 K and a reaction-limited peak centered at 380 K. The former 

was controlled by the kinetics of recombinative desorption of hydrogen adatoms 

on the surface, whereas the latter was governed by the rate of decomposition of a 

surface intermediate that contain hydrogen atoms. The decomposition of DCOOH 

was later studied on the same surface following adsorption at 310 K (2, 3). At 

exposures greater than 0.5 L, C02 and D 2 desorbed from the surface with nearly 

identical and very narrow peaks at 390 K. The narrow peak was explained by 

an autocatalytic mechanism (2, 3). Neither H2 nor HD were observed to desorb 

following adsorption at this temperature which is above that for the desorption-
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limited extrusion of hydrogen from the surface. The acidic hydrogen was propoJed 

to desorb from the surface as H2 0 via a bimolecular dehydration of DCOOH which 

led to the formation of a surface anhydride (2, 3). It was suggested that the 

anhydride decomposed to equal numbers of C02, CO and D2 product molecules, 

t.e., 

( ) 
<JlOK 2DCOOH a -----+ DCOOOCD(a) + H20(g), (1) 

and 

390K 
DCOOOCD(a) -----+ D2(g) + CO(a) + C02(g). (2) 

The same mechanism was also proposed on Ni(100) (6). The experimentally 

observed numbers of C02, CO and D2 product molecules on Ni(llO) were found to 

be approximately equal (1-5), but the formic anhydride was not observed spectro-

scopically following the adsorption of DCOOH at 310 K ( 4) . Only formate and CO 

were identified on the surface. Hence, the mechanism embodied by Eqs. (1) and 

(2) was modified such that instead of forming the anhydride, formic acid (DCOOH) 

dehydrates bimolecularly to form H 20, formate (DCOO) and formyl (DCO) (4, 5) . 

The formyl would decompose to CO and deuterium adatoms at very low surface 

temperature. For example, it decomposes on the Ru(001) surface at 120 K {19). 

This modified mechanism predicts that the desorption-limited peak of H2 in the 

studies by McCarty et al. (1) would consists of the carbon-bonded hydrogen only. 

It is probably fair to state that the mechanism of formic acid decomposition on 

Ni(llO) remains uncertain. 

A similar mechanism as Eqs. (1) and (2) was proposed for the decomposition 

of HCOOH on Ru(100), based upon the observation that H20 desorbed from the 

surface and the numbers of H 2, CO and C02 that were produced were approx-

imately equal following the adsorption of HCOOH at 100 K (9). The proposed 

mechanism, however, is inconsistent with the observation that the relative yield of 
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H2 and C02 was not identical for different adsorption temperatures. It should also 

be noted that no formic anhydride was observed on the Ru(OOl) surface as judged 

by electron energy loss spectroscopy, following the adsorption of HCOOH at 80 K 

and subsequent annealing to various surface temperatures (10, 11 ). 

The decomposition of HCOOH was recently investigated on Ni(lll) surface (7) . 

Substantial differences were observed in the thermal desorption spectra of H2, CO 

and C02 following the adsorption of monomeric and dimeric of formic acid at 250 K. 

For the adsorption of the monomer, two H 2 peaks were observed at 350 and 400 K. 

The C02 production appears at the same temperature as the high-temperature H2. 

For the adsorption of dimer, only one sharp H 2 peak was observed which coincides 

with that of C02 at 365 K. The kinetic behavior of the formic acid monomer was 

explained by dissociative adsorption of HCOOH to form formate and a hydrogen 

ada tom. That of the formic acid dimer, however, was explained by a dehydration 

of the dimer at 250 K, which would deposit formate, CO and hydrogen adatoms 

on the surface. The hydrogen adatoms should desorb in a desorption-limited peak, 

which was not observed (7). The authors did not explain the discrapancy between 

the proposed mechanism and the observations. 

A careful mass spectrometric study of the decomposition of formic acid on the 

Ru(OOl) surface following the adsorption of DCOOH and HCOOH on the surface at 

both 130 and 310 K is reported here . The quantatative measurements allow us t o 

d escribe more completely the kinetics and mechanism of formic acid decomposition 

on Ru(OOl). 

2. EXPERIMENTAL DETAILS 

The experiments were carried out in an ion-pumped (200 1/s) stainless steel, 

ultrahigh vacuum chamber equipped with quadrupole mass spectrometry, Auger 

electron spectroscopy, and low-energy electron diffraction (20). The base pressure 
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of the belljar was below 7 x 10- 11 Torr of reactive gases . The Ru(001) surface 

(0.8 em in diameter) was cut from a single crystalline ruthenium boule by spark 

erosion. It was polished to within 0.5° of the (001) orientation and mounted on a 

manipulator by two 0.010-in. tantalum wires spotwelded on the back of the crystal. 

The Ru(001) crystal could be heated resistively, and cooled conductively by liquid 

nitrogen. The temperature of the Ru(001) surface was measured by a 0.003 in. 

W / 5%Re - W / 26%Re thermocouple spotwelded to the back of the crystal. Since 

the Ru(001) crystal was heated by a programmable DC power supply, the measured 

thermocouple potential could deviate from the electromotive force (EMF) of the 

thermocouple by an offset due to a potential drop across part of the crystal if the 

two thermocouple wires are not in direct contact with each other at the surface, 

even though they both are in good contact with the crystal. Thus, in addition to 

ensuring good electric contact with the crystal, thermocouple potentials with the 

DC current flowing in both directions were also measured. Only when they were 

equal did we consider that the spotwelding was sufficiently good, and the potential 

measured is the EMF of the thermocouple. The surface was cleaned by argon ion 

sputtering, followed by oxygen cleaning. The latter was performed routinely each 

day by cycling the temperature of the crystal between 400 and 1100 K in 7 x 10- 8 

Torr of oxygen backfilled into the belljar. Chemisorbed oxygen was removed by 

annealing the crystal to over 1600 K ( 21). The cleanliness of the surface was 

verified by Auger electron spectroscopy. 

The surface temperature was controlled using a previously described control 

scheme (22) that was implemented with an IBM PC/XT microcomputer with a 

Data Translation 2805 data aquisition board. The EMF of the thermocouple was 

measured with a Hewlett-Packard 3455A digital voltmeter at a rate of25 readings/s, 

and the readings are transferred to the computer though a GPIB interface (National 

Instruments). The computer controls the DC power supply to heat the crystal. 
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This controller allows the crystal temperature to follow a predefined temperature 

profile: a linear ramp when measuring thermal desorption spectra, and a staircase 

function when measuring rates of decomposition at steady state. The computer 

software performs temperature control, mass spectrometric multiplexing and mass 

spectrometric signal measurements simultaneously. 

Formic acid was introduced from a storage bulb onto the Ru(001) surface 

through a directional beam closer consisting of a type 304 stainless-steel plate with 

collimated hole structures (Brunswick Corporation). The hole diameters are 0.1 

mm; the thickness of the plate is 1.3 mm; and the open area of the plate is 50%. 

The diameter of the plate is 9 mm, slightly larger than that of the Ru( 001) single 

crystal, in order to render the pressure profile more uniform across the Ru(001) sur

face. The Ru(001) surface is parallel to and 3 mm from the closer when the crystal 

is in front of the beam closer. The crystal so positioned intercepts approximately 

50% of the formaldehyde flowing through the closer (23). Under our experimental 

conditions, the incident formic acid was predominantly in monomeric form (7). 

The absolute flow rate of formic acid through the closer was determined by the 

rate of the pressure drop in the formic acid storage bulb, measured by a Baratron 

manometer. The cryopanel in the UHV system was cooled by liquid nitrogen, and 

the ion gauge was turned off during thermal desorption measurements in order to 

decrease the background pressure. All thermal desorption spectra were measured 

with the mass spectrometer enclosed in a glass envelope, which reduces spurious 

contributions to the thermal desorption spectra (24, 25). The glass envelope has 

an orifice with a diameter of 3 mm. During measurements of the thermal desorption 

spectra, the surface was positioned 3 mm from the orifice. To analyze quantitatively 

the branching ratio of the formic acid decomposition to CO and C02, it is necessary 

to measure the ratio of the mass spectrometric sensitivities of CO hco) and C02 

h co
2

) that desorb from the surface. The mass spectrometric sensitivity "Yi is so 
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defined that the rate Ri at which species i enters the glass envelope and the mass 

spectrometric intensity Ii are related by Ri = Iigammai. It was determined that 

'Yeo : 'Yeo , = 1.00 : 1.24, using procedures that have been described previously (26). 

Formic acid (HCOOH, 98%) was obtained from Aldrich Chemical Company, 

and formic-d1 acid (DCOOH, 95% in H 20 and 99.2 atom %D) was from MSD 

Isotopes. All samples were purified by several freeze-pump-thaw cycles . 

3. EXPERIMENTAL RESULTS 

Formic acid was adsorbed on the Ru(001) surface at 130 and 310 K . It was 

observed to undergo both dehydrogenation that leads to the formation of C02 and 

H2 and dehydration that produces CO and H20 . Both formic acid (HCOOH) and 

formic-d 1 acid (DCOOH) were employed. The formic-d1 acid was used to distin

guish the carbon-bonded from the oxygen-bonded hydrogen atoms. At a surface 

temperature of 130 K and at exposures below 1.5 L, only decomposition products 

were observed to desorb from the surface upon heating. As the exposure was in

creased, molecular formic acid was also observed to desorb from the surface. The 

mass spectrometric intensities were recorded at m/ e ratios of 2 (Ht ), 3 (HD+ ) , 4 

(Dt), 18 (H20+), 19 (HDO+ ), 20 (D20 + ), 28 (CO+ ) and 44 (COt) during mea

surements of the thermal desorption spectra from the decomposition of DCOOH. 

Approximately 0.07 (±0.02) monolayer of oxygen adatoms remained on the surface, 

as determined by Auger electron spectroscopy, after thermal desorption experiments 

following a saturation exposure (> 1.5 L) of DCOOH at 130 K. 

3.1 Adsorption of Formic Acid at 130 K 

3.1.1 Production of C02 and CO 

Shown in Figs. 1 (a) and 1 (b) are the mass spectrometric intensities of masses 

44 and 28 as a function of the surface temperature following the adsorption of 

DCOOH at a surface temperature of 130 K for various exposures. In Fig. 1 (a) 
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the peaks above 300 K are due to C0 2 , whereas those below 250 K are due to a 

cracking fragment of molecularly desorbing DCOOH. In Fig. 1 (b) the peaks above 

400 K are due to CO, the peaks between 300 and 400 K are due to a cracking 

fragment of desorbibg C02 , and those below 250 K are due to a cracking fragment 

of molecularly desorbing DCOOH. The observed cracking pattern of the desorbing 

CO:z is somewhat unusual in that the ratio of the mass spectrometric intensity at 

m / e = 28 due to fragmentation of C0 2 to that of the parent peak intensity is 0.58, 

much greater than the value of 0.18 stated in the manual of our UTI mass spec

trometer . Removal of the glass envelope around the mass spectrometer results in a 

ratio that agrees with the value of 0.18 . This unusual cracking pattern may result 

from higher density of vibrationally and/or electronically excited CO:z molecules in 

the glass envelope. The 'hot' CO:z would have a higher cross section to fragment to 

co+ upon ionization. 

The selectivity of the Ru(001) surface in the decomposition of formic acid to 

form C02 and CO and its dependence on OT , the total coverage of the dissociatively 

chemisorbed formic acid, was measured quantitatively. This coverage OT is the 

sum of the effective fractional coverages of the desorbed CO:z ("Oco, ") and CO 

("Oco "). The quantitative measurements require a determination of the absolute 

mass spectrometric sensitivities of CO:z b'co,) and CO h'co) that desorb from the 

surface and enter the orifice of the glass envelope in which the mass spectrometer 

is housed. As we noted in the experimental section, we found that 

I co, : I co = 1.00 : 1.24. (3) 

To obtain the ratio of the effective fractional surface coverages of CO:~ and CO 

that desorbed from the surface, the time-integrated areas beneath the thermal de

sorption spectra of C02 (Aco,) and CO (Aco) in Fig. 1 must be divided by the 
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corresponding mass spectrometric sensitivities, i .e., 

0 
. 

0 
_ Aco, . Aco 

co, . co - . 
"Y co, "Y co. 

(4) 

The values of Oc0 and "Yeo were determined using a relative method in which Aco 

was compared with that from a CO-staturated surface (26). The value of "Yeo, was 

determined from Eq. (3) and Oco, was then determined from Eq. ( 4). For a satu

ration exposure of DCOOH at 130 K, the values of Oco, and Oc0 are 0.21 and 0.26, 

respectively, i .e., the maximum fractional coverage of dissociatively chemisorbed 

formic acid (Or) that can be obtained by the adsorption of DCOOH at 130 K is 

0.47. The selectivity of the Ru(001) surface to the production of C02 and CO is 

shown in Fig. 2, in which Oc0 is plotted as a function of Oco, for each formic acid 

exposure in Fig. 1. The triangle data points in Fig. 2 correspond to Or that was 

obtained by adsorbing DCOOH on the surface at 310 K and will be discussed in 

Sec. 3.2. 

The rate of production of C02 from the decomposition of DCOOH is limited by 

the decomposition of the surface intermediate, since C02 desorbs from the Ru(001) 

surface below 100 K. Hence, the rate of production of C02 is a direct measure of 

the rate of decomposition of the surface intermediate. As for the decomposition 

of formic acid on Ni(llO) (1-5), the thermal desorption spectra of C02 are rather 

sharp with a full-width at half-maximum (FWHM) of 18 Kat Or = 0.04 (cf. curve 2 

in Fig. 1 (a)] and 14 Kat Or= 0.47 [cf. curve 10 in Fig. 1 (a)]. By comparison, first-

order kinetics with an activation energy of 26 kcal/mol and a preexponential factor 

of 1013 s - 1 would have a FWHM of approximately 40 K. The peak temperatures 

increase with increasing Or from 320 K at Or = 0.02 to 366 K at Or = 0.47. 

The rate of production of CO, on the other hand, is desorption limited. Kinetic 

information regarding the decomposition of the surface intermediates to form CO is 

obscured by the strong chemisorption of the product CO. The desorption spectra of 
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CO in Fig. 1 (b) are similar to those following adsorption of CO on a clean Ru(001) 

surface. 

3.1.2 Production of H2, HD and D2 

A complete recording of the thermal desorption spectra of H 2, HD and D 2 

is very important since they provide valuable information concerning the reaction 

mechanism, specifically, the bond-cleavage sequence of the reaction intermediates. 

The thermal desorption spectra of H 2 , HD and D 2 are shown in Fig. 3, following 

adsorption of DCOOH at 130 K at two quite different exposures, namely, low (a) 

and saturation (b) exposures that correspond to curves 4 and 10 in Fig. 1, respec

tively. At the low exposure, the thermal desorption spectra have the same shapes 

and peak temperatures (370 K), demonstrating that both hydrogen and deuterium 

atoms involved in the rate-limiting step of the desorption have the same chemical 

environment on the surface. After saturation exposure, however, the thermal des

orption spectra of H2, HD and D2 differ not only in their shapes but also in their 

peak temperatures , indicating clearly that the hydrogen and the deuterium atoms 

involved in the rate-limiting step are in different chemical environments. Detectable 

desorption of H2 was observed as low as 270 K, whereas no desorption of D 2 was 

detectable below 340 K . The thermal desorption spectrum of D 2, characterized by a 

rather sharp peak, bears a qualitative resemblence to that of C02 at the saturation 

exposure of DCOOH, cf. curve 10 in Fig. 1 (a) . Quantitative differences between 

the thermal desorption spectra of D 2 and C02 are observed when a comparison of 

both spectra (scaled to the same peak height) is made as shown in Fig. 4. The 

desorption spectrum of HD has a relatively small component that is similar to that 

of H2 and a rather large component that is similar to that of D2 . 

3.1.3 Production of H20, HDO and D20 

Thermal desorption spectra of H20, HDO and D 20 were measured following 
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a saturation exposure of DCOOH on the Ru(001) surface at 130 K. The mass 

spectrometric intensities are rather low and noisy, and hence only a qualitative 

assessment can be made. There are three desorption peaks in the water desorption 

spectra. They are located at approximately 210, 275 and 370 K. The peak at 210 K 

is clearly visible for both H20 and HDO but only barely for D 20. The peak at 275 

K is only visible for H2 0 and HDO, with the former more intense. The peak at 370 

K is visible for both HDO and D20. The desorption of water at 210 K is limited by 

the desorption kinetics of molecularly adsorbed water on the surface (27), whereas 

the desorption of water at 275 and 370 K is reaction limited. 

3.1.4 Desorption of Molecular DCOOH 

The two peaks in the thermal desorption spectra in Figs. 1 (a) and 1 (b) below 

250 K are due to the molecular desorption of DCOOH from the surface. The high

temperature molecular desorption peak is attributable to the desorption of DCOOH 

from the second layer, i.e., the non-dissociatively adsorbed molecular DCOOH layer 

on top of first chemisorbed overlayer. The low-temperature peak, which does not 

saturate, results from desorption of condensed formic acid multilayer. 

3.1.5 Kinetic Isotope Effect 

The thermal desorption spectra of C02 from the decomposition of DCOOH 

and HCOOH on Ru(001) following the same exposure of 2.6 L at 130 K are shown 

in Fig. 5. The peak temperature of the desorption of C02 from HCOOH is 10 K 

lower than that from DCOOH. This kinetic isotope effect indicates that C-D bond 

cleavage is involved in the rate-limiting step in the production of C02. 

3.1.6 Effects of the Preadsorbed CO 

The decomposition of formic acid on a Ru(001) surface on which a quar

ter monolayer of CO was preadsorbed was studied to determine the effects of 

chemisorbed CO on the selectivity of the surface to the production of C02 and 
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CO a.nd the reactivity of the reaction intermediate. After chemisorption of CO, the 

surface wa.s exposed to 0.8 L of DCOOH, the same exposure a.s in curve 4 of Fig. 1. 

The coverage of the dissocia.tively chemisorbed formic acid f)T a.nd the selectivity 

of this surface to the formation of C02 a.nd CO in the subsequent thermal decom

position experiment were determined. It wa.s found that not only f)T but also the 

selectivity were the same a.s when the surface wa.s not preexposed with CO. The 

reactivity, however, is slightly modified by the prea.dsorbed CO: in the presence 

of the prea.dsorbed CO, the peak temperature of the C0 2 is 9 K higher than the 

initia.lly clean surface, a.s ma.y be seen in Fig. 6 . 

3.1. 7 Effects of Annealing 

The effects of annealing on the kinetics of decomposition of the surface inter

mediate that leads to the formation of C02 wa.s investigated. Following a.n exposure 

of 3.8 L of HCOOH on the surface a.t 130 K, the surface wa.s annealed to temper

atures that were below those necessary for the formation of C02. The annealing 

wa.s carried out in order to desorb hydrogen a.da.toms from the surface. The thermal 

desorption spectrum of H 2 resulting from the decomposition of HCOOH without 

a.ny annealing is shown by curve (a.) in Fig. 7. It is clearly composed of the three 

components of H2, HD a.nd D2 in the earlier DCOOH experiment [cf. Fig. 3 (b)]. 

Curves (b) a.nd (c) in Fig. 7 a.re the H 2 desorption spectra. following a.n annealing 

of the surface to 298 a.nd 310 K for 35 seconds. It is obvious that the annealing 

removes hydrogen a.da.toms that a.re adsorbed on the surface. The three correspond

ing desorption spectra. of C02 a.re shown in Fig. 8, a.nd they overlap completely. 

Hence, the annealing ha.s no observable effect on the kinetics of decomposition of 

the surface intermediate in so fa.r a.s the formation of C02 is concerned. 

3.2 Adsorption of Formic Acid at 310 K 

It wa.s shown in Sec. 3.1.1 that the peak temperature of the CO:z desorption 
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spectra, which is a measure of the apparent activation energy for the surface inter

mediate to decompose to C02, increases continuously with the fractional surface 

coverage of the dissociatively chemisorbed formic acid (}T, from 327 K at (}T = 0.04 

to 366 K at ()T = 0.47. The latter is the maximum coverage that can be obtained 

following the adsorption of formic acid at 130 K. It would be very interesting to 

determine whether the peak temperature continues to increase if (}T is increased 

further. It was shown in Sec. 3 .1.7 that annealing the surface following the ad

sorption of DCOOH at 130 K desorbs hydrogen adatoms from the surface leaving 

vacant adsites for additional surface intermediates. We adsorbed DCOOH on the 

surface at 310 K at which temperature H2 and trace amount of H2 0 but not C02 

desorb . The maximum value of (}T in this case was found to be 0 .89, following 

a saturation exposure of 12 L. The thermal desorption spectra of C02 following 

saturation exposures of DCOOH at 130 K (3.8 L) and 310 K (12 L) are shown in 

Fig. 9. The C02 peak temperature was observed to increase continuously beyond 

t)T = 0.47, reaching 395 K at (}T = 0.89. The peak temperatures are plotted as a 

function of (}Tin Fig. 10 for adsorption temperatures of 310 K (6) and 130 K (o) . 

The FWHM of curve (b) in Fig. 9 is 8 K . The D 2 desorption spectrum overlaps 

that of C02 completely ( cf. Fig. 4), indicating the production of D2 is governed by 

the decomposition of the same surface intermediate that leads to the formation of 

C02. 

4. DISCUSSION 

4.1 Reaction Mechansim and Intermediates 

The stable surface intermediates in the decomposition of formic acid on Ru( 001) 

have been identified previously using electron energy loss spectroscopy after the 

adsorption of HCOOH at coverages up to slightly in execess of one monolayer at 80 

K, followed by annealing to various surface temperatures (10, 11). Only bidentate 
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formate and approximately 0.05 monolayer of CO were observed on the surface after 

annealing to 200 K . No vibrational features characteristic of a. formic anhydride were 

observed. 

Apparently, the surface formate is the reaction intermediate that leads to the 

formation of C02 via. its C-D bond cleavage in the case of DCOOH. The rate of 

production of C02 is a. direct measure of the rate of the decomposition of the 

surface formate via. its C-D bond cleavage. Deuterium atoms from the formate are 

bonded directly to the surface following the formate decomposition. If the activation 

energy of the surface reaction that deposits hydrogen atoms on the surface is much 

lower than that for the recombina.tive desorption of the hydrogen a.da.toms, the 

H2 production would be desorption limited. In that case no kinetic information 

concerning the surface reaction can be inferred from the rate of production of H2. 

On the other hand, if the activation energy of the surface reaction is much greater 

than that for the desorption of hydrogen, the rate of production of H2 would be 

reaction limited; and in this case it is a. direct measure of the rate of the surface 

reaction. 

Formic acid dissocia.tively chemisorbs on the surface via. 0-H bond cleavage a.t 

temperatures a.s low a.s 80 K to form surface formate and hydrogen a.da.toms (10, 

11). Hence, following a.n exposure of 3.1 L of DCOOH on the Ru(001) surface 

a.t 130 K, the desorption of H2, which became detectable a.t 270 K and peaked 

a.t 320 K, is desorption limited [cf. Fig. 3 (a.)]. However, the desorption of D2, 

unlike that of H2 but similar to that of C02, is mainly controlled by the kinetics of 

decomposition of the formate. The apparent activation energy of the decomposition 

of the formate in this case is only slightly greater than that for the desorption of 

hydrogen. Note that after the decomposition of the formate and the desorption 

of C02, the hydrogen is more strongly bonded to the surface which has a. lower 

concentration of a.dspecies. This slight overlap manifests itself in the differences 
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in the thermal desorption spectra of D 2 and C02 that are shown in Fig. 4. The 

desorption of D2 becomes detectable at a slightly higher temperature relative to that 

of C02 in the leading edge of the spectra, and decreases less rapidly in the trailing 

edge. The difference in the peak temperature is 4 K. The kinetics of D2 formation in 

this case are jointly controlled by the decomposition reaction of the formate and the 

recombinative desorption of the deuterium adatoms, with the former predominant. 

The apparent activation energy of decomposition of the surface formate can be 

lowered by reducing the coverage (}T of the dissociatively chemisorbed formic acid 

[c£. Sec. 3.1.1 and Fig. 1 (a)], i.e., the peak temperature of the C02 formation 

decreases as (}T decreases. We would then expect that the desorption spectra of H2, 

HD, and D2 should approach one another in both shape and peak temperature as (}T 

is reduced. As may be seen in Fig. 3 (a), when (}T $ 0.17 the desorption spectra of 

H2, HD and D2 become identical in both shape and peak temperature. In this case 

the production of H2, HD and D2 is completely desorption limited. On the other 

hand, when the apparent activation energy of the formate decomposition reaction 

is increased by increasing (}T ( cf. Sec. 3.2), the difference between the desorption 

spectra of D2 and C02 would decrease. In fact, following a 12 L exposure of DCOOH 

at 310 K, in which case (}T is 0.89, the difference disappeared, and the production 

of D2 is completely dictated by the kinetics of decomposition of the formate. 

Compared to the mechanism of C02 production, that of CO is rather more 

complex. The kinetic information concerning the C-0 bond cleavage that leads 

to CO formation is obscured completely by the strong chemisorption of CO. The 

desorption kinetics of H2, HD, D2, H20, HDO and D 20, however, help to reveal 

the mechanism of CO formation in the case of the decomposition of DCOOH. It has 

been postulated that the production of CO on Ni(llO) proceeds via a bimolecular 

dehydration reaction to generate a formate (DCOO), a deuterium adatom, CO and 

w.ater (3-5). If the same mechanism were to apply to the decomposition of DCOOH 
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on Ru(OOl), there would be no H2 desorbing from the surface, and the production 

of at least half of the D 2 molecules would be desorption limited, neither of which 

was observed here, cf. Fig. 3 (b). Thus this mechanism can be ruled out. 

In a previous EELS study (10), approximately 0.05 monolayer of CO was 

observed along with a bidentate formate following the adsorption of HCOOH at 80 

K and subsequent annealing to 200 K. The intensity of the CO stretching mode 

increased slightly when the surface was annealed to 320 K followed by a rapid 

increase as the surface was annealed to 350 K. The latter annealing was accompanied 

by decomposition of the surface formate as indicated by the disappearance of the 

vibrational features of all the formate . The observed rapid increase in the intensity 

of the CO stretching mode near 350 K indicates that the majority of the CO is 

produced from the decomposition of the surface formate via C-0 bond cleavage 

near the temperature where the formate decomposes to C02 . 

The small desorption-limited component in the desorption spectrum of HD in 

Fig. 3 (b) implies that some of the deuterium was deposited on the surface prior to 

C-D bond cleavage in the formate to form C02. Presumably this is correlated with 

C-0 bond cleavage in some surface intermediate to produce CO . This observation 

agrees completely with the EELS observation of the presence of CO on the surface 

prior to the production of C02, and it also agrees with the observation of the 

reaction-limited formation of H20 and HDO at 275 K (cf. Sec. 3.1.3). Whether 

the reaction intermediate is a formate, or a formic acid molecule, or something else 

is not immediately clear. 

