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ABSTRACT

Adsorption and reaction of water on the clean and oxygen modified Ir(11 1) single crystal surfaces have
been studied using temperature programmed desorption (TPD) and molecular beam reactive scattering
(MBRS) techniques under ultrahigh vacuum (UHV) conditions. Water dissociates on the clean Ir(111)
surface with a probability (estimated based on production of hydrogen) which decreases from ~0.016 to
0.004 +0.0015 with increasing water coverages from 0.34 to 2.59 monolayer. Scattering experiments per-
formed at various surface temperatures in the limit of zero coverage yield water dissociation probabilities
in the range of ~0.0005-0.012 (300-900 K) with an uncertainty expressed as +20% of the dissociation
probability. The apparent activation energy for water dissociation on clean Ir(111) is estimated to be
~170 £ 5 kJ/mol employing MBRS techniques, which probably cannot be applied to TPD measurements
with higher water coverages. We speculate that water dissociation occurs on the defects of the Ir(111)
surface. Using isotopically labeled reactants, a strong interaction between adsorbed water and oxygen
was found on Ir(11 1), indicated by a new water desorption feature at 235 K and scrambled oxygen and
water desorption products.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Water is involved in numerous catalytic processes such as the
water-gas shift (WGS) reaction [1,2] and methane reforming [3,4].
Thus, studies on the interaction of water with metal surfaces are
of fundamental importance for understanding reaction mecha-
nisms. Regarding adsorption, dissociation and desorption of water,
many transition metals (e.g. Ru [5-7], Pt [8,9], Zr [10], Ni [11], Pd
[12], Rh [13,14], Cu [15], Ag [16], and Au [17]) have been investi-
gated both experimentally and theoretically. Furthermore, it has
been found that co-adsorbed oxygen can induce the dissociation
of water on some metal surfaces with hydroxyl groups (OH) as
intermediates in the process [18-22]. These findings have pro-
vided deeper insight into reactions involving water. Ojifinni et
al. and Kim et al. found that water can enhance CO oxidation
on the Au(111) surface under ultrahigh vacuum (UHV) condi-
tions employing isotopically labeled reactants [23,24],and a similar
phenomenon has been observed on Pt(11 1) [25]. Water enhance-
ment has also been found in CO oxidation on Au/TiO; [26,27] and
the oxidation of propylene to propylene oxide on Ag(110) [28].
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Additionally, Pan et al. noticed that adsorbed water alone or co-
adsorbed water and oxygen can induce CO dissociation on Ir(111)
[29].

Although iridium has been investigated widely with respect
to its chemical properties [30-37] due to its high reactivity, the
interaction of water with the clean or oxygen modified Ir(111)
surface has yet to be a focus of interest. However, Weinberg and
co-workers used TPD to investigate the adsorption of water on
Ir(110) and found that at most 6% could dissociate at 130K and
hydroxyl formation occurred when water was co-adsorbed with
oxygen on Ir(110) [38]. It is well known that the (11 1) facet is
most readily formed in classical heat-treated catalysts due to its
high stability. Here we present results demonstrating that water
dissociates on the clean Ir(1 1 1) surface, and that co-adsorbed oxy-
gen can strongly enhance water dissociation via hydroxyl group
formation.

2. Experimental

All experiments were carried out in an ultrahigh vacuum (UHV)
supersonic molecular beam surface scattering apparatus with a
base pressure of ~2 x 10~10 Torr, which has been described [39-43]
in detail previously, but particularly relevant aspects are provided
here. This instrument consists of a UHV scattering/analysis section
and a differentially pumped molecular beam generating section.
The scattering chamber is equipped with an Auger electron spec-
trometer (AES), low energy electron diffraction optics (LEED), and
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a quadrupole mass spectrometer (QMS). The Ir(11 1) single crystal
sample is in the shape of a disk of ~1 cm diameter, mounted on a
probe which can be adjusted in the X, Y, and Z directions and rotated
by a sample manipulator. The Ir(111) sample can be resistively
heated to 1550 K and rapidly cooled to 77 K via coupling to a liquid
nitrogen (LN, ) bath. A type-C thermocouple (5%-W/Re/26%-W/Re)
is spot-welded on the edge of the crystal and employed to mea-
sure the sample temperature. Research purity 10, and H, 60 were
used in this study, as were isotopically labeled D,0 and H, 80, to
investigate the reaction pathways. All reagents can be delivered to
the scattering chamber via molecular beams, which are generated
using a system of independent nozzles, each with the same aper-
ture size and separate plumbing to ensure the purity of reagents
introduced to the sample surface. The oxygen coverage was deter-
mined by LEED measurements on an oxygen saturated surface and
the results are in agreement with those that have been reported
previously [44]. Water was dosed via molecular beam on the sam-
ple with a flux of ~0.08 monolayer (ML)/s and we estimate the
surface density of 1 ML water to be ~1.23 x 10'> molecules/cm?
by analogy with the water structure on the Pt(11 1) surface [45].
An inert stainless steel flag is installed in front of the sample for
the control experiments to investigate the perturbing effects due
to surfaces other than sample, such as the inner walls of the cham-
ber, sample supporting wires, power leads, and the liquid nitrogen
cooled sample probe. Periodically, the sample was cleaned by Ar
ion sputtering, followed by annealing in gaseous oxygen. More
routine cleaning, which must be carried out before every exper-
iment, was performed with several cycles of oxygen adsorption/
desorption to remove surface carbon as verified by AES and TPD
measurements.

