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Abstract

The dissociative adsorption and hydrodechlorination of CCl4 on a single crystal Ir(1 1 0) was investigated using temperature
programmed desorption (TPD) and molecular beam techniques. In order to better understand the behavior of CCl4, the
adsorption and reactivity of less chlorinated methanes are compared to that of CCl4. CCl4 dissociates on the clean surface
with near unity probability at low surface temperatures and decreases very slightly with increasing surface temperature. CHCl3,
CH2Cl2, and CH3Cl also dissociate on the clean surface with near unity probability at low surface temperatures, however,
the adsorption probability of these molecules are more sensitive to the surface temperature. As the molecule becomes less
chlorinated, the adsorption probability falls more rapidly with increasing surface temperature. The preadsorption of hydrogen
does not significantly affect the adsorption probability of CCl4 or CHCl3. However, with the�2 adsorption state of hydrogen
saturated, CH2Cl2 and CH3Cl dissociatively adsorb with a small probability. Adsorption of CCl4 on the hydrogen precovered
surface was found to produce mainly CHCl3 with trace amounts of CH2Cl2 and CH4 (detected as CD4). Similarly, adsorbed
CHCl3 will hydrodechlorinate to mainly CH2Cl2. Hydrodechlorination of CCl4 is favored at lower surface temperatures and
at higher surface coverages of dissociatively adsorbed CCl4.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Understanding the adsorption and interaction of
halogenated methanes with surfaces is important for
a number of reasons. The interaction of CCl4 with
iron surfaces[1–5] has been studied as a model
system for understanding the tribological activity
of chlorine-containing organics which are used as
extreme pressure lubricant additives for use in the
cutting and grinding of metals. CCl4 has also been
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used as a model adsorbate in the study of photoin-
duced charge-transfer processes[6,7] in adsorbates
on metal surfaces. Also, CCl4, as well as many other
halogenated organics, are atmospheric pollutants that
are known to deplete the ozone layer.

Because CCl4 has been labeled as an ozone deplet-
ing material by the Montreal Protocol[8], the produc-
tion and use of CCl4 has been discouraged. However,
CCl4 is still a significant component of many waste
streams in the production of chlorinated organic
compounds such as chloroform and dichloromethane
[9]. Waste chlorocarbons are typically destroyed by
thermal oxidation or catalytic oxidation[10] over
supported metal catalysts such as Pt/alumina[11].
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Recently, hydrodechlorination of chlorocarbons over
supported Group VIII metals (such as Ni, Pd, Rh,
and Pt)[12–14] has been investigated as an alterna-
tive method of waste treatment[15–17]. Some of the
advantages of hydrodechlorination over thermal or
catalytic oxidation include the ability to reuse the re-
action products, and minimal production of hazardous
byproducts such as COCl2. Unfortunately, many of
these catalysts deactivate quickly and the chemistry
of this deactivation is not well understood.

There are relatively few surface science studies of
the adsorption of CCl4 on metal surfaces and none
address the interaction between adsorbed CCl4 and
hydrogen. On both the Fe(1 0 0)[18] and Fe(1 1 0)
surfaces[1–4], dissociative adsorption is observed as
well as the formation of FeCl2 on the (1 1 0) surface.
However, on the Cu(1 0 0) surface[19], dissociation is
not detected and molecularly adsorbed CCl4 desorbs
at about 165 K. On the Ru(0 0 0 1)surface[20], tem-
perature program desorption and electron stimulated
desorption experiments indicate that at 100 K, CCl4
adsorption is initially dissociative and adsorbs molec-
ularly above about 13% of a monolayer. Similarly, on
the Ni(1 1 0) surface[21], electron energy loss spec-
troscopy shows that at 110 K the initial adsorption is
dissociative and becomes molecular at higher cover-
ages. CCl4 has also been shown to dissociate on the
Ag(1 1 1) surface[6] at submonolayer coverages. Re-
cently, CCl4 has been shown to readily dissociate on
the clean Ir(1 1 1) and Ir(1 1 0) surfaces[22,23]as well
as on the oxygen precovered surfaces where it will
react to produce COCl2 (as well as CO and CO2).

This paper focuses on the adsorption of CCl4 on the
clean and hydrogen precovered Ir(1 1 0) surface as well
as the reaction of dissociatively adsorbed CCl4 with
preadsorbed hydrogen. In order to better understand
the behavior of CCl4, the adsorption and reactivity of
CHCl3, CH2Cl2, and CH3Cl have also been investi-
gated. The experimental techniques which were used
include molecular beam reaction spectroscopy, tem-
perature programmed desorption (TPD), and Auger
electron spectroscopy.

2. Experimental

Experiments were performed in a molecular beam
apparatus consisting of an ultra-high vacuum (UHV)

scattering chamber, with a typical base pressure below
1.5 × 10−10 Torr, which is coupled to a differentially
pumped molecular beam source. The UHV chamber
is equipped with a quadrupole mass spectrometer
(QMS), an Auger electron spectrometer, reverse-view
low energy electron diffraction (LEED) optics, and
an ion-sputtering gun. A more detailed description of
the apparatus[24,25] has been reported previously.