Carbon monoxide formation via the C -0 bond cleavage reaction at low temper

atures deposits deuterium atoms on the surface. The majority of these deuterium 

adatoms do not desorb as water (cf. Sec. 3.1.3). Rather, they desorb as HD at ap

proximately 310 Kin the desorption-limited component of the HD signal described 

in Fig. 3 (b). This makes it possible to estimate the amount of CO that is pro-
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duced at low surface temperatures by estimating the amount of deuterium adatoms 

on the surface below approximately 330 K (where formate begins to decompose to 

C02, which also deposits deuterium atoms on the surface), since they are approz

imately equal rather than exactly equal because there is a very small amount of 

HDO desorption near 275 K. The amount of deuterium adatoms involved in the 

desorption-limited component of HD in Fig. 3 (b) is rather small, so small relative 

to the existing hydrogen adatoms on the surface that most deuterium adatoms re

combine with hydrogen adatoms on the surface rather than with another deuterium. 

An estimation based on a comparison of areas in the thermal desorption spectra in 

Fig. 3 (b) indicates that the number of deuterium atoms involved in the desorption

limited component of HD is at most 8% of the total amount of deuterium on the 

surface, i.e., the approximate fractional coverage of CO below 330 K is 8% of 0.47, 

namely, 0.04 monolayer. 

We have estimated the amount of CO on the surface below 330 K, and it agrees 

very well with the amount estimated by EELS. But what is the mechanism that 

leads to the formation of CO at a temperature as low as 200 K? It has been suggested 

that it is due to the onset of the decomposition of the surface formate via C-0 bond 

cleavage reaction (10). The reaction-limited water desorption may result from the 

reaction of two hydroxyls to form a water and a surface oxygen adatom, from the 

recombinative desorption of an hydroxyl and a surface hydrogen ada tom, or from the 

reaction between one oxygen and two hydrogen adatoms. There is no information 

available on the kinetics of these reactions, however. Considering that no water 

was detected following the coadsorption of hydrogen and oxygen on the Ru(OOl) 

surface (28), the first two mechanisms are more likely. Indeed, an hydroxyl (OD) 

was observed on the surface in EELS investigations of the adsorption of DCOOD 

on Ru(OOl) below 300 K (11). In the case of DCOOH, it is likely that it is this 

OH that leads to the formation of H20 and HDO at 275 K via either recombinative 
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desorption of the surface hydroxyls ( OH) and the hydrogen (or deuterium) ada toms, 

or reaction between two hydroxyls. This implies that the intermediate that leads 

to the formation of CO at low surface temperature is the formic acid molecule via 

C-0 bond cleavage, i.e., 

DCOOH(a) - D(a) + CO(a) + OH(a). (5) 

This reaction is competing with 

DCOOH(a)- DCOO(a) + H(a), (6) 

The concentration ofCO(a) and DCOO(a) on the surface depends on the competing 

kinetics of Eqs. (5) and (6). For a saturation exposure of DCOOH, the coverage 

of CO is approximately 0 .04 below 330 K. The coverage of hydroxyls ( OH) and 

deuterium adatoms would also be approxiamtely 0.04 below 250 K . On the other 

hand, the surface coverage of hydrogen adatoms is approximately 0.43 (0.47 - 0 .04). 

This explains the relative amounts of H20, HDO and D20 that are observed at 275 

K. 

A surface formate is the intermediate that leads to the production of C02 via 

C-D bond cleavage (in the case of DCOOH) and the production of CO via C-0 

bond cleavage above 320 K. The kinetics of the former can be probed directly by 

measuring the rate of C02 formation. It was shown in Sec. 3.1.1 that the apparent 

activation energy for C-D bond cleavage varies as the coverage of the dissociatively 

chemisorbed formic acid (}T varies , cf. Fig. 10. Unless the apparent activation 

energy for the C-0 bond cleavage reaction changes in exactly the same way as that 

for C-D bond cleavage reaction of the formate, the selectivity (the relative yield of 

C02 and CO), would vary when the initial coverage (}T varies. As shown in Fig. 2, 

the relative yield is approximately unity, quite independent of (}T, after considering 

the production of CO at low temperature (0.04 monolayer in the case of (}T = 0 .47) . 
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In addition, it was shown in Sec. 3.1.3 that for OT = 0.47, the formation of w a t er , 

which indicates C-0 bond cleavage in the formate, appears at 370 K , approximately 

the same temperature as that of C02 formation of which the latter indicates C-D 

bond cleavage. The fact that the apparent activation energies for the production of 

C02 and CO from the decomposition of formate appear to vary in sympathy with 

OT, together with the fact that approximately equal numbers of C02 and CO are 

produced independent of OT, strongly suggest that the cleavage of C-0 and C-D 

bonds of the surface formate may not act as two independent parallel reactions , 

but rather are coupled to each other. One possibility is that two formates form a 

surface complex which is the short-lived precusor for the cleavage of C-D and C-0 

bonds, and the decomposition of the complex leads to the formation of one C02 

and one CO. 

4.2 Kinetics of the Decomposition of Formate 

The kinetics of C02 production from the decomposition of the surface formate 

are peculiar in that the widths of the C02 spectra are much narrower than that 

which would result from a 'normal' first-order decomposition reaction. Similar 

behavior has also been observed on Ni(llO) (1-5) and Ni(lOO) (6). The FWHM 

decreases from 18 K at OT = 0.04 to 8 K at 0 = 0.89, and is accompanied by 

an increase in the peak temperature from 326 to 395 K, which suggests a greater 

apparent activation energy for decomposition of the formate at higher OT. The 

presence of CO increases only slightly the apparent activation energy, as shown in 

Fig. 6. Hence, it is the coverage of formate itself on which the apparent activation 

energy mainly depends . This dependence of the apparent activation energy on the 

formate coverage is the reason behind the observed kinetic behavior: the formate is 

self-poisoning with respect to its decomposition to C02; as its coverage decreases, 

the apparent activation energy decreases , which accelerates the decomposition of 
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the formate. The result is a sharp peak of C02 desorption. It is interesting to note 

that on Ru{lOO) the peak temperature of C02 formation (at approximately 390 K) 

is independent of surface coverage and the thermal desorption spectra of C02 do 

not have narrow peaks associated with them (9). 

The increase in the apparent activation energy with formate coverage may 

be caused by one or both of two possibilities. The first is a true increase in the 

activation energy for the decomposition which results from an alteration in the 

electronic properties of the surface by virtue of the presence of the formate. The 

second possibility is that the activation energy for decomposition does not change 

significantly, but the formate requires vacant surface sites in its vacinity in order 

to decompose, which causes an increase in the apparent activation energy. The 

observed kinetic behavior of C02 formation from the decomposition of formic acid 

on Ru{001) can be described qualitatively by either of these two possibilities, since 

both result in an upward shift in the peak temperature and a smaller FWHM as the 

surface coverage of the formate increases. The second possibility, however, predicts 

a much broader peak associated with a 'normal' first-order surface reaction at low 

coverages than that which was observed. Thus, it is more likely that the observed 

kinetic behavior was mainly controlled by the first possibility, i.e., formate alters 

the surface catalytic property such that the activation energy of its decomposition 

increased with its coverage. 

5. SYNOPSIS 

The catalytic decomposition of formic acid on the Ru( 001) surface was studied 

using thermal desorption mass spectrometry following the adsorption of DCOOH 

and HCOOH on the surface at 130 and 310 K. The results of this study may be 

summarized as follows: 

.1. Formic acid (DCOOH) chemisorbs dissociatively on the surface via both the 
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cleavage of its 0-H bond to form a formate and a hydrogen adatom, and the 

cleavage of its C-0 bond to form a CO, a deuterium adatom and an hydroxyl 

(OH). The former is the predominant reaction. 

2. The rate of desorption of C02 is a direct measure of the kinetics of decom

position of the surface formate. It is characterized by a kinetic isotope effect, 

an increasingly narrow FWHM, and an upward shift in the peak temperature 

with the coverage OT of the dissociatively adsorbed formic acid. The FWHM 

and the peak temperature change from 18 K and 326 K at OT = 0.04 to 8 K 

and 395 K at OT = 0.89. 

3. The increase in the apparent activation energy of the C-D bond cleavage is 

largely a result of self-poisoning by the formate, the presence of which on the 

surface alters the electronic properties of the surface such that the activation 

energy of the decomposition of the formate is increased. The coverage of CO 

was found to have little influence on the activation energy. The variation in 

the activation energy for C02 formation with OT results in the observed sharp 

thermal desorption spectra of C02 . 

4. The coverage of surface formate can be adjusted over a relatively wide range 

so that the activation energy for C-D bond cleavage in the case of DCOOH can 

be adjusted to be below, approximately equal to, or well above the activation 

energy for the recombinative desorption of the deuterium adatoms. Accord

ingly, the desorption of D2 was observed to be governed completely by the 

desorption kinetics of the deuterium adatoms at low OT, jointly by the kinetics 

of deuterium desorption and C-D bond cleavage at intermediate OT, and solely 

by the kinetics of C-D bond cleavage at high OT. 

5. The overall branching ratio of the formate to C02 and CO is approximately 

unity, regardless the initial coverage OT, even though the activation energy 

for the production of C02 varies with OT. The desorption of water, which 
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implies C-0 bond cleavage of the formate, appears at approximately the same 

temperature as that of C02 . These observations suggest that the cleavage of 

the C-D bond and that of the C-0 bond of two surface formates are coupled, 

possibly via the formation of a short-lived surface complex that is the precursor 

t o the decomposition. 

Acknowledgment: This work was supported by The National Science Foundation 

under grant number CHE-8617826. 
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Figure Captions 

Fig. 1 : Mass spectrometric intensities of masses 44 (a) and 28 (b) vs . the surface 

temperature following the adsorption of DCOOH on the Ru(001) surface at 

130 K for various exposures. Only alternate labels on the curves are shown. 

The exposures (in Langmuirs) and the fractional coverage ()T of dissociatively 

chemisorbed formic acid are (1) 0.0 and 0.00, (2) 0.2 and 0.04, (3) 0.4 and 0 .11 , 

( 4) 0.8 and 0.17, (5) 1.1 and 0.28, (6) 1.5 and 0.36, (7) 2.6 and 0.42, (8) 3.1 and 

0.47, (9) 3.8 and 0.46, and (10) 5.6 and 0.47, respectively. The heating rate is 

3.0 K-s- 1 • The origin of each peak is properly indicated. 

Fig. 2 : Selectivity of the Ru(001) surface to the formation of C02 and CO in the 

decomposition of DCOOH adsorbed at 130 K (o) and 310 K (.6.), respectively. 

The effective fractional coverage of CO is plotted as a function of that of C02 

for each exposure in Fig. 1. The solid line represents a unity relative yield of 

production of C02 and CO. The heating rate is 3.0 K-s - 1
• 

Fig. 3 : Thermal desorption spectra of H 2, HD and D2 following adsorption of DCOOH 

on the Ru(001) surface at 130 K for low (a) and saturation (b) exposures that 

correspond to curves 4 and 10 in Fig. 1. The heating rate is 3.0 K-s - 1 • 

Fig. 4 : A comparison of the thermal desorption spectra of C02 and D2 following 

the adsorption of DCOOH on the Ru(001) surface at 130 K for 3.8 L . The 

difference in the peak temperature is 4 K. The heating rate is 3.0 K-s- 1
. 

Fig. 5 : The thermal desorption spectra of C02 due to the decomposition of DCOOH 

(dots) and HCOOH (solid line) on Ru(001) following the same exposure of 

formic acid of 3.8 L at 130 K. The difference in the peak temperatures is 

approximately 11 K. The heating rate is 3.0 K-s-1 . 

Fig . . 6 : Comparison of the thermal desorption of C0 2 due to the decomposition of 
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DCOOH at 130 K for 0.8 Lon the clean (a) and the CO precovered (b) Ru(001 ) 

surfaces . The fractional coverage of CO is 0.25. The peak temperature of (b) 

is 9 K higher than that of (a) . 

Fig. 7 : Thermal desorption spectra of H 2 following adsorption of 3.8 L of HCOOH 

on the Ru(001) surface at 130 K without annealing (a) and with annealing to 

298 K (b) and 310 K (c) for 35 seconds. The heating rate is 8 .0 K-s- 1 • 

Fig. 8 : The thermal desorption spectra of C02 corresponding the (a), (b) and (c) in 

Fig. 7, they overlap completely with a peak temperature at 362 K. 

Fig. 9 : Comparison of the thermal desorption spectra of C02 following the adsorption 

of DCOOH on the Ru(001) surface at 130 (a) and 310 K (b). The exposure 

was 3.8 L at 130. K and 12 L at 310 K . The FWHM is 14 K for (a) and 8 K for 

(b). 

Fig. 10 : The peak temperatures of the thermal desorption spectra of C0 2 , T;; 0 2 
, 

determined following the adsorption of DCOOH on the Ru(001) surface at 130 

K (o) and 310 K (~) are plotted as a function of the fractional coverage Br of 

the dissociatively chemisorbed DCOOH. 
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CHAPTER 5. 

Steady-State Rate of Decomposition of Formaldehyde on Ru(OOl) 

[This chapter was published as a paper by Y. -K . Sun, C . -Y. Chan and W . H . 

Weinberg in Journal of Vacuum Science and Technology A 7, 1983 (1989).] 
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Steady-state rate of decomposition of formaldehyde on Ru(001) 
Y.-K. Sun, C.-Y. Chan, and W. H. Weinberg 
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PQSQdelfQ. California 91125 

(Received 3 October 1988; accepted S December 1988) 

The steady-state, absolute rate of decomposition of formaldehyde on the Ru(OOI) surface has 
been measured as a function of surface temperature from 310 to 7 SO K and for reactant pressures 
between 9.7X 10- 8 and 1.6 x 10- • Torr. The only observed reaction products were carbon 
monoxide and hydrogen. Postreaction Auger spectroscopic analysis revealed a clean surface. 
Two distinct kinetic regimes are observed. At relatively low surface temperatures (and/or high 
formAldehyde pressures), the rate is zero order in formaldehyde pressure with an apparent 
activation energyof23 ± O.S kcal/mol and an apparent preexponential factorof4 X 1011 s-• . The 
rate becomes ftux limited and first order in formAldehyde pressure with an apparent activation 
energy of zero at relatively high surface temperatures (and/or low formaldehyde pressures). 
Perdeutero-formaldehyde decomposes on Ru(OOI) with the same kinetic parameters as HCHO. 
The lack of a kinetic isotope effect indicates that C-H bond cleavage is not the rate-limiting step 
under these experimental conditions. In the low-temperature regime, the surface is saturated with 
CO, and the rate is CO desorption limited. Dissociative chemisorption of formaldehyde is 
irreversible since no isotopic exchange products were observed by reacting a mixture of HCHO 
and D 2 with a molar ratio of I :4 at a total pressure of I X I 0 - 6 Torr. 

I. INTRODUCTION 

The decomposition of formaldehyde has been studied on a 
number of transition-metal surfaces including W ( Ill ) and 
W(l00), 1 Ru( 110) ,2

·
3 Ru(OOI ) .. Ni( 110).~·6 clean and sui

tided Pt( Ill ),7 clean and oxygen precovered Cu( 110) ,8 and 
oxygen precovered Ag ( 110). 9 The possibility that the meth
anation reaction may proceed via HCHO or HCHO-derived 
intermediates 10 makes a study of the chemistry of formalde
hyde on transition-metal surfaces quite relevant. Carbon 
monoxide and hydrogen are the major reaction products of 
formaldehyde d~mposition, as determined by temperature 
progammed desorption. Small quantities of other products 
were also observed on these surfaces, however, including 
CH4 ,

1
"
2 CH30H,s.-7 C01 ,'-

7 and H 10.u.o The presence of 
impurities in the formAldehyde sample (methyl formate, for 
example) may account for the observation of C02 and CH. 
in some cases. On the Ru(OOI) surface, stable reaction inter
mediates including 17 1-formaJdehyde, 172-formaldehyde, and 
17'-formyl have been identified by electron energy-loss spec
troscopy following formaldehyde adsorption at 80 K. • In 
this study, we have made mass spectrometric measurements 
of the steady-state and transient isothermal rate of decompo
sition offormaldehyde on an initially clean Ru ( 001) surface 
as a function of surface temperature, parametric in the for
maldehyde pressure. We have determined the kinetics and 
mechanism of the formaldehyde decomposition reaction, as 
well u the surface coverages of carbon monoxide and hydro
gen during the steady-state reaction. 

II. EXPERIMENTAL DETAILS 

The experiments were carried out in an ion-pumped ( 200 
Vs) stainless-steel, ultrahigh vacuum chamber equipped 
with quadrupole mass spectrometry, Auger electron spec
troscopy, low-energy electron diffraction, and x-ray photo
electron spectroscopy. " The base pressure of the belljar was 

below 8 X 10- 11 Torr of reactive gases. The Ru(OOI ) surface 
( 8 m.m in diameter and 0.8 m.m thick ) wu cut from a single
crystalline ruthenium boule by spark erosion. It wu pol
ished to within 0 . S" of the ( 001 ) orientation and mounted on 
a manipulator by two 0.010-in. tantalum wires spotwelded 
on the back of the crystal. The Ru(OOI) crystal could be 
heated resistively, and cooled conductively by liquid nitro
gen. The temperature of the Ru ( 001 ) surface was measured 
by a 0.003-in. W/S% Re-W/ 28% Re thermocouple 
spotwelded to the back of the crystal. Oxygen cleaning was 
routinely performed prior to each measurement by cycling 
the temperature of the Ru(OOI ) crystal between 400 and 
1100 Kin 7 X w-• Torr of oxygen bacldilled into the bell jar. 
Chemisorbed oxygen was removed by annealing the crystal 
to over 1600 K. 11 The cleanliness of the surface was verified 
by Auger electron spectroscopy. 

An IBM PC/XT microcomputer with a Data Translation 
280S board was utilized as a temperature controller, 13 which 
controls a programmable de power supply. The emf of the 
thermocouple wu measured with a Hewlett- Packard 
34SSA digital voltmeter at a rate of 2S readinp/ s, and the 
readinp are transferred to the computer though a general 
purpose interface bus (GPIB) interface. This controller al
lows the crystal temperature to follow a predefined tempera
ture profile, a staircase function in the case of the steady
state decomposition rate measurements. The software 
performs temperature control, mus spectrometric multi
plexing, and mass spectrometric signal measurements simul
taneously. 

Deuterated paraformaldehyde (99.6 at.% D) was o b
tained from MSD Isotopes and paraformaldehyde (with 
H 2 0 < I%) from Fluka. They were transferred in powder 
'onn into a preevacuated SO-ml Pyrex flask in a plastic bag 
purged with dry nitrogen gas. The ftask with the paraformal
dehyde sample was evacuated in a gas manifold which is 
pumped by a Varian M-2 uilfusion pump and has a base 

1M3 J. VK. Set. Techno!. A 7 (3), M8y/ Jun 1HII 0734-2101/811/031H3-03$01 .00 @ 1HII Amenc.n V.cuum Soelety 11183 



-69-

1984 Sun. Chan, and Weinberg: Staady·atete rate of CS.Compoaltlon of formaldehyde 1!114 

pressure of6 X 10 • Torr. Formaldehyde in monomer form 
was prepared m a s1m1lar way to that descnbed by Yates er 
a/., 1 and was stored at room temperature m a SOO-ml Pyrex 
bulb at pressures from 0.2 to 8 Torr. A mass spectrum of the 
HCHO sample exh1b1ts m / e peaks only at 30, 29, 28, 16. 14. 
13, 12. and 2 with peale. he1ght ratios of 
0.73:1.00:0.34:0 .02:0.04:0.03:0.05; that of the DCDO sam
ple exhib1ts m /e peaks at 32. 30, 28. 16. 14, 12, and 4 with 
intensity rat1os of 0.80: 1.00:0.36:0 .07:0.0S:0.04:0.0S, in rea
sonable agreement w1th the reponed values. •• Most impor
tantly, there are no peaks at masses 44 and 60. indicating that 
the samples were free of methyl formate. ' The mass spectra 
remam unchanged for up to one week followmg storage at 
room temperature. 

The formaldehyde was introduced from the storage bulb 
onto the Ru(OOI) surface though a directional beam doser 
consisting of a type 304 stainless-steel plate with collimated 
hole structures ( Brunswick Corporation ). The hole diame· 
ters are 0.1 mm; the thickness of the plate is 1.3 mm; and the 
open area of the plate is SO% . The diameter of the plate is 9 
mm. slightly larger than that of the Ru ( 00 I) single crystal, 
in order to improve the pressure profile across the Ru(OOl) 
surface. The Ru (OO I ) surface is parallel to and 3 mm away 
from the doser when the crystal1s in front of the beam doser. 
The crystal .so positioned intercepts -SO% of the formalde
hyde flowing through the doser." 

The absolute HCHO beam flow rate through the doser 
was determmed by the rate of pressure drop m the formalde
hyde storage bulb, measured by a Baratron manometer. The 
cryopanal in the UHV system was cooled by liquid nitrogen, 
and the 1on gauge was turned off during the steady-state rate 
measurements m order to decrease the background pressure. 
The ratio of the formaldehyde "beam pressure" to the back· 
ground formaldehyde pressure was determined to be greater 
than 40:1 by measunng the formaldehyde decomposition 
rate when the crystal was in and out of the formaldehyde 
beam at high surface temperatures (where the reaction k.i
netics are first order) . 
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Dunng steady-state rate measurements. formaldehyde 
flowed steadily through the gas doser. The temperature of 
the Ru (OO I ) surface was programmed to follow a staircase 
function . Each ttme the surface temperature became con· 
stant. mass spectrometnc s1gnals of masses 2 and 29 were 
monitored as the Ru (OO I ) surface was positioned m and o ut 
of the formaldehyde beam. The Ru ( 00 I ) surface remamed 
in the beam for a sufficiently long time that steady state was 
achieved. The difference in the mass spectrometric signal of 
mass 2 ( in the case of HCHO) when the surface was m and 
out of the beam serves as a measure of the decompositiOn 
rate. Since the beam-to-background pressure ratto IS > 40, 
both the reaction rate when the Ru(OOI) surface was out of 
the beam and the reaction rate from the rear of the crystal 
when the Ru(OOl ) was m the beam were neghg1ble. The 
absolute rate of hydrogen production was calculated by cah· 
bratlng the mass spectrometer wnh a known leak of hydro· 
gen into the UHV system. The leak rate of hydrogen was 
determmed in the same way as that of formaldehyde dis
cussed above. Similar techniques have been employed in 
studying the kinetics of formic acid decomposition on the 
Ru(OOI ) surface. 16 

Ill. RESULTS AND DISCUSSION 

The measurement of the steady-state, absolute rate of for· 
maldehyde decomposition on the Ru(OOI) surface was car· 
ried out at surface temperatures ranging from 310 to 750 K 
and pressures ranging from 9.7 x 10- 1 to 1.6 x 10- 6 Torr. 
The decomposition products are CO and H , . No detectable 
quantities of CH4 , H20, or C02 were observed, unlike on 
the Ru ( 110) surface.' The temperature and pressure depen
dence of the reaction rate is presented in Arrhemus plots m 
Fig I . Two distinct kinetic regimes are observed. At relative
ly low surface temperatures and/or high formaldehyde pres· 
sures, the reaction rate is nearly zero order m the formalde· 
hyde pressure with an apparent activation energy of 
23 ± O.S kcal/ mol and an apparent preexponential factor of 
4 X tO'' s - 1

• The rate levels off and becomes first orderm the 
formaldehyde pressure with an apparent activation energy 
of zero at relatively high temperatures and/or low formalde· 
hyde pressures. The reaction probability in this regtme is 
essentially unity, i.e., the react1on rate becomes flux limned . 
The steady-state, absolute rate ofDCDO decomposition was 
also measured under the same conditions. The kmetlc pa
rameters and absolute decomposition rates are the same as 
those for HCHO. The lack of a kmettc Isotope effect mdl· 
cates that C-H bond cleavage IS not involved in the rate 
limiting step of the reaction under these ex penmen tal condi· 
tions. This observation also suggested a better way to mea· 
sure the steady-state rate an the low surface temperature re· 
gime where the reaction rate is low. Instead of pure HCHO 
or DCDO, an equ1molar mixture of both reagents was used. 
The an tensity of mass 3 was monitored rather than mass 2 
(or 4 ) in the case of pure HCHO (or DCDO ). Smce the 
background intensity of mass 3 an the UHV system IS e~ · 

tremely low, the sensuivuy of the rate measurements was 
increased by a factor of 10. 

The fact that the reaction rate is nearly zero order an for · 
maldehyde pressure in the low-temperature reg1me and the 
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absense of an isotope eft'ect 1m ply that the Ru ( 00 I ) surface 1s 
saturated with the reaction product(s), carbon monoxide, 
and/or hydrogen. A determination of surface coverages of 
these species during the steady-state reaction is essential to a 
confirmation of the mathematical model describing the reac· 
uon. The coverages of carbon monox1de and hydrogen due· 
mg the steady-state reaction were determined by tempera· 
ture programmed thermal desorption. When the reaction 
reached steady state, the Ru(OOl) surface was swung rapid
ly away from the formaldehyde beam and positioned in front 
of the mass spectrometer. the temperature of the crystal was 
increased linearly at 3 K!s. and mass spectrometric signals 
of masses 2 and 28 were monitored. It took -0.2 s from 
swmging the surface away from the doser to the start of the 
temperature ramp. The area under the thermal desorption 
spectra of CO and H2 serves as a measure of the surface 
coverages of CO and hydrogen during the steady-state reac· 
tion. The mass spectrometer was enclosed in a glass en val ope 
with an apenure of 3. 7 mm in diameter during the coverage 
determmation experiments. in order to reduce the contribu
tion from any change m the background partial pressures 
and desorption from the rear of the crystal. 17 The relative 
mass spectrometric sensitivities of CO and H2 were deter· 
mined from the thermal desorption spectra of CO and H 2 

following the adsorption of HCHO on the Ru(OOI) surface 
at or below ZOO K . when the ratio of the coverages of CO and 
hydrogen is I :2. The results are shown m Fig. 2 for the de
composition of formaldehyde at 7x 10-• Torr. The surface 
is saturated with CO, whereas the coverage of hydrogen is 
onJy 1b that of CO in the low-temperature regime. Funher
more, the coverage of CO remains essentially constant in the 
low-temperature regime. This demonstrates that the mea
sured decomposition rate in the low-temperature regime 
corresponds to the rate of CO desorption. The activation 
energy of the desorption of CO is given by 

Ed.co d(ln R) d(ln 8co) 
_k_"_ = - -d-< 1-1-n- + _d_<_l....:;n:::_ • 

where R is the reaction rate, and the first term on the right
hand s1de of the equation is the apparent activation energy 
determmed from the Arrhenius plots. Since the second term 

10,----------,~----------------------~ 
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FtG 2 The coverages of CO ond hydrogen dunng the steady-state decom· 
posmon of formaldehyde on Ru(OOI) at an elfec:uvc pressure of 1 x 10 " 
Torr, dctcmuncd by temperature programmed thcrm1l desorpuon 
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on the nght-hand side is essentially zero in the low-tempera
ture reg1me (cf. Fig. 2), the apparent activation energy ( 23 
± 0 . 5 kcal/ mol) determmed m this regtme IS the desorp

tion energy of CO at saturation coverage. 
A m1xture ofHCHO and 0 2 with a molar ratio of I :4 at a 

total pressure of I.O x 10 - • Torr was reacted on the 
Ru( 00 I ) surface, in order to determme 1ft here are any isoto
pic exchange or reduction products. No DCHO, DCDO. or 
methanol was observed at any temperature from 300 to 750 
K. Our detection sensitivity would allow us to have observed 
a rate of I X 1011 mol cm - 2 s -•. 

