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Chapter 6

Adsorptlon and desorptlon kmetlcs
of water molecules on Rh(111)

Adsorption and desorption” kinetics of water molecules on the Rh(111)
surface were investigated using temperature p",rogrfémed desorption (TPD).
Water molecules show a coverage dependent sticking probability and initial
" sticking probability was estimated to be 0.46. In desorption process, water
molecules exhibit coexistence of a dilute; gas like phase together with islands
" of a condensed phase, both being two dimensional. Based on the model
proposed by K. J. Kreuzer and S. H. Payne [Surf. Sci. 200, L433 (1988)],
" apparent fractional-order TPD spectrum shape can be interpreted as a
first-order desorption in the coexisting region, where two-phase has different
sticking probabilities. Using threshold-TPD method, coverage dependence of
activation energy (Ed)' and preexponential factor (w) for desorption” were
estimated. They showed weak coverage dependence, where Eq and v Were
- decreased from 60 kJ/mol to 51 kd/mol and from 4.1 X 1017 s't01.3x10"s

with i mcreasmg coverage, respect:vely



6.1 Introduction

There have been a number of reports of submonolayer water adsorption and
desorption kinetics for metal surfaces, which is particularly important to
understand water related catalytic reactionsfj2 All of reported results indicate
that molecular water adsorption on metals is not activated pr'ocess.' One bf the
most interesting properties of water-metal surface interaction is the high
probability with which water can adsorb at most surfaces. Table 61 shows
reported results for water adsorption probability; initial sticking probability So.>™
Adsorption temperature ~100 K corresponds roughly to the conditions for
optimum cluster formation on most metals, this illustrate the role of surface
features in the sticking of water on metal surfaces. If the Sp is unity and water
‘molecules aggregate to form island, the adsorbing molecules cannot distinguish
between a filled site a_nd an empty site  because water molecules
adsdrb/condense on an ice surface with probability of unity.? T herefore, a
sticking probability, S, is independent of coverage and multilayer can start to
_form even before the first layer is saturated. However, in the case of low So, S
should depend on coverage.. Thus the reported results for Rh(111) that low So
-and coverage independent S conﬂict each other.* |

As a reverse process of adsorption, desorption kinetics of water
molgcul_e_s have been studied for last decades. The desorption kinetics provide
the -adsorption energy of water ‘-:moiecules on the surfaces. In the case of
molecularly adsorbed water, desorption simply .involves breaking the
metal-water and/or any other bonds which holds the rholec,ule at surface.

Most of these studies were performed using temperature programed
desorptlon (TPD). On smooth Au,™ Ag'® and Cu'® surfaces, no state is resolved
except for the ice feature, reflecting only a very weak interaction with the metal in

these cases. A single desorption state is observed on Pt(111)", Pd(111)'®,
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Ni(111)'%%, and Rh(111)*. Two desorption states are observed for H,O/Ru(0001)
_system, which are assigned to molecularly and dissociatively adsorbed states.?!

In order to derive quantitative information about the strength ‘of tho
chemisorption bond from TPD data, these reports assumed the kinetics of the
desorption process; desorption order and preexponential factor. Based on these
assumptions (first-order and preexponential factor of 10'® s), adsorption energy
is estimated to be ~42 kJ/mol on several surfaces."*?° However, interpretation of
the TPD spectra is more complex. The desorption peak is too narrow tor
first-order desorption kinetics with a typical preexponential factor of 10" s
furthermore, first-order kinetics cannot explain a small shift to higher peak
temperatures with increasing coverage (see below). "

Another approach, which fits the data more successfully, is to assume
first-order desorption kinetics, a typical preexponential. factor of 10™® s™, and
“attractive interactions between particles. In the case of Ni(111) this explains both
the peak shape and position well. With this model, an adsorption energy of ~42

“kJimol is obtained. The coverage dependent attractive lateral interaction term
(14 kJ/mol) is sngmﬁcantly smaller than single hydrogen bond energles in water
(~20 kJimol) ® ' - | |

In the case of Pt(111), Daschbach et al.'” reported that the desorption
kinetics for submonolayer water was of a zero-order, where the activation energy
(Es) and the preexponential factor () of desorption were estimated to be 54.2+3
kd/mol and 1.4+3.5 x 10'® ML/s, respectively, using TPD and He specular
scaftering. The zero order desorption is considered as a result of
two-dimensional (2D) two phases which coexist as a high-density condensed
‘phase (2D islands) and a low-density 2D gaslike phase.

In any case, coverage dependence of Eq and vy has not been reported
without assummg the kinetics except for waterlPt(111) The qualitative
similarities of the TPD spectrum for the hexagonal surfaces suggest that the

'nature of the desorptlon process may be sm!ar on ali of these smooth metal
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" planes. Here, | ‘studied the adsorption: kinetics (sticking probability and 'its
coverage ‘dependence)z and desorption kinetics (TPD- spectrum shape “and
', desorption kinetic parameters as a function of coverage) of D,O/Rh(111) in detail
dsing TPD: - | - o o

i

6.2 Experimental

The experimental conditions and sample preparation are described in chapter 2.
In this experiment, water (D20, H>'°0, H,'®0) vapor was introduced. through a
‘pulse gas dos’ir{rg system onto the sample surface. All the isotopic waters, D»'°0
(Aldrich, isotopic purity 99.96 %), Hz'°0 (Milli-Q), H."°0 (Isotec, isotopic purity
95,5 %), were degassed through seve,rali‘freeze—pump-'thaw,,_cycles prior to
‘exposure. . o — . '

In this. study, the ~coverage of water molecules is descried by fractional
- coverage 0. Coverage measurements were performed __usrng-TPD, the water
coverage was determined by comparing each integrated area of a TPD
'spectrum with that at the saturation coverage of the first layer which was
prepared at 145 K. We define 6=1.0 at the saturation of the high temperature
»’oevak at 180 K in TPD (see Fig. 6.2).