The Ir(1 1 0) single crystal sample was mechanically
polished within 0.3◦ of the (1 1 0) plane and mounted
on a precision manipulator which allows accurate po-
sitioning of the sample and adjustment of the angle of
the surface relative to the molecular beam. The sam-
ple can be heated to 1800 K by resistive heating of
0.010 in. Ta wires spot welded to the sides of the sam-
ple. These wires are also in good thermal contact with
a liquid nitrogen reservoir, which allow the sample to
be cooled to 77 K. The sample temperature was mon-
itored by a type C thermocouple spot welded to the
bottom edge of the sample.

The sample was initially cleaned by argon ion sput-
tering and annealing cycles. Any remaining carbon
contamination was removed by repeated cycles of ad-
sorbing oxygen at 77 K and annealing to 1600 K in
vacuum. This treatment resulted in a surface free of
contamination within the limits of the Auger spectrom-
eter. Oxygen adsorption followed by vacuum anneal-
ing to 1600 K was routinely used to clean the sample
between experiments.

The structure of the clean Ir(1 1 0) surface is still
a subject of debate[26]. The LEED pattern obtained
suggests a corrugated (3 3 1) mesoscopically faceted
structure[26–28], which has been studied previously
using LEED and STM. A corrugated (1× 2) miss-
ing row reconstruction[29,30]and a corrugated mixed
(1 × 3)/(1× 1) reconstruction[31,32] have also been
reported, although these reconstructions may be sta-
bilized by impurities. Each of these surface structures
are similar in that they present (1 1 1) “microfacets”
consisting of highly coordinated atoms and a number
of less coordinated atoms at the edge or intersection
of these microfacets.

Mildly supersonic beams of CCl4, CHCl3, and
CH2Cl2 were produced by expanding pure vapor,
taken from the vapor space of a reservoir of liq-
uid (99.9%, Aldrich), through a 70�m orifice into
vacuum. The liquid reservoir was held at room tem-
perature when using CCl4. The liquid reservoir was
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immersed in an ice–water bath when using CHCl3
and CH2Cl2 in order to lower the vapor pressure of
the liquid. The vapor pressures of the liquids are es-
timated to be 113 Torr for CCl4, 59 Torr for CHCl3,
and 143 Torr for CH2Cl2 at the specified operating
temperature. The liquid chloromethanes were thor-
oughly degassed before use by mechanically pumping
on the vapor space of the reservoir until no dissolved
gases could be detected in the molecular beam by
the mass spectrometer. Supersonic beams of CH3Cl
were produced from CH3Cl gas dilutely seeded in
an argon carrier gas. This gas mixture was expanded
through the 70�m orifice with an upstream pressure
of 17 psia. The translational energy distributions of the
chlorocarbon beams were measured using standard
time-of-flight techniques[33]. The average transla-
tional energy of the molecular beam was 0.10 eV for
CCl4, 0.09 eV for CHCl3, 0.09 eV for CH2Cl2, and
0.08 eV for CH3Cl. The spread of the translational
energy distribution,�E/E (where�E is the full-width
at half-maximum), was measured to be 1.0 for CCl4,
CHCl3, and CH2Cl2, and 0.2 for CH3Cl. The flux of
the beam was determined from the pressure rise in
the chamber when the beam is scattered from an inert
surface employing the ionization sensitivity factor for
the molecule of interest.

3. Results and discussion

3.1. Temperature programmed desorption of CCl4

Temperature programmed desorption was used to
investigate the adsorption state(s) of CCl4 on the
Ir(1 1 0) surface.Fig. 1 shows the desorption spectra
of CCl4 as a function of the CCl4 exposure. The des-
orption spectra were obtained by exposing the surface
to a specified amount of CCl4 at a surface temperature
below 110 K and then subsequently heating the sur-
face at a rate of 3 K/s while monitoring mass 47 with
the quadrupole mass spectrometer. Mass 47 (CCl+)
was used to monitor the desorption of CCl4 because
the mass spectrometer in our system is most sensitive
to this cracking fragment of CCl4. CCl4 was deliv-
ered to the surface of the single crystal sample using
a molecular beam in order to minimize the exposure
of other surfaces within the chamber including the
back of the single crystal sample (which is known

Fig. 1. Temperature programmed desorption of CCl4 from Ir(1 1 0).
Mass 47 (CCl+) was used to monitor the desorption of CCl4 at a
heating rate of 3 K/s.

to have a larger concentration of defects). Coverages
were determined from the flux of the beam and the
exposure time of the sample to the beam (at 110 K the
adsorption probability is 100%). Exposure of these
other surfaces lead to spurious peaks in the desorption
spectra.