IV. SUMMARY 

The decomposition kinetics of formaldehyde on the 
Ru(OOI) surface have been studied by measunng the steady· 
state. absolute rate of the reaction as a function of surface 
temperature from 310 to 7SO K, parametric in the formalde· 
hyde pressure from 9.7X 10- • to 1.6 X 10- " Torr. Formal· 
dehyde dissoctates irreversibly on the Ru (OOI) surface, and 
only one reaction channel is observed, decomposition to CO 
and H 2 • There are two distmct kinetic regtmes in the Arr· 
henius plots, a low-temperature regime characterized by a 
Ru(OOI) surface which is essentially saturated with CO (the 
coverage of hydrogen is only 1b of that of CO), and a h1gh· 
temperature regtme where the surface is essentially clean. In 
the low-temperature regtme, the rate is nearly zero order in 
the formaldehyde pressure and has an apparent activation 
energy of23 ± 0.5 kcallmol and an apparent preexponent1al 
factor of 4 X 1011 s- ' . In the high-temperature regime, the 
rate is first order in the formaldehyde pressure, the apparent 
activation energy is zero, and the reaction probability is uni
ty. No kinetic ISOtope effect is observed. indicating that C-H 
bond cleavage is not involved in the rate limiting step under 
these experimental conditions. 
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CHAPTER 6. 

Kinetics of Decomposition of Formaldehyde on Ru(OOl) 

[This chapter consists of an article coauthored with W. H . Weinberg.] 
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ABSTRACT 

Both steady-state and transient isothermal rates of decomposition of formalde

hyde on the Ru( 001) surface have been measured as a function of surface tem

perature. When the reaction reaches steady state at a reactant pressure between 

9.7 X 10-8 and 1.6 x 10- 6 Torr and at a surface temperature between 310 and 750 K, 

the only observed reaction products are carbon monoxide and hydrogen. The rate 

of the decomposition at low surface temperatures (below 360 K) is nearly zero order 

in formaldehyde pressure since the surface is nearly saturated with carbon monox

ide. The rate is governed by the rate of desorption of carbon monoxide. Hence, the 

apparent activation energy of 23 ± 0.5 kcal/mol and the apparent preexponential 

factor of 4 X 1011 s- 1 at low surface temperature are the kinetic parameters asso

ciated with desorption of carbon monoxide at saturation coverage. As the surface 

temperature is increased to above 500 K, the reaction occurs on a essentially clean 

surface. The rate becomes flux-limited and first order in the formaldehyde pres

sure. No kinetic isotope effect was observed under these experimental conditions. 

The unity reaction probability, together with the lack of a kinetic isotope effect, 

indicates that the rate coefficient for the formaldehyde molecules on the surface 

to dissociate is much greater than that for them to desorb back to the gas phase. 

The decomposition of formaldehyde results in coadsorption of hydrogen and carbon 

monoxide. It is shown that the presence of carbon monoxide on the surface reduces 

the binding energy of hydrogen adatoms. 
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1. INTRODUCTION 

The decomposition of formaldehyde has been studied on a number of transition 

metal surfaces including W(lll) and W(lOO) {1), Ru(llO) {2, 3), Ru{OOl) {4, 5), 

Ni(llO) (6, 7), clean and sulfided Pt(lll) (8), clean and oxygen precovered Cu{llO) 

(9), and oxygen precovered Ag(llO) (10). The possibility that the methanation re

action may proceed via H 2 CO or H 2 CO-derived intermediates {11) makes a study of 

the chemistry of formaldehyde on transition metal surfaces quite relevant. Carbon 

monoxide and hydrogen are the major reaction products of formaldehyde decompo

sition, as determined by thermal desorption mass spectrometry. Small quantities of 

other products were also observed on these surfaces, including CH4 (1, 2) CH30H 

{6-8), C02 {1, 6-8) and H 20 {2, 6, 7). The presence of impurities in the formalde

hyde sample (methyl formate, for example) may account for the observation of C02 

and CH4 in some cases. On the Ru(OOl) surface, stable reaction intermediates in

cluding ry1 -formaldehyde, ry2-formaldehyde, and ry 1 -formyl have been identified by 

electron energy loss spectroscopy following the adsorption of formaldehyde at 80 

K and subsequent annealing to various surface temperatures ( 4). In this study, 

we have made mass spectrometric measurements of the steady-state and transient 

isothermal rate of decomposition of formaldehyde on the Ru(OOl) surface as a func

tion of surface temperature, parametric in the formaldehyde pressure. The observed 

kinetic behavior is explained on the basis of a proposed reaction mechanism in terms 

of elementary surface reactions. 

EXPERIMENTAL DETAILS 

The experiments were carried out in an ion-pumped (200 ljs) stainless steel, 

ultrahigh vacuum chamber equipped with quadrupole mass spectrometry and Auger 

electron spectroscopy, low-energy electron diffraction (5). The base pressure of 

the belljar was below 8 x 10-11 Torr of reactive gases. Details concerning the 
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preparation and cleaning of the Ru( 001) surface were presented previously ( 5). The 

crystal was mounted on a manipulator by two 0.001 in. tantalum wires spotwelded 

on the back of the crystal. The Ru(001) crystal could be heated resistively, and 

cooled conductively by liquid nitrogen. The temperature of the Ru(001) surface 

was measured by a 0.003 in. W /5%Re - W /26%Re thermocouple spotwelded to 

the back of the crystal. 

Deuterated paraformaldehyde (99.6 atom %D) was obtained from MSD Iso

topes and paraformaldehyde (with H 2 0 < 1%) from Fluka. They were transferred 

in p owder form into a preevacuated 50 ml pyrex flask in a plastic bag purged with 

dry nitrogen gas. The flask with the paraformaldehyde sample was evacuated in 

a gas manifold which is pumped by a Varian M-2 diffusion pump and has a base 

pressure of 6 x 10-6 Torr. Formaldehyde in monomer form was prepared in a similar 

way to that described by Yates et al . (1), and was stored at room temperature in a 

500 ml Pyrex bulb at pressures from 0.2 to 8 Torr. A mass spectrum of the HCHO 

sample exhibits m/e peaks only at 30, 29, 28, 16, 14, 13, 12 and 2 with peak height 

ratios of 0 .73 : 1.00 : 0.34 : 0.02 : 0.04 : 0.03 : 0.05; that of the DCDO sample 

exhibits m/e peaks at 32, 30, 28, 16, 14, 12 and 4 with intensity ratios of 0.80 : 1.00 

: 0.36 : 0.07 : 0.05 : 0.04 : 0.05, in reasonable agreement with the reported values 

(12). Most importantly, there are no peaks at masses 44 and 60, indicating that 

the samples were free of methyl formate (1). The mass spectra remain unchanged 

for up to one week following storage at room temperature. 

The formaldehyde was introduced from the storage bulb onto the Ru(001) 

surface through a directional beam closer consisting of a type 304 stainless steel 

plate with collimated hole structures (Brunswick Corporation). The hole diameters 

are 0.1 mm; the thickness of the plate is 1.3 mm; and the open area of the plate is 

50%. The diameter of the plate is 9 mm, slightly larger than that of the Ru(001) 

single crystal, in order to improve the pressure profile across the Ru( 001) surface. 
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The Ru(001) surface is parallel to and 3 mm away from the closer when the crystal 

is in front of the beam closer. The crystal so positioned intercepts approximately 

50% of the formaldehyde flowing through the closer (13). 

The absolute flow rate of the formaldehyde through the closer was determined 

by the rate of pressure drop in the formaldehyde storage bulb, measured by a 

Baratron manometer. The cryopanel in the UHV system was cooled by liquid ni

trogen, and the ion gauge was turned off during both the steady-state and transient 

rate measurements in order to decrease the background pressure. The ratio of the 

formaldehyde 'beam pressure ' to the background formaldehyde pressure was de

termined to be greater than 40 : 1 by measuring the formaldehyde decomposition 

rate when the crystal was in and out of the formaldehyde beam at high surface 

temperatures where the reaction kinetics are first order. 

During steady-state rate measurements, formaldehyde flowed steadily through 

the gas closer. The temperature of the Ru(001) surface was programmed to follow 

a staircase function. Each time the surface temperature became constant, mass 

spectrometric signals of the products (H2 and CO) and reactant (H2 CO) were mon

itored as the Ru(001) surface was positioned in and out of the formaldehyde beam. 

The Ru(001) surface remained in the beam for a sufficiently long time that steady 

state was achieved. Since H 2CO and D 2CO were observed to react on the Ru(001) 

surface with exactly the same rate (vide infra), an equimolar mixture of H2 CO and 

D2CO was used as reactant and the mass spectrometric intensity of mass 3 (HD+ ) 

was monitored. Since the background intensity of mass 3 in the UHV system is 

extremely low, the sensitivity of the measurements of the rate of the decomposition 

was increased by a factor of ten, compared with the case in which pure H2CO or 

D2CO was used. Typical data are shown in Fig. 1 in which the surface tempera

ture and the mass spectrometric intensity of mass 3 (HD+) when the surface was 

in and out of the reactant beam are plotted vs. time. The difference in the mass 
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spectrometric signal of mass 2 ( L::lJH,) in the case of H2 CO when the surface was in 

and out of the beam is directly proportional to the decomposition rate. Since the 

beam-to-background pressure ratio is greater than 40, both the reaction rate when 

the Ru(OOl) surface was out of the beam and the reaction rate from the rear of the 

crystal when the Ru(OOl) was in the beam were negligible. In the high pumping 

speed limit, the absolute rate R of the decomposition and L::lJH, are related by 

(1) 

where SH, is the pumping speed of H2, T9 is the gas temperature, kB is the Boltz-

mann constant, and 7]
82 

is the mass spectrometric sensitivity of H2 defined in such 

a way that the partial pressure .PH:, is given by .PH:, = 1]
82 

JH,. The product SH2 1J
82 

was calculated using Eq. 1 following the determination of L::lJH, with a known leak of 

H2 into the UHV system from the doser. The leak rate of H2 (RH,) was determined 

in the same way as that of formaldehyde discussed above. 

2. RESULTS AND DISCUSSION 

The measurement of the steady-state, absolute rate of formaldehyde decompo

sition on the Ru(OOl) surface was carried out at surface temperatures ranging from 

310 to 750 K and pressures ranging from 9.7 x 10- 8 to 1.6 x 10- 6 Torr. The decom

position products are CO and H2. No detectable quantities of CH4 , H20 or C02 

were observed, unlike on the Ru(llO) surface (2). The temperature and pressure 

dependence of the reaction rate is presented in the form of Arrhenius plots in Fig 2. 

At relatively low surface temperatures, the reaction rate is nearly zero order in the 

formaldehyde pressure with an apparent activation energy of 23 ± 0.5 kcal/mol and 

an apparent preexponential factor of 4 x 1011 s- 1 . The rate levels off and becomes 

first order in the formaldehyde pressure with an apparent activation energy of zero 

at relatively high temperatures. The reaction probability in this regime is essen

tially unity, i .e., the reaction rate is flux-limited. The steady-state, absolute rate 
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of D2CO decomposition was also measured under the same conditions. The kinetic 

parameters and absolute decomposition rates are the same as those for H 2 CO. The 

lack of a kinetic isotope effect indicates that C-H bond cleavage is not involved in 

the rate limiting step of the reaction under these experimental conditions. This 

observation also suggested a better way to measure the steady-state rate in the low 

surface temperature regime where the reaction rate is low. Instead of pure H2 CO 

or D2CO, an equimolar mixture of both reagents was used. The intensity of mass 

3 was monitored rather than mass 2 (or 4) in the case of pure H2CO (or D2CO). 

Since the background intensity of mass 3 in the UHV system is extremely low, the 

sensitivity of the rate measurements was increased by a factor of ten. 

The fact that the reaction rate is nearly zero order in formaldehyde pressure in 

the low-temperature regime and the absence of a kinetic isotope effect imply that 

the Ru(OOl) surface is saturated with the reaction product(s), carbon monoxide 

and/or hydrogen adatoms. A determination of surface fractional coverages of CO 

and the hydrogen adatoms during the steady-state reaction at 320 K reveals that 

the surface is saturated with CO, whereas the coverage of hydrogen ada toms is only 

1/30 of that of CO in the low-temperature regime (5). Furthermore, the coverage of 

CO remains essentially constant in the low-temperature regime, whereas that of the 

hydrogen adatoms decreases to near zero by 340 K (5). The rate of decomposition 

is completely limited by the rate of desorption of CO. The activation energy of 

desorption of CO in this case is given by 

Ed,CO d(ln R) d(ln Oco) 
kB = - d(l/T) + d(l/T) ' 

where R is the measured rate of decomposition and Oco is the surface coverage of 

CO. The first term on the right-hand-side of the equation is the apparent activation 

energy determined from the Arrhenius plots. Since the second term on the right

hand-side is essentially zero in the low-temperature regime, the apparent activation 
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energy {23 ± 0.5 kcal/mol) determined in this regime is the desorption energy of 

CO at saturation coverage. 

The decomposition of the formaldehyde can be expressed mechanistically as 

H2CO(a) ~CO( a)+ 2H(a) 

CO(a) k~o CO(g) 

2H{a) 1c~ H2(g) 

{2) 

(3) 

{4) 

(5) 

where (is a thermal average of the Maxwell Boltzmann gas of H2CO at 300 K and 

is taken to be unity here, f is the impingement frequency of H2CO per surface site, 

and ki's are rate constants associated with each step. In Eq. (3) the dissociation 

of H2 CO is taken as irreversible since no isotopic exchange products were observed 

when reacting a mixture of H 2 CO and D2 of a molar ratio of 1 : 4 at a total pressure 

of 1.0 X 10-6 Torr on the Ru(001) surface at any temperature from 310 to 750 K. 

The readsorption of the reaction products CO and H2 was neglected in Eqs. ( 4) 

and {5) since they were pumped away rapidly. To calculate the reaction rate based 

on this mechanism, the following material balances for adsorbed H 2 CO, CO and H2 

were used: 

dlJti,co 
dt = (/H.,co/(0)- kd,H 2 co0H,CO - krOH,cof(O) (6) 

dO co 
~ = krOH,cof(O) - kd,coOco (7) 

(8) 

where O's are the fractional coverage of surface species and /( 0) is the density of 

vacant sites on the surface 

f(O) = 1- Oco - Oti . (9) 
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Two assumptions were made in the above material balances concerning the kinetics 

associated with each step in this mechanism, namely, only the intrinsic precursor 

of H2CO exists on the surface (14); and the reaction represented by Eq. 3 requires 

two neighboring vacant sites to proceed. 

When steady state is achieved all three derivatives in Eqs. 6 to 8 become zero. 

Given the function f( 0), one can solve the algebraic equations for Oco. The overall 

rate of the decomposition at steady state is given by 

R = kd,coOco. 

It was shown experimentally that the coverage of hydrogen is negligibly small com

pared to that of CO during the steady-state reaction (5), hence, 

f(O) = 1 - Oco. 

Insert Eq. 10 into Eq. 6 and 7, and solve for Oco, we find 

Oco = 2fH2co + kd,CO - [4fu2cokd,co(1/P;o> - 1) + k~.co/(P;0>)2 jll2 

2(fH2co + kd,co) 

where P;o), given by 

p(O) = ___ k_r __ 
r kr + kd,H2CO 1 

(10) 

(11) 

(12) 

is the probability of decomposition on a clean Ru(001) surface and has been shown 

experimentally to be unity, since the reaction rate is flux limited at high surface 

temperatures when the surface is essentially clean. The expression for the surface 

coverage of CO (Eq. 11) during the steady-state decomposition of the formaldehyde 

then becomes very simple: 

and the reaction rate is 

Oco = fu2 co 
fu2 co + kd,CO' 

R = kd,cofu2 co 

fu
2
co + kd,CO. 

(13) 

(14) 
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Eq. 14 can successfully describe the observed kinetic behavior shown in Fig. 2. 

At low surface temperatures and/or high formaldehye pressures , the rate of formalde

hyde impingement on the surface is much higher than the rate constant of CO 

desorption, i.e., jH2co » kd,co, Eqs. 13 and 14 b ecome 

Oco ~ 1 , 

R = kd ,CO· 

The surface is saturated with CO , and the overall reaction rate is governed by that 

of CO desorption. At high surface temperatures and/or low formaldehyde pressure, 

however, the rate constant of CO desorption is much greater than the impingement 

rate of the formaldehyde, i.e., fH2co ~ kd,co, Eqs. 13 and 14 then become 

Oco ~ 0, 

R = fulCO · 

The reaction is occurrmg on a virtually clean Ru(001) surface and the reaction 

probability is unity. 

The fact that the reaction probability at high surface temperatures is unity, 

together with the lack of a kinetic isotope effect, implies that the activation energy 

for the thermally accommodated formaldehyde molecules on the surface to dissoci

ate is much lower than that for them to desorb back to the gas phase, i .e., Er ~ Ed. 

The rate coefficient kr is always much greater than kd,H 2 co in Eq. 12 and hence 

disappears from the overall rate expression, cf. Eq. 14. No information concerning 

kr, the rate constant of the dissociation of molecularly adsorbed formaldehyde on 

Ru(001) , can be evaluated from the measured steady-state rate. This is in contrast 

with the case of the decomposition of formaldehyde on Pt(ll0)-(1 X 2) surface at 

8 .1 x 10- 8 Torr (15), where the activation energy Er is also lower than Ed ,H2co 
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(by 3 kcal/mol), but not as overwhelmingly as it does on Ru(001). On the Pt(ll0)

(1 x 2) surface the steady-state rate is also limited by the desorption rate of CO at 

low surface temperatures. At high surface temperatures the steady-state rate passes 

a maximum at 540 K and decreases with increasing surface temperature. Rather 

than limited by the flux of formaldehyde, the rate is limited by the competing ki

netics of the thermally accommodated, molecularly adsorbed formaldehyde on the 

surface to its dissociation and its desorption from the surface ( 15) . 

The decomposition of the formaldehyde results in the coadsorption of CO and 

hydrogen adatoms on the Ru(001) surface, which can be conveniently utilized to 

study the effect of CO on the kinetics of the recombinative desorption of hydrogen 

adatoms on the surface. The dissociative chemisorption of the formaldehyde was 

carried out at 200 K, slightly below the temperature at which H2 desorption be

comes detectable during the adsorption of H2CO. Thus, this is equivalent to adsorb 

equimolar of H2 and CO on the surface. The thermal desorption spectra of H2 and 

CO from this surface following an exposure of 13 L are plotted in Figs. 3 and 4, 

together with the thermal desorption spectra of H2 and CO from Ru(001) follow

ing saturation exposures of H2 and CO, respectively. Note that a small fraction of 

the surface species would be 172 -H2CO following the saturation exposure of H2CO 

at 200 K, since it was observed that approximately 0.03 monolayer of 172-H2CO, 

together with 0.25 monolayer of CO, remained on the surface following adsorption 

of H2CO at 80 K and subsequently annealed to 275 K, above which temperature 

the 172-H2 CO decomposed rapidly ( 4). Since the coverage of the 172-H2CO is small 

and the bonding of the 172 -H2CO to the surface is similar to that of CO ( 4), the 

small fraction of the 172-H2CO would behave qualitatively similar to CO in far as 

the modification of the surface is concerned. It is apparent from Fig. 3 that the 

chemisorbed CO on the surface decreases the desorption temperature of H2, indi

cating a decreases in the binding energy of hydrogen adatoms due to the presence 
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of approximately 0.31 monolayer of CO on the surface (16). 

The reduction of the binding energy of hydrogen adatoms on Ru(001) in the 

presence of CO is also manifested in transient isothermal desorption spectra of Hz 

resulted from the decomposition of Hz CO on a initially clean Ru(001) surface. Dur

ing each measurement, formaldehyde flowed steadily into the UHV system through 

the doser when the clean Ru(001) surface, held at a constant temperature, was 

positioned in the beam rapidly and the mass spectrometric intensity of Hz was 

monitored. The results are shown in Figs. 5 and 6, in which the rate of desorp

tion of H2 was plotted as a function of time. The time zero corresponds to when 

the surface was positioned in the HzCO beam. The effective pressure of HzCO 

was 2.6 x 10- 8 Torr when the Ru(001) surface was facing the doser. At 455 K, 

the production of Hz was immediately observed and reached steady state as the 

Ru(001) surface was exposed to HzCO, cf. curve 4 in Fig. 5 (note that it is offset 

horizontally by 290 seconds for clarity). As can be seen from Fig. 2, the steady

state rate at 455 K for a Hz CO pressure of 2.6 x 10-8 Torr is the same as the 

formaldehyde flux, which is 9.5 x 101z crn - 2 -s-1 • There is, however, a induction 

period associated with the rest of curves in Figs. 5 and 6 prior to the observation 

of H2 production. During this induction period, hydrogen atoms and CO resulted 

from the decomposition chemisorb on the surface. As CO and hydrogen adatoms 

accumulate on the surface, the activation energy for the recombinative desorption 

of the hydrogen adatoms is reduced. Eventually, desorption of H2 occurs. The 

rate of desorption of H 2 increases with time at beginning, reaches a maximum and 

decreases to the steady-state rate, as hydrogen adatoms become depleted from the 

surface. The steady-state rate is undetectable for temperatures below 315 K. Each 

of the curves in Fig. 5 has exactly the same area, indicating that the resulted 

surfaces are saturated with CO with its coverage being the same. The induction 

period becomes shorter as the surface temperature increases. The peak rate of Hz 
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desorption increases with the surface temperature and reaches a maximum at 325 

K. Note that the peak rate at 325 K is 28% higher than the flux of formaldehyde, 

or the maximum rate of H 2 production at steady state, cf. curve 5 in Fig. 6. 

Each of the curves in Fig. 5 is similar to a thermal desorption spectrum (17). 

Only in this case the decrease in activation energy for the recombinative desorption 

of hydrogen adatoms is the driving force for the increasing rate constant with time. 

The physical picture behind the reduction of the activation energy could be repulsive 

interactions between CO and hydrogen adatom and between hydrogen adatoms 

(18), or more importantly, perhaps, a complete segregation of hydrogen and CO 

(19) that would lead to higher local density of hydrogen adatoms and hence a lower 

binding energy. 

SUMMARY 

The decomposition kinetics of formaldehyde on the Ru(001) surface have been 

studied by measuring the steady-state, absolute rate of the reaction as a function 

of surface temperature from 310 to 750 K, parametric in the formaldehyde pres

sure from 9.7 x 10- 8 to 1.6 x 10-6 Torr. Formaldehyde dissociates irreversibly on 

the Ru(001) surface with unity reaction probability on a clean surface with CO 

and H2 as products. There are two distinct kinetic regimes in the Arrhenius plots, 

a low-temperature regime characterized by a Ru(001) surface which is essentially 

saturated with CO (the coverage of hydrogen is only 1/30 of that of CO), and a high

temperature regime where the surface is essentially clean. In the low-temperature 

regime, the rate is nearly zero order in the formaldehyde pressure and has an appar

ent activation energy of 23 ± 0.5 kcal/mol and an apparent preexponential factor 

of 4 X 1011 s - 1 • In the high-temperature regime, the rate is first order in the 

formaldehyde pressure. No kinetic isotope effect is observed, indicating that C-H 

bond cleavage is not involved in the rate-limiting step under these experimental 
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conditions. The dissociation of the formaldehyde leads to the coadsorption of CO 

and hydrogen adatoms. The presence of CO on the surface reduces the activation 

energy of the recombinative desorption of the hydrogen adatoms. 

Acknowledgment: This work was supported by The National Science Foundation 

under grant number DMR-8500789. 
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Figure Captions 

Fig. 1: Temperature profile of the Ru(001) surface and the mass spectrometric inten

sity of HD when the surface was positioned in and out of a beam of an equimolar 

mixture of H2 CO and D2 CO at constant surface temperatures. 

Fig. 2: Arrhenius plots of the steady-state rate of decomposition of formaldehyde on 

Ru(OOl) at different formaldehyde pressures. 

Fig. 3: Comparison of the thermal desorption spectra of H2 from the Ru(001) surface 

following dissociative adsorption of H2 CO on the Ru(001) surface at 200 K and 

that of H2 from a Ru(001) surface saturated with hydrogen adatoms. 

Fig. 4: Comparison of the thermal desorption spectra of CO from the Ru(001) surface 

following dissociative adsorption of H2 CO on the Ru(001) surface at 200 K and 

that of CO from a CO-saturated Ru(001) surface. 

Fig. 5: Rate of desorption of H2 in transient isothermal decomposition of H 2 CO on 

a initially clean Ru(001) surface as a function of time. The flux of H 2 CO is 

9.5 x 1012 cm-2-s-1 • The surface temperatures are (1) 210 K, (2) 273 K , (3) 

284 K, ( 4) 295 and (5) 315 K. 

Fig. 6: The same as Fig. 5 except that the surface temperatures are (1) 325 K, (2) 

356 K, (3) 400 K, and ( 4) 455 K. 
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CHAPTER 7. 

Steady-State Kinetics of Formaldehyde Decomposition 

on Pt(ll0)-(1 x 2): Probing Precursors 

[This chapter was submitted as a paper by Y. -K. Sun and W. H. Weinberg to 

Surface Science.] 
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Abstract 

We have carried out measurements of the steady-state rate of decomposition of formalde

hyde on the Pt( 110)-( 1 x 2) surface, and we have interpreted these measurements in such 

a way as to permit an incisive probe of the molecular precursor to dissociation. The rate 

coefficient of the decomposition reaction of molecularly adsorbed formaldehyde (H2 CO) 

was found to be 2 x 1012 exp((-13.4kcal/mol)/k8 T].s-1• 
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Although they are generally present in concentrations that are too low to be mea-

sured directly, transient intermediates which are frequently termed "precursors" play an 

extremely important role in a wide variety of surface reactions ( 1 ). In favorable circum-

stances, however, the rate coefficient describing the elementary surface reaction experienced 

by the precursor may be extracted from overall kinetic data, even though the precursor 

intermediate is not itself isolated. We describe in this Letter how this has been accom-

plished in the particular case of the decomposition of formaldehyde on the Pt(ll0)-(1 x 2) 

surface. 