6.3 Results and Discussion
6.3.1 Adsorption kiﬁrret:ios‘ |
J. d. Zrnck and W H Wernberg reported that a dependence of coverage on

exposure appears approximately lrnear suggestrng a mobr!e precursor model of

‘adsorptron and the constant stlckrng probabrllty (S) of 0 58 is estrmated for
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H>O/Rh(111).* Coverage dependence of S-is an important indicator of the
_adsorption mechanism. Here, | reexamined the coverage uptake experiment
~with respect to exposure to obtain detailed adsorption kinetics of water/Rh(111)

system.

Figure 6.1 shows a fractional coverage of D;O on Rh(111) as a function of
exposure. Water molecules were adsorbed on Rh(111) at 135 K followed by TPD
measurement With increasing e'xposure a grOWth*rate of fractional coverage
increases at 0 <1. 0 and fractronal coverage grows Imearly at 6 > 1.0. This
growth rate is |dent|cal to S. Thus, these results indicate that S depends on
coverage in submonolayer region. Note that a multilayer desorption peak was
observed at 160 K before the first water Iayer saturates in this experlmental
condltron (0 8 <0< 1 .0, Ta=135K).

_ I analyze the coverage uptake wrth a followrng model (Flg 6. 2)
;Adsorptlon processes are grven in Fig. 6. 2(a) ln th|s experlmental condrtron

water molecules cannot desorb from the surface because adsorptron
: temperature of 135 K is below a desorptron onset 140 K, and water multrlayer is

not formed [see Fig. 6. 3(@)]. In addrtrcn | assume that hot water molecules
‘ whlch dissipate part of an adsorptlon energy into the substrate can not desorb by
‘_:substrate thermal fluctuation. This assumption may be consistent with the resutt

‘_that Se is not depend on the substrate temperature in the case of

waterlPt(111) 15 Water molecules |mpmge on the surface with flux Jin. When

water molecules impinge on the bare surface with ﬂux Jin bares they can reﬂect
from the surface with ﬂux Jret OF chemisorb as monomer specres (Jint) followed by

»2D |sland formatlon (Jim ads)- Thus chemlsorbed monomer spemes can be
'lnterpreted as an |ntr|n5|c precursor in order to form the ZD island where | denote
_the intrinsic precursor as “A” On the other hand, water molecules impinge on the

2D island with flux Jin, isiands they adsorb as an extrinsic precursor with flux Jext on
the |sland and then incorporate into the 2D rsland (Jex, ads) where | denote the

extrlnsrc precursor state as “B" Note that we assume that water molecuies
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cannot reflect from 2D islands like the ice surface as mentioned above. Here, we
denote ‘transition probabilities for each process as o, which is schematically
illustrated in Fig. 6.2(a) and (b). Using these notation, apparent sticking

probability is formulated as

S()= j"s
Jogwo
b ':’rbare Zalac "‘Maeaac o PRI FEN
" " (8.1)
_ Jih.bare'. It ) intacs + Jin,stang . Jox . Joxtaas : '

- ,'Jm' ' Jtn.bara . Jtnt s Jin Jin,istand ' Jah
= (1 0) mt : v

|n Jbare

where Jac,s = J,m ads + Je,d ads- 1 herefore, apparent initial stlckmg probablhty, S(e =
0) = Sy, is equlvalent to a trapplng probablllty m the mtnnsnc precursor state
'(monomer spemes on the bare surface) Usmg ’thlS model, expenmental uptake
was fitted at submonotayer reglon and So was estlmated to be 0 46 Fitted curve
is shown as dashed curve in Fig. 6.1, ThIS result is comparable W|th the prewous
report Sp=0.58 for HO/Rh(111).4 " ‘ '
" Stlcklng is a dynamrc phenomenon When a water molecule mcomes to
‘the surface it is accelerated by the attracttve chemtsorptlon potentlal and
scattered by the corrugated potentlal at the surface. Thrs causes various
excitations mciudlng rotation, vnbratton and translatlon In addltlon adsorptlon
energy must be diSSlpated to the substrate wa electron hole palr (EHP) and
| phonon excﬂatrons in order to be trapped by a chemlsorptlon potentlal well 2
The enhancement of the phonon excitation results from the mcreasrng mass
‘ratio of water to metal atoms; Ru > Rh > Pt (mass Ru = 101 1 g/mol mass Rh =
102.9 g/mot mass Pt = 195.1 g/mol) However, So of Ru(OOO'I) and Pt(111)
'surfaces was estlmated to be unlty whereas that of Rh(111) is 0 46 estlmated in
this study _ - ‘
In addition, | think that lattice constant of these surface could affect the

smaller S of Rh('111). As a water molecule income to the surface, it must orient



‘the molecular plane parallel to the surface to feel a strong aftractive force.
Electronic coupling between molecule and substrate induces the EHP excitation,
and thus increases the adsorption probability. Here the lattice constant of
“Rh(111) is smaller than that of Ru(0001) and P#(111), and theoretical calculation
- predicted that the adsorption energies of monomer species are in the sequence:
Pt(111) < Ru(0001) < Rh(111).2® Thus muiti-dimentional potential energy surface
(PES) of water/Rh(111) may be more corrugated than that .of Ru(0001) and
Pt(111). Greater the corrugation of PES that a molecule feel, less molecules
would reorient rapidly to chemisorption alignment on the timescale of a
- collision.?* Thus, | think that an incoming water molecule is less efficiently
scaftered inelastically inducing EHP excitations by the Rh(111) surface
compared with the Ru(0001) and Pt(111) surfaces. '