At low exposures of CCl4, no CCl4 desorbs, indi-
cating that adsorption of CCl4 is dissociative at low
surface coverages. As the CCl4 exposure increases,
molecular CCl4 is seen to desorb from the surface
around 165 K. Using the Redhead[34] analysis, this
peak desorption temperature gives an adsorption en-
ergy of 0.43 eV. Here, molecular CCl4 is desorbing
from a surface partially covered with dissociated CCl4.
As the CCl4 exposure is further increased, a second
desorption state is observed at around 135 K. This
is CCl4 desorbing from a second layer or multilayer
of molecularly adsorbed CCl4. The temperature pro-
grammed desorption spectrum of CCl4 on Ir(1 1 0) is
similar to that of CCl4 on the Fe(1 1 0)[1], Ru(0 0 0 1)
[20], and Ir(1 1 1) surfaces. On the Fe(1 1 0) surface,
CCl4 desorption features are seen at 140 K (multi-
layer) and 154 K (first layer). On the Ru(0 0 0 1) sur-
face, desorption is observed at 185 K (first layer); 165,
and 145 K (multilayer). CCl4 thermally desorbs from
Ir(1 1 1) [35] with features at 135 K (multilayer) and
165 K (first layer) with a shoulder extending out to
180 K.

The formation of trace amounts of C2Cl4 was de-
tected during the temperature programmed desorption
of CCl4. Masses 94 (C2Cl2+), 129 (C2Cl3+), and 166
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(C2Cl4+) were detected at about 200 K indicating the
formation of C2Cl4. Masses 94, 129, and 166 are also
major cracking fragments of C2Cl6, however, mass
201 (C2Cl5+) was not detected. Therefore, C2Cl6 is
not believed to be produced during the temperature
programmed desorption of CCl4 in a detectable quan-
tity. The formation of C2Cl4 from CCl4 has been re-
ported by Smentkowski et al. on the Fe(1 1 0)[1–3]
surface (two desorption features at 177 and 198 K)
and also by Dixon-Warren et al. on the Ag(1 1 1)[6]
surface (desorbing at 270 K).

Adsorbed chlorine, left from the dissociative ad-
sorption of CCl4, is observed to desorb from the sur-
face upon heating. However, the exact form in which
it leaves is still unclear. When the surface is saturated
with dissociatively adsorbed CCl4 and then heated to
1600 K, desorption of Cl2 from the surface is not de-
tected by the mass spectrometer at mass 70 (Cl2

+).
However, with the front of the sample directly fac-
ing the mass spectrometer, mass 35 (Cl+) is observed
to desorb from the surface in a peak centered around
1100 K (with no corresponding mass 70 signal). This
mass 35 signal is possibly from the desorption of Cl
atoms. The desorption of some molecular chlorine
cannot be ruled out since it is known that the walls
of the vacuum chamber will very readily adsorb Cl2,
making the detection of small amounts of Cl2 diffi-
cult. Auger electron spectroscopy was also used to
monitor Cl loss from the surface. As seen inFig. 2,

Fig. 2. The desorption of chlorine from the surface was monitored
using Auger electron spectroscopy. The surface was saturated with
CCl4 at 200 K then flashed to a specified temperature at 10 K/s.
After heating, the Cl concentration was monitored using Auger
electron spectroscopy. The relative Cl concentration is given by
the ratio of the Cl 181 eV peak-to-peak amplitude to the Ir 229 eV
peak-to-peak amplitude.

Auger electron spectroscopy shows that as the surface
is heated, a small amount of Cl leaves the surface be-
tween 600 and 700 K and then the remaining Cl leaves
between 800 and 1200 K. This behavior is consistent
with the results of Schennach and Bechtold[36], who
investigated the adsorption and desorption of chlorine
from the Pt(1 1 0) surface. Schennach and Bechtold
report that chlorine desorbs from the Pt(1 1 0) surface
in two forms: as molecular chlorine between about
600 and 800 K and as atomic chlorine between about
800 and 1050 K. They also report that from maxi-
mum initial-concentration adlayers, about 2/9 of the
adsorbed chlorine atoms desorb as molecular chlo-
rine with the remainder desorbing as atoms. This ratio
is consistent with the Auger measurements shown in
Fig. 2, where approximately 2/9 of the chlorine is lost
from the surface between 600 and 800 K. Desorption
of iridium chlorides was not observed. Desorption of
iron chloride has been observed from CCl4 adsorbed
on Fe(1 1 0)[1–4], however, Schennach and Bechtold
report that no platinum chloride is produced during
the thermal desorption of chlorine from Pt(1 1 0) and
Pt(1 1 1).

3.2. Initial adsorption probability of CCl4 on clean
Ir(1 1 0) as compared with CHCl3, CH2Cl2 and
CH3Cl

The initial adsorption probabilities of CCl4, CHCl3,
CH2Cl2, and CH3Cl on the clean Ir(1 1 0) surface were
measured (Fig. 3) as a function of the surface temper-
ature and incident angle using a reflectivity technique

Fig. 3. Initial adsorption probabilities for CCl4 and CH3Cl as a
function of surface temperature. The standard deviation of each
measurement is±0.03.
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similar to that first demonstrated by King and Wells
[37–39]. In this type of experiment, the QMS signals
from the beam impinging upon the sample and upon
an inert flag are compared. The initial dissociative ad-
sorption probability can be determined from the ra-
tio of these signals provided that the exposure time
is small compared to the time needed to saturate the
surface.