The formaldehyde decomposition reaction is an especially useful vehicle to illustrate 

how surface precursor states may be probed. On the Pt(ll0)-(1 x 2) surface, formaldehyde 

decomposes exclusively to a hydrogen molecule and a carbon monoxide molecule in the 

gas phase (vide infra). The intermediates in the decomposition reaction are molecularly 

adsorbed formaldehyde, a formyl (HCO) species, hydrogen adatom.s and chemisorbed car-

bon monoxide (2). Of these intermediates the chemisorbed carbon monoxide is the most 

stable, and the chemisorbed formyl is the least stable (3). Indeed, the formyl is sufficiently 

unstable that its reactivity cannot be probed employing the methodology we describe here. 

The chemisorbed formaldehyde, however, may be probed at high surface temperatures at 

which its fractional surface coverage is approximately w-9 to w-n (vide infra,). 

The set of reactions that we consider in the overall decomposition of formaldehyde is 

the following: 
FP1 

H2CO(g) H2CO(a), ( 1) 
Jc4./ 

H2CO(a) ~ 2H(a) +CO( a), (2) 
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CO( a)~<~ CO(g) , (3) 

and 

(4) 

where (g) and (a ) denote gas phase and adsorbed phase, respectively, F is the flux of 

formaldehyde onto the surface (per site), P,. is the probability of molecular adsorption of 

formaldehyde, and the k; are rate coefficients of the indicated reactions. The latter are 

assumed to be of the Arrhenius form, i.e., k; = k~0>e-E;P, where f3 = 1/kaT. There is no 

need to consider the presence of the formyl explicitly because the decomposition reaction 

is irreversible, and the cleavage of the C-H bond in formaldehyde is considerably slower 

than cleavage of the C-H bond in formyl. Technically, the rate coefficient kr applies to the 

formation of a formyl, but in the steady-state decomposition reaction it can be considered 

to apply to the formation of hydrogen adatoms and chemisorbed carbon monoxide without 

loss of generality. 

At steady state the rate of decomposition eX. the formaldehyde is given by 

(5) 

where the 8; are fractional surface coverages eX. species i. Recognizing that chemisorbed CO 

inhibits the adsorption of formaldehyde ( 4), we find that the steady-state surface coverages 

of formaldehyde and carbon monoxide are given by 

(6 ) 

and 

( 7) 
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This implies that the rate of the decomposition reaction is given by 

(8) 

This, in turn, implies that one would expect the decomposition rate at "low" surface 

temperatures to be dictated solely by the desorption of carbon monoxide and to be zero 

order in the pressure (flux ) of formaldehyde, i.e., in this case FP,. >> kd ,co(l + kd.J f k,. ). 

Likewise, one would expect the decomposition rate at "high" surface temperatures to be 

given by 

(9) 

and hence to be first order in formaldehyde pressure. As discussed below, this is precisely 

the behavior that we observed experimentally. It is very important to note that since k,. 

appears in Eq. (9) , it is possible to determine the rate coefficient for C-H bond cleavage 

in the formaldehyde under conditions at which its surface concentration is far too low to 

be measured spectroscopically. 

The experiments were carried out in a microreactor, which is described in detail else-

where ( 5 , 6) . Briefly, the microreactor consists of a small "high pressure cell" that can be 

isolated from an ultrahigh vacuum section by a right-angle valve. The base pressure of the 

reactor is below 3 x 10-10 Torr. The right-angle valve is linked to one port of a 2~
11 

-six-way 

cross, which is connected to the UHV chamber. An ion gauge and a quadrupole mass spec-

trometer are attached to two other ports on the six-way cross. Since the probability of the 

formaldehyde decomposition reaction is quite high, the right-angle valve to the reactor cell 

was kept completely open in order to maintain low conversions of the formaldehyde ( 4 ). 
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The pressure of the formaldehyde in the reactor was measured by a properly calibrated 

10n gauge. 

The Pt(llO) crystal with a total oriented surface area of 1.0 cm2 was supported by two 

high purity platinum wires (0.010" diameter and 0.2" in length) which were spot welded on 

the edges of the crystal. These wires were clamped onto two copper leads (0.10" diameter) 

which were used both to support and to heat the crystal. The Pt(llO) crystal was heated 

resistively and its temperature was measured with a 0.003" diameter W-5% Re/W-26% 

Re thermocouple that was spotwelded on the edge of the crystal. The Pt(llO) surface 

was cleaned by argon ion bombardment and oxidation-reduction cycles (5 x 10-4 Torr of 

flowing oxygen for 5 min at 900 K followed by 5 x 10-4 Torr of flowing hydrogen also for 

5 min at 900 K). The cleanliness of the surface W8.8 verified by thermal desorption spectra 

of carbon monoxide. 

Para.formaldehyde with below 1% water was obtained from Fluka, and deuterated 

paraformaldehyde (99.6 atom% D) was obtained from MSD Isotopes. The preparation of 

monomeric formaldehyde was effected as described previously (7). The ab.,olute rate of the 

decomposition reaction was determined by calibrating the quadrupole mass spectrometer 

with a known leak of hydrogen into the UHV reactor. 

The steady-state rate of decomposition offormaldehyde on the Pt(ll0)-(1 x 2) surface 

was measured at formaldehyde pressures of 8.1 x 10-8 and 4 .0 x 10-8 Torr, and at surface 

temperatures between 400 and 1100 K. As noted earlier, the only products of the reaction 

are hydrogen and carbon monoxide. This is shown clearly in Fig. 1, which is a difference 

mass spectrum for 2 :5 m/e :5 60 AMU, t.e., the measured partial pressures during t he 
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steady-state reaction at 8.1 x 10-8 Torr of formaldehyde (H2 CO) and 715 K minus the 

partial pressures at 300 K (at which temperature the rate is negligibly slow). The positive 

peaks at 2 and 28 AMU are due to the products of the reaction (hydrogen and carbon 

monoxide), and the negative peaks at 29 and 30 AMU are due to the consumption of 

formaldehyde. 

Below approximately 475 K , the rate of decomposition is zero order in formalde-

hyde pressure and increases with increasing temperature, i.e., the low-temperature regime 

discussed earlier in which the desorption of carbon monoxide is rate limiting. Above ap-

proximately 550 K , the rate of decomposition is first order in formaldehyde pressure and 

decreases with increasing temperature, i.e. , the high-temperature regime discussed earlier 

which is described by Eq. (9). Between 475 and 550 K, the rate of the reaction increases 

with increasing temperature with an order in the formaldehyde pressure that varies between 

zero and unity. This is a "transition" regime that is described by the general expression 

of Eq. (8). The steady-state rate of formaldehyde (HlCO and D2 CO) decomposition is 

shown in Fig. 2 between 400 and 1100 K for a formaldehyde pressure of 8.1 x 10-8 Torr. 

The rate is maximized at approximately 580 K where the reaction probability, Pr = R / F , 

is approximately 0. 75. 

The data in Fig. 2 may be analyzed most easily by rewriting Eq. (9) in the following 

way (1): 

(10) 

The value of P,. for formaldehyde on Pt(llO) at 300 K is unity. Since the adsorption of 

molecular formaldehyde is unactivated, we expect that the probability of molecular adsorp-
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tion will be equal to the probability of trapping into the physically adsorbed well, which 

is a weak function of surface temperature (8 , 9 ). Hence, we shall assume Pa maintains 

the constant value of unity, which allows us to plot fn( ~ - 1) as a function of reciprocal 

temperature. We would expect to find a straight line from this construction with a slope 

of -(Ed./ - Er )/ ka and an intercept of k~~j/ k~o). Such a plot is shown in Fig. 3 from 

which we deduce that Ed.J- Er = 3.2 ± 0.5 kcal /mol and k~~j / k~o) = 5.2 . This means that 

the activation energy of the decomposition reaction (C-H bond cleavage) lies 3.2 kcal jmol 

below the energy level of the gas-phase formaldehyde far from the platinum surface. 

Since we were unable to cool our crystal below room temperature, we were unable to 

obtain an experimental estimate of kd./, the rate _coefficient of desorption of formaldehyde. 

However, on the Pt(111) surface, Abbas and Madix (10) evaluated kd.J and found it to 

be equal to 1013exp[( -16.6 kcal/mol)/k8 T].,- 1. We expect a similar value for P t(llO) 

since the bonding of the molecular formaldehyde will presumably be via lone pair electron 

donation to a single platinum atom on both surfaces. This implies that the elementary 

rate coefficient for the C-H bond cleavage reaction of the molecularly adsorbed precursor 

state is approximately 2x 10nexp[( -13.4 kcal/ mol)/kaT]s-1 • Note that this measurement 

was made at temperatures at which the fractional coverage of the molecularly adsorbed 

formaldehyde was between approximately 10-11 and 10-n, i. e., we have provided a kinetic 

measurement under conditions where a JpectroJcopic measurement would not be possible. 

Indeed, our measurements apply to an essentially clean Pt(llO) surface since the frac

tional coverage of carbon monoxide, the most abundant surface species, varies between 

approximately 10-3 and 10-9 . 
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The experimentally measured steady-state decomposition of D2CO at 8.1 x 10-8 Torr 

1s also shown in Fig. 2, and, as expected, its rate of decomposition lies consistently 

below that of H2 CO. The ratio of the rates at 580 K is approximately 1.11 which implies, 

assuming the same value of k~o) for H2CO and D2 CO, a difference in the difference of the 

zero-point energies of H2CO and D2 CO between the transition state and the reactants of 

approximately 120 calf mol. This, in turn, implies that for D2CO, k~o) = 2 x 1012 s-1 and 

Er = 13.5 kcalfmol. Note that this small kinetic isotope effect is hardly visible in the 

experimental data at temperatures above approximately 800 K. 

To summarize, we have carried out measurements of the steady-state rate of decompo-

sition of formaldehyde on the Pt(llO) surface, and we have interpreted these measurements 

-
in such a way as to permit an incisive probe of the molecular precursor to dissociation. 

The rate coefficient of the decomposition reaction of molecularly adsorbed formaldehyde 

(H2CO) was found to be 2 x 1012exp(( -13.4 kcalfmol)jk8 T]s- 1 . 
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Figure Captions 

Figure 1: Difference mass spectrum of the contents of the reactor at surface tempera
tures of 715 and 300 K during the steady-state decomposition of formaldehyde (H2CO) on 
Pt(ll0)-(1 x 2) at a formaldehyde pressure of 8.1 x 10-8 Torr. 

Figure 2: Rate of decomposition of H2CO and D2 CO at pressures of 8.1 x 10-8 Torr on 
Pt( 110)-( 1 x 2) as a function of the surface temperature. 

Figure 3: A plot of in(~ - 1) as a function of reciprocal temperature for the data of Fig. 
2 (H2CO) above 600 K. The slope of the line implies that Ed.!- E,. = 3.2 ± 0.5 kcal fmol, 

and the intercept implies that k~~}/k~o) = 5.2. 
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CHAPTER 8. 

An Accurate and Simple Method of Measuring Relative 

Mass Spectrometric Sensitivities 

[This chapter has been accepted as a shop note by Y. -K. Sun and W. H. Weinberg 

to Journal of Vacuum Science and Technology A.] 
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ABSTRACT 

We describe an accurate and convenient method of determining the relative 

mass spectrometric sensitivities of various species by using surface decomposition 

reactions to generate these species in known stoichiometric ratios in "itu in vacuum 

systems. In particular , we have used the decomposition reactions of formaldehyde 

and formic acid on Ru(OOl) to determine the relative mass spectrometric sensitivi

ties of H2, HD, D2 and CO. 
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It is often necessary to determine the relative or absolute mass spectrometric 

sensitivities of various molecules in rate measurements of heterogeneously catalyzed 

reactions, as well as in other applications. For example, in studying the kinetics and 

mechanism of formic acid decomposition on the Ru(001) surface in order to deter

mine the selectivity of this surface for dehydration (decomposition to CO and H20) 

and dehydrogenation (decomposition to C02 and H 2 ), knowledge of the relative 

mass spectrometric sensitivities of CO and H 2 was required (1). The absolute mass 

spectrometric sensitivities of H2, HD and D2 must be known in order to calculate 

the absolute rate of HD production and the reaction probability in measurements 

of the kinetics of isotopic exchange of H2 and D2 (2), and in order to perform mass 

balance studies of the coadsorption of D 2 and C2 H 4 (3, 4). 

In the high pumping speed limit, the absolute rate of production of species x 

(Rx) and its mass spectrometric intensity (Ix) are related by 

(1) 

where Sx is the pumping speed of species x, T9 is the gas temperature, and kB 

is the Boltzmann constant. The quantity Tlx is a proportionality con.!tant defined 

in such a way that the partial pressure Px is given by Px = 7]xlx. It is often 

termed the mass spectrometric sensitivity. Since we are concerned with the relation 

between the absolute rate and the mass spectrometric intensity in kinetic studies 

of heterogeneously catalyzed reactions, we define the ab.!olute mass spectrometric 

sensitivity f3x as 

f3x := kBTg. 
Sx7]x 

(2) 

In the following discussion, we also define the relative mass spectrometric sensitivity 

of species x as 

(3) 
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thus '"YH, is unity. The choice of hydrogen as a reference here is completely arbitrary. 

From Eqs. (1)-(3), we find that 

(4) 

(5) 

and 

R -~ 
X - '"YxflH2 

(6) 

To compare the relative production rates of species x and y, one has to divide 

the mass spectrometric intensities of x and y (Ix and Iy) by their relative mass 

spectrometric sensitivities, i .e. Rx : Ry = Ixi'"Yx : Iy I'"Yy [cf. Eq. (6)]. 

The relative mass spectrometric sensitivity of species x ('"Yx) is proportional to 

the ratio of pumping speeds of hydrogen and species x ( SH, I Sx) and the ratio of 

the proportionality constants of hydrogen and species x ( 1JH, I1Jx), cf. Eq. ( 4). The 

proportionality constant 1Jx is a function of the ionization probability of species x 

in the ionizer of the mass spectrometer ( 5), the transmission probability of the ions 

through the mass spectrometer (which remains relatively constant up to AMU 20 

and then falls off by approximately one decade per 150 AMU for our UTI lOOC 

quadrupole mass spectrometer), and the electron multiplier gain of the ions gener

ally considered to have an M - 1 / 2 dependence, where M is the ion mass. The ratio 

1JH, I1Jx is obviously independent of the system configuration since it is an intrinsic 

property of the mass spectrometer. The ratio of pumping speeds SH, I Sx, however, 

depends upon the system configuration. For example, for an ion pumped vacuum 

system with a poppet valve separating the vacuum chamber and the ion pump, the 

ratio of the pumping speeds SH, I Sx would be different for a system configuration 

with the poppet valve wide open and for a system configuration with the poppet 

valve partially closed. Each time one changeJ the JyJtem configuration in any way, 
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the relative ma33 3pectrometric 3en3itivitie3 mu3t be remea3ured. Thus, an accurate 

yet simple method of determining the relative mass spectrometric sensitivity would 

be very helpful. We present here such a method of determining the relative mass 

spectrometric sensitivities, particularly those of H 2, HD, D 2 and CO by introducing 

into the vacuum system CO + H 2, or CO+D2, or H 2+ HD+ D 2+ C0 stoichiometri

cally (i.e. with known rate ratio-') via chemical decomposition reactions on the 

Ru( 001) surface. 

The system we have employed in the measurement of rates of catalytic reactions 

is an ion pumped ultrahigh vacuum (UHV) system, equipped with quadrupole mass 

spectrometry and a directional beam closer ( 1, 6). In the steady-state rate mea

surements, the reactant is introduced into the UHV system through the directional 

beam closer. The Ru(001) surface is positioned in and out of the reactant beam at 

a constant surface temperature, and the increase in the intensities of the products 

and the decrease in intensity of the reactant are monitored mass spectrometrically. 

Formaldehyde (H2CO) decomposes on the Ru(001) surface only to H 2 and 

CO (6). Hence the steady-state decomposition of HzCO is equivalent to leaking 

an equimolar mixture of CO and H 2 into the UHV system. The relative mass 

spectrometric sensitivity of CO hco) can be determined simply by taking the ratio 

of the mass spectrometric intensities of CO (leo) to Hz (lH, ), measured during 

the steady-state decomposition of H2 CO since RH, = Reo, i.e. -reo = leo / lH, 

[cf. Eq. (5)]. The increase in the intensity of mass 28 (~l28 ) is the sum of an 

increase of CO intensity and a decrease in the partial pressure of H 2CO, due to 

the H2CO decomposition (measured by the decrease in the mass 29 intensity, ~l29j 

the peak at m/e= 29 is the most intense one in the mass spectrum of H2CO). The 

cracking pattern of Hz CO can be measured easily, and in our UHV system the Hz CO 

exhibits m /e peaks at 30, 29 and 28 with intensity ratios of 0.73 : 1.00 : 0.34, in 

good agreement with previously reported values (7). Thus, the mass spectrometric 
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intensity of CO is given by leo = 1}.128 + 0.3411}.129 1. The determination of the true 

mass spectrometric intensity of H 2 is straightforward. It is simply the increase in 

the intensity of mass 2 (1}.12) when the Ru(001) surface is positioned in the H2CO 

beam, since the H2CO molecule has no mass 2 cracking fragment . The result is 

"Yeo= leo/lH, = 0.98. Similarly, the relative mass spectrometric sensitivity of D2 

was determined by using D2CO. We find in this case 

1'02 :"Yeo = lo, : leo = 0.65 : 0.98. 

It is known that during the steady-state decomposition of DCOOH on Ru(001) 

at high surface temperatures, the production rates of H2, HD and D2 have a ratio of 

1: 2: 1 (1). The steady-state decomposition ofDCOOH on Ru(001) at high surface 

temperatures is equivalent to leaking H2, HD and D 2 with a stoichiometry of 1 : 2 : 1 

into the UHV system (8). The relative mass spectrometric sensitivities of H 2, HD 

and D2 may be determined easily by taking the ratio of the properly weighted mass 

spectrometric intensities of H2 (IH, ), HD (IHD) and D2 (lo,) according to Eq. 

(5), i.e . "YH, : "YHo : "Yo, = lH, : 0.51Ho : lo,. The relative mass spectrometric 

sensitivities thus determined are "YH, : "YHo :"Yo, = 1.00 : 0.80 : 0.60. Note that the 

relative mass spectrometric sensitivity of D2 is in good agreement with the value 

determined from the formaldehyde experiments described above. We conclude that 

the relative mass spectrometric sensitivities of H 2, HD, D2 and CO is 

"YH, : "YHo : ')'02 :"Yeo = 1.00 : 0.80 : 0.63 : 0.98. 

for our system configuration. Note that the relative mass spectrometric sensitivity 

of D2 is an average of the two results obtained from D2CO and DCOOH. 

The relative mass spectrometric sensitivities of H2, HD, D2 and CO can also be 

determined by decomposing an equimolar mixture of H2CO and D2CO on Ru(001), 

assuming statistical mixing of H and D on the surface. When steady state is 
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achieved, 

"YH, : "YHo :"Yo, :"Yeo = IH, : 0.5IHD :In, : 0.25Ico, 

and the experimentally measured mass spectrometric sensitivities in this case are 

"YH, : "YHo :"Yo, :"Yeo = 1.00 : 0.83 : 0.60 : 0.95, 

in good agreement with the values determined above. To obtain the absolute mass 

spectrometric sensitivities of these species, one needs merely evaluate it for any one 

of them. 

In summary, we have presented a convenient method of determining the rel

ative mass spectrometric sensi ti vi ties of various species (and those of H2 , HD, D 2 

and CO in particular), by introducing them into an UHV system stoichiometrically 

via surface chemical reactions. One may, of course, use calibrated sources to de

termine the relative and absolute mass spectrometric sensitivities. The method we 

have described is much easier, however. This method is obviously not limited to 

the decomposition of formaldehyde and formic acid on a Ru( 001) surface. The con

cept of using surface decomposition reactions to generate various species in known 

stoichiometric ratios in .!itu in an UHV system to calibrate mass spectrometers is 

very useful. 

Acknowledgment: This work was supported by the National Science Foundation 

under grant number CHE-8617826. 
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CHAPTER 9. 

Determination of the Absolute Saturation Coverage 

of Hydrogen on Ru(OOl) 

[This chapter was published as a paper by Y . -K. Sun and W. H. Weinberg in 

Surface Science 214, L246 (1989).] 
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ABSTRACT 

We describe here a general methodology for the indirect relative determination 

of absolute fractional surface coverages. The saturation fractional coverage of hy

drogen on Ru(OOl) has been evaluated in particular. In this case, we used H 2 CO as 

a bridge to lead us from the known reference point of the saturation fractional cov

erage of CO to the unknown reference point of the fractional coverage of hydrogen 

on Ru(OOl), which is then used to determine accurately the saturation fractional 

coverage of hydrogen. We find that o;r = 1.02 (±0.05) i.e. the surface stoichiom

etry is Ru: H = 1 : 1. The relative nature of the method, which cancels systematic 

errors, together with the utilization of a glass envelope around the mass spectrome

ter, which reduces spurious contributions in the thermal desorption spectra, results 

in high accuracy in the determination of absolute fractional coverages. 
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In spite of the large number of studies concerning hydrogen adsorption on the 

Ru(OOl) surface (1-9), the fundamental question of what is the saturation fractional 

coverage of hydrogen is yet to be answered accurately and unambiguously. The 

fractional coverage is defined here as the number of hydrogen adatoms per surface 

Ru atom in the topmost layer. Knowledge of the absolute saturation fractional 

coverage is necessary for a quantitative assessment of the adsorption kinetics, and 

specifically, a determination of the value of the initial probability of adsorption. The 

fractional coverage of hydrogen at saturation on Ru(OOl) has been measured to be 

both 0.86 (± 20%) (2), and approximately unity (1), and has been assumed to be 

two (3). Difficulties in determining the fractional hydrogen coverage accurately are 

partly due to the fact that no superstructures are observed in LEED studies on the 

Ru(OOl) surface following hydrogen adsorption (2), unlike hydrogen adsorption on 

Ni(lll) (10), W(lOO) (11) and Pd(lOO) (12), for example. For hydrogen adsorption 

on Pd(lOO), a ( v'2xv'2)R45° hydrogen superstructure is observed below 250 K (12). 

Maximum intensity of the fractional order LEED beams corresponds to a surface on 

which the fractional coverage of hydrogen is 0 .5. The thermal desorption spectrum 

of hydrogen from this surface (with OH = 0.5) serves as a reference point from which 

any other fractional coverage of hydrogen on Pd(lOO) can be calculated. In the 

absence of LEED (or other) information, thermal desorption mass spectrometry is 

commonly employed to estimate the fractional surface coverages. 

An absolute determination of the fractional surface coverage of species x may 

be achieved by numerical integration of the ab.,olute desorption rate Rz in a thermal 

desorption measurement, i.e. 

(1) 

where n is the surface density of substrate atoms, and A is the area of the surface. 
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The absolute desorption rate is given by 

(2) 

where Sz is the pumping speed of the system for species x, T 9 is the gas tern-

perature, Iz is the mass spectrometric intensity of species x, and 1Jz is the mass 

spectrometric sensitivity of species x defined in such a way that the partial pressure 

Pz is given by Pz = 1Jzlz. Both an accurate measurement of the thermal desorption 

spectrum of species x and an accurate experimental determination of the absolute 

values of Sz1Jz are required in order to calculate the absolute rate in thermal des-

orption measurements and, therefore, the fractional coverage. In practice, however, 

to accomplish both is somewhat difficult for reasons discussed below. For a vacuum 

system in which the mass spectrometer is not enclosed in a glass envelope (13), 

the product 1JzSz can be evaluated according to Eq. (2) by measuring the mass 

spectrometric intensity of species x when leaking into the vacuum system species x 

with a calibrated flow rate. In this case, however, the mass spectrometer measures 

desorption from both the well-defined surface and undefined areas such as the rear 

and edge of the single crystal, and the manipulator assembly for example. This 

introduces errors into the fractional surface coverage determination. If the thermal 

desorption spectra are measured as described by Menzel, et al. (13) with the mass 

spectrometer enclosed in a glass envelope, the accuracy of the thermal desorption 

spectra is quite high. The quantity Sz1Jz in this case, however, is not trivial to de-

termine if there is no accurate reference point available (as is the case of hydrogen 

on Ru(OOl), for example). Compared to the case discussed above in which the mass 

spectrometer is not enclosed in a glass envelope, the mass spectrometric sensitivity 

1Jz is the same since it is an intrinsic property of the mass spectrometer; the pump-

ing speed of species x out of the glass envelope, however, would be quite different. 

In addition, the area A of the well-defined surface from which the molecules desorb 
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and enter the glass envelope is not known with certainty, in general. 

A more accurate method of determining the fractional coverage is via a rela

tive determination, i.e. calibrating the thermal desorption spectra relative to the 

thermal desorption spectrum of a known coverage (a reference point). For example, 

the saturation coverage of CO on Ru(OOl) at 300 K is 0.65 {14). Hence the frac

tional coverage of CO at any coverage may be determined by employing the known 

coverage as a reference point, i.e. 

(3) 

This method is more accurate than the absolute determination described above since 

the mass spectrometer may be enclosed in a glass envelope and knowledge of the 

absolute values of Sco, 'T]co and A is not required. This technique for determining 

fractional coverages is referred to here as a direct relative determination since the 

fractional coverage is determined by directly calibrating the thermal desorption 

spectrum of an unknown coverage relative to that of a known coverage (a reference 

point). Such a reference point, however, is not known for hydrogen on Ru(OOl) . 

We present here the methodology for an indirect relative determination of frac

tional coverages that allows us to determine the fractional coverage of hydrogen on 

Ru(OOl) at saturation accurately. In this method, one adsorbs CO and hydrogen 

on Ru(OOl) with an accurately known ratio a(= fhf/Oco). Measuring the thermal 

desorption spectra of CO and hydrogen and calculating the fractional coverage of 

CO using the direct relative determination method, one can calculate the fractional 

coverage of hydrogen on this surface. This supplies the reference point for hydrogen 

that leads to the determination of the saturation coverage of hydrogen via 

()H_at = (1 00 

IH.~tdt/ 1oo IH 2 dt)(a 1oo Icodt/ 1oo I(/(~dt)Oc'g, (4) 

where leo and IH
2 

are the mass spectrometric intensities in the thermal desorption 

spectra of CO and H 2 from the surface with the known ratio of CO and hydrogen 
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adsorbed, and I(;(j and IH.~t are the mass spectrometric intensities in the thermal 

desorption spectra from a Ru(001) surface saturated with CO and hydrogen, re

spectively. Rather than calibrating against a known coverage of the same species 

directly, as implied by Eq. (3), we relate the unknown fractional coverage of one 

species (hydrogen) to a known reference coverage of another species (CO). That 

is why this technique is referred to here as an indirect relative determination of 

fractional coverages. 