6.3.2 Desorption kinetics
16.3.2.A Coverage dependence-of TPD spectra

:'ln the' thermodynamio equilibrium condition desorption should oocur as a
reverse process of adsorption. A series of TPD spectra of DZO adsorbed on
Rh(111) were measured as a function of water exposure [Fig. 6 3 (a)]. Water

| molecules were adsorbed on Rh(111) at 20 K, and then annealed at 145 K. Note

‘ that no dlﬁerence was observed, in the epﬂax&ally grown layer at 145 K, wrth a
constant ﬂux of ~0.01 (fractlonal coverage)ls , .

At 6=0.013, the TPD spectrum consists of the two broad peaks around

171 and 180 K, of whlch the former develops as coverage increases. The latter

: small peak at 180 K soon becomes saturated, which may be due to the small

:amount of defects (steps and kinks). Assuming that the fractional coverage
0=1.0 is equal to 1 BL (2/3 ML) and that water molecules are adsorbed on the

| 'step sites as molecular chains,?® the amount of defects on the Rh(111) surface is
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‘estimated to be less than 0.5%. Note that, judging from IRAS, water molecules
‘were not dissociated by the defects.

- A series of TPD spectra of the first layer shows a large peak with a
.desorption maxima at 171 ~ 180 K. On the other hand, the inset of Fig. 6.3(a)
shows ‘water desorption . from the oxygen preadsorbed Rh(111) surface, where
- oxygen molecules were adsorbed at 20 K followed by annealing to 300 K
(60=0.06 ML). Here, the O-preadsorbed Rh(111) surface was exposed to water
at 20 K, and then annealed at 155 K for 60 s. In-the TPD spectrum, two
desorption:- maxima are observed at 164 and 202 K. Previously, Wagner and
‘Moylan?® reported that, in the presence of oxygen, some water molecules were
dissociated "to form ,adsorbed.‘. hydroxyl species on Rh(111). The high
ternperature TPD peak is due to the disproportionation reaction of the hydroxyl
species and the desorption of intact water molecules associated with hydroxyl
species. On the “clean” Rh(111) surface only one desorpt|on peak is observed in
submonolayer coverages, except for a very smali defect derived peak Therefore,
| conclude that water molecules adsorb and desorb intact on Rh(‘l11). Note that
no strong isotope effect, as was reported for water on Ru(0001) was observed
in TPD of H,0 and D;0 on Rh(111) (not shown here). |

At 0<1.0, TPD spectra show the followmg features: @) Desorptron
curves do not show any common Ieadmg (low temperature) edge (2) With
mcreasrng coverage the desorptlon peak maxima shift to hlgher temperatures
3) The peak shape is asymmetrlcal (4) At (-)>0 85, a small shoulder is observed
at the leading edge reg:on [mdrcated by an arrow at ~1 62 K in Fig. 6. 3(b)] The
small shoulder observed at ~162 K is not a multrlayer feature but due to the first
water layer on Rh(111), because the water layer was annealed at 145K in order
to desorb the multilayer before TPD measurement. Thus, a small amount of less
stable species may exist near the saturation ’co‘verag‘e; suggeSting that the
structure of the first water layer changes with increasing cov,erage' above 0=0.85.

These resuits, (1) ~ (3), indicate that the desorption is not the case of
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integral order desorption. Figure 6.4 shows simulated TPD spectra as a function
“of coverage, where E4 and v are assumed to be constant. For a zero—order
- desorption process, the temperature for the desorption maximum shifts to higher
- temperature with increasing coverage and all desorption curves have -a common
leading-edge [Fig. 6.4(a)]. For a first-order process, with increasing COvéra‘g‘e,
the maximum of a desorption curve remains at a constant temperature [Fig.
. 6.4(b)]. For a second-order process, the desorption spectra show a shift in peak
maxima to lower temperatures with increasing coverage and the peak shapes
remain symmetrical [Fig. 6.4(c)]. These features do not satisfy the observed
results, (1)~(3). |

~ Intuitively, | think, in this system, that the desorption rate is proportional to
the square root of coverage. When water molecules are adsorbed on the
Rh(111). surface, they form 2D islands via the hydrogen bond network at
submonolayer coverage®®? (see also chapter 6). As a reverse process,
desorption occurs frpm the island edge because the water molecules situated
there may be less stable than those in the island due to the lack of one hydrogen
bond. Note that, the number of water molecules at the island edge is
proportiohal. to the square root of coverage assuming that disc-like 2D islands
are formed. Thus, the order of desorption is half in this desorption process
because of island geometrical effect. Figure 6.4(d) shows simulated half-order
TPD spectra. Half-order desorption kinetics accounts for the observed features
of (1)~ (3).

" In this desorption mechanism, the rate limiting step is a detachment from
2D island edge. Based on this desorption process, water molecules -adsorbed
‘lately should attach at the island edge thus they should desorb in first. This
assumption could be clarified by TPD experiment using isotopic water molecules.
Water molecules (H2'0) were adsorbed on the Rh(111) surface at 145 K
followed by adsorption of Hz'%0 at 85 K, where fractional coverage of H,'®0 and

H,'80 are 0.3 and 0.2 respectively. TPD spectrum is shown'in Fig. 6.5. Similar



TPD spectrum shape is observed which indicate that these species were
situated at ‘similar environment. Thus, fast exchange of H'®0 (inside of island)
- and H'®0 (edge of island) should occur before desorption. This result is conflict
with an intuitive assumption, because H;'®0 should desorb first compared to
H.'®0 to explain fractional order desorption by geometrical effect. Thus, water
desorption should be explained by the other mechanism.