The initial adsorption probability for all of these
molecules decreases as the surface temperature is in-
creased from 100 to 1200 K. However, this surface
temperature dependence is weak for CCl4 and be-
comes stronger as the chloromethane becomes less
chlorinated.

Most measurements were made with the molec-
ular beam incident at 60◦ from the surface normal.
Changing the incident angle from normal incidence
to 60◦ had no measurable effect on the adsorption
probabilities. This behavior is consistent with adsorp-
tion proceeding mainly through a precursor-mediated
mechanism[40–42] where the molecule first molec-
ularly adsorbs into a mobile precursor state before
dissociatively chemisorbing. Frequently, in a direct
dissociation channel, the adsorption is strongly de-
pendent on the normal component of the incident
molecules momentum, such that a significant decrease
in the adsorption probability would be expected when
the incident angle of the molecular beam is changed
from normal incidence to 60◦ incidence if the direct
mechanism was playing a significant role. We assume
here that the mechanism of adsorption is precursor
mediated.

The temperature dependence of the initial ad-
sorption probability can also be understood as
a consequence of precursor-mediated adsorption
and the details of the potential energy surface. In
precursor-mediated adsorption, the surface tempera-
ture dependence of the initial adsorption probability is
controlled by the difference between the energy bar-
rier to desorption from the molecularly adsorbed state
(Ed) and the energy barrier to dissociative chemisorp-
tion from the molecularly adsorbed state (Ec), as well
as the ratio of the pre-exponential for desorption to
that for chemisorption (νd/νc) as shown inEqs. (1)
and (2), whereα is the molecular adsorption proba-
bility, kc is the rate constant for chemisorption,kd is
the rate constant for desorption, andTs is the surface
temperature.

S0 = α
kc

kc + kd
= α

1

1 + (kd/kc)
(1)

S0 = α
1

1 + (νd/νc)exp[(Ed − Ec)/kTs]
(2)

Based on Eq. (2), the decrease in adsorption
probability with increasing surface temperature for
each of the chloromethanes studied is indicative of
precursor-mediated adsorption, where the barrier to
desorption from the molecularly adsorbed state is
greater than the barrier to dissociative chemisorption.
This condition is expected to be true for all of the
chloromethanes studied. The C–Cl bond strength in
all of these compounds is relatively weak while the
molecular adsorption energy is high due to the strong
van der Waals forces between the metal surface and
the highly polarizable molecules. The energy barrier
to desorption from the clean surface could not be mea-
sured by TPD because all of these molecules readily
dissociate on the clean surface. However, on partially
covered surfaces the desorption energies of all of
these molecules are around 0.4 eV and the desorption
energy from the clean surface is assumed to be near
that value. Because the desorption energy is much
greater thankTs, all of these molecules have long life-
times on the surface, relative to a vibrational period,
even at high surface temperatures (∼200 ps at 600 K).

If Ed −Ec is much larger thankTs, then the adsorp-
tion probability will be nearly independent of surface
temperature. This condition is expected to be true for
CCl4, which has a very weak bond to break (small
Ec) and a large molecular adsorption energy (large
Ed 	 kTs). As Ed − Ec gets smaller, the adsorption
probability will become more sensitive to the surface
temperature. This will occur ifEc increases or ifEd
decreases.

As seen inFig. 3, the effect of surface temperature
on the adsorption probability becomes stronger as the
molecule becomes less chlorinated. This trend is di-
rectly correlated with the C–Cl bond strength in each
of these molecules. As the number of Cl atoms in the
molecule decreases, the C–Cl bond strength[43] in-
creases (3.17 eV for CCl4, 3.45 eV for CHCl3, 3.63 eV
for CH2Cl2, 3.69 eV for CH3Cl). This increase in bond
strength will likely increase the barrier to dissociative
chemisorption (Ec) which would in turn causeEd−Ec
to decrease.
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Note, however, that changes inEd as well asνd/νc
will also affect the dependence of the adsorption
probability on surface temperature. We would ex-
pect the ratio of pre-exponentials to be different for
each molecule due to steric effects. For example
while CCl4 has four equivalent C–Cl bonds, CH3Cl
has only one C–Cl bond to break. These molecules
also have different dipole moments[44] (0 D for
CCl4, 1.2 D for CHCl3, 1.62 D for CH2Cl2, and
1.87 D for CH3Cl), which may interact with the sur-
face dipole and affect the ratio of pre-exponentials
or even the energies barriers to desorption and
chemisorption.