The key point is to prepare a Ru(001) surface on which CO and hydrogen are 

adsorbed with a precisely known stoichiometry. The best way to achieve this goal 

is to adsorb a molecule which dissociates to CO and hydrogen below the desorption 

temperature of either CO or H 2 • Formaldehyde is a perfect candidate. Formalde

hyde dissociates to CO and hydrogen upon adsorption on Ru(001) near 200 K, 

at which temperature neither CO nor hydrogen desorbs (15). Independent of the 

formaldehyde coverage, the measured thermal desorption spectra of CO and H2 

represent a molar ratio of CO : H2 = 1 : 1, i.e. a = 2 in Eq. ( 4) since there are two 

hydrogen adatoms per CO admolecule. This allows us to use the method embodied 

in Eq. (4) to measure the value of o;r. 
The experiments were carried out in previously described UHV system (16). 

The base pressure of the belljar was below 5 x 10- 11 Torr of reactive gases. The 

Ru(001) surface was mounted on a manipulator by two 0.01 in. tantalum wires 

spotwelded on the back of the crystal. The Ru(001) crystal could be heated resis

tively, and cooled conductively by liquid nitrogen. The temperature of the Ru(001) 

surface was measured by a 0.003 in. W /5%Re - W /26%Re thermocouple that 

was spotwelded to the back of the crystal. Oxygen cleaning was routinely per

formed prior to each measurement by cycling the temperature of the Ru(001) crys

tal between 400 and 1100 K in 7 x 10- 8 Torr of oxygen backfilled into the belljar. 

Chemisorbed oxygen was removed by annealing the crystal to over 1600 K. The 
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cleanliness of the surface was verified by Auger electron spectroscopy. The mass 

spectrometer was enclosed in a glass envelope which has a orifice with a diameter of 

3 mm, in order to limit contributions to the thermal desorption spectra to the well

characterized front face of the crystal (13). The monomer gas of formaldehyde was 

prepared in the same way as has been described previously (16). The formaldehyde 

and hydrogen were introduced onto the Ru(001) surface through a directional beam 

closer that has also been described previously (16). The saturation coverage of CO 

on Ru(001) was achieved by exposing the surface to 13 L of formaldehyde at 295 

K. The coverage of hydrogen on the surface is less than 1/30 of that of CO (16), 

and thermal desorption spectrum of CO from this surface has an identical peak 

area, shape and position as the thermal desorption spectrum following saturation 

exposure to molecular CO. It is convenient to employ H2 CO to saturate the sur

face with CO (rather than molecular CO), since this results in a lower background 

partial pressure of CO following the adsorption. The hydrogen saturated surface 

was prepared by exposing the Ru(001) surface to 230 L of H2 at 178 K (3), further 

exposure to hydrogen shows no additional increase in the integrated area of the 

thermal desorption of H2. 

The thermal desorption spectrum of CO from the Ru(001) surface saturated 

with CO and the Ru(001) surface after exposure to 13 L of H2CO at 200 K 

are shown in Fig. 1. The ratio of the areas under the peaks of the spectra is 

J0
00 Icodtj J0

00 I(;(jdt = 0.48 (±0.01). The fractional coverage of CO following ex

posure to 13 L of H 2CO at 200 K is 0.31 (±0.01), i.e. 0.48 x 0.65 via Eq. {3). The 

fractional coverage of hydrogen is twice that of CO, i.e. OH = a.Oco = 0.62 ( ± 0.02). 

The thermal desorption spectrum of H 2 from this surface, together with the spec

trum from a hydrogen saturated Ru(001) surface are shown in Fig. 2. The measured 

ratio of the areas under the peaks of the spectra is J0
00 IH.~tdt/ j 0

00 
IH2 dt = 1.64 

(±0.03). The uncertainties here are the standard deviation from a statistical anal-
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ysis of five sets of experimental data. measured under the same conditions. Now 

that we have a reference point for hydrogen, the fractional coverage of hydrogen on 

Ru(OOl) at saturation can be easily calculated from Eq. (4), i.e. 

o;r = (l<Xl IH.~tdt I l<Xl IH,dt)OH = 1.64 X 0.62 = 1.02.(± 0 .05) . 

In conclusion, we have unambiguously determined the fractional coverage of 

hydrogen on Ru(OOl) at saturation to be 1.02 (± 0.04), i.e. the surface stoichiome

try is Ru : H = 1 : 1. We have used H 2 CO as a. bridge to lead us from the known 

reference point of the saturation fractional coverage of CO to the unknown refer

ence point of the fractional coverage of hydrogen, which is then used to determine 

accurately the saturation fractional coverage of hydrogen. Employing a. glass enve

lope around the mass spectrometer reduces spurious contributions in the thermal 

desorption spectra., and the relative nature of the method cancels systematic errors 

allowing high accuracy in the coverage determination. 

Acknowledgment: This work was supported by the National Science Foundation 
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Figure Captions 

Fig. 1: Thermal desorption spectra of CO from the Ru(001) surface saturated with CO, 

(a), and after exposure to 13 L of formaldehyde at 200 K, (b). The heating rate 

is 2 Kfs. The ratio of the areas under the spectra is J0
00 

Icodtf J0
00 

I(;(5dt = 

0.48 (± 0.01). 

Fig. 2: Thermal desorption spectra of hydrogen from a hydrogen-saturated Ru(001) 

surface, (a), and from a Ru(001) surface after exposure to 13 L of formaldehyde 

at 200 K, (b). The heating rate is 5 Kfs. The ratio of the areas under the 

spectra is J0
00 

IH_~tdtj J0
00 

IH2 dt = 1.64 (±0.03). 
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CHAPTER 10. 

Characterization of Nitrogen-Adatom Overlayers on Ru{OOl) 

[This chapter was submitted as a paper by Y. -K. Sun and W. H. Weinberg to 

Surface Science. ] 
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ABSTRACT 

Overlayers of nitrogen adatoms on Ru(001) have been characterized both by 

thermal desorption mass spectrometry and low-energy electron diffraction, as well as 

chemically via the postadsorption and desorption of ammonia and carbon monoxide. 

The nitrogen-adatom overlayer was prepared by decomposing ammonia thermally 

on the surface at a pressure of 2 .8 x 10 - 6 Torr and a temperature of 480 K. The 

saturated overlayer prepared under these conditions has associated with it a ( 1f x 

1f)R22.7° LEED pattern, has two peaks in its thermal desorption spectrum, and 

has a fractional surface coverage of 0.40. Annealing the overlayer to approximately 

535 K results in a rather sharp ( v'3 x v'3)R30° LEED pattern with an associated 

fractional surface coverage of one third. Annealing the overlayer further to 620 

K results in the disappearance of the low-temperature thermal desorption peak 

and the appearance of a rather fuzzy p(2x2) LEED pattern with an associated 

fractional surface coverage of approximately one fourth. The presence of the ( v'3 

x v'3)R30°-N overlayer affects the surface in such a way that the binding energy of 

ammonia is increased relative to the clean surface, whereas that of carbon monoxide 

is decreased. 
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1. INTRODUCTION 

The catalytic properties of clean transition metal surfaces can be altered sig

nificantly by the presence of both electropositive ( 1) and electronegative ( 2) adsor

bates, including sulfur (2-10), oxygen (11, 12), phosphorus (8) and nitrogen (13, 

14). A characterization of the geometrical structure of overlayers of these adatoms 

on a variety of different catalytically active surfaces is clearly important. Of even 

more importance, perhaps, is a determination of how the chemical properties of the 

surface are modified by the presence of overlayers of these adatoms. For example, 

quantifying how the binding energies of electron-donor and electron-acceptor probe 

molecules are influenced by the surface modification should be essential for a better 

understanding of catalysis and an improvement in catalyst design. 

We are concerned specifically here with the influence of nitrogen adatoms on 

catalytic surfaces and reactions, three important examples of which include the 

synthesis of ammonia {15-17), the reduction of nitric oxide {18-21), and the syn

thesis of hydrogen cyanide {22-24). Nitrogen adatoms have been found to be the 

most abundant surface species in a number of catalytic reactions (17, 21, 25). 

The presence of the nitrogen adatoms will influence the catalytic properties of the 

metal surfaces either via geometric blocking of "active sites" or via an alteration in 

the electronic structure of the surface. In studying the kinetics of adsorption and 

desorption of hydrogen on the Pt(l10)-lx2 surface, nitrogen adatoms were found to 

block selectively hydrogen adsorption into the high-temperature ,82-state prior to 

poisoning the low-temperature ,81 -state {14). Furthermore, nitrogen adatoms also 

reduce the binding energy of hydrogen adatoms on this surface in such a way that 

the binding energy decreases linearly with the fractional coverage of atomic nitrogen 

in the limit of low-fractional coverages of hydrogen {14) . Despite its importance, 

little is currently known concerning the nature of overlayers of nitrogen adatoms 
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on the Ru(001) surface (25-27), including the chemical effects of the overlayer on 

postadsorbed probe molecules. We describe here a characterization by thermal des

orption mass spectrometry and low-energy electron diffraction (LEED) of overlayers 

of nitrogen adatoms on Ru(001) that were prepared by the thermal decomposition 

of ammonia. We also clarify the nature of the chemical modification of the surface 

by these overlayers via the postadsorption of both ammonia and carbon monoxide. 

2. EXPERIMENTAL DETAILS 

The experiments were carried out in an ion-pumped (200 1/s) stainless steel, 

ultrahigh vacuum chamber equipped with quadrupole mass spectrometry, Auger 

electron spectroscopy, and LEED (28). The base pressure of the belljar was below 

1 x 10- 10 Torr of reactive gases. The Ru(001) crystal was mounted on a manipu

lator by two 0 .010 in. tantalum wires spotwelded on the back of the crystal, which 

can be heated resistively, and cooled conductively by liquid nitrogen. The temper

ature of the Ru(001) surface was measured by a 0.003 in. W /5%Re - W /26%Re 

thermocouple spotwelded to the back of the crystal. Oxygen cleaning was routinely 

performed by cycling the temperature of the Ru(001) crystal between 400 and 1100 

Kin 7 x 10- 8 Torr of oxygen backfilled into the belljar. Chemisorbed oxygen was 

removed by annealing the crystal to over 1600 K, and the cleanliness of the surface 

was verified by Auger electron spectroscopy. 

Ammonia, obtained from Matheson (99.99%), was introduced into the UHV 

chamber through a directional beam doser. During exposure to ammonia, the sur

face was positioned four m.m from the gas doser, which effectively reduced the 

amount of ammonia that must be leaked into the UHV system to reach the same 

ammonia exposure as compared to backfilling the belljar: with the manipulator 

cooled by liquid nitrogen, the increase in the background pressure was less than 

2 .x 10- 11 Torr, i.e., the cold manipulator acted as a very effective ammonia getter. 
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The mass spectrometer was enclosed in a glass envelope, which has a orifice with a 

diameter of three mm, in order to limit contributions to the thermal desorption spec

tra to the well-characterized front face of the crystal (29). During measurements of 

the thermal desorption spectra of nitrogen, the mass spectrometric intensity of mass 

14 (N+ ) was monitored, while the Ru(OOl) surface was positioned three mm from 

the orifice. Enclosure of the mass spectrometer in the glass envelope also effectively 

reduced the stray electron current from the mass spectrometer to the manipulator 

assembly including the Ru(OOl) surface to less than 5 nA. Without the glass enve

lope, the stray current was 4 J.LA at a mass spectrometric emission current of 2 rnA. 

This could cause electron-stimulated processes such as dissociation of the ammonia 

(27) . All LEED observations were made after cooling the crystal to below 150 K. 

Readsorption of ammonia from the background was negligible during the cooling 

due to the low background partial pressure of ammonia. 

3. RESULTS AND DISCUSSION 

The overlayers of nitrogen adatoms on the Ru(OOl) surface were synthesized 

by exposing the surface to an effective pressure of 2.8 x lo-s Torr of NH3 at a 

temperature of 480 K. The reasons for choosing this particular temperature are 

twofold, namely, it is sufficiently low that the desorption rate of nitrogen adatoms 

is negligible, and it is sufficiently high that the rate of thermal decomposition of 

NH3 is reasonably high. Note that the thermal decomposition of NH3 on Ru(OOl) 

is activated, and a high surface temperature favors decomposition (25). Thermal 

desorption spectra of nitrogen due to adatom-adatom recombination following var

ious exposures of NH3 are shown in Fig. 1. At low exposures, only one peak is 

observed; whereas a second peak appears at higher exposures. Curve (/) in Fig. 1, 

obtained following a 600 s exposure to 2.8 x lo-s Torr of NH3, corresponds to the 

saturation coverage of nitrogen adatoms on Ru(OOl) with this method of thermal 
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decomposition of NH3 used to generate the overlayer. Further exposure (at the 

same pressure for 840 s) to NH3 at 480 K did not increase the integrated area of 

the nitrogen thermal desorption spectrum. 

Since the thermal decomposition of NH3 1s activated and high surface tem

peratures favor the decomposition of molecularly adsorbed NH3 , an over layer of 

nitrogen adatoms was also prepared by exposing the Ru(001) surface to 2.8 x 10- 6 

Torr of NH3 for a total of 840 s with the surface temperature profile shown in Fig. 2, 

in an attempt to increase the surface coverage of nitrogen adatoms. The thermal 

desorption spectrum of nitrogen from this nitrogen overlayer was found to be ex

actly the same as that of curve (/) in Fig. 1. The relative coverages of nitrogen 

adatoms associated with each thermal desorption spectrum in Fig. 1 were obtained 

by numerically integrating the area beneath each spectrum and then normalizing 

to curve (/). In the low-coverage limit, the coverage of nitrogen adatoms increases 

linearly with the NH3 exposure with a slope of P~o) fNHa /O~at, where P~o) is the 

initial reaction probability of NH3 on the Ru(001) surface, fNHa is the impingement 

flux of NH3 per surface site, and o~at is the saturation fractional coverage of the 

nitrogen adatoms on the surface. the latter was determined to be approximately 

0.4 (vide infra) . The plot of the relative coverage of the nitrogen adatoms as a 

function of the NH3 exposures for curves (a) to (c) results in a straight line with 

a slope of 1.9 X 10-2 ., - 1. Since o~at = 0.40 and fNHa = 0.86 ., - 1, we find that 

P~o) = 8.8 x 10- 3 , which is in fair agreement with the previously reported value of 

3 x 10- 3 in the zero-coverage limit at this temperature {25). 

The temperature of the high-temperature peak in the thermal desorption spec

tra shifts from 880 K at a relative coverage of 0.22 (absolute coverage of 0.09) to 

745 Kat saturation. We evaluated the activation energy Ed and the preexponential 

factor k~o) of the desorption rate coefficient independently as a function of surface 

coverage, using the methods described by Taylor and Weinberg (30) and Falconer 
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and Madix ( 31). The results of this analysis are shown in Figs. 3 (a) and 3 (b). At 

low coverage of nitrogen, the activation energy of desorption is approximately 32 

kcal/ mol, and the preexponential factor of the desorption rate coefficient is approxi

mately lo- s crn2 -s-1 • The latter is rather low compared to a typical preexponential 

factor of a second-order surface reaction, 10-3 crn2-s-1 , and may well be due to 

the fact that the adsorption reaction is activated. This will impose rather more 

severe entropy restrictions on the transition state for desorption via the substan

tial "corrugation" of the potential energy surface. Note that the preexponential 

factor for desorption of nitrogen from the Pt(ll0)-(1 x2) surface is also approxi

mately lo- s crn2-s-1 , and the adsorption reaction is activated on platinum as well 

(32, 33). At relative coverages near half of saturation, both the activation energy 

and the preexponential factor decrease precipitously; the former to approximately 

20 kcal/mol, and the latter to approximately 10-11 crn2 -s-1 • This could be due to 

a decrease in the binding energy of the nitrogen which effectively imposes further 

entropy restrictions on the transition state to desorption, e.g. the "concentration" 

of transition states that are available to surmount the lowest energy barrier to des

orption (and adsorption) is substantially reduced. 

The (1f x 1f)R22.7° LEED pattern shown in Fig. 4 (a) was observed 

for this nitrogen-saturated Ru(OOl) surface. The LEED observation was made after 

momentarily annealing the surface to 480 K, cf. Fig. 4 (e), which results in neither 

molecular ammonia, NHx species nor atomic hydrogen remaining on the surface 

(25). The two outermost fractional-order LEED spots in Fig. 4 (a) are due to 

first-order diffraction of the nitrogen adatoms, whereas the innermost one is not. 

The vectors corresponding to the first -order diffraction spots differ from the ( v'3 

x y'3)R30° vector by ±7.3°, and the ratio of their vector lengths to that of the 

( y'3 x y'3)R30° vector was measured to be 1.10. This implies that the unit vector 

of the overlayer of nitrogen adatoms is rotated by ± 7.3° with respect to the unit 
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vector of a ( V3 x V3)R30° overlayer, and that the length of the unit vector of 

this nitrogen-saturated overlayer is 0 .91 times that corresponding to the ( V3 x 

V'3)R30° superstructure. Based upon this analysis, the structure of the saturated 

overlayer of the nitrogen ada toms is shown in Fig. 4 ( i). The unit cell of this 

coincidence structure, which is determined to be ( v'247 X v'247)R22. 7°-lOON, is 

not shown completely since it is too large. However, the primitive unit cell which 

obtains when one ignores the substrate, a ( Yf{f x Yf{f )R22. 7°, can be seen clearly 

in Fig. 4 ( i). The fractional coverage of the nitrogen ada toms corresponding to 

the ( ro X w )R22. 7° superstructure is 0.40. Annealing the surface briefly to 

a temperature between 515 and 540 K, as indicated in Fig. 4 (f), resulted m 

a rather sharp ( V3 x V'3)R30° LEED pattern, shown schematically in Fig. 4 

(b). The ( V3 x V'3)R30° LEED pattern became progressively less sharp following 

further annealing. After momentary annealing to 575 K, cf., Fig. 4 (g), a streaked 

(2x2) LEED pattern was observed which is depicted schematically in Fig. 4 (c). 

This LEED pattern persisted up to approximately 600 K. Further annealing of the 

surface to 620 K resulted in a fuzzy (2x2) LEED pattern, shown schematically 

in Fig. 4 (d). Annealing to 660 K caused the disappearance of the (2x2) LEED 

pattern, and no other ordered superstructures were observed after annealing to 

higher temperatures. We conclude from the above observations that the saturation 

coverage of nitrogen adatoms on Ru(OOl) following thermal decomposition of NH3 

at 2.8 x lo- ll Torr and 480 K is approximately 0.40, which is associated with the 

( Yf{f x 1Jf)R22.7° LEED pattern of Fig. 4 (a). The nitrogen overlayers with 

( V3 x V3)R30° and (2 x 2) superstructures patterns correspond to coverages of 0.33 

and 0.25, respectively. 

A (2x2) LEED pattern has been reported previously following the steady-state 

thermal decomposition of NH3 at an effective NH3 pressure of 2 x 10-ll Torr and 
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surface temperatures from 750 to 450 K (25). A saturation fractional coverage of 

nitrogen adatoms of 0.47 was estimated, and it was suggested that the observed 

(2 x 2) LEED pattern corresponded to three independent p(l x 2) domains rotated 

120° with respect to one another. The experimental conditions under which this 

nitrogen adatom overlayer on Ru(OOl) was prepared overlaps with the experimental 

conditions in this study. The failure to observe the ( v'[P x v'[P )R22. 7° and ( viJ 

X v!J)R30° LEED patterns could have been caused by readsorption of NH3 on the 

nitrogen-saturated surface, which also has an apparent (2x2) LEED pattern (34). 

The adsorption of NH3 and CO on the Ru(OOl)-( viJ x v!J)R30°-N overlayer 

was used as a chemical probe to investigate the effect of the nitrogen adatoms 

on the chemical properties of the Ru(OOl) surface. The reason for choosing these 

two particular probe molecules is that they interact qualitatively differently with 

the surface. The adsorption of NH3 causes a decrease in the work function (35), 

whereas adsorption of CO has the opposite effect (36). In the case of NH3, the 

binding is via donation of the lone pair of electrons on the nitrogen to unoccupied 

density of states on the metal, which results in a net transfer of charge to the surface 

and hence a decrease in the work function. The work function decreases rapidly 

by 1. 7 e V as the fractional coverage of NH3 reaches 0.20, and then less rapidly by 

an additional 0.6 eV when the surface coverage reaches 0.7 monolayer (35). In the 

case of CO, the binding involves a combination of donation from the Scr orbital 

localized on the carbon atom to the metal and backdonation from the metal into 

the 21r orbital of the CO, with the latter dominant (37-40). The work function of 

the Ru(OOl) surface increases upon CO adsorption by 0.5 eV at saturation coverage 

(36). 

We found that the presence of the ( viJ x v!J)R30°-N overlayer strengthens 

the bonding of NH3 but reduces the binding energy of CO to the Ru(OOl) surface. 

Thermal desorption spectra of NH3 on clean Ru(OOl) and on the Ru(OOl)-( viJ X 



- 136 -

..;3)R30°-N surface following various exposures of NH3 at 120 K are shown in Figs. 

5 and 6, respectively. The results for the clean Ru(001) surface agree very well with 

those reported by Benndorf and Madey ( 35) . The peak temperatures oft he thermal 

desorption spectra at low and approximately the same coverages are 320 K on clean 

Ru(001) and 385 K on Ru(001)-( ..j3 X ..;3)R30°-N, cf. curve (a) in Figs. 5 and 6, 

indicating clearly an increase in the binding energy of NH3 to the Ru( 001) surface 

of approximately 4 kcal/mol due to the overlayer of nitrogen adatoms. Thermal 

desorption spectra of CO at a fractional coverage of approximately 0.05 from both 

clean Ru(001) and the Ru(001)-( ..;3 x ..;3)R30°-N surface are shown in Fig. 7 (a) 

and (b), respectively. In this case the presence of the nitrogen adatoms reduces 

the peak temperature from approximately 520 to 440 K, indicating a weakening of 

CO bonding to the Ru(001) surface by approximately 5 kcal/mol. Assuming the 

same preexponential factors of the desorption rate coefficients on both surfaces, the 

binding energy of NH3 is increased by 20% and that of CO is reduced by 15% on the 

Ru(001)-(.J3 x ..;3)R30°-N surface relative to the clean surface. Note that the peak 

temperatures of the thermal desorption spectra are compared in the low coverage 

limit in order to avoid complication due to NH3 -NH3 and CO-CO interactions. 

A reduction in the binding energy of CO has also been observed on other sur

faces modified by nitrogen adatoms, including Ni(100) (13) and Rh(100) (41), and 

also on surfaces modified by other electronegative elements such as sulfur, chlorine 

and phosphorus (8). In addition to possible direct electrostatic interactions (2, 42) 

between the nitrogen adatoms and CO, the decrease in the binding energy of the 

CO can be caused by indirect, surface-mediated interactions between the nitrogen 

adatoms and the chemisorbed CO . The presence of the nitrogen causes a reduc

tion in the local density of states near the Fermi level (10), which could cause a 

decrease in the coupling of the 271" orbitals with the Ru(001) surface. Ammonia, 
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on the other hand, due to the nature of its bonding to the surface (donation of 

a lone pair of electrons to the metal surface), increases its binding energy to the 

surface in the presence of the electronegative nitrogen adatoms. One would expect 

qualitatively similar and quantitatively stronger effects on the binding energies of 

NH3 and CO on oxygen-modified Ru(001) surfaces, since oxygen is more electroneg

ative than nitrogen. These expectations have been confirmed experimentally on the 

Ru(001)-p(2x2)-0 and Ru(001)-p(1x2)-0 surfaces (34). 

5. SUMMARY 

Overlayers of nitrogen adatoms on the Ru(001) surface were prepared by ther

mal decomposition of ammonia at a pressure of 2.8 x 10- 6 Torr and a surface tem

perature of 480 K, and characterized both by thermal desorption mass spectrometry 

and low-energy electron diffraction, as well as chemically via the postadsorption and 

desorption of ammonia and carbon monoxide. The maximun fractional coverage of 

nitrogen adatoms obtainable under these experimental conditions is 0.40. The sat

urated overlayer has associated with it a ( 1Jf x 1Jf )R22. 7° LEED pattern and 

two peaks in the thermal desorption spectrum. Annealing the overlayer to approx

imately 535 K results in a rather sharp ( y'3 x y'3)R30° LEED pattern with an 

associated fractional surface coverage of one third. Annealing the overlayer further 

to 620 K, however, results in the disappearance of the low-temperature thermal des

orption peak and the appearance of a rather fuzzy p(2x2) LEED pattern with an 

associated fractional surface coverage of approximately one fourth. The presence of 

the ( v'3 x v'3)R30° -N overlayer affects the surface such that the binding energy of 

ammonia is increased relative to the clean surface, whereas that of carbon monoxide 

is decreased. 

Acknowledgment: This work was supported by the National Science Foundation 

under grant number CHE-8617826. 



- 138-

REFERENCES 

1. H . P. Bonzel, Surface Sci. Report~ 8, 43 {1988), and references therein. 

2. M . P . Kiskinova, Surface Sci. Report~ 8 , 359 {1987). 

3. D. W . Goodman and J. E. Houston, Science 236, 403 {1987). 

4. J . Oudar, Catal. Rev.-Sci. Eng. 22, 171 {1980). 

5. C . H. Bartholomew, P . K. Agrawal and J. R. Katzer, Advan. Catal. 31, 135 

{1982). 

6 . R . J. Madix, M . Thornburg and S. -B. Lee, Surface Sci. 133, L447 {1983). 

7. M. Kiskinova and D . W. Goodman, Surface Sci. 105, L265 {1981). 

8. M. Kiskinova and D . W . Goodman, Surface Sci. 108, 64 {1981). 

9. R. J. Madix, M. Thornburg and S . -B . Lee, Surface Sci. 133, L447 {1983). 

10. P. J. Feibelman and D . R. Hamann, Phy~. Rev. Letter~ 52, 61 {1984). 

11. J. E. Parmeter, U. Schwalke and W . H . Weinberg, J . Am. Chern. Soc . 109, 

5083 {1987). 

12. A. B. Anton, N . R. Avery, T. E. Madey and W . H . Weinberg, J. Chern. Phy~. 

85, 507 {1986). 