Typically, quasiequilibrium can be maintained if the energetic barriers
between various configurations of the adsorbed layer are small compared to the
~energy scale for desorption so that the time scale for desorption is long
compared to the time scale for the adsorbed layer to equilibrate at a given
coverage. In the case of water/Rh(111) system, adsorption energy of monomer
~and:2D bilayer is calculated to about 36 and 56 kJ/mol,?® and entropy gain out of
condensed phase into dilute phase may be very large. Thus, quasiequilibrium
between condensed {solid or liquid) and dilute (gas on bare surface and
condensate) phase in 2D may be maintained in thié system, and this can explain
the observed TPD result; fast exchange of H;'®0 and H,'®0 before desorption.

In such a situation, however, there will be a coverage regime where the
-desorption kinetics is roughly zero order in thermodynamic argument. Here, note
that the zero order desorption needs assumptions that sticking probability on the
bare and condensate surface is same.® The quasiequilibrium between
-condensed }and dilute phase implies, from the equality of the chemical potehtials,
equal vapof pressures for both phases, andv then go on to assume that this

implies equal desorption rates from both phases. Even if the vapor pressure are
equal, desorption rates from both phase can only be equal if the sticking

probabilities on the dilute and condensed phases are equal. In this system,
-D20/Rh(111), | estimated the sticking probabilities of the bare and 2D island
surfaces to be 0.46 and 1, respectively. Thus the desorption rate should depend
-on the coverage. -

H. J. Kreuzer and S. H. Payne reported the desorption from a two-phase
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(gas and solid in 2D) adsorbate with different sticking probabilities in theory.?® In
their model, they treated the 2D gas as an ideal and approximated the
condensed phase by an Einstein model, but qualitative arguments would-be
adaptable. They reported the simulated isothermal desorption [Fig. 6.6(a)] and
- TPD spectra [Fig. 6.6(b)] for different sticking probabilities on bare (S = 0.6) and
2D island (S = 1.0) using mean field approximation (treat the
adsorbate/adsorbate interactions in an a‘veragé sense) with parameters chosen
~for Xe/Ni(111).-Within the coexisting region, the area of the condensed (dilute)
phase increases (decreases) linearly as coverage builds up while the density in
“the two-phases; and the partial sticking probabilities on either, remain.constant.
Thus, the desorption order is unity within the coexisting region, which can be
shown in Fig. 6.6(a). Dashed lines means upper and lower coexistence points.
The corresponding traces for TPD are shown in Fig. 6.6(b). The observed
spectrum features in this study, (1)~(3), agree well with Fig. 6.6(b).

-In addition, simulated TPD sbectra- show a small shoulder at the leading
-edge region. This feature was also observed in this study as noted (4) above.
This is due to a rapid increase in chemical potential of adsorbate as the
condensate density is compressed from its value in the coexisting region. Thus,
“observed features of TPD spectra, (1)~(4), could be explained qualitatively with
their model, | conclude that, in this system, apparent fractional order TPD
spectrum shape is derived from the difference of sticking probability on the bare

and condensed phase, and desorption order is unity in the coexisting region.

.6.3.2.B Desorption activation energy andqpreexponéntial factpr

In this section, kine_tib parameters of desorption, the activation energy (Eg) and
the pf‘eeprnential factor (vd) were estimated as a fuhction of coverage.
Analytlcal methods used for TPD spectra can be categorized 1nto two groups an

integral approach and a differential approach respectlvely (see section 3. 3). The
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former utilizes peak characteristics to extract coverage-independent . kinetic
-parameters from a single desorption peak.**? On the other hand, the latter is
‘used to extract. coverage—-dependent kinetic parameters and this method is
- sometimes even applied for multiple overlapping desorption curves. In this study,
| use the differential approach, i.e., the threshold temperature programmed
desorption (TTPD) method,**** because the activation energy can be estimated
~as a function of 6 without assuming the desorption order. This method utilizes
the desorption rate vs. temperature data from the onset of a low temperattre tail
. (the threshold region) of a single desorption spectrum to prepare an
Arrhenius-type plot. The slope and the intercept of each Arrhenius plot provide
the Eq and vy, respectively.

Since water molecules adsorb and desorb intact on Rh(111), we assume
that the desorption order is unity and zero for the submonolayer and multilayer,
respectively. When the pumping speed of the system is sufficient to render
readsorption negligible, the mass spectrometer jon current signal is proportional
to the desorption rate.3® This proportion is constant, determined by the
integrated TPD peak area at a full coverage, assuming that the fractional
coverage, 6=1.0, is equal to absolute coverage 1.0 BL (2/3 ML). In the present
TTPD analysis, the threshold coverage increments used for 0<9<0.68 and
- 0.68<6<1.0 spectra are below 5% and 1%, respectively; and | assume that
- neither Egy nor vq vary significantly within these coverage increments. This
assumption is justified by the linearity of the Arrhenius plots as shown in Fig. 6.7.