By fitting the data shown inFig. 3 to Eq. (2), the
values ofEd−Ec andνd/νc can be found for each sys-
tem. Because the adsorption probabilities for CCl4 and
CHCl3 do not change much over the temperature range
studied it is difficult to fit this data accurately since
several combinations ofEd − Ec andνd/νc will give
reasonable fits to the data, although the values of the
parameters may not be physically realistic. Therefore,
we have fit the data toEq. (2)to estimateEd−Ec with
the constraint thatνd/νc is greater than or equal to 1.
This ratio is expected to be greater than unity because
the phase space for desorption should be greater than
the phase space for adsorption. For CCl4, Ed − Ec is
estimated to be greater than 0.4 eV withνd/νc greater
than or equal to 1. For CHCl3, Ed − Ec is estimated

Fig. 4. Uptake of CCl4 on the Ir(1 1 0) surface. Panel (a) shows a detailed view of the initial adsorption of CCl4 between 200 and 650 K.
Panel (b) shows the adsorption of CCl4 for surface temperatures between 200 and 1100 K. The molecular beam enters the scattering
chamber and begins to impinge on the surface at 70 s. At 120 s, an inert flag is placed in front of the sample causing the entire molecular
beam to reflect from the flag. At 130 s, the molecular beam is stopped from entering the scattering chamber.

to be greater than 0.26 eV withνd/νc greater than or
equal to 1. For CH2Cl2, Ed − Ec was found to be
0.20 eV withνd/νc equal to 5. For CH3Cl, Ed − Ec
was found to be 0.25 eV withνd/νc equal to 186. The
relative magnitudes ofνd/νc are consistent with the
intuitive notion that the transition state for reaction be-
comes more constrained as the molecule is less chlo-
rinated, while the transition state for desorption would
be much less influenced.

3.3. Uptake of CCl4 on Ir(1 1 0)

Fig. 4shows the uptake of CCl4 on the Ir(1 1 0) sur-
face. The saturation coverage of CCl4 was determined
to be 0.08±0.03 ML at a surface temperature of 200 K
(1 ML ≡ 9.6 × 1014 molecules/cm2). In these experi-
ments, a molecular beam of CCl4 impinges on a clean
Ir(1 1 0) surface held at the specified surface tempera-
ture and the reflected (non-adsorbed) CCl4 is detected
by the mass spectrometer. At 70 s, a shutter is opened
allowing the molecular beam to enter the scattering
chamber and impinge on the sample. As the sample
accumulates dissociatively adsorbed CCl4, the surface
becomes poisoned and less CCl4 adsorbs (more CCl4
reflects) and the reflected CCl4 mass spectrometer sig-
nal increases. At 120 s, an inert flag is inserted just
in front of the sample, blocking the molecular beam.
As the molecular beam strikes the inert flag, all of the
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molecules in the beam are reflected from the flag and
the mass spectrometer then reads a signal proportional
to the total number of molecules striking the sample.
At 130 s, the beam shutter is closed and the molecular
beam no longer enters the scattering chamber and the
mass spectrometer signal drops back to the baseline.

At a surface temperature of 200 K, the adsorption
probability stays near unity and does not change sig-
nificantly until the surface is almost saturated with
dissociatively adsorbed CCl4. This behavior is indica-
tive of a precursor-mediated adsorption mechanism
as described previously. Adsorption through a precur-
sor channel allows the molecule to migrate across the
surface and find an unoccupied site available for dis-
sociative adsorption whereas in a direct mechanism
adsorption could only take place if the initial site of
impact was unoccupied. Therefore, adsorption through
a direct mechanism would be more surface coverage
dependent than is seen here.

These uptake curves also show that initially, in the
limit of zero adsorbed CCl4 the adsorption probabil-
ity is independent of the surface temperature but as
the surface accumulates dissociatively adsorbed CCl4,
the adsorption probability becomes more dependent
on the surface temperature. This behavior is likely due
to the change in the energy barrier to C–Cl bond cleav-
age as the surface accumulates Cl onto the surface. As
dissociated CCl4 accumulates on the surface, the ad-
sorbed chlorine will increase the work function[18,45]
of the surface, which may in turn increase the energy
barrier to dissociation of the C–Cl bond in CCl4. The
presence of chlorine on the surface may also lower
Ed increasing the probability of desorption. In either
case as Cl accumulates on the surface,Ed − Ec will
decrease and therefore, the adsorption probability will
be more sensitive to the surface temperature.

Uptake curves at higher surface temperatures
(>800 K) show that the adsorption probability can
remain very high even after an exposure of CCl4 that
would saturate the surface at lower temperatures. This
effect is due to desorption of Cl from the surface at
the higher surface temperatures. As the surface tem-
perature increases, the desorption rate of Cl increases
and the steady-state coverage of Cl on the surface will
decrease. As the Cl coverage decreases the adsorption
probability increases. At 1100 K, there is little Cl on
the surface as CCl4 is adsorbed and the adsorption
probability remains high. The adsorption probability

does decrease slowly over time however, due to the
accumulation of carbon on the surface, which does
not desorb.