13. M. Kiskinova and D . W . Goodman, Surface Sci. 109, L555 {1981). 

14. W. Tsai and W . H . Weinberg, J. Phy~ . Chern. 92, 1245 {1988). 

15. M. Boudart, Catal. Rev.-Sci. Eng. 23, 1 {1981 ). 

16. G. Ertl , Catal. Rev.-Sci. Eng. 21 , 201 {1980). 

17. J. J . Vajo, W. Tsai and W . H. Weinberg, J . Phy.5 . Chern. 89,3243 {1985). 

18. S . E . Oh, G . B. Fisher, J . E . Carpenter and D. W. Goodman J . Catal. 100, 

360 {1986). 

19. W. F. Egelhoff Jr., in The Chemical Phy~ic~ of Solid Surface~, Eds., D. A . King 

and D. P. Woodruff, Vol. 4, Elsevier, Amsterdam, {1982). 

20. T. W. Root, L . D. Schmidt and G. B. Fisher, Surface Sci. 150, 173 (1985). 



- 139 -

21. C. H . F . Peden, D . W. G oodman, D. S. Blair , P. J. Berlowitz, G. B. Fisher and 

S. H. Oh, J. PhyJ. Ch ern. 92, 1563 (1988). 

22. D. Hasenberg, and L. D. Schmidt, J. Catal. 104, 441 (1987). 

23 . D . Hasenberg, and L. D. Schmidt, J. Catal. 91, 156 (1986). 

24. D. Hasenberg, and L. D . Schmidt, J. Catal. 91, 116 (1985) . 

25. W . Tsa.i and W. H. Weinberg, J . PhyJ. Chern. 91, 5302 (1987). 

26. L. R. Danielson, M. J. Dresser, E. E . Donaldson and J . T. Dickinson, Surface 

Sci. 11, 599 (1978). 

27. L. R. Danielson, M . J. Dresser, J . T . Dickinson and D . R . Sandstrom, Surface 

Sci. 11, 615 (1978) . 

28 . Y. -K . Sun, C. -Y. Chan and W. H. Weinberg, J . Vac. Sci. Techno/. A 1, 4298 

(1989). 

29. P. Feulner and Menzel, J. Vacuum Sci. Techno/. 11, 662 (1980). 

30. J . L. Taylor and W . H. Weinberg, Surface Sci. 18, 259 (1978). 

31. J. L. Falconer and R. J . Madix, J . Catal. 48, 262 (1977). 

32. A. Ozaki and K. I. Aika, in A TreatiJe on Dinitrogen Fization, Eds., R. W . 

Hardy, F. Bottomley and R. C. Burns, Wiley, N. Y., 1979, Chap. 4 . 

33. Y. -K . Sun and W . H . Weinberg, to be published. 

34. Y. -K. Sun and W . H. Weinberg, to be published. 

35. C . Benndorf and T . E . Madey, Surface Sci. 135, 164 (1983). 

36. T . E. Madey and D. Menzel, Japan J. Appl. PhyJ. Suppl. 2, 229 (1974) . 

37. P. S. Bagus, C. J. Nelin and C . W . Bauschlicher, Jr. , PhyJ. Rev. B 28, 5423 

(1983). 

38. G. Blyholder, J. PhyJ. Chern. 68, 2772 (1968). 

39. C . W. Bauschlicher Jr ., S. R . Langhoff and L. A. Barnes, Chem. Phys. 129, 

431 (1989). 

40. R. C. Baetzold, PhyJ . Rev. B 29, 4211 (1984). 



- 140-

41. W. M. Daniel and J. M. White, Surface Sci. 171, 289 (1986). 

42. N.D. Lang, S. Holloway and J . K . Norskov, Surface Sci. 150, 24 (1985). 

43. C. Benndorf and T. E. Madey, Surface Sci. 135, 164 (1983). 



- 141 -

Figure Captions 

Fig. 1: Thermal desorption spectra of nitrogen due to adatom-adatom recombination 

following thermal decomposition of NH3 on Ru(001) at 480 K and at ammonia 

pressure of 2.8 X 10- 6 Torr for various durations (in seconds): (a) 10, (b) 30, 

(c) 60, (d) 195, (e) 300, (f) 600 and 840. The ab.Mlute coverages of nitrogen 

adatoms are (a) 0.09, (b) 0.15, (c) 0.22, (d) 0.29, (e) 0.35 and (f) 0.40, respec

tively. The heating rate is 10.0 K-s - 1 • The small peak near 400 Kin curve (e) 

is caused by NH3 desorption from the nitrogen-adatom covered surface. 

Fig. 2: Surface temperature profile during the decomposition of NH3 • 

Fig. 3: The desorption energy (a) and the preexponential factor (b) of the rate coef

ficient of recombinative desorption of nitrogen from Ru(001) as a function of 

the absolute fractional coverage of nitrogen adatoms. The solid line in each 

diagram serves as a visual guide. 

Fig. 4 : LEED patterns (a)-(d) observed below 150 K following annealing the nitro

gen adatom-saturated Ru(OOl) surface to the temperatures indicated by a line 

marker on the thermal desorption spectra (e)-(h), along with structures pro

posed for the observed LEED patterns (i)-(k) . In the schematics of the LEED 

patterns (a)-( d), the filled and the shaded circles have approximately the same 

intensities, whereas the intensity of the open circles is less. The diameter of 

the ruthenium atoms is 2.71 A and that of the nitrogen adatoms (filled circles) 

is taken to be 0.75 A. The nitrogen adatoms are assumed to reside in the high 

coordination three-fold sites in Figs. (j) and (k), which is not possible in Fig. 

(i). 

Fig. 5: Thermal desorption spectra of NH3 from Ru(OOl) following increasing NH3 

exposures from (a) to (d). The low-temperature peak does not saturate with 
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increasing exposure. The heating rate is 3.0 K-s - 1
• 

Fig. 6: Thermal desoption spectra of NH3 from Ru(OOl)-( .;3 x .;3)R30° -N at in

creasing NH3 exposures from (a) to (d) . The low-temperature peak does not 

saturate with increasing exposure. The heating rate is 3.0 K-s- 1 • 

Fig. 7 : Thermal desorption of CO with a fractional coverage of approximately 0.05 

from (a) Ru(OOl)-(.;3 x VJ)R30°-N, and (b) Ru(OOl). The two spectra are 

displaced vertically for clarity. The heating rate is 10.0 K-s - 1 • 
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CHAPTERll. 

Conclusions 
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The principal conclusions of the research presented in this thesis may be sum

marized as follows: 

Chapter 2 

1. The activated dissociative chemisorption of methane and ethane on Pt(ll0)

(1 x 2) is studied under such conditions that the dissociation reactions proceed 

via a trapping-mediated mechanism that is manifested by the strong depen

dence of probabilities of dissociation of methane and ethane on the surface 

temperature while the gas temperature remains at 300 K. 

2. Dissociative chemisorption is activated for both methane with an apparent 

activation energy of 14.4 kcal/mol, and ethane with an apparent activation 

energy of 2.8 kcal / mol. These activation energies are measured with respect 

to the alkane in the gas phase. The activation energies measured with respect 

to the bottom of the physically adsorbed well (i.e., the activation energies of 

the elementary surface reactions) are approximately 18.4 kcal/ mol for methane 

and 10.3 kcal/mol for ethane. 

Chapters 3-7 

1. The catalytic decomposition on the Ru(001) surface was examined with ther

mal desorption mass spectrometry. Formic acid (DCOOH) chemisorbs disso

ciatively on the Ru(001) surface not only via the cleavage of 0-H bond to form 

a formate and a hydrogen adatom, but also via the cleavage of C-0 bond to 

form a CO, a deuterium adatom and an hydroxyl (OH) on the surface. The 

former is the predominant reaction. 

2 . The kinetics of the thermal desorption of C02 resulted from the decomposition 

of the formate via C-D bond cleavage is characterized by a kinetic isotope effect, 

an increasingly narrow FWHM, and an upward shift in the peak temperature 
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with the coverage of the formate. These kinetic features are attributed to an 

increase in the activation energy for the C-D bond cleavage of the formate with 

increasing formate coverage, which results from an alteration of the electronic 

properties of the surface by the presence of the formate. 

3. The overall probability of the C-D bon£ cleavage and C-0 bond cleavage re

actions of the formate is approximately equal, regardless the initial formate 

coverage, which causes variation in the activation energy for C-D bond cleav

age reaction. The desorption of water, which implies C-0 bond cleavage of the 

formate, appears at approximately the same temperature as that of C02 , indi

cating that the activation energies for the C-0 and C-D bond cleavage reactions 

of the formate are approximately the same and change in sympathy with the 

initial formate coverage. It is suggested that formate might decompose via the 

formation of a short-lived surface complex, which is composed of two formate 

and is the precursor to the decomposition. 

4. The presence of CO on the surface does not change the relative yields of the 

decomposition of the formate to the formation of C02 and CO, and was found 

to influence the reactivity of the formate slightly. The presence of oxygen 

adatoms on the surface, however, enhances the relative yield of C02 • 

5. The measurement of steady-state rate is demonstrated to be especially valuable 

in determining kinetics of the elementary reaction associated with short-lived, 

molecularly adsorbed precursor to decomposition on the surface. In particu

lar, The kinetic parameters of the molecular precursor of formaldehyde to its 

dissociation on the Pt(ll0)-(1 x 2) surface are determined. 

Chapters 9 and 10 

1. Overlayers of nitrogen adatoms on Ru(001) have been synthesized and char

acterized by thermal desorption mass spectrometry and low-energy electron 
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diffraction, as well as chemically via the postadsorption and desorption of am

m onia and carbon m on oxide. A series of order ed overlayer structures are ob

served. They are c1r X v'[f)R22.7° , (vfa X vta)R30° and p(2 x 2) with 

associated with them fractional surface coverage of 0.40, 0.33 and 0 .25. In 

the low coverage limit , the presence of the ( y'3 x vfa)R30°-N overlayer alters 

the Ru(001) surface in such a way that the binding energy of ammonia is in

creased by 20 %relative to the clean surface, whereas that of carbon monoxide 

is reduced by 15 %. 

2 . A general methodology for the indirect relative determination of the absolute 

fractional surface coverages is described and was utilized to determine the sat

uration fractional coverage of hydrogen on Ru(001). Formaldehyde was em

ployed as a bridge to lead us from the known reference point of the saturation 

fractional coverage of carbon monoxide to unknown reference point of the frac

tional coverage of hydrogen on Ru(001), which was then used to determine 

accurately the saturation fractional coverage of hydrogen. It was determined 

that o;r = 1.02 (± 0.05) i.e. the surface stoichiometry is Ru: H = 1 : 1. The 

relative nature of the method, which cancels systematic errors, together with 

the utilization of a glass envelope around the mass spectrometer, which re

duces spurious contributions in the thermal desorption spectra, results in high 

accuracy in the determination of absolute fractional coverages. 
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APPENDIX A 

Catalytic Dehydration of Acetic Acid on a 

Graphitized Platinum Surface 

[This Appendix consists of an article coauthored with J. J . Vajo and W. H . Wein

berg, which appeared in The Journal of Phy.!ical Chemi.!try 91 , 1153 (1987).] 
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Reprinted from The Journal of Phyoical Chemiotry, 1987, 9l. 1153. 
Copy riwht © 1987 by the American C hemical Society and reprinted by permiooion of the copy richt owner. 

Catalytic Dehydration of Ac etic Acid on a Graphitized Platinum Surface 

J. J . Vajo, Y.-K. Sua, aad W. H. Weinbel"J* 

DiviJion of Chemiu ry and Chemical Enginuring, California !nJtitute of Technology. 
PaJadena, California 91125 (Reuived: Ju ly 18. 1986: In Final Form: Cktober 17. 1986) 

Absolute reaction rates bave been measured tn a conunuous flow mtcroreactor for the steady-state. catalytic dehydration 
of aceuc actd to ketene at preuures between 8 X 10"7 and 7 X lo-' Torr and temperatures between 500 and 800 K. The 
catalyst was a polycrystalline platinum wtre contain ina approx.imately a monolayer of graphit ic carbon. At 6 75 K or above. 
for the enure range of preuures studied. the order of the dehydration reaction is unity with respect to aceuc actd pressure. 
In t hts regtme, the apparent activation energy is l ± l kcal j mol. and the extrapolated react ion probability at I 1 T • 0 ts 
(2.5-10) x lo-'. Under these conditions, the rate of dehydration is determined by a competition between the rates of dCSOfl'ttOn 
and surface reaction of molecularly adsorbed acetic acid. For temperatures below 540 K and pressures of J. S x 1 0~ Torr 
and above. the reactton rate ts independent of aceuc actd preuure, and t he apparent activation energy is 27 ± 2 kcalj mol . 
Under these condtttons. the rate of decomposttton of a surface Intermediate cont rols the rate of reaction. A mechaniStiC 
model is developed and discussed which describes accurately both the temperature and the preuure dependence of t he rate 
of dehydratton. 

I. latnMhlctioe 

It is well-known that carbon overlayers on transition-metal 
surfaces can affect both t1le reactivity and t11e selectivity of many 
heterogeneously catalyzed surface reactions. I-I' These effects 
may bave several origi11.1. For example. carbon adatoms may 
phystcally occupy specific surface sites that are nccesaary for a 
particula r reaction to occur, and they may chemically modify 
unoccupied sites by altering the electronic structure of the sur
face .12"14 Both of these phenomena can change the reactivity 
and/ or the selectivity of a heterogeneous catalyst. The effect of 
adsorbed carbon on both the reactivity and the selectivity of a 
catalytic reaction may be illustrated by co11.1iderina the decom
poeition of formic acid on t1le Ni( II 0) surface.' Since formic acid 
decomposition may produce either CO or C02• the relative rates 
of these cornpetina reactions provide a measure of selectivity. On 
t1le clean Ni ( 110) surface. the C0 2 to CO product ratio oblerved 
upon beating a saturation coverage of formic acid at 315 K is 1:1. 
On a carbided Ni( IIO) surface, formed by the dissociative ad
sorption of ethylene at 600 K, the product ratio is 10 * 5:1, 
whereas the total quantity of formic acid which decomposed is 
unchanged compared to the clean surface. However. a shift in 
t he temperature correspondina to the maximum rate of col 
production from 390 to 440 K indicatea that t11e activation eneray 
for C02 production iJ areater on the carbon-covered surface 
compared to the dean surface. Upon expolinc the Ni( II 0) surface 
to ethylene at 800 K , a graphitic overlayer was formed. De· 
composition of formic acid on thia surface produced only 0. 1 as 
much as on ~ clean and c:arbided surfaoea, and the product ratio 
was near umty. 

Recently, t11e decomposition of acetic acid over a polyc:rystalline 
platinum wire was studied in our laboratory at a pressure of 7 
X I~ TOIT and at temperaturea between 300 and 900 K.11 Two 
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disparate kinetic reaimes were obKrved. On the init ially clean 
platinum surface, acetic acid decomposed to yield C O, C0 2, H 2, 

and adsorbed carbon. No water wu oblerved during this transient 
production of CO, C01, and H 2. The adsorbed carbon ultimately 
poiloned the reaction channels producing CO, C 0 1, and H2, while 
simultaneou.ly initiating the steady-state, catalytic dehydratton 
of acetic acid to ketene and water. Similar to the results described 
a bove for formic acid decomposition on nickel. both the reaction 
rate and t1le CO, to CO product ratio were found to be dependent 
on the carbon adatom concentration in the first regime. Since 
graphitic overlayers on platinum surfaces are formed readily from 
carbon adatoms at temperatures above 750 K. ' ~" the carbon
covered surface which dehydrates acetic acid and which is formed 
at 900 K is araphitic.11 Moreover, the carbon adatom concen
tration, determined from oxygen titra tion measurements. corre
sponds to approximately one monolayer of the basal plane of 
graphite. 

In the work described here, we shall focus on t he steady-state 
dehydration of acetic acid to ketene and water which occurs only 
on the graphitized platinum surface. Absolute reaction rates have 
been measured for reactant pressures between 8 x I o-' and 7 x 
I~ Torr and at temperatures between 500 and 800 K. The 
steady-state reactivities of acetic anhydride, acetone. methyl 
acetate, and isopropyl alcohol on the graphitized surface also have 
*n investipted briefly. On the basis of these results, together 
with thoec of thermal desorption measurements, a conststent 
mecbaniJm of the acetic acid dehydration reactton is developed. 
For completeneaa, the decomposition of acetic acid on the clean 
platinum surface il dcecribed briefly, whereaa a detailed di.scusston 
of both thil reaction and the nature of the carbon overlayer is 
presented elsewhere." 

The orpnization of this pe.per is as follows. In section II the 
experimental detaila are deoc:ribed.. and t1le experimental data are 
presented in section III. The reaction mecbantsm is developed 
and dilcusaed in section IV. F'tnally, t1le map results of this work 
are summarized in section V. 

U. Ex~ ProeM.• 
The experiments were performed over a range of preuures from 

8 X 10'"7 to 7 X lo-' TOIT in a steady-state flow microreactor that 
has *n described previously."·" The catalyst was a 20-cm 
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length of0.0125<m4ameter higb-punty (99 99%) polycrystalline 
pia unum wtte. All reagents were e1ther reagent or research grade 
and were punfied further by freeze-thaw-pump cycles an liqu1d 
nmogen. Isotopically labeled ethylene. 13C 1H. (98 atom % llC 
from MSD lsocopes). was used w1thout further punficauon. 

The react1on products. wh1ch were sampled vta a cap1llary tube 
from the ma1n chamber of the reactor. were monuored continu
ously by a m1crocomputer-1nterface EAI 1200 quadrupole mass 
spectrometer. located in a high-vacuum chamber of the reacto r 
of which the base pressure is below 10"" Torr. Absolute reaction 
rates fo r the steady-state dehydration of aceuc acid were deter
m ined by monitonng the change in the parent ion signal at 60 
amu and usang the ar.propnate continuous starred tank reactor 
(CSTR) formalism. ' ·" The reactor was well characterized as 
a CSTR by a senes of step-response experiments. 11 Average 
convers1ons were below 5% except for temperatures above 600 
K at 7 x Ia-' Torr. where averaae convers1ons were ~2~. 
However. ~rate measurements in which the average c:onversi0111 
were below 8% for all conditions pvc identical results."' 

For thermal dcaorpuon measurements. the bellows valve sep
aratina the main reaction chamber from tbe high-vacuum section 
was opened. a nd the sample was translated into the high-Vllcuum 
section (see Figure 2 of ref 18). Heatin& was aooomplished with 
a constanH:urrent power supply which produced a nearly linear 
tcmpenture ramp of 20 K/ s over the tcmpenture ranae 350-650 
K. Temperatures were measured with a W-S% Re/ W-26% Re 
thermocouple which was spot-welded near the center of the 
platinum wire. 

Two differ-ent platinum wire& wen: uaed in thia study. Initially, 
each one was heated in 0. 1 Torr of OXY&en (99.99%) at 1000 K 
for 3 hand then reduced in 0.1 Torr oi hydroten (99.995%) under 
the same oooditiona. Approximately ten cycles of this procedure 
led to reproducible, steady-state rates of acetic acid dehydration. 
A sin ale oxidation-reduction cycle at 10"3 Torr and I 000 K for 
30 min was conducted prior to each experiment to remove carbon 
that had~ depoaited durin& previous uetic acid dec:ompcmtion. 
This treatment was found to produce a clean platinum surface, 
as iudaed by the reproducible ratea oi the uetic acid dec.ompolition 
reactions which occur on the initially clean surface11 and the 
steady-state rates of dehydration of acetic acid llfter formation 
of the arapbitic overlayer. After the initial cleaning treatment 
at 0. 1 Torr. lonaer oxidation-reduction cycles at JO· l Torr did 
not chanae the measured rates. 

m.~taJR...,.. 

I . Ac~llc Acid D«ompoliiiOif. Relative rates of production 
oi CO, CO,. H:. Hp, and CH~ (ketcoc), UIIClOr1"CCUd for tDUI 

spectrometric sensitivities and pumpinc speed&. from an initially 
clean platinum surface an: sbowD in rlJIUC I u a function oi time 
durin& a constant flow (averaac ruidcoce time ol 3.6 s) of acetic: 
acid at a preuure of 7 x Ia-' Torr and a surface tempenture of 
900 K. It i.l a~rent that the rates of production of CO, C01, 

and H 1 pua throuah a maximum and dcocline nearly to their 
respective back&rouncl values. CoiDc:ident with the decrease in 
the CO, CO,. and H1 sipla. the rates oi formation oi both lcet.me 
and water rix to steady-state values.11 'l1lac steady-state rates 
have '-tl oblerved for more than 2 b, correspondina to well over 
100 catalytic "uunoven" per aurface site, without sianificant 
change. Under thele steady-Illite condition~, no reaction products 
were detected other than ketene and water. The minimum in the 
ketene sianal. which coincides with the maximum for CO, C01, 

and H 1 in Fipre I, is a consequence of the fact that mass 42 is 
abo a fraamentatiOfl product of acetic acid. The nunimum. 
therefore, is associated with the decompoeition of aceuc acid to 

( 20) For .- npenmcnta, tbe COII\'erlion wu lowered by placina an 
acldi~ pounp on tbo ot1tleo ol tbo .-. tboroby doocreuina tbe roaoc1c:ncz 
umc ol tbe a-'c acid. 

(21) 11M: e~U&tciiClC ol ketene wu conllnnecl by mon&tonna 1be pan:nt ion 
sianal at 42 amu and 1hc fraamentatioft pooducu at 41. 21. and 14 amu. 
Wa1er wu mon&tonld at II amu. For tbe fnJmCfttatioll &ntcn~~ua of ketene. 
- : Cornu. A.: Muu1. R. Co,.pllatiOit of !titUs Sp«lra/ D<l1a , 2nd ed.; 
Heydon and Son: New York. 1975: Vol. I. 

Trans•ent Decompos1t10n of Acet•c 
Ac•d on Clean Plo11num 
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f'llwe t. Time evolution curv .. (O< tbc production of CO. CO,. H,. 
H10 , &Dd C H,CO (42 amu) dunna tile constant e•pooun: of an &nlllally 
clea~~ piaUIIum sllrlaoc to aocti<: &Cld at 7 x Ia-' Torr. At 1 • 0. the 
sllrlace temperature ..... IIICf'eUCid II • rate of S~S4 K/ 1 from JOO to 
9eO K &Dd u.cr--tt.cr bdd conatanlal 900 K. The data an: unco<TeCted 
for fr&~JDG~tatlOD, muaspectrometnc KtiiiUviu ... and pumpu~aspccda 

CO, C01, and H 1, and it is unrelated to ketene. 
The relatively slow rix in the water sianaJ, compared with tbe 

ketene sianaJ, is due to a<borption of water on the walls of the 
vacuum system. ThU bas been conftrmed by independent step
response experiments. After correction for mass spcctrometnc 
sea.itivities and pumping s~. the lll&SI 42 and mass 18 
steady-state Sl&nals shown in Figure I correspond to a I I molar 
rauo of ketene to water. 

After expoeure to acetic acid. the platinum surface contauu 
a subatantial concentration of carbon adatom.s, as judged from 
OXY&eD titration experiments in which predominantly C02 IS 

formcd.11 The concentration of surface carbon atoms followang 
a 9<H expoeure to acetic acid at 7 X Ia-' Torr and a temperature 
of 900 K was (2.6-3.5) X IO" em· 1. Expoeure of the platinum 
surface to acetic acid at I 000 K for S min did DO( alter the carbon 
adatom concentration. Althouah the surface that results from 
expoeure to acetic acid at temperatures below 900 K was not 
examined extensively, it appears that for surface temperatures 
above 700 K an identical surface may be prepased with a suffi
Ciently long expoeure (annealing) time. The carbon adatom 
concentration produced from expoeure to acetic acid at 0 I Torr 
for 90 sat 900 K was 5.9 x 10" em· 1. Other pressures were not 
investigated in detail. A similar concentration of carbon. 2 4 x 
IO'' cm·1, was produced from a 90-s exposure of the surface at 
900 K to 7 X I a-' Torr of ethylene. For comparison. the surface 
atom densities of Pt( Ill) and of the basal plane of graphite are 
1.5 X 10" cm· 1 and 3.8 X IO" em·1• respcc:tively.u 

To summarize, on an initially clean platinum surface. aceuc 
acid decompoees to co. col. and H , and produces a grapbltiC 
overlayer. The surface becomes po00ned to these decompos1110n 
reactions, and subaequently, on the graphitic surface. aceuc ac1d 
dehydrates catalytically to ketene and water. 

1. Suady-S1a1e Deltydration Ki ftltl ics. Absolute steady-state 
reaction rates for the dehydration of acetic acid to ketene a nd 
water over the graphitized platinum surface are shown 1n F1gure 

(22) ,_val,_ rauJt from .-uruna a be:u.,.,.Uy cloae-pocked •wfaot 
and an at~ tom di.tanc::c of 2.7~ and 1 42 A. ror plaunum and ar aptutc 
respecuvc:ly 
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Calalyuc: Dehydration of Ac:cuc: Ac:1d 
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f'llwn 1. Arrbeuiv.a plato or tbc ralC or dehydration or acetic acicl al 7 
x llr and 3.5 x 1cr Torr. For .. cb ~ aarsptuuc O¥criaycr wu 
r~nt prql&nld by cxpooina a clean platinum surface to 7 x Ia-" Torr ol 
acetiC aacl at 900 K ror 90s. The error t.r at 10'/ T • 1.4 indicateo 
the vanauoa ID the raiC obocned by ._lAidly I'CtDO¥UII and clepoaltifta 
the arapllitic: oocrlaycr. The IU.. ore tbc reoult.s or model cak:ulationo 
wbiCb are dcocnbed in tbc tcsL 

2 u a f\lftCtioa of reciprocal temperature for presaures of 7 X I~ 
and 3.5 X I~ TorT. Tbe lcinetic:s diaplayed in Fisure 2 are 
euentially identical for aU the methocb that were tiled to prepare 
the p-aphitic OYa"layer, includina p-aphilC formation from ethylme 
(d. scc:tion rn. t ). In addition, armealina the p-aphitiMd surface 
under vac:uum at I 000 K did not c:hanae the obeerved lcinetic:s. 
For tbe dala presented explicitly bere, however, eac:b of the 
araphitic overlayen wu prepared by expc»ina the initially c:lean 
platinum surface to 7 x I~ TorT of acetic: acid for 90 s at 900 
K. At low temperatura(~~ K), the steady-state reaction rate 
is indepeodent of acetic ac:id sw-ure. u~ thele c:onditiona, 
the apparent activation eneray is 27 :t: 2 ltc:al/ mol. with an ex
trapolated intercqlt at 1/ T • 0 a( (0.2- 1.6) X loa' mo&eculel/(anl 
s). At hiper temperatuRa (i!!:675 K), the reaction rate sc:alee 
linearly with tbe acetic: acid sn-ure, aod the activation eneray 
dcm:ua to I :t: I ltc:al/ mol. In tlriJ rqimc, the utrapolated 
intercqlt at biah temperatura is (0.7-2.1) x I 0 11 moleal.lee 1 ( an1 

s TorT) . Tbia correapoada to a reac:tioo probability per surface 
oollilioll a( acetic: add a( ( 2.~ I 0) X I~. The en'OI' bu at I Ol/ T 
• t.• in F'1&Uf'C 2 indicatel the variation in the meuured rate alter 
repeatedly c:lcanina tbe surface aod redepoeitina tbe araphitic 
overlayer. The dehydration of pmlcuterioaoetic: acid showed no 
detectable iaocopc effoc:t Wider any oond.itiom, altbouah the un
oertainty in the m.aured ac:tivatioa eneray would have ot.c:ured 
any c:llaqe in the ac:tivatioo -.y that is'- than 1-2 ltc:al/ mol. 
Tbua. a primary iaocopc effoc:t imolviDa cleava,c of a C-H bond 
with a vibrational frequency a( 3000 an·• would not be obeerved, 
siDoe tbe expoc:ted inaeuc in the activation eneray is only 1. 1 
ltc:alf mol for C-D bond clava,c. 