- Figure 6.8(a) shows the Eq as a function of water coverage. Eg is
estimated to be 60 kJ/mol at 6=0 and is nearly co_nst_ant to 6~0.6. This activation
energy is higher than'the values previously -reported (~42 kJ/mol) for H20
desorption, which were obtained in the limit of zero coverage, assuming a first
order desorption and a preexponentlal factor of 10™ s7". .1.420 As 'the water
coverage mcreases Eq decreases gradually unti} 6=1 0 where Eq reaches 51

‘ kJ/moi For multllayer desorptlon [see Fig. 6. 3(a)] E4 was estlmated to be 55
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~ kJ/mol, which is in agreement with the previous measurement (50.46 kJ/mol).*

Here, Ed}at 0<0.6 is larger than that of the multilayer. Therefore, the energetic
_stabilization of water adsorbed in the first layer, compared to the multilayer, is

clear evidence that water wets the Rh(111) sur_face. Note that the activation

‘energy for desorption near the saturation coverage is ‘slightly less than that of
‘the multilayer.

- . . With an integral approach, it is difficult to estimate the pfeexponenti‘al
- factor as a function of 6. However, the variation of v4 with resbect‘to coverage is
very informative in understanding the equilibrium and the rate process. Using the
TTPD method, the preexponential factors are estimated as a function of Water
coverage, assuming first-order desorption [Fig. 6.7(b)]. vq is estimated to bé 4.1
x 10" 5" at 6=0 and is nearly constant to 6~0.6. With coverage further increased,
vq4 decreases to be 1.3 x 10" s at the saturation coverage. For muitilayer
desorption, which is a zero—order process, vq is estimated to be 3.2 x 10'® ML/s,
which is in good agreement with the previous measurement of crystalline. water
-ice (1.02 x 1016 ML/s).% In the first layer desorption, the preexponential factor
varies by more than 10% as a function of coverage, indicating that the effective
stabilization of the first water layer at higher coverages (6>0.6) originates from
the decrease in the preexponential factor. A significant change in v4 as a function
“of coverage has also often ‘been'observed.”

In the theory of the absolute reaction rate, the preexponential factor is

related to the entropy of an activated process [v = (kT/h)exp(AS/R) for first-order
process, where T is the absolute temperature, h the Planck constant, AS the

entropy of activation, and R the gas constant. Here, the transmission coefficient

‘is assumed to be unity].>’ Since gaseous water molecules adsorb on Rh(111)
through a non-activated process, the entropy of desorption is considered as the

entropy difference between the gas phase and adsorption states, based on the

principle of detailed balance at equilibrium. Therefore, a large preexponential

factor (4.1 x 107 s™") indicates a low entropy adsorption state. Up to 6~0.6, the
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preexponential factor is nearly constant. These results indicate the water layer
forms an ordered structure, which is related to the V3 phase, even at low 9 (see
“chapter 7), and the adsorption structure may not change with increasing
.coverage up to 6~0.6. However, the preexponential factor gradually decreases
above 6~0.6. This indicates that the water layer at 8>0.6 has a higher entropy
than that at 6<0.6. Generally, the entropy of the adlayer is given by both the
internal entropy for each adsorbed molecule and the configurational entropy in
the 2D layer, 'i.e.' the entropy associated with the arrangement of adsorbed
. molecules on the surface. These results may be consistent with LEED and IRAS
- results, which will be discussed in chapter 7.

Similar. coverage dependence of E4 and vy in Fig: 6.8 is due to. a
- well-known .cqmpensation effect®®; whereby at a certain coverage, the
preexponential factor and the desorption activation energy follows the Arrhenius
relation invg = E¢/RT. + ¢, where ¢ is a constant and T; is a characteristic
temperature. In the present experiment, we obtained a straight line for In vy vs.
Eq with T=163 K. The compensation effect is common in many desorption
systems.35 Niemantsverdriet et al.>® have shown that the compensation effect
-can drastically influence the desorption spectrum of an adsorbate system with
“pairwise lateral interactions. It is emphasized that,®® due to the compensation
effect, desorption analysis procedures based on peak maximum temperature
and peak width (integral method) always lead to incorrect results.*® According to
their .report, T=163 K, as | obtained here, indicates a relatively strong
-compensation effect. Therefore, it is reasonable to use the TTPD analysis

. procedure in the present study.
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6.4 Conclusion

In summary, adsorption Aand desorption kinetics of water molecules on the
Rh(111) surface were investigated using TPD. Water molecules show a
coverage dependent sticking probability and So wasesti'meted to be 0.46. In
desorption process, water molecules exhibit coexistence of a dilute, gas like
phase together with islands of a condensed phase, both being two dimensional.
Based on the model proposed by K. J. Kreuzer and S. H. Payne,” apparent
fractional-order TPD peak shape can be attributed to a first-order desorption with
‘two phases on the surface Usmg TTPD method coverage dependence of Ed
'andvd were estlmated They showed weak coverage dependence, where Ey and
va were decreased from 60 kJ/mol to 51 kd/mol and from 4.1 x 10" s to 1.3 x

10" 5! with increasing coverage, respectively.
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Figures and Table

substrate

100

" method  coverage deperidenceof S note

" Ref "

" Ice . HiD 1 <130 molecular beam x . _lce films on Ru(0001) [31
P{i1) DO - T07 | 85~100  TPD x - 1
H0 0.7 100 TPD x [61
THD S02 . M30~147- T STM ] “in
H;0/D:0 1 138~144 _ mlecular beam x 8]
P{100) H0 1 150 TPD- % 9
Ru(0001) H0 1 a5 TPD x partial dissoliation [10]
Rh(111) Hz0 0.58 100 TFD e M
D0 0.46 . 138 TPD o - The present study
Pd(100) H,0/D:0 0.22 R HREELS 111
Ni(110) _HD 1 80 UPS (o] 12
.. Au{111) RO 0.85 85 molecular beam x _[13]_
Cu(100) H.0/0:0 0.12 10 HREELS 1]
.Cu(110) H0 1 110 TPD X {14]