3. Results and discussion
3.1. Complete dissociation of water on clean Ir(111)

Complete dissociation of water on the clean Ir(1 1 1) surface was
investigated by adsorbing water on the clean Ir(111) surface to
search for hydrogen formation. We employed isotopically labeled
water (D, 0) to eliminate the perturbing effects of background H,
[due to the thermal dissociation of background H,0 and hydrocar-
bons (from a small component of fluid vapor from the LN, trapped
diffusion pump) on hot filaments and diffusion from the stainless
steel chamber walls] by monitoring D, production from Ir(111),
which is one indicator of complete dissociation of water. There-
fore, Fig. 1 shows the TPD spectra of D, (m/e=4) desorption from
Ir(111) covered by D,0 (0-2.59 ML) in a broad feature from ~200
to 700K, indicating low temperature water dissociation (<200 K).
The desorption rate of D, reached a maximum value at ~350-400 K,
consistent with characteristic features regarding hydrogen desorp-
tion from Ir(111) [46]. Compared to the control experiment (we
ramped the temperature of the clean sample up to 700K at the
same rate, 2 K/s) shown as the black curve, notable amounts of
D, are produced from D,0 covered Ir(11 1) which suggest water
dissociation on the clean Ir(11 1) surface. Additionally, when we
dosed water on the inert stainless flag and then conducted TPD
measurements, no mass 4 signal was detected, further suggesting
that Ir(11 1) is responsible for water dissociation rather than other
surfaces (i.e., copper power leads, tantalum sample-holding wires,
and/or thermocouple wires). We estimate that the D,0 dissocia-
tion probability increases from ~0.004 to 0.016 +0.0015 with D,O
coverages decreasing from 2.59 to 0.34 ML [we also accounted for
mass 3 (HD), which is due to the combination of background H
and D from dissociated D,0]. Note that the estimation of water
dissociation probability is based on the TPD measurements from
saturated hydrogen (1 ML) covered Ir(11 1), which is difficult to
conduct due to the low dissociation probability of hydrogen on
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Fig. 1. TPD spectra of D, desorption from D, 0 covered Ir(11 1) with various cov-
erages. Inset graph shows the modified D, production with respect to integrated
TPD areas of D, and HD where the data dots are filled by responding colors. Water
was dosed on the surface between 89 and 77 K and the heating rate was 2 K/s. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of the article.)

Ir(111) (~7 x 1073 [46]) and could be the main source of uncer-
tainty. The inset graph in Fig. 1 represents the modified production
of D, [i.e., sum of integrated D, and half of the HD intensity], initially
increasing as a function of increasing D, O coverages and then level-
ing off when more than 1 ML of water was adsorbed onIr(1 1 1). This
observation is likely due to a decrease in surface active sites which
are eventually occupied by absorbed water molecules until fully
covering the Ir(11 1) surface and inhibiting the further dissociation
of water.