3.4. Adsorption and reaction of CCl4 on
H-precovered Ir(1 1 0)

The adsorption and desorption of hydrogen from
the Ir(1 1 0) surface has been studied previously us-
ing temperature programmed desorption and contact
potential difference techniques[46]. Hydrogen des-
orption measurements from the sample used in this
study agree with the previously reported measure-
ments. Temperature programmed desorption of hydro-
gen shows two desorption states: a�1 state desorbing
around 200 K and a�2 state desorbing around 375 K.
The �1 state is believed to be hydrogen adsorbed on
sites associated with the highly coordinated atoms that
make up the (1 1 1) microfacets of the surface recon-
struction. The�2 state is believed to be hydrogen ad-
sorbed on sites associated with the less coordinated
atoms1 [47] on the surface. Because the�2 state ad-
sorption site is associated with highly uncoordinated
atoms, these sites bind hydrogen more strongly than
the�1 sites, as indicated by the higher desorption tem-
perature in the temperature programmed desorption.
This low degree of coordination is also believed to be
responsible for the high activity of the�2 state sites,
relative to the�1 state sites, toward the dissociation
of H2 and small alkanes[48]. The initial dissociative
chemisorption probability[46] of H2 on the�2 sites
is near unity while the chemisorption probability on
the �1 sites is on the order of 10−2. It has also been
shown that adsorbing H into the�2 sites of Ir(1 1 0)
will block the dissociation of small alkanes, causing
the surface to have a reactivity similar to the close
packed (1 1 1) surface[48].

In order to investigate the effect of hydrogen cov-
erage on the adsorption of CCl4, initial adsorption
probability measurements were made with the�2 sites
saturated with hydrogen. In the temperature range of
170–250 K, the adsorption probability is 0.96± 0.03,
which is just slightly less than the adsorption prob-
ability measured on the clean surface. This result

1 Due to the similarity in the hydrogen TPD, we expect hydrogen
adsorbed on Ir(1 1 0) to occupy similar sites to those on the Pt(1 1 0)
surface.
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indicates that the remaining�1 sites are active enough
to readily dissociate the C–Cl bond in CCl4. This idea
is consistent with the results of Meyer et al. where
CCl4 is shown to adsorb with near unity probability
at low surface temperatures on the Ir(1 1 1) surface
[35] (which consists of�1 type sites only). However,
we have shown that if the�2 state of hydrogen is
saturated, the adsorption probabilities of CH2Cl2 and
CH3Cl drop to 0.01± 0.03 and 0.02± 0.03, respec-
tively, at a surface temperature of 250 K compared
to 0.99± 0.03 and 0.96± 0.03, respectively, on the
clean surface. The adsorption probability of CHCl3
remains high, dropping only to 0.94± 0.03 compared
to 0.99 ± 0.03 on the clean surface. These results
indicate that on the Ir(1 1 0) surface, with hydrogen
saturating the�2 sites, the available�1 sites can dis-
sociate the relatively weak C–Cl bond in CCl4, but
are not reactive enough to break the stronger C–Cl
bond in CH2Cl2 or CH3Cl.

Adsorbed CCl4 will react readily with preadsorbed
hydrogen to form several hydrodechlorination prod-
ucts. CHCl3 is the major product formed. CH2Cl2 and
CH4 are also produced in trace amounts. The produc-
tion of CH3Cl could not be detected.Figs. 5 and 6

Fig. 5. King and Wells measurement of the adsorption and reaction
of CCl4 on the hydrogen (deuterium) precovered Ir(1 1 0) surface at
200 K. The hydrogen (deuterium) coverage is that which saturates
the �2 state. The molecular beam of CCl4 starts to impinge on
the surface at 70 s and stops at 120 s. The production of CHCl3,
CH2Cl2, and CD4 (using deuterium in a separate experiment)
were monitored using masses 83, 51, and 20, respectively. The
production of CH3Cl could not be detected. The different QMS
signals have been vertically displaced from one another for clarity.
The signals shown have been scaled to take into account the
sensitivity of the mass spectrometer toward the different species as
well as differences in pumping speeds and ion gauge sensitivities.
The mass 20 signal has also been magnified by a factor of 12.

Fig. 6. King and Wells measurement of the adsorption and reaction
of CCl4 on the hydrogen (deuterium) precovered surface Ir(1 1 0)
surface at 250 K. The conditions are identical to that shown in
Fig. 5 except for the surface temperature. The different QMS
signals have been vertically displaced from one another for clarity.
The signals shown have also been scaled to take into account the
sensitivity of the mass spectrometer toward the different species as
well as differences in pumping speeds and ion gauge sensitivities.
The mass 20 signal has also been magnified by a factor of 12.

show typical experiments in which hydrodechlorina-
tion products were detected by the mass spectrometer
as a molecular beam of CCl4 was allowed to impinge
on the Ir(1 1 0) surface which had been predosed with
enough hydrogen to saturate the�2 state sites. Note
that the signals inFigs. 5 and 6have been scaled to
take into account differences in the mass spectrometer
sensitivity, pumping speed, and ion gauge sensitivity
for each species. At 70 s, a shutter is opened to al-
low the molecular beam to enter the scattering cham-
ber and impinge on the sample. The beam is allowed
to impinge on the sample for 50 s and then the beam
shutter is closed at 120 s stopping the beam from en-
tering the scattering chamber. At a surface tempera-
ture of 200 K (Fig. 5), the adsorption probability of
CCl4 is initially 0.96 and remains high for about 10 s.
During this time only a small amount of the incident
CCl4 is reflected from the surface and detected by the
mass spectrometer at mass 117 (CCl3

+). Although the
mass spectrometer used in this study was most sen-
sitive to the mass 47 (CCl+) fragment of CCl4, mass
117 was used to monitor for CCl4 since mass 117 was
not a major cracking fragment of other hydrodechlori-
nation products formed. After about 10 s of exposure
the surface begins to saturate with dissociatively ad-
sorbed CCl4 and a corresponding rise of the reflected
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CCl4 signal is seen. This signal eventually levels off
as the surface becomes saturated, at which point all
of the incoming CCl4 is reflected from the surface. At
120 s, the beam shutter is closed and the CCl4 signal
drops back to the baseline level.