Table 6. 1. Me_asuréd- or estimated ‘initial sticking probabilities for water on metals. T(K) is an

adsorption temperature.
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Fig. 6. 1. Exposure dependence of adsorbed water coverage. Water molecules were adsorbed at
135 K followed by TPD measurement. Dashed curve is fitted assuming that the S on the 2D

islands is unity. By fitting the submonolayer region, S, was estimated to be 0.46.
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on bare surface 2D Island
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Fig. 6. 2. (a) Representation of the water fluxes in this experiment. Each notation is explained in
text. (b) One-dimentional schematic illustration of adsorption process for water molecules
impinged on the bare surface. (c) One-dimentional schematic illustration of adsorption process

for water molecules impinged on the 2D island.
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Fig. 6. 3. (a) Temperature programmed desorption spectra of D,O on the clean Rh(111) surface,
with a heating rate of 1.3 Ks™. Water molecules were adsorbed on Rh{111) at 20 K, then
annealed at 145 K. The water coverage of each spectrum.is shown in the figure. Left: the low
coverage region from 0.013 to 6.39. Righ't: the high coverage region from'0.47 to 2.92. The effect
of preadsorbéd oxyg'eh is shown in the inset. Oxygen molecules were adsorbed at 20 K followed
by annealing to 300 K. After coolihg fo 20 K, the 0/Rh(111) surface was exposed to water, and

- then annealed at 155 K for 60 s. The coverage of preadsorbed oxygen atom was about 0.06 ML
and a heating rate was 0.71 Ks™. (b) The leading edge region.of TPD spectra for 0.47<0<2.92. At
6=0.85, a smali 'shoulder was observed at the leading edge region (indicated by an arrow at'~162
K).
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Fig. 6. 4. Simulated TPD spectra assuming that kinetic parameters [(desorption activation ‘en‘e‘rgy

(E;) and preexponential factor (1)] are independent of coverage. Heating rate is 1.0 Ks™. (a)

zero-order, (b) first-order, (c) second-order and (d) half-order. For n-th or-der desorption,

preexponential factor, v, is assumed to be typical value.



106

H2180/:) ——H2160
Hp160 (mass 17)
layer
J7/777777777777 ——_-u-18
I Ho2'°0 |
Rh(111) ! (mgss 20)

Water Signal (arb. units)

140 160 180 200
Temperature (K)

Fig. 6. 5. TPD spectra of coadsorbed isotopic water (H,'°0 and H,'°0) on the Rh(111) surface
with a heating rate of 1.3 K s™". H,'®0 was adsorbed at 145 K followed by H,'®0 adsorption at 85

K. These spectra were normalized by that at saturation coverage, respectively.
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Fig. 6. 6. Simulated results calculated by H. J. Kreuzer and S. H. Payne.?? (a) Isothermal
desorption for varying temperature (top to bottom) T = 82, 80, 78, 76 K. Parameters
approximating Xe/Ni(111), see original paper. Dashed lines show coexistence boundaries. (b)

Corresponding TPD traces with heating rate 0.5 Ks™" and initial coverages (top to bottom) & =
0.95, 0.75, 0.55, 0.35, 0.15.
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Chapter 7

The ,fi_rs»t{ water layer and thin film
growth on the Rh(111) surface

" The adsorption states and growth process of the first water (D;O) layer and
multilayer on Rh(111) were investigated using IRAS, TPD, and SPA-LEED.
At the initial ‘stage, water molecules form the commensurate (V3xV3)R30°

 structure. This two-dimensional structure is flatter than the ice-like bilayer
consists of the D-down species. The D-down domains show a characteristic

" “island shape. With increasing coverage, ice-like bilayer (D-up) grows and
shows a incommensurate structure. At nearly the saturation 'Cd\ierage, the
ice-like bilayer is ~9 % compressed-from the .commens'u'rate (V3xV3)R30°
structure, which is ~5% compression with* respect to ice h. At saturation

" coverage, the first water layer consists of the ice-like bilayer (D-up) and flat
(D-down) domains, where the D-up domains occupy 44 % and the D-down
domains occupy 56 % in coverage. Further édsprption of water molecules
form three-dimensional ice crystallites on the D-down domains where the

" D-down species do not reorient to accommodate formation of a crystalline

ice.
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7.1 Introduction

When water molecules adsorb on a metal surface, they interact with the surface
through van der Waals, charge transfer and/or hydrogen bond interactions.
Water molecules have been observed on surfaces in the form of monomers,
dimers, larger clusters, two-dimensional (2D) bilayers, and three—dimensional
(3D) islands." In these adsorbed states, the ordered 2D overlayers were
investigated most intensively."? However, despite many ‘experimental and

theoretical studies, there remain open questions: of which the most relevant
| involves a geometric structure and the behévior of the first water layer on
close—packed transition metal surfaces. vBesides the structure of the first water
layer, much less is known about the morphology of nanometer scale water films.
In this study, the adsorption states and growth process of the first water (D20)
Iayer and multilayer.on Rh(111) were investigated.