In order to further study the thermal dissociation of water,
we investigated the influence of surface temperature by employ-
ing molecular beam reactive scattering (MBRS) techniques. We
impinged a D,O beam on Ir(111) at a variety of surface temper-
atures above that for water desorption (from 300 to 900K with
an interval of 100K as shown in Fig. 2a) and found that higher
surface temperatures produced more D,, indicating water dissocia-
tionon Ir(11 1) is activated [47]. We note that for all temperatures
the production of D, initially increases to a peak value and then
declines until reaching a steady state. The highest intensity is the
maximum D, formation rate (Rmax) for a given surface tempera-
ture. By comparing Rmax as a function of temperature, an Arrhenius
plot has been produced as shown in Fig. 2b resulting in an apparent
activation energy for water dissociation (assuming water dissocia-
tion is the rate limiting step) on Ir(111) of ~170 £ 5 kJ/mol. This
is an overall activation energy including the two steps in com-
plete water dissociation: water dissociates to a hydroxyl group
and hydrogen atom (H,0 — OH+H); the formed hydroxyl group
then dissociates to oxygen and hydrogen (OH — H +0). Using den-
sity functional theory calculations, Mavrikakis and co-workers
[48] reported that complete water dissociation on Pt(11 1) has an
activation energy barrier of 1.97 eV including 0.88 eV in water dis-
sociation to OH and H and 1.09eV in OH dissociation, which is
comparable to the activation energy we estimate here for Ir(111)
(1.97 eV=~190KkJ/mol). Based on the D,0 beam flux and surface
density, we estimate that probabilities for D, 0O dissociation during
the scattering experiments are in the range of ~0.0005-0.012 corre-
sponding to the temperature range from 300 to 900K (as illustrated
in Fig. 2b). The percentage uncertainty in dissociation probabil-
ities for D,0 has been estimated to be ~20% of the dissociation
probability.
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Fig. 2. (a) Evolution of D, from 180s of DO impingement on Ir(111) at various
temperatures (300-900 K). (b) Arrhenius plot of maximum D, formation rate (Rmax)
regarding the maximum intensity of D, (and the probability of D,0 dissociation at
Rmax ) during reactive scattering experiments at various temperatures.

We selected the experiment with a sample surface temperature
of 900K (shown as the red curve in Fig. 3), to provide additional
insights regarding D, evolution from water dissociation. Firstly, we
carried out a control experiment (see the black curve in Fig. 3) by
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Fig.3. Evolution of D, from 180 s of D, O impingement on the inert flag (black curve),
clean Ir(111) (red curve), 0.06 ML (blue curve) and 0.16 ML O (green curve) pre-
covered Ir(111) while the Ir(11 1) surface temperature was held at 900 K. Oxygen
was dosed on the surface between 89 and 77 K. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of the article.)

impinging a D, 0 molecular beam (t=180s) onto the stainless steel
inert flag placed in front of the Ir(1 1 1) surface while the tempera-
ture was held at 900 K. A negligible amount of D, production was
observed, suggesting that the catalytic activity for thermal disso-
ciation of water under UHV conditions shown in the red curve is
due to the Ir(11 1) surface. The red curve shows a prompt evolu-
tion of D, upon exposure to the D,O beam with the Ir(1 1 1) sample
held at 900 K. The decline in the evolution of D, during the scatter-
ing experiment shown as the red curve in Fig. 3 is likely due to an
accumulation of oxygen adatoms from water dissociation gradually
populating and blocking the active sites for further water disso-
ciation on Ir(111) eventually reaching an equilibrium between
production and desorption of hydrogen and removal of oxygen
(oxygen could be abstracted by background CO and replenished
by water). To examine this hypothesis, we scattered an equiva-
lent amount of D,0O (the same flux and dosing time of D,O to
that in the experiment shown in the red curve in Fig. 3) on 0.06
and 0.16 ML oxygen pre-covered Ir(111) at 900K, respectively,
as the blue and green curves displayed in Fig. 3. With increas-
ing oxygen coverage, the initial D, evolution peak is smaller and
gradually decreases with a similar amount of D, being observed at
steady state (compared to the clean surface), supporting our earlier
speculation.