At the 1owe1t temperatura atudied (:S5-40 K). the steady-slate 
CO ficnal. wbic:h is a fTapncnlatioa product of ketene. increased 
relative to the kdcDe IIIUI spoc:tromctric: intemity. Since the ITIUI 
spoc:aOIDtUic intemitim at tlaelow temperatura an: approachina 
our dctec:tioo limit, it wu not pc»aiblc to quantify this behavior. 
HOWCVCS', this may repreacut another steady.,.late dec:ompc»ttion 
mechanism wbic:h c:ompc:tca with dehydration to ketene at low 
temperatura where the a.eraJl rate of decompc»1tion is very small 
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f'llwe .. Tbcnnal daaorptioa spectrum or lr.etenc ronowtna enber reac
tioa at elevated tempcnturco (500-700 K) and coohna to 300 K on tbe 
pt'COCDCC o( aceuc aacl or cxpoautc or the arsphiuc O¥erlaycr to aceuc 
acid ot 300 K. The beotina rate wu 20 K/ s. ODCI tbc muunum de· 
sorptioo rate OCC\In at 520 K. 

(c.a .• the reaction probability at 5-40 K aod 7 X I~ Torr is 
approltlm&tely 10"'). 

Fiaure 3 showa the steady-slate rate of dehydration of acetic: 
acid u a function of preuun: from 8 X 10"7 to 7 X I~ Torr at 
6 7 S K. Tbc reaction order with rea poet to acetic ac:td rreuure. 
mcuured from the dala that were recorded below 10" Torr. is 
0.95 ~ O.OS. While the ,/ativc ratea determined at these low 
preuurea are quite ac:c:urate. the c:alibratioo that is ncc:euary to 
c:alc:ulate abaolute ratea is di!fic:ult at low preuurea. The error 
bu at 3 X I~ Torr indic:atee the ablolute error present tn all 
the dala at preuures below 10"1 Torr. Considerina thiS rather 
larae ablolute error aod tbe much smaller uncertatntles for 
measurema~taat hiabc:r prcuurea. a fu:st-order dependence of the 
rate on preuure is sugeated at 6 7 S K over the entire ranae of 
pi'CUuree studied, i.e., for pi'CUurea below 10"1 Torr. 

Steady-alate dehydration of acetic acid was abo c:ooduc:ted on 
a araphitic surface c:ompc»ed of uc to uoertain tbe slabuay of 
t he arapbitic overlayer. Tbc llC-labeled surface was prepared 
by expoUn, the clean platiJlum surface to 1 x I~ Torr of llC1H. 
for 90s at 900 K. Companaon of the uc surface c:oncenuatlon, 
determined by oxyaea titrauon, foUowina dehydration of ac:ctlc 
acid at 1 X I~ TorT aod 675 K for 20 min with the llC surface 
concentration mcuured without reaction revealed that the 11C 
atoml remain on the surface durin& the dehydration of aoetJc: aCid. 
Hence, tbe dehydration of aceuc: aad over arapbllued platinum 
is a "c:alalytic:" reaction in the strictest sense; 1.e., no component 
of the "c:alalyst" is incorporated into the reaction product . 
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J TIJ~rmallNsorpllon M~asuu~11/s. A thennal desorption 
spectrum of ketene foUowmg exposure of the graphmzcd platlllum 
surface to 7 >< I~ Torr of acetic acid for 240 s at 300 K tS shown 
1n Figure 4 A s1ngle peak occurs at a temperature of 520 K . 
The desorption spectrum 1s 1ndependent of the delay time asso
Ciated wnh t ransferrtng the sample from the reaction chamber 
to the h1gh-vacuum chamber. Moreover. the desorption spectrum 
tS llldependent of exposure ume (>4 rrun) and surface temperature 
( between 300 and 700 K). provided the surface ts cooled to 300 
K before the acetic acid is evacuated. Exposures at pressures below 
7 X I~ Torr were not mvestigated. An approXimate cahbrauon 
us1ng the mass spectrometric sensitivity and the pumping speed 
for col indicates the desorption of {0.1-5) )( 10" molecules/cm1 
of ketene. Although the desorption of neither acetic acid nor H 20 
was observed. these spec1es would not be detected for surface 
concentrations below approximately 5 >< JOil cm· 1 due to the 
adsorption of acetic acid and H 20 on the system walls. 

Carbon monox1de was also observed to desorb from the gra
phitized platmum surface following exposure to aceuc acid. The 
peak temperature was approximately 540 K and showed the same 
independence of surface temperature and delay time m transfer 
as ketene. The amount of CO that desorbed corresponded to 
approJUmately half the amount of ketene that desorbed and (as 
vcnfied by llldcpendcnt measurements) was not due to adsorption 
from the background. This desorption of CO may be related to 
the Increase 1n the ma.u l8:mass 42 ratio observed at low tem
peratures dunng the steady-state reaction (cf. section 111.2). Due 
to tbe lack of quantitative steady-state data concermng tb1s re
action pathway, however, the origin of the CO was noc inveaugatcd 
further . 

4. St~ady-Stau R~action of R~/aud Compounds. To gain 
further ins1gbt into the mechanism of the steady-state dehydration 
of acetic acid, the reactions of four functionally related model 
compounds, namely, acetic anhydride, isopropyl alcohol, acetone, 
and methyl acetate. were investigated briefly. In each case, tbe 
graphitic overlaycr was prepared in a maMcr identical with that 
UM:d for the steady-state measurements of acetic acid dehydration. 
i.e., an exposure of 7 X I~ Torr f acetic acid for 90 s at 900 K. 
The rates of decomposition of each compound were measured at 
a pressure of 7 >< I~ Torr. Acetic anhydride decom~ 
prcdonunant.ly to ketene and acetic acid, with an activauon cna'JY 
of Il- l 5 kcal / mol which was constant aver the temperature ranee 
42()-650 K. A nunor amount of water, < 1% of the acetic acid 
Signal, was ot.erved above 535 K. Isopropyl alcohol dehydrated 
to propylene and water. with an activation enct'JY decreasing from 
approx.unately 16 kca.l / molat tcmperaturet between 450 and SOO 
K to approximately J kcalj mol at 625 K. Quatitauvely, the 
observed steady-state lr.inetica for the dehydration of isopropyl 
alcohol are s1milar to thole for acetic acid dehydration. Acetone 
and methyl acetate showed no reaction at any temperature studied 
{:S700 K). 

IV. ~ 

I . R~actlon Klrwtlcs and Ads~d /nurm~dlaus. For tem
peratures below approximately 570 K and preuurcs between I o-1 

and I~ Torr. the steady-state rate of dehydration of acetic acid 
to ketene on graphitized platinum exhibits a linear Arrhenius 
behavior and a diminisbina dependence on acetic acid pressure 
as the temperature dccrca5CS {cf. Fiaure 2). These observations 
suggest that under these conditions the catalytic surface is nearly 
saturated with either acetic acid. a reaction intermediate, or a 
reaction product. Since the beat d adlorption of acetic acid. water. 
and ketene on graphitized platinum is expected to be :S5 kcal / 
moi.U a mechanism in which the surface is saturated with an 
tntcrmcd.iate in the dehydration reaction species is implicated. For 
example. the intramolecular elimination ~water from molecularly 
adsorbed acetic acid is not a viable mechanism of dehydration, 
since mol~n.lar acetic acid would be adsorbed revcn1bly at 300 

(2J ) KO<WtcUO¥, A V . Sbcbcrbclto¥a. K . 0 . J CA,omatotr 1910, 49, 
21 
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K Moreover. the thennal desorpuon of ketene at 520 K followmg 
both exposure of the surface to acetic ac1d at 300 K and the 
reaction of acct1c ac1d at elevated temperatures IS 1dent1cal. 
proVlded the surface IS cooled in the presence of aceuc aetd Th1s 
result 1mplics that the adsorbed intermediate 1n the reac tion IS 
stable and readily formed at 300 K. 

Information concem1ng the reaction mtermediate 1s prov1dcd 
by the observed reactivities of methyl acetat e. acetone. and ISo

propyl alcohol. On the basis of both these results and those 
pertaining to acetic acid. we suggest that the physically most 
reasonable Intermediate which leads to ketene from acetiC ac1d 
dehydration is a monodentatc acetate, designated ~ 1 -CH1COO(a). 
formed by the dissociation of the oxygen-hydrogen bond of acetic 
acid . As discussed below. this intermediate is conSIStent w1th the 
observed reactivity {or lack thereof) of methyl acetate, acetone, 
and ISOpropyl alcohol, as well as that of acetic acid on the gra· 
phitized platinum surface. The observed lack of react1v1ty of 
methyl acetate tn which tbc hydroxyl hydrogen of acetic ac1d IS 

rqllaocd wtth a methyl group indicates tbe tmporunce of the aetdte 
hydrogen. Since tbc oxygen-carbon bond is substantially more 
difficult to cleave than tbc oxygen- hydrogen bond. d1SSOC1at1on 
of tbe aetdic bydroscn is implicated tn tbe formauon of the surface 
Intermediate. Note that since the heats of reaction for both the 
dehydration of acetic acid and tbe elimination of methanol from 
methyl acetate are approximately 3-4 kcal / mol.lA arguments ba.scd 
solely on thermochemtstry cannot account for the observed d1f· 
ferenccs m reactivity. Similarly, acetone. m wh1ch the hydroxyl 
group is replaced with a methyl group, is unreactive. 

The relative importance of tbe acidic hydrogen ts also illustrated 
by tbc dehydration of isopropyl alcohol, wb1cb ex.b1bits lunetlcs 
that a.re qualitatively similar to those of acetic ac1d. Although 
much leu acidic than that of acetic acid. the hydroxyl hydrogen 
or-2-propanol can disllociate, forming an allr.oxy intermediate. This 
alkoxy intermediates that is formed by cleavage of the oxygen
bydroaen bond of 2-propanol is analogous to the monodentate 
acetate intermediate that is formed from cleavage of t he ac1dic 
hydroscn from acetic acid. Since the intermediates arc analogow. 
similar kinetics may be expected. In addition. the measured 
apparent activation energies at low temperatures of 27 and 16 
lccal j mol for tbe dehydration of acetic acid and 2-propanol vary 
oonailtcnt.ly with the C-QH bond enerJIIes of 107 and 92 lccal/ mol 
for acetic acid and isopropyl alcohol. respectively.1.1 Assummg 
the same relative c-o bond eneraics in tbe adJorbcd intermediates. 
tbe oblerved activation energies indicate that the cleavaac of the 
c-o bond can be important in controlling tbe rate of decompo
sition of tbe surface intermediate. 

In contrast to the lrinctics oblerved at low temperatures ( .:S570 
K), at bigb temperatures {2:675 K) the rate of dehydration of 
acetic acid is (trSt-ordcr in acetic acid pressure. and the react1on 
pro~bility appro.chcs {2.5-10) x 1~. This low reaction 
probability indicates that the vast majority of acetic aetd molecules 
w hicb adaoJb {weakly) on the surf ace sut.cq ucntly desorb Without 
reactina. Hence, the steady-state surface coverage of acet1c aetd 
.., csacnual.ly equal to tbe equilibrium value in the absence of any 
decomposition. A low reaction probability of acetic ac1d 1s also 
consistent with our measurements of the decomposition of acet1c 
anhydride. Although acetic anhydride decom~ read1ly to 
ketene and acetic acid. only a small fraction (<I%) of the acetic 
acid that is formed on the surface reacts further via dchydrat1on. 

2. M~cllanistic Mod~ling. The steady-state reaction kinetics 
and tbe thermal dcaorption measurements, taken together. 1m ply 
that tbc dehydration of acetic ac1d proceeds v1a an trrevers1bly 
adJorbed intenncd.iate. Altbou&h the mechanistic model dcscnbed 
below poatulates that this adJorbed intermediate is a monodent.lte 
acetate, tM num~rical r~swlts ar~ ins~nsiti~ to til~ str11ctur~ of 
tM t111umdiau provided it is nadily fon-d aJ JOO K and stab/~ 

(24) TbJa reoult 11 baled oo tbc followtna valv• (O< the • •now hcau of 
formatJOO. 11/f,(accttc aad) • - 106.7. AH,(methyl acetate) • - 98 .l.Jf, 
(kc<aM) • - 14.6, .111,(-tcr) • - S7.1. and 11/f,(mctbyl ala>bot ) • -48 I o\JJ 
qvanuua arc 1a kcal / mol (O< the ... pb.uc al 291 K . 

(H) HaNJbook ofCA•mwry aNJ I'AyliCJ . 51st eel., Weast, R C Ed 
Cbcmtcal Rubber Co .. Clcvclaod, OH. 1970: p F-1 66 
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Catalytic Dehydration of Acetic Acad 

TABLE 1: Mo4el Pan-en for tk Dday~ .. - of Acetic Aciol .,. 
• Gropllltb ... Plan- Soorf•ce 

~ I 
4:

1
1°} l X 1010 5- 1 

£ 1 27 S kcal / mol 
.t 1tOl 7 x to-'0 cm2/ s• 

• Reference 27 • Reference 26 . 

£ , 
£ ,- £. 
/c ,tOijlc,tO) 

... 

upon lr~atmgto approxrmatrly 510 K. 

0 kcal/ mot• 
2 kcalf mol 
to-• 
1014 em-a 

A.ssunung a monodcntatc acetate antcrmediatc. the dehydrat:on 
of aceuc actd may be written mechanastically as follows 

.. 
CH,COOH{a) - .,1-CH,COO{a) + H{a) {2) 

.,1-CH,COO{a) ~ CH2CO{g) + OH{a) {3) 

•• OH{a) + H{a) - H 20{g) {4) 

where S{B) reprcaents tbe functional dependence of tbe probability 
of adsorption of acetic acad on the fractional coverage of each 
surface species; F is tbe molecular flux of acetic acid to tbe surface: 
and 1c •• k ,. k2, and k, are the reaction rate coefficienu for the 
desorption of acetic acid and the three surface reactions. The 
probability of adsorption of acetic actd may be wnttcn as 

S(B) • SO( I - L:B,) {S) , 
where SO is the probability of adsorption on the graphitized 
platinum surface in the linut of zero adsorbate coverage, 8, is tbe 
fractional surface coverage of species ;, and the sum as over all 
surface species. Each of the reaction rate coefficienu may be 
wntten ask, • k,t0l cxp(- E,flc,n with {assumed) covc:raac:-in
dependent preexponential facton k,t0l aocl activation enet"gies £ ,. 
To calculate the steady-state rate of acetic acid dehydration via 
this mechanism. tbc steady-state material balance equations for 
eacb surface species were solved. Since only three of tbe masa 
balance equations arc linearly independent. tbe additional as
sumption tbat B,•<H,coo is equal to~ was invoked. As d~ 
below, the rate of reaction 4 is rapid compared to that of rcacuon 
3. validating tbis assumption. The probability of molecular ad
sorption of acetic acid on tbe clean anphitic surface SO was taken 
to be unity, and the surface site density,.,, wbicb is neccsaary to 
calculate absolute rates, was taken to be 1014 cm· 2.

16 For tbc 
rccominative desorption of watet", reaction 4, tbe preexponential 
factor and the activation cnet"IY bavc been determined from a 
molecular beam invatiption of tbe Hz(>+ ~ excbanae reaction 
on pyrolyti<: graphite. 27.ll Tbu., tbe model described by tbc 
elementary reactions 1-4 contains four parameters, namely k,<o) 
and £ 2 and tbe compolitc quantitial £ 1 - E• and ~c.;<~nJki111 . Thae 
parameters were adjusted until tbe bat description of tbc ex
perimental data was obtained. Tbc valuca fat each of tbe vanablea 
used in the model cak:ulations are given in Table I, and the model 
resulu for the dehydration of acetic acid at 7 X l~ and 3.5 X 

1~ Torr arc compared with the experimental data in Figure 2. 
ObviOIUiy. the model aocuratcly dcscriba both the temperature 
and the pressure: dependence of the reaction rate. 

Although tile: model contains four adjustable parameters. a 
consideration of the analytic form of tbe reaction rate in the lirruu 
of higb and low temperature illustrates that the values of these 
"adjustable" parameters are actually quate severely constraaned 

(26) 8uod on the excluded ara olan •ccuc aad molecule. the saturatiOn 
siU'fac:e dcntuy Ll approKnnately 101" cm-1 

(21) Olander. 0 . R.; Aclwya. T. R.; Ullman. A. Z. J Clu"' I'Ay1 1m. 
61. 3549. 

!211 S.loocb. M .. Olander. D. R. J. 0•"'· I'Ay1 . Jt75. 6J. 4712 

Th~ J ournal of Plrys•cal Clr~mrstry. Vol 91 . . Vo 5. 1987 1157 
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Acw- 5. One-<limcDJaoa.al potenual eneray diaaram ollustraung the 
cawyUC debydtauoa ol•ceuc &Cid to kcteoc C7>1et. araptutt.ted plaunum 
surf•ce. Tbc encrJY levels b.ave been calcw•ted by cbocotna aceuc acod 
m tbc pa pbaoe as tbc reference level and USU\1 tbe bond enerJles hJled 
on Table 11. 

by tbe data. ln the limit of hiah temperature. wbet"e the coverage 
of all surface species appra.ches zero, the reactton rate becomes 

S0Fk,<O) 
R • ----- exp[-{£1 - £.)/lean (6) 

/cd(O) 

Thu., the activation eneriY ob.erved at bigb temperature.- l :1: 
1 kcalj mol, ia equal to E, - E •• and the reaction probabahty at 
1/ T • 0 is S0k1 <fit J ~c.J<1¥1 . At low temperature, the surface becomes 
saturated with tbe reaction intermediates 'I '·CH,COO{a) a nd 
H{a). Since fOC" all the reaction conditions studied the fractional 
surface coveraaa of molecular acetic aetd. lcetcnc. and water arc 
nc&li&ible, 8,•-cw,coo • Bw • O.S. and the reaction rate at low 
temperature may be written as 

R • O.Sn,k2<
01 exp(- Ezlkan (7) 

Tbc oo-ved ac:tivatioo energy. 27 :1: 2 lccal/ mol. is therefore equal 
to £ 2, and tbe extrapolated intercept at I~T • 0, {0.2- 1.6 ) X 1024 

molecules j {cm2 s). is equal to 0.5n,k2< l . 

An analysia of the thermal deso~tion meuurements provades 
ind~fNnd~fll determinations of k2<0 and E 1. Cahbratlon of the 
ketene thermal de~<>rption spectrum indicates the desorption of 
{0. 1- S) X tOll moleculeaj cm1• O.Sn,, of ketene. U!ing thas range 
of valuea tO&ether with the measured result n,k1

1 1 • {0.4- 3 2) 
x IQl" moieculea/ {cm1 s) yields lc,<~n • {0.04-16) X 1011 s· • Sance 
we arc: pc»tulatina tbat ketene oripnatea from the una molecular 
decompolitioo of an adlorbcd intcnnodiatc. a first-ordet" Redhead 
analysia29 applied to the thermal desorption spectrum of lcetene 
usina T. • 520 K and k2t01 • {0.04-16) x 1011 s· • is appropnate. 
Tbia ~ £ 2 • 23-29 kcal/ mol. which agrees well watb tbe value 
of E determined independently from tbe steady-state lonctlcs. 

In
2 

order for the mecbaniam embodied by reactions l - 4 to 
describe tbe experimental data correctly, the rate coefficaent for 
tbe recombinative dctorption of molecular bydrosen must be small 
compared to that fOC" tbe production of water. The desorpuon of 
molecular bydro&en followang both the adsorption of atom.ac hy
droten aocl tbe disaociative adsorption of water bas been studaed 
on pyrolytic &rapbite27.ll These resulu indicate that hydrogen 
is produced from disaociatively adsorbed water only at tempera
tures above 2000 K. and even undet" these conditaons. the rate of 
production of water is an order of magrutude lar&er than that of 
bydroaen desorption." An analysis of our modelandacates that 
k,n. z > > k:n, fOC" all conditions studied; e.g .• a '"worst" case occurs 

(29) Redhead. P A. I'Gel<u"' IMl. 11. 203 
(JO) McMiUcn. D. F ; Golden. 0 M . AMU. Rft1. n yl Ch•"' t911. JJ. 

49). 
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TABLE U: ac-1 EMrpe. f« doe Dnydradooo of Ac:dk: AcW oe a 
Gra,-duol Pia~ s.rface 

bond ener&Y. 
bond kcalj mol note 

C H1CQO-H 107 a 
CH,C0-0H 107 b 
C H1COOH- S 5 c. d 
c H,co-s 5 d 
H,o-s 5 d 
H- S 61 
HG-S 58 f 
•' ·CH,coo-s 52 ' •' -CH1C0-0(a) 101 I 

• See ref 30. 'See ref 25. '"S" denotes bond ina co che arapbitiud 
pia unum surface. 4 Tbe adsorbate-surface bond enerJY for eacb pbys· 
1caJiy adsorbed spectes 11 ~st1maud to be .S kcalj mol. 'The activation 
eneray for che recombinauve desorp11on of bydroaen from cbe basal 
plane of graphite IS 18 kcal j mol." which implies a bond enerJY of 61 
kcalf mol. ' The activation enerJY for cbe recombinacive deaorption of 
wuer from the basal plane of araphice 11 0 kcalf mol." Given an H-S 
bond energy of 61 kcal j mol, chis implies an HG-S bond enerJY of 58 
kcal/ mol. •Typically. subocicucion of che hydrosen in an alcohol or a 
carbo•ylic acid wich an alkyl VOUP reduceo tbe C-o bond enerJY by 
10 kcalf mol, from appro .. macely 90 co 80 kcalf mo1.10 Given cbe re
duced Ho-S (carbon) bond eneray of 58 kcal / mol, linear scallna im
plica thac cbe reduction here is approximately 6 kc:alj mol. 

at800 K for which k)fl.2 > lOOk~. Conlequently. the steady-state 
coverages of '11-CH 1COO(a) and H(a) are equal. since water is 
produced rapidly after the decompo~ition of .,1-CH 1COO(a) into 
ketene and OH(a). 

J. Potmtial EMrty Diavamfor Acetic Acid !NhydratlotS. 
A mechanistic model was developed in section IV .2 wbicb deecribca 
the observed kinetics for the dehydration of acetic acid to ketene 
CNer a graphitized platinum surface. Tbe enef1ldia of this reaction 
implied by this model are shown in Figure 5 in tbe form of a 
potential energy diagram along tbe "reaction coordinate". The 
reference energy level of acetic acid in tbe pa phase is defmed 
to be zero. 

To evaluate the energy levels for each of the other points along 
tbe reaction coordinate. tbe bond energies tabulated in Table II 
were utilized. Note that tbe predicted energy levela are ocx.iatmt 
with the known endotbermicity of tbe overall reaction, IUimely, 
34 kcal f mol.24 In addition. for temperatures above 675 K, the 
observed activation energy is I =': I kcal/ mol. which is CXliiSiatent 

with the potential energy level for ~ 1 -CH1COO(a) + H(a). The 
measured value for £ 2 is 27 ± 2 kcal / mol. wh1ch IS 1n good 
agreement with the predicted value of £ 2 ~ 29 kca l/ mol. 

Altllougb carbon-hydrogen bond energies in hydrocarbons are 
typ1cally 100 kcalf mol, following Balooch and Olander.21 a hy· 
drogen~urface bond energy of 61 kcal / mol was used to construct 
tbe potential energy diagram shown in Figure 5. However. 
identical energy levels would be calculated by assum1ng that the 
bydroge~urfacc bond energy is 100 kcal / mol wnh a concurrent 
reduction of approltimately 80 kcal/ mol in the carborH:arbon bond 
energy of tbe graphite overlayer for each dis.sociatively adsorbed 
acetic acid molecule. In this case. the H~urface and ~~
CH1COO-surface bond eneflpes would become approXImately 90 
and 80 kcal/ mol. respccttvely. This alternate formulation 1s 
cquaUy consistent with the measured activation energies for both 
tbe desorption of hydrogen and the rccombinatlve desorption of 
water from tbe basal plane of grapbiten .n 

v.s~ 

Tbe results of this study may be summarized as follows: 
I . On a polycrystalline platinum surface containing appro•· 

imately a monolayer of arapbitic carbon. tlle catalytic dehydrauon 
of acetic ac1d to ketene and water proceeds at steady state. 

2. For reactant pressures above 3.5 X lo-' Torr and temper· 
aturea below 540 K, tbe reaction rate is independent of acetic acid 
preuure. and tbe apparent activation energy is 27 ± 2 kcalf mol. 
Under tllese conditions tbe rate of dcoompoaition of an irrevenibly 
adsorbed intermediate controls the rate of reaction. 

3. The reaction intermediate is formed from acetic acid on the 
graphitiz.ed platinum surface at 300 K and, upon beating. de
compotes at 520 K with tlle accompanyina desorption of ketene. 
Dis.sociation of the acidic hydrogen of acetic acid appean to be 
important in the formation of the intermediate. 