The production of CHCl3 was detected by the mass
spectrometer at mass 83, which is the CHCl2

+ crack-
ing fragment. A fragment of this mass is not produced
in any significant amount by CCl4 or any of the other
hydrodechlorination products. At a surface tempera-
ture of 200 K (Fig. 5), CHCl3 is not produced imme-
diately as the CCl4 beam impinges on the sample. Not
until the surface starts to become saturated with ad-
sorbed CCl4, and the adsorption probability of CCl4
begins to drop, does CHCl3 begin to be produced. The
production of CHCl3 increases as adsorbed CCl4 fur-
ther poisons the surface. Eventually the CHCl3 pro-
duction goes through a maximum and then decreases
as the production rate of CHCl3 becomes limited by
the decreasing adsorption probability of CCl4.

The fact that CHCl3 is not produced immediately as
the CCl4 beam impacts the sample indicates that some
amount of dissociatively adsorbed CCl4 must accumu-
late on the surface before CHCl3 can be produced. As
Cl from the dissociatively adsorbed CCl4 accumulates
on the surface, the activity of the surface toward C–Cl
bond cleavage is likely reduced concomitant with an
increase in the work function of the surface. This re-
duced activity may stabilize the adsorbed CCl3 species
of dissociatively adsorbed CCl4 allowing it to react
with adsorbed hydrogen to form CHCl3 whereas on
the clean surface, the CCl3 will perhaps be decom-
posed too rapidly to form CHCl3. In fact, if Cl from
Cl2 is preadsorbed on the surface along with hydro-
gen, CHCl3 formation will occur almost immediately
after the CCl4 beam is allowed to hit the surface.

CH2Cl2 is also produced at a surface temperature of
200 K (Fig. 5). Production of CH2Cl2 was monitored
by the mass spectrometer at a mass of 51 (CH2Cl37+).
Fragments of mass 51 are not significantly produced
by any of the other species discussed. Mass 49, which
is the major cracking fragment of CH2Cl2 (CH2Cl+)
could also be detected, however this is the same mass
as a significant cracking fragment of CCl4 and CHCl3
(CCl37+). Subtracting the contribution to the mass 49
signal from CCl4 and CHCl3 (both from CCl37+),
gives a residual mass 49 signal that would be expected
from CH2Cl2 based on the mass 51 signal. Produc-

tion of CH2Cl2 was confirmed by preadsorbing deu-
terium in place of hydrogen. Using deuterium, masses
51 (CD2Cl+) and 53 (CD2Cl37+) were detected con-
sistent with the cracking pattern expected for CD2Cl2.

The production of CH3Cl was monitored using
mass 52 (CH3Cl37+). Although the mass spectrome-
ter is most sensitive to the parent mass 50 signal for
CH3Cl, CHCl3 also produces a significant mass 50
signal from the HCCl37+ fragment. Mass 52 was not
detected for experiments performed at surface temper-
atures between 170 and 250 K. Therefore, we believe
that CH3Cl is not produced in a detectable amount.

Due to the relatively high background of mass 16
in our vacuum chamber, it was not possible to detect
small amounts of CH4 produced. However, when deu-
terium was substituted for hydrogen, the presence of
mass 20 (CD4+) could be detected. It should be noted
that the detection limit of CD4 in our system is about
an order of magnitude greater than that of any of the
other chlorinated species discussed. This is mainly due
to the cold surfaces within our system which pump
the chlorinated species very well compared to CD4,
which will not condense on those cold surfaces.

The effect of surface temperature on the production
of CHCl3 was also investigated.Fig. 6 shows that if
the surface temperature is increased from 200 to 250 K
(Fig. 5), the production of CHCl3 is dramatically re-
duced. This decrease in CHCl3 production is likely
due to an increase in the rate of decomposition of the
surface CCl3 species at higher surface temperatures,
which lowers the likelihood of a CCl3 species react-
ing with adsorbed hydrogen before it further decom-
poses. The production of CH2Cl2 is also reduced at
higher surface temperatures. The production of CD4 at
a surface temperature of 250 K was approximately the
same as that at 200 K. Decreasing the surface temper-
ature from 200 to 170 K, had no significant effect on
the production of CHCl3, however, at this lower tem-
perature, no CH2Cl2, CH3Cl, or CD4 was detected. At
this low temperature, it is possible that the rate of re-
action between surface intermediates (CHxCly (ads))
and hydrogen needed to form these compounds be-
comes negligible.