3.2. Partial dissociation of water on O pre-covered Ir(111)

Water dissociation has been observed on many oxygen modi-
fied transition metal surfaces, however, details of the interaction
between water and oxygen on the Ir(11 1) surface have not been
reported. In order to study this phenomenon on Ir(111), we co-
adsorbed oxygen (160) with isotopically labeled water (H,180) to
search for the scrambled products (indicators of interaction), such
as 180160, 180, and H,!60. Fig. 4 shows TPD spectra of oxygen
and water desorbing from the Ir(111) surface in three separate
experiments. Firstly, Fig. 4a and b displays desorption of water
and oxygen from 0.30 ML 160 covered Ir(11 1) (O is dissociatively
chemisorbed on the clean Ir(111) surface [49,50]). As expected
no water is observed desorbing but oxygen desorbs from 1000 to
1400K in agreement with what Weinberg and co-workers have
reported [51,52], where they argued that the 1300K desorption
feature is due to iridium oxide [formed at a temperature higher
than ~700K on the oxygen covered Ir(11 1) surface] decomposi-
tion. Water TPD spectra on the clean Ir(11 1) surface display two
features as shown in Fig. 5, with one desorption peak at 160K
due to the multilayer adsorption and the other feature at 170K
for the monolayer adsorption. Fig. 4c exhibits only the mono-
layer desorption feature (170K) as the Ir(11 1) surface received a
relatively small exposure of isotopically labeled water (0.28 ML).
Mass 18 was observed to desorb at 170K also, which is likely
due to H,'60 impurities in the H,'80 sample (Isotec, 95% 180)
or a mass fragment of H,'80 or water (H,160) from the back-
ground. Notice that there is no oxygen (m/e =32, 34, 36) desorbing
from the Ir(111) surface covered exclusively by water (H,'80),
as shown in Fig. 4d. This finding suggests that oxygen atoms
from any water dissociation could be totally consumed by react-
ing with adsorbed trace carbon (from dissociation of hydrocarbon
diffusion pump fluid vapor) to form CO and/or CO, even on the
extremely cleanIr(1 1 1) surface, as the low probability of water dis-
sociation (~0.012) cannot provide detectable oxygen (monitored
by QMS) desorbing in the presence of surface carbon contami-
nants.

In order to study the interaction of water with oxygen on
Ir(111), we added 0.28 ML H,'80 to 0.30ML 160 pre-covered
Ir(111) in a temperature range of 89-77K, and then carried out
TPD measurements. The results illustrated in Fig. 4e show that
a new water desorption feature appears at a higher temperature
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Fig. 4. TPD spectra of water (H,'80 and H,'60) and oxygen (160,, 1080 and '80,)
from (a)and (b)0.30 ML 60 onIr(111),(c)and(d)0.28 MLH,'80onIr(111),and (e)
and (f) 0.28 ML H,'80 on 0.30 ML 160 pre-covered Ir(1 1 1). All species were dosed
on the surface at 89-77 K. The heating rate during TPD was 2 K/s in the range of
77-500K and 10K/s in the range of 500-1550K.

(235K). This result likely indicates enhanced water partial disso-
ciation on oxygen covered Ir(11 1) forming a hydroxyl group (OH)
and leading to a high-temperature water desorption feature due to
disproportionation (20H; — O, +H;0,) [53]. Moreover, the notable
decrease of the H, 80 desorption peak at alow temperature (170 K)
suggests that most of the adsorbed water has a strong interaction
with atomic oxygen on Ir(111) at low temperatures as shown in
Fig. 4e. Accordingly, the oxygen TPD spectra in Fig. 4f containing
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Fig. 5. TPD spectra of H,'60 desorption from various water coverages on Ir(111).
Water was dosed on the surface between 89 and 77 K and the heating rate was 2 K/s.
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m/e=32, 34, and 36 provide evidence regarding oxygen scram-
bling between oxygen and water also due to disproportionation of
formed OH groups. We believe that this process follows the widely
accepted mechanism of hydrogen abstraction to produce hydroxyl
groups, in which the co-adsorbed atomic oxygen induces water
dissociation by abstracting hydrogen atoms from adsorbed water
molecules (O; +H,0, — 20H,;) [53]. When we further increase the
H, 180 coverage on 0.30 ML of oxygen pre-covered Ir(11 1), more
recombined water and scrambled oxygen (160130 and 180,) are
produced while the desorption of multilayer water also can be
observed with increasing water coverages as shown in Fig. 6.