In section 1.2, the proposed models of the first water layer on a metal
surface are mentioned; ice-like bilayer (H-_up)?, compressed bilayer (H—u}p)4 5,
H-vdo,wna, and half-dissociated m_odel7. The H-down model was proposed for the
water adlayer on the Pt(111) surface, the other models are proposed for that on
the Ru(0001) surface. ‘ _ v

To reveal whether water molecules dlssomatlvely adsorb or not on
Ru(0001) many experimental studies have been performed.” 815 However, recent
- experimental studies have reached opposing . conclusions. Using x-ray
photoelectron spectroscopy (XPS), Weissenrieder et al® reported that the stable
wetting layer of water on Ru(0001) contains. OH and HO in roughly 3 : 5
proportions below 170 'K. On ;he other ha_nd,‘oth‘er XP_S,Q'“ infrared reflection
»absprption spectroscopy (IRAS), together with .témperature programmed
desorption (TPD)'"? and LEED'?, indicate that water molecules wet the Ru(0001)
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surface intact. Based on vibrational spectra, Denzler et al.” reported that water
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molecules on Ru(0001) were arranged ‘as the D-down model. These
contradictory results might be due to different experimental conditions.
Andersson et al.® reported that the dissociation was an activated process and
kinetically forbidden at low temperatures (<140 K). In addition, it was reported
‘that the dissociated layer observed experimentally® may be derived from the
extreme sensitivity of the water layer to electron or x-ray irradiation, electron
_impact leads to water dissociation with very high cross-sections (in the high 107
cm? range at 100-200 eV) and low threshold energies on the Ru(0001) surface.®
- Therefore, non—destructive experiments are crucial to study water adsorption on
metal surfaces. "3

As mentioned above, water molecules wet Pt(111) and Ru(001) intact
(<140 K). Recent experiments have shown that the first water layer on Pt(111)%
“and Ru(0001)'*' are arranged with the H-down species, where the H-up
species rarely exist.

In the H-down model proposed by Ogasawara et al., water molecules
~are arranged as the commensurate (V3xV3)R30° geometry, where all water
molecules are situated at on-top sites.® However, two different phases,
(V37x37)R25.3° at low coverage and (V39xV39)R16.1° at high coverage, were
observed at temperature above 135 K using LEED'® and diffraction of He atom'®.
Models of these structures are shown in Fig. 7.1. Here the 2D: lattice of
(V37xV37)R25.3° siructure is expanded slightly by 4.4 % and that of
(V39xV39)R16.1° structure is compressed by 3.3 %, compared to the basal
plane of ice Iy, respectively. On the other hand, three different structures were
observed using a STM (scanning tunneling microscopy), these structures are
‘depending on the preparation conditions (temperature and water vapor
exposure), and are different in molecular density."® And thus, controversy still
exists in the literature regarding the structure of first water layer on Pt(111).

In the case of Ru(0001), Haq et al."® have reported that water adsorption

creates flat lying (molecular plane is parallel to the surface) clusters, rather than
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extended islands, preferring to-optimize the Ru-water interaction at the expense
ofa 'réduced hydrogen bonding configuration. Only as the coverage increases
‘towards 0.67 ML, the film order into the (¥3x¥3)R30° structure where water
“buckles out of pl’a‘né’into' an H-down geometry. Adsorption continues past the
- ordered 0.67 ML structure to saturate with a coverage of 0.76 ML, with some of
the additional water adsorbed in the H-up géométry.
_ - Similar model was proposed by Mitsui et al. for submonolayer water on
the Pd(111) surface.' They observed the aggregation of water leads to the
formation of hexagonal honeycomb structures - in régistry with the Pd(111)
SUbstrate below 130 K. The lateral growth of these clusters is limited to-a few
unit cells, as shown in Fig. 7.2. On the basis of this result, they proposed a
‘model where the molecules are nearly coplanar and use their hydrogen atoms to
form bonds with neighboring molecules, while bonding to the substrate through
the lone pair orbitals. This model implies necessarily that the cluster size must
be: limited ‘tov a few cells since in two dimensions only:a finite number of
molecules can be fully hydrogen bonded (double .dondrs, vsingie accepter, and a
forth bond to the substrate). They also found this structures are metastable:
when the sample was'iheat’e'd‘to 130 K, the structure changed-considerably.
Table 7.1 shows the experimental results of molecular ‘wetting structures .on
transition metal surfaces.
On the other hand, based on theoretical studies, the}adso'rp‘t'ion energies
of the-H-—upwand--, H-down models are nearly the same on transition metal
surfaces. 2% These theoretical results suggest that water molecules could
exist aé a mixture of the H-Up and H-down modeis»-ih real systems. Howevel"v,r no
experimental studies‘ supporting the mixture of H-up and H-down models have
yet been reported. |
Besides the structure of first water layer; much less. ié known about the
growth mechanism of nanometer scale water films (e.g., coverages greater than