4. For reactant preuurea below 7 x lo-' Torr and at tem
perature~ above 675 K. tbe reaction rate is linearly dependent on 
acetic acid pressure, and the apparent activation energy is I ± 
I kcalf mol. In this regime. the reaction rate is determined by 
a competition between tbe rates of desorption and surface reaction 
of molecularly adsorbed acetic acid. 
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Science Foundation under Grant No. DMR-8500789 
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APPENDIX B 

Acetic Acid Decomposition on a Polycrystalline 

Platinum Surface 

[This Appendix consists of an article coauthored with J. J. Vajo and W. H. Wein

berg, which appeared in Applied Surface Science 29, 165 (1987).] 
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The decomposttion of CH 3 1JCOOH on a polycrystalline platmum surface has been examined 
at temperatures between 300 and 900 K dunng continuous exposure to CH/ 3 COOH at 7 x w-• 
Torr. On an uutially clean platinum surface uco. CO, uco2. H 2 and adsorbed carbon-12 are 
the maJOr reaction products. The adsorbed carbon eventually poisons completely the reacuons 
that produce these products. For temperatures above approxunately 800 K, the carbon overlayer 
that ts formed is graplutic and saturates at a carbon ada tom concentration of (2.6- 3.5) x lO ts 
cm - 2. The reaction quantllies of uco and uco2 that are produced depend both on the surface 
temperature and the carbon coverage. Lower temperatures and lugher carbon coverages favor the 
producuon of Dco. On the graphitized platmum surface, the cataJytic dehydration of acetic acid 
to ketene and water proceeds at steady-state. 

1. Introduction 

Although the catalytic decomposition of formic acid on transltton metal 
surfaces has been studied extensively using both conventional catalytic mea
surements [1 - 5] and surface science techniques [6- 7], this is not the case for 
the decomposition of acetic acid [18- 20]. Formic acid decomposition can 
produce CO, C02 , H 2 and H 20 with no self-poisoning of the surface. This 
reaction is therefore of interest as a prototypical branching surface reaction 
and as a measure of catalytic selectivity [4]. The investigation of acetic acid 
decomposition offers the possibility of clarifying the kinetic and mechanistic 
changes which occur upon introducing a carbon- carbon bond into the carbo
xylic acid. In addition, the decomposition of acetic acid may produce adsorbed 
carbon atoms which can chemically modify the catalytic surface and the 
mechanism of decomposition. 

The decomposition of both acetic acid and formic acid has been investi
gated on the Ni(l11) [11 ,19] and Ni(llO) [9,10,18] surfaces, and the results of 
these studies may be used to compare the reactivities of acetic acid and formic 
acid. On the Ni(111) surface, acetic acid and formic acid decompose via their 
respective carboxylate intermediates [11,19]. However, thermal desorption 

0169-4332/ 87 j $03.50 <l:l Elsevier Science Publishers B. V. 
(North-Holland Physics Publishing Division) 
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measurements indicate that the surface formate is less stable than the surface 
acetate. the latter of which was observed to decompose to C02 with the 
simultaneous production of H 2 at 460 K when employing a linear heating rate 
{3 of 7.1 K/ s. For the surface formate. decomposition to C02 and H 2 occured 
at 404 K with {3 = 20 Kjs. In each case. desorption of CO was observed near 
450 K. which is typical of CO desorption following adsorption on a clean 
Ni( 111) surface [11). In addition to the differences in the stability of the 
adsorbed intermediates. the observed CO to C02 product ratios of 0 .3 [11) and 
1.6 [19) for formic acid and acetic acid decomposition on Ni(l11) indicate 
considerably more CO production during the decomposition of acetic acid. 
The preponderance of CO during the decomposition of acetic acid might be 
due partly to oxidation of the methyl carbon. Similar results have been 
obtained on Ni(110). 

While the decomposition of acetic acid on platinum has not been investi
gated in detail, a similar sequence of stabilities was observed for formate and 
acetate on Pt(111) using electron energy loss spectroscopy (EELS) [20]. Formic 
acid decomposition on Pt(111) has been studied, however. using thermal 
desorption mass spectrometry [14), modulated molecular beam scattering [17) 
and EELS [15,16). In all cases it was found that formic acid decomposes 
almost completely to C02 and H 2 with only minor amounts of CO and H 20 
produced. The product ratio for acetic acid decomposition on any platinum 
surface has not been determined. Electron energy loss measurements following 
adsorption of acetic acid on Pt(111) at 100 K and annealing to 380 K revealed 
the presence of adsorbed CO [20]. However, C02 and H 2 were observed with 
reaction-limited kinetics near 450 K. Assuming surface acetate is the common 
intermediate, these results indicate that the reaction producing CO proceeds at 
a lower temperature (with a lower activation energy) than the reaction produc
ing C02 • 

Similar results have been obtained for the decomposition of formic acid on 
the Ru(001) surface [12,13). Chemisorbed carbon monoxide has been detected 
via EELS following the adsorption of formic acid with annealing to 200 K. 
Carbon dioxide is produced between 310 and 340 K. depending on the initial 
surface coverage, with a heating rate of 10 K/ s. These results clearly imply 
that the reaction producing CO is favorable compared with the reaction 
producing C02 , for the initial decomposition of chernisorbed formate on the 
Ru(001) surface. 

In the present study, the decomposition of acetic acid on a polycrystalline 
platinum surface has been examined at temperatures between 300 and 900 K 
during continuous exposure to acetic acid at 7 X 10- 4 Torr. The effects of 
temperature and of adsorbed carbon on the decomposition mechanism are 
discussed. Briefly, two disparate kinetic regimes are observed for the decom
position of acetic acid. Initially, CO, C02 , H 2 and adsorbed carbon are the 
maJor reaction products. However, the adsorbed carbon eventually poisons 
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completely the reaction that produce these products. On this graphitized 
platinum surface, the dehydration of acetic acid to ketene (CH 2CO) and water 
is the only reaction observed. Here we will focus on the transient decomposi
tion reaction on the (initially) clean surface, whereas the steady-state dehydra
tion reaction on the graphitized surface is discussed separately [21]. 

2. ExperimentJll procedures 

The experiments were performed in a continuous flow microreactor that has 
been described previously [22,23). The catalyst was a 20 em length of 0.0125 
em diameter high-purity (99.99%) polycrystalline platinum wire. Acetic acid 
(reagent grade, 99.7%) and CH 3

13 COOH (99 at% 13 C, MSD isotopes) were 
purified further by several freeze- thaw- pump cycles. Prior to each experi
ment, the surface was cleaned in oxygen and hydrogen, as described elsewhere 
[21). 

The reaction products, which were samples via a capillary tube from the 
main chamber of the reactor, were monitored continuously by a micro
computer-interfaced EAI 1200 quadrupole mass spectrometer located in a high 
vacuum section of the reactor of which the base pressure is below 10 - 8 Torr. 
The capillary is replaced by a metal tube (1 / 4 inch OD and 3/ 16 inch ID) for 
pressures in the micron regime. The time lag due to the flow of reaction 
products through this tube is negligible in the results presented here. The 
absolute quantities of CO, C02 and H 2 produced during acetic acid decom
position (and of col and co produced during oxygen titration measure
ments) were determined by calibrating the mass spectrometer using feeds with 
known concentrations of CO, C02 and H 2 and using the appropriate continu
ous stirred tank reactor formation. Average conversions of acetic acid were 
below 10% for all conditions, studied, thus eliminating any significant contri
butions from secondary reactions. 

For the thermal desorption measurements, the bellows valve separating the 
main chamber of the reactor from the high vacuum section was opened, and 
the sample was translated into the high vacuum section (see fig. 2 of ref. [22)). 
Heating was accomplished with a constant current power supply, which 
produced a nearly linear temperature ramp with a heating rate {3 of 20 Kj s. 
For the decomposition experiments, the same power supply was used to 
provide temperature ramps with {3 between 2 and 54 K / s and final tempera
tures between 500 and 900 K. Temperatures were measured with a 
W- 5%RejW- 26%Re thermocouple, which was spot-welded near the center of 
the wire. 
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3. ExperimentaJ results 

J.l. Decomposition of acetic acid 

Relative reaction rates for the production of CO, COz. H 2 • CH4 , H 20 and 
ketene (uncorrected for mass spectrometric sensitivities) as shown in fig. 1 as a 
function of time during a continuous flow (average residence time of 3.6 s) o f 
acetic acid at 7 X 10- 4 Torr. At t = 0, the temperature of the platinum surface 
IS increased from 300 to 900 K with a heating rate of 50-54 K/s. As 
illustrated in Fig. 1, the rates of production of CO, C02 , H z and CH 4 pass 
through maxima and then decline to their background values. Coincident with 
the decrease in the rate of production of CO, COz, H z and CH4 • the 
production of water and ketene is observed which reaches a steady-state rate. 
When the platinum surface, treated as in fig. 1, is cooled to 300 K and then 
related to 900 K , only water and ketene are produced with the same steady-state 
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c 
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~ 
u 

"' a. 
(f) 

"' "' 0 
:E 

T•n• t•al s 300 K 
r,,..,, = 900 K 

{3 = 50-54K/sec 

PcH,cOOH = 7 x 10-
4 
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co 

40 60 
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CH2CO 
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Fig. 1. Time evolution curves for the production of CO. C02 , H 2 • CH4 , H 20 and CH 2CO 
(ketene) during constant exposure of an irutially clean platmum surface to acetic acid at 7 X 10 - 4 

Torr. At 1 - 0. the surface temperature was increased linearly at a rate of 50-54 K/s from 300 to 
900 K. and thereafter held constant at 900 K. The parent ion mass spectrometric signal was 
monitored in each case. The data are uncorrected for relative mass spectrometnc sensl!IVIUes. 

fragmentatton and pumptng speeds. 
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Ftg. 2. Time evoluuon curves for the productiOn of CO. C02 • H 2 • CH 4 , H 20 and ketene dunng 
continuous exposure to acettc actd at 7 x 10-• Torr. The platonum surface was first exposed to 
aceuc actd at 900 K. as in fig. 1, and then cooled to 300 K. The final temperature was 900 K. and 
the linear heating rate was 50-54 K / s. The apparent increase in the CO stgnal is due entirely to a 

fragmentation product of the parent ketene. 

rate, as is shown in fig. 2. The reactivities displayed in figs. 1 and 2 indicate 
that the surface has been altered chemically by the initial decomposition 
reaction, and that a different surface is created that gives rise to a steady-state 
rate of dehydration of acetic acid. 

Thermal desorption measurements from the platinum surface. exposed to 
acetic acid as in fig. 1, shows only ketene desorption. Although the desorption 
of water was not detected, adsorption on the walls of the vacuum system 
would have precluded its detection under these conditions. Furthermore, as 
described in detail in section 3.4. the reaction with oxygen of a surface 
exposed to acetic acid at temperatures above 500 K produced C02 and CO 
with an approximate ratio of 5 : 1. This indicates that after the transient 
decomposition of acetic acid, the platinum surface contains substantial quanti
ties of adsorbed carbon. 
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3.2. Decomposition of CH/ 3COOH 

In order to investigate further the surface reactions of acetic acid which 
produce CO, C02 , H 2 and adsorbed carbon. continuous flow decomposition 
measurements were made with CH 3

13 COOH employing a range of heating 
rates between 2 and 54 K/s with corresponding final surface temperatures 
between 500 and 900 K. Figs. 3 and 4 show the rate of production of 13 CO, 
CO. 13C0 2 and H 2 during exposure of the initially clean platinum surface at 
300 K to 7 x 10- 4 Torr of CH3

13 COOH with heating rates of 50-54 and 4-6 
Kjs, respectively. The results shown in fig. 3, which are similar to those in fig. 
1, indicate that 13 C0 2 and H 2 are the major decomposition products. In 
addition, both 13CO and co are produced, indicating the occurrence of 
oxidation of the carbon atom of the methyl group of acetic acid [24]. On the 
other hand, when the surface is heated at a rate of 4-6 K/s. CO, 13 CO and H 2 

are the major reaction products, as may be seen in fig. 4. Although the product 
signals shown in fig. 4 have declined to their background values, additional 
CO, C02 and H 2 can be produced by increasing the surface temperature. 
However, surfaces heated to 800 K or higher are deactivated completely with 
respect to the formation of CO, C02 and H 2 • 

An absolute calibration of the areas under the 13C02 curves indicates the 
production of increasing amounts of 13C02 with increasing final surface 
temperatures (for temperatures below 800 K). A maximum of (2.5- 3.1) x 10 1 ~ 
molecules em - 2 is produced for surface temperatures above 800 K. Calibra
tion of the quantities of H 2 and 13 CO that are produced indicates a molar 
ratio of H 2 to total 13 C (i.e. 13C02 + + 13 CO) of approximately two, indepen
dent of final temperature. 

0 30 
Time , sec 

Fig. 3. Rates o( production or 13CO. CO, uco2 and H 2 during exposure or an initially clean 
platinum surface to CH 3

13COOH. At 1-0, the temperature was increased (rom 300 to 900 K 
with a linear heating rate o( 50-54 Kjs. 
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The fraction of acetic acid which decomposes to 13 CO, determined by the 
ratio of the area of 13 CO to the total area of 13 CO and 13C02 , is shown in fig. 
S as a function of heating rate. Fig. S quantifies the qualitative trend observed 
in figs. 3 and 4. For low heating rates, 13 CO is the major product with respect 

0.8 

0 

0.7 0 

0 

0 

go.6 
u 
0 

~ 0.5 0 

0 .4 0 0 

0 

0.30 20 40 60 
Healing Rote, K/sec 

Fig. 5. Fraction or acet1c ac1d that decomposes to IJ CO as a function or the heating rate. Tlus 
fraction is defined as the ratio or the area under the nco evoluuon curve to the total areas or the 
nco and IJC02 curves. The areas were corrected ror relative mass spectrometric sensitivities. 

rragmentatton and pumpmg speeds. 
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Fig. 6. Fraction of the total number of carbon monoXIde molecules produced dunng the 
decompos1tion of CH 31JCOOH wlucb IS IJCO as a function of the beaung rate. 

to 13C02 • As the heating rate increases, the fraction of acetic acid that 
decomposes to 13 CO decreases to a limiting value of 0.35 ± 0.05. The ratio of 
the amount of 13 CO produced to the total mount of carbon monoxide 
produced (13 CO +CO) is independent of heating rate, as sl;10wn in fig. 6. 
Moreover, this ratio is 0.5 ± 0.05, indicating that, independent of heating rate, 
equal quantities of CO and 13 CO are produced. 

3.3. Thermal desorption mass spectrometry 

Thermal desorption spectra following large exposures (approximately 0.1 
Torr · s) of unlabeled acetic acid on the initially clean platinum surface at 300 
K were recorded by transferring the sample into the high vacuum section of 
the microreactor, as described in section 2. Carbon monoxide desorbed in a 
single, broad peak with a maximum at 435- 450 K. Similarly, C02 and H 2 

desorbed with peak maxima at 425 and 440 K. respectively. No other products 
(e.g. acetic acid or water) were observed. However, since there was no 
line-of-slight between the mass spectrometer and the platinum surface. the 
sensitivity to small concentrations of acetic acid and water is poor. Calibra
tions of the thermal desorption spectra for C02 and CO indicate the desorp
tion of approximately 3 X 1013 and 4 X 1014 molecules em - 2

, respectively. 

3.4. Oxygen titration measurements 

Carbon adatom concentrations, determined by the CO and C02 mass 
spectrometric intensities during reaction in 3 x 10- 4 Torr of oxygen at 900 K. 
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Table I 
Surface carbon atom concentratiOns Pc 

Decomposed spectes 

Aceuc actd 

Ethylene 
C H 1

13 COOH 

Pressure a) (Torr) 

I X 10 6 

1 x w-• 
0 .1 
1 x w-• 
7x w -• 

a) All exposures were for 90 s at 900 K. 
bl Value detemuned from a smgle measurement. 
• l Values indicate the range o f six measurements. 

1.5 b) 

2.6-3.5 C) 

5.9 b) 

2.4 b) 

3.0 b) (12C) 

0.15b) <uC) 

are shown in table 1 (following 90 s exposures to acetic acid at pressures of 
w-6

• 7 X 10- 4 and 0.1 Torr at 900 K). The concentrations of surface carbon 
from ethylene decomposition and both 13 C and 12 C from CH/3 COOH 
decomposition are also shown in table 1. The concentrations of surface carbon 
vary only slightly with pressure and are nearly identical for acetic acid and 
ethylene. In addition, for the decomposition of acetic acid. more than 95% of 
the surface carbon originates from the methyl group. For comparison, the 
surface atom densities of Pt(lll) and of the basal plane of graphite are 
1.5 x 1015 and 3.8 X 1015 cm- 2

, respectively. 

c 
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0.4 
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Initial Fractional Carbon Coverage 

Fig. 7. Fraction of the C H 31JCOOH which decomposes to 13 CO relative to IJCO+ IJC02 as a 
function of initial fractional carbon coverage. In each case the heating rate was 50-54 Kj s. and 
the trutial and final temperatures were 300 and 900 K . The surfaces were prepared by exposure to 
acettc aetd, and the trullal carbon coverages were deterrruned by oxygen turauon m separate 

measurements. 
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J. 5. Effec ts of surface carbon 

The effects o f adsorbed carbon on the decomposition o f acetic acid were 
investigated by determining the fraction of acetic acid (CH/ 3 COOH) wh.ich 
decomposes to lJ CO on surfaces with varying initial fractional coverages o f 
12 C. In these measurements, a clean platinum surface was heated to various 
temperatures between 500 and 700 K during exposure to acetic acid to deposit 
a known concentration of carbon adatoms. and then cooled to 300 K. 
Subsequently, the surface was heated to 900 K ( f3 = 50- 54 K/ s), and the 
fraction of acetic acid wh.ich decomposes to 13 CO was determined. The initial 
concentration of carbon adatoms was determined from oxygen titration mea
surements, in which an identical exposure of acetic acid was used, followed by 
evacuation at 300 K and annealing for 30 s to 900 K to remove o r decompose 
any adsorbed acetic acid. The results, shown in fig. 7, indicate that the fraction 
of acetic acid which decomposes to 13 CO increases with increasing initial 
carbon coverage. Note that the final carbon coverage in each case is identical, 
as verified by subsequent oxygen titration measurements. In addition, the 
temperature corresponding to the maximum rate of decomposition is shifted 
upward for both 13 CO and 13C02 on the carbon-covered surfaces. compared 
to the initially clean surface. 

4. Discussion 

4.1. Reaction stoichiometry 

The decomposition of CH/3 COOH on an initially clean polycrystalline 
platinum surface yields predominantly 13 CO, CO. 13C02 , H 2 and adsorbed 
carbon [C(a)]. Small quantities of 13 C(a) and CH 4 are also produced. Two 
overall reactions can account for the major products. namely, 

CH3
13 COOH ~ 13 C02 + 2 H 2 + C(a), (1) 

CH/3 COOH ~ 13 CO +CO+ 2 H 2 . (2) 

the adsorbed carbon from reaction (1) poisons both of these reactions, as 
shown in fig. 1, producing a surface on which the steady-state dehydration of 
acetic acid to ketene occurs. 

Although water was not detected mass spectrometrically, adsorption on the 
walls of the vacuum chamber might have masked observation of the transient 
production of water. The following arguments, however, demonstrate clearly 
that water is not a major reaction product. As illustrated in fig. 6, equal 
quantities of 13 CO and CO are produced, independent of surface temperature 
(and heating rate) . If any acetic acid decomposed to form water via 

CH3
13 COOH ~ 13 CO + H 2 + H 20 + C(a) , (3) 
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then more 13 CO than CO would necessarily have been produced. Furthermore, 
the saturation carbon adatom density of (2.6- 3.5) X 1015 a toms em 2

• de
termined from oxygen titration measurements, is equal to the to tal number of 
13C02 molecules that are produced, (2.5-3.1) X 1015 adatoms cm - 2

• This 
confirms that reaction (1) is only significant source of surface carbon and that 
little. if any, water is produced. Moreover, a material balance indicates a 2 : 1 
molar ratio of H 2 to the total amount of 13 C that is produced. wltich is 
inconsistent with the stoichiometry of reaction (3). Furthermore, C02 is not a 
major reaction product. This conclusion follows from the observation that 
equal quantities of 13 CO and CO and negligible quantities o f 13 C(a) are 
produced. The production of C02 is, therefore, inconsistent with the 
stoichiometries of reactions (1) and (2). 

4.2. Production of carbon diox1de versus carbon monoxide 

Electron energy loss measurements have established that acetic acid dissoci
ates upon adsorption on Pt(111) at 225 K to form a bidentate acetate species 
[20]. Moreover, a bidentate formate species has been identified with EELS on 
many transition metal surfaces, including the Pt(111) [15.16], Ni(110) [10] and 
Ru(001) [12,13] surfaces. Since a similar species on the polycrystalline surface 
studied here is likely, the following discussion presumes that a bidentate 
acetate species is formed upon dissociative adsorption of CH 3 

13COOH. The 
acetate may decompose by either C- 13 C or 13 C-O bond cleavage. Since 
surface reaction(s) of 13 C0 2(a) do not occur due to its short residence time 
(25], C- 13 C bond cleavage in the acetate leads directly to the desorption of 
13 C0 2 and the formation of CH 3 _x(a) + xH(a). where x can be 0, 1. 2 or 3, 
depending on the surface temperature. Ultimately, C(a) is formed, and the 
hydrogen desorbs as H 2. Decomposition of the adsorbed acetate via 13 C - O 
bond cleavage followed by C- 13C bond cleavage produces 13 CO(a), O(a) and 
CH 3 _x(a) + xH(a). Subsequent surface reactions of these species could lead to 
either 13 C02 and C(a) or 13 CO and co depending on the relative rates o f 
oxidation of 13 CO(a) and C(a). However, as discussed below, the oxidation of 
13 CO(a) was found not bo be a major reaction pathway. Since water is not a 
reaction product, all of the hydrogen desorbs as H 2. 

The peak temperatures of 425 and 440 K, observed for the desorption of 
C02 and H 2 following adsorption of unlabeled acetic acid, are indicative of 
reaction-limited kinetics. The small difference in peak temperatures observed 
for C02 and H 2 is due to the decomposition of CHx specit:s on this surface. 
In addition, H 2 production during the continuous flow transient decomposi
tion experiments is coincident with the production of 13 C0 2, as shown in figs. 
3 and 4. These results imply that the reaction step wltich controls the overall 
rate of production of 13C02 is the decomposition of the surface acetate. The 
desorption of CO, which occurs by oxidation of C(a), occurs earlier than the 



- 174-

J J VaJO eta/ I Acettc actd decompos111on on polvcrystallme Pt 

desorption of either 13 CO or 13C02. as may be seen in fig. 4 at r = 20 s (26). 
Since 13C02 would desorb immediately upon formation at these temperatures. 
the C(a) which ultimately appears as CO is necessarily produced together with 
13CO(a) and O(a), i.e. via 13 C- O bond cleavage in the adsorbed acetate. 
Furthermore. CO(a) is produced on the surface before the desorption of 
carbon monoxide occurs. Both CO(a) and 13 CO(a) are present on the surface 
and. therefore. have equal probabilities of being oxidized to C02 and 13C02 , 

respectively. Since C02 was shown not to be a reaction product. the oxidation 
of 13 CO(a) to 13C02 may also be excluded. Consistent with these results. the 
peak temperature observed for the desorption of carbon monoxide agrees with 
the results of carbon monoxide desorption from polycrystalline platinum 
[27.28). 

As the heating rate is increased from 2 to 54 K/ s, the fraction of acetic acid 
which decomposes to n co on the platinum wire declines, as shown in fig. 5. 
This dependence implies that the reaction channels which produce n co2 and 
nco have different activation energies. For two competing reactions. the 
temperature dependence of the relative rates is given by exp[- ( £ 1 - £ 2 )/ k 8 T], 
where £ 1 and £ 2 are the activation energies for the two reactions. Thus. the 
fraction of the reactant that reacts via the lower activation energy pathway will 
decrease at higher temperatures (i.e. higher heating rates). Decomposition of 
acetic acid via C- n c bond cleavage produces 13 C02 , whereas initial n c - O 
bond cleavage leads to the production of nco. Therefore, the dependence 
shown in fig. 5 indicates that the apparent activation energy for the formation 
of 13C02 is larger than the apparent activation energy for the production of 
nco. As discussed in section 1, similar behavior has been observed for acetic 
acid decomposition on the Pt(111) surface [20] and for formic acid decomposi
tion on Ni(lll). Ni(llO) and Ru(001) surfaces (9,11.13]. 

4.3. Effects of surface carbon 

For carbon adatom concentrations of approximately 3 X 1015 cm - 2• the 
reactions producing nco. CO, n co2 and H 2 from CH3nCOOH are poi
soned completely. However, for lower carbon coverages, these reactions are 
not poisoned totally, and the fraction of the CH3nCOOH which decomposes 
to nco is shown as a function of the initial fractional carbon coverage in fig. 
7. As the initial carbon coverage increases. the fraction of acetic acid which 
decomposes to 13 CO increases. This result implies that while both reactions 
are ultimately poisoned by adsorbed carbon. the reaction producing 13 C02 is 
poisoned selectively. Since the reaction pathways producing nco2 also pro
duce additional adsorbed carbon, unoccupied surface sites must be available 
for these reactions to occur. Thus, on a surface containing a partial overlayer 
of carbon adatoms, the selective poisoning of reaction (1) with respect to 
reaction (2) is reasonable. 
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4.4. Nature of the saturated carbon ouerlayer 

The surface atom density o f carbon produced by the decomposition o f 
acetic acid, (2.6- 3.5) X 101s em - 2, corresponds to approximately one mono
layer o f the basal plane of graphite, 3.8 X 101s cm- 2

• While the carbon 
overlayer could not be examined spectroscopically in the present work. other 
studies of carbon deposition on platinum [29- 33) and nickel (34 ,35) surfaces 
strongly support the conclusion that the carbon overlayer produced from 
acetic acid decomposition at the elevated temperatures of interest here is 
graphitic. For example, exposure of the Ni(llO) surface to ethylene at temper
atures above 600 K led to the formation of an overlayer with a surface carbon 
atom concentration of 3.35 X 101s cm - 2 and a carbon Auger peak with a 
graphitic shape [35). A graphitic overlayer has also been prepared on Pt(lll) 
by exposing the surface to ethylene at 300 K and annealing briefly to 873 K 
[32). On the basis o f these results and considering the reaction conditions of 
our experiments, it appears certain that the carbon overlayer formed both 
from acetic acid and from ethylene, which yield similar carbon adatom 
concentrations, is graphitic. 

5. Synopsis 

The results of this study may be summarized as follows: 
(1) On an initially clean polycrystalline platinum surface, CH 3

13 COOH at 
7 X 10- 4 Torr decomposes at temperatures above approximately 400 K to 
13 CO, CO, 13C0 2 , CH4 , H 2 and adsorbed carbon. The adsorbed carbon 
eventually poisons the reactions that produce these products. 
(2) At temperatures above approximately 800 K , the carbon overlayer is 
graphitic with a carbon ada tom concentration of (2.6-3.5) x 101s em - 2. 

(3) On the graphitized platinum surface, the steady-state dehydration of acetic 
acid to ketene is the only reaction that is observed. 
(4) The fraction of acetic acid which decomposes to 13 CO relative to 13C0 2 

depends both on the surface temperature and the carbon adatom concentra
tion. The production of 13 CO is favored at lower temperatures and higher 
carbon coverages. 
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