We have found enhancement by oxygen adatoms for partial dis-
sociation of water on Ir(11 1) (see Fig. 4) and also speculated that
oxygen from D, 0 dissociation could populate the sample surface
and block the active sites for further complete dissociation during
scattering experiments as shown in Fig. 3. A small amount of water
dissociates in the low temperature experiments with the proba-
bility ranging from ~0.004 to 0.016 and in the molecular beam
reactive scattering measurements with probabilities in the range
of ~0.0005-0.012, and this suggests that the water dissociation
(detected via hydrogen evolution) observed on the clean Ir(111)
surface could be due to a small concentration of defects or trace
surface carbon contamination whereas clearly a strong interaction
between water and oxygen occurs (detected via scrambling) on the
(11 1)terraces. Inorder to investigate the effect of carbon, we dosed
propylene on the clean Ir(111) surface via molecular beam and
then heated the sample to 900K to obtain ~4.5 times more car-
bon on Ir(1 1 1) than the “clean” surface. However, D,0 scattering
experiments on carbon pre-covered Ir(11 1) showed that only 10%
larger peak value of D, was detected than that on the clean surface,
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indicating carbon is not likely responsible for water dissociation.
Although more D, production has been observed on carbon pre-
covered surface during the steady state, we believe that it is because
the rate of O blocking active site (i.e. defects) has been decreased by
CO oxidation which can consume oxygen atoms and suppress their
population on Ir(1 1 1). Therefore, we suspect that water dissocia-
tion on the clean Ir(1 1 1) surface is mediated by defects [9,53] (the
water dissociation probability on Ir(110) is ~6% [38]). The defec-
tive sites are likely blocked by oxygen atoms from dissociated water
causing the attenuation of further dissociation and evolution of Ds.
On the other hand, oxygen atoms can enhance partial dissociation
of water on the (11 1) terraces of our iridium sample via abstrac-
tion of H. Additionally, complete dissociation of D0 on defects of
Ir(111) might result in the desorption of D, at the higher tem-
peratures (up to ~600K) as shown in Fig. 1, compared to the D,
TPD spectra reported by Engstrom and Weinberg (hydrogen and
deuterium desorption features are identical and end at ~500K on
Ir(111) terraces [46]). The broader TPD spectra for deuterium in
our work could be due to the different source for D,, i.e., produced
from water dissociation whereas Weinberg and co-workers directly
adsorbed deuterium for their TPD measurements.

Comparing the probability of water dissociation in TPD
(0.004-0.016 £ 0.0015) and scattering (0.0005-0.012 with a 20%
uncertainty) experiments, we have noted that slightly larger frac-
tions of D,0 molecules can completely dissociate on the clean
Ir(11 1) surface in TPD. As the adsorption probability is likely only
affected in a minor way by surface temperature [30], the difference
in water dissociation probability for the two types of measure-
ments (TPD and MBRS) might be due to the residence time of
the molecules. The longer residence time of water molecules at
low temperature (approaching infinity at 77 K) in TPD allows D,0
molecule to diffuse to active sites and dissociate with a large num-
ber of attempts. As a result, a higher probability of reaction is
obtained. In contrast, in the scattering experiments with surface
temperatures much higher than that of water desorption a much
shorter residence time (ranging from 1076 to 10~1 s) is expected so
that water molecules cannot repeatedly reach the reactive sites as
desorptionis quite rapid, and this results in a comparably lower dis-
sociation probability. However, reactivity increases with increasing
surface temperature when a D,0 molecular beam is impinged on
Ir(111),indicating that complete dissociation of water is thermally
activated at temperatures above 300K and mainly influenced by
reaction probability rather than probability of molecules arriving
at the defective sites. Additionally, a crude calculation of D, 0 cover-
age shows it to be very small (10~7 to 10~'2 monolayer) during the
scattering experiments with the temperatures ranging from 300 to
900 K.

The role of a trace amount of moisture in increasing reaction
rates in high surface area catalysis, has been identified in investiga-
tions regarding CO oxidation [26] and propylene epoxidation [54]
on supported gold clusters. The data presented here aim to rein-
force the understanding of the role of adsorbed water with clean
and oxygen modified Ir(111).

4. Conclusions

In summary, water dissociation has been observed on the clean
Ir(11 1) surface via TPD with a small dissociation probability (lower
than ~0.016+0.0015). Using molecular beam reactive scatter-
ing techniques, we found that water dissociation on Ir(111) is
activated whereas adsorbed oxygen produced from the reaction
can occupy the active sites to inhibit the further dissocia-
tion of water causing dissociation probabilities in a range of
~0.0005-0.012 (20% uncertainty) at the maximum reaction rate.
Furthermore, the apparent activation energy has been estimated
to be ~170+ 5 kJ/mol, which may not be applicable to the higher

coverages employed for the TPD measurements. When water and
oxygen were co-adsorbed on Ir(111), scrambled products were
detected, suggesting that oxygen can induce partial dissociation of
water on Ir(11 1) and recombinative desorption in which hydroxyl
groups are considered to be likely intermediates. A new prominent
desorption feature at 235K, which is at a much higher tempera-
ture than the characteristic desorption feature for monolayer water
on clean Ir(111) (170K), suggests a strong interaction between
oxygen and water.
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