The effect of hydrogen coverage on CHCl3 pro-
duction was also investigated (Fig. 7). For hydrogen
coverages below the�2 saturation coverage, the pro-
duction of CHCl3 was very low. At a surface tem-
perature of 170 K, the production of CHCl3 does not
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Fig. 7. Effect of hydrogen coverage on the production of CHCl3.
The relative CHCl3 production has been normalized by the CHCl3

production when the�2 state of hydrogen is saturated. The hy-
drogen coverage has also been presented relative to the coverage
where the�2 state is saturated.

become significant until the hydrogen coverage nears
that necessary to saturate the�2 state. This result in-
dicates that the�2 sites may decompose the surface
CCl3 species too quickly for it to react with surface hy-
drogen to form CHCl3. Once the�2 state of hydrogen
is saturated, and those sites are effectively blocked,
then the�1 sites will still be able to dissociatively ad-
sorb CCl4 leaving CCl3. However, the�1 sites likely
decompose the CCl3 species less rapidly than the�2
sites, allowing the CCl3 species time to react with
hydrogen to produce CHCl3. At hydrogen coverages
above the�2 saturation coverage, CHCl3 production
increases roughly linearly with the hydrogen coverage
up to 1.8 times the�2 saturation coverage which was
the highest hydrogen coverage studied.

As noted above, when the�2 sites are saturated
with hydrogen, CH2Cl2 and CH3Cl will no longer
adsorb while CHCl3 still adsorbs with a probability
of 0.94. We have seen that upon adsorption on the
Ir(1 1 0) surface, with the�2 state of hydrogen satu-
rated, CHCl3 will hydrodechlorinate similarly to CCl4
(Fig. 8). At 200 K, CHCl3 will react with adsorbed
hydrogen to produce mainly CH2Cl2. CH2Cl2 produc-
tion was monitored using mass 84 (CH2Cl2+). Similar
to the hydrodechlorination of CCl4, the production of
CH2Cl2 from CHCl3 does not become significant until
some amount of dissociated CHCl3 has accumulated
on the surface, causing the surface to become less ac-
tive toward C–Cl bond cleavage. The production of
CH3Cl was not detected and the production of CH4 is

Fig. 8. King and Wells measurement of the adsorption and reaction
of CHCl3 on the hydrogen precovered surface Ir(1 1 0) surface
at 200 K. The molecular beam impinges on the surface between
70 and 130 s. A small part of the mass 84 signal, which is due
to a cracking fragment of CHCl3, has been subtracted out. The
different QMS signals have been vertically displaced from one
another for clarity. The signals shown have also been scaled to
take into account the sensitivity of the mass spectrometer toward
the different species as well as differences in pumping speeds and
ion gauge sensitivities.

questionable. Although CHD3 could be detected when
preadsorbing deuterium instead of hydrogen, the pro-
duction of mass 19 (CHD3+) was near the detection
limit of the QMS. When the surface temperature is
raised to 250 K, the production of CH2Cl2 decreases
to approximately 1/3 of that produced at 200 K. This
indicates that as the surface temperature is raised, the
CHCl2 surface intermediate becomes less stable and
is more likely to decompose than react with adsorbed
hydrogen to produce CH2Cl2.

4. Conclusions

Carbon tetrachloride was found to dissociatively
adsorb on the clean Ir(1 1 0) surface with a proba-
bility of 0.99 at low surface temperatures which de-
creases slightly to 0.97 as the temperature is increased
to 1200 K. Other less chlorinated methanes, such as
CHCl3, CH2Cl2, and CH3Cl also dissociate with near
unity probability at low surface temperatures and their
adsorption probability also decreases with increasing
surface temperature. The adsorption probability be-
comes more sensitive to the surface temperature as the
molecule becomes less chlorinated. This behavior is
possibly due to an increase in the C–Cl bond strength
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as the molecule becomes less chlorinated. Adsorp-
tion is believed to occur though a precursor-mediated
mechanism for all of the chloromethanes investigated.
Studies of the uptake of CCl4 indicate that as Cl is ac-
cumulated on the surface, the adsorption probability
of CCl4 becomes more sensitive to the surface temper-
ature. This increased surface temperature dependence
is possibly due to an increase in the work function of
the surface, which in turn increases the energy barrier
to C–Cl bond cleavage.

The adsorption of hydrogen does not significantly
affect the adsorption probability of CCl4 (or CHCl3)
at low surface temperatures. However, when the�2
state of hydrogen is saturated, CH2Cl2 and CH3Cl will
not significantly dissociatively adsorb. Adsorbed hy-
drogen can react with dissociatively adsorbed CCl4 to
produce mainly CHCl3 with trace amounts of CH2Cl2
and CH4 (detected as CD4). The production of CHCl3
was favored at lower surface temperatures where the
CCl3 intermediate is less likely to be decomposed be-
fore reacting with adsorbed hydrogen. CHCl3 produc-
tion is also favored at higher Cl coverages, possibly
due to Cl reducing the activity of the surface toward
the decomposition of the CCl3 intermediate. It is also
noted that CHCl3 production is not significant until the
�2 state of hydrogen is nearly saturated. This behavior
indicates that the highly active�2 sites may decom-
pose the CCl3 species too rapidly to produce CHCl3.
Similarly, CHCl3 has been shown to hydrodechlori-
nate to CH2Cl2.
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