1 BL). The influence of the first water layer on the growth morphology of ice films
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has recently been demonstrated -on Pt(111), where ‘H-down (i.e. fully
coordinated) configuration -of-.ﬁrst water layer results in a hydrophobic surface;
water molecules form nonwetting 3D ice crystallite on the first water layer. 24.25
Thus, water ice films grow Stranskl-Krastanov mechanism (2D layer + 3D
islands) on the Pt(111) surface. Same growth mechanism was observed on
Pd(111)*® and Ru(0001)***". Based on the above idea, hydrophobic first layer,
ice crysta!lite should nucleate ‘randomly ‘on the first water layer. STM
n1easurement; however, showed that the second layer formed a regular pattern
of clusters™®, which indicate that there are nucleation sites for Amultilayer_ growth.
On the other han'd, water ice grows Iayer~by~layer on the Ni(111) eurta'oe, where
‘the film orders to form ‘an incommensdrate crystalline ice at 2 BL because of
“weak Water-rnetal interaction (i.e. the first water layer m‘ay reconstruct).?®
HoWeVer the structure of an‘lnterf.ace:between thet" st layer and multitayer is not
elucidated, which may strongly influence the growth ‘mechanism of the ice fllms
'Experlmental results for multllayer growth mechan!sm are also shown in table
7.4, | |
Here, we choose Rh(111) as an underlymg substrate. Only a few
experimental studies have been reported on the mteractlon of water molecules
‘with Rh(111).2%-% Previous studies have reported that water molecules adsorb
'“mtact and form an ordered (\/3><\l3)R30° structure on Rh(111). By DFT
calculation, however Felbelman proposed that the OH fragments which were
”formed by impurity atoms, could anchor a 2D water layer to the Rh(111) surface.
3 Therefore, controllmg surface |mpur|t|es/defects is mcllspensable o study the
"f rst water Iayer on Rh(111). o ' |
‘ tn thrs study, 1 rnvestlgated the growth process of the first water layer and
'multllayer on Rh(111) using IRAS, TPD and spot—proﬁie—analysrs LEED
| (SPA—LEED) In the chapter 6, | conclude that water molecules adsorb mtact on
the Rh(111) surface. In additlon energetrc stabilization of water adsorbed in thev

ﬁrst layer, compared to the multilayer, is elucidated. in this chapter, 1 aims to
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elucidate the microscopic adsorption state of water on Rh(111) as a-function of
coverage..- In the present. experiments, . | carefully c‘ontr’olted " the surface

‘impurities/defects and carried out non- or less-destructive measurements.

7.2 Experiment

| The expenmental condrtrons and sample preparatlon are descnbed in chapter 3.
The clean Rh(111) surface was carefully prepared the carbon -and boron
|mpur|tres were removed by oxrdatlon and ﬂashlng 3 The cleanness was
checked by the adsorptlon behavror of CO® and DgO usrng IRAS and TPD of
HgO and D2029 3. and no drssocrated species of water was observed in the
| -present expenments (see below) | | _ | |
Water (DZO HgO) vapor was mtroduced through a pulse gas dosmg
system onto the sample surface. The water [H2160 (MrIII—Q) and D;"°0 (A!drrch
isotopic. purrty 99 96%)] was degassed through several freeze—pump—thaw
cycles prror fo exposure. . _
IRAS measurements were performed usrng an FTIR spectrometer
‘_ ‘-(Bruker iFSBSv/S) wrth a B—doped Si (Sl B) detector (wrth measurable range
370—4000 cm") or a mercury—cadmlum—teltunde (MCT HngTe) detector
(700—7500 crn“) Alt the spectra were taken W|th 4 cm” resolutl_on and 500
scans. : . . : o | o
| The LEED measurements were. carried out ‘usi‘ng a SPA—LEED
' rnstrument (Ornrcron) Dunng a typrcai measurement perlod the total electron
'_dose is ~0 01 electrons per surface Rh atom in thls study LEED observatron
with a small electron dose is qurte |mportant srnce water motecuies adsorbed on

the rnetal surfaces are easily damaged by low energy electrons 10,4113
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7.3 Results and Dlscussmn

7.3.1 The first Iayer of water on the Rh(111) surface
‘_'}7 3.1.A LEED

When Water meiecu_les were adsofbed on Rh(111) at 20 K, an-d then ann.ealled at
145 K, the formation of a (V3x3)R30° LEED pattern (see the inset of Fig. 7.3 at
| ~0 23) was observed. F:gure 7.3 shows a fuII—W|dth at hah‘—maxumum (FWHM)
in a percentage of the f rst surface Bnlloum zone (%SBZ) and an mtegrated
_ mtens:ty ofa (1/3,1/3) LEED spot as a functlon of water coverage. 100 %SBZ is
defined as the distance between the specular beam and the fi rst order Rh spot in
‘:_recsprocal space, k = 21/0.27 nm”! _ |
| - Even at low coverage, the (\f3x‘/3)R30° LEED pattern is observed Thus
‘_water moiecules are mobile at 145 K and form a hexagonal commensurate 2D
"domain on the Rh(111) surface. Here, the intermolecLlIar distance must be
slightly Ionger than that in bulk I to form fhe commensurate layer because the
lattice constant of Rh(111) is 3% longer than that of }.. Therefore, the water layer
should be flatter than the ice-like z:g—zag bilayer.

A peak intensity of a diffracted beam for an island containing N ordered
_scatterers is proportional to N, Consequently, the largest island will influence
-the shape. of the beam profile most strongly,,and the FWHM Wiil not refer to the

mean_diameter of the islands on the surface. but will be weighted heavily toward
,-fhe !arge_st islands present.*” With increasing coverage, the (1/3,1/3) LEED spot
.becomes. sharper-and intensifies, but at 0.2 < 6 < 0.3.FWHM and integrate
:-int_ensity,‘de not change smoothly as a function of coverage. These results
indicate that the commensurate (V3xV3)R30° islands initially grow .witn
‘increasing coiferage, but at 0.2 < 8 < 0.3 new phases appear except_, the

_commensurate (V3xV3)R30° domain.. -
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With further increasing coverage, water molecules show new diffraction
spots as shown in Fig. 7.4. Figure 7.4(b) shows LE_ED image at 0 = 0.56, where
new spots are observed around (0,0) and halo-like intensities alsoare observed
outside the (1/3,1/3) spots. At 'nearly the saturation coverage, 8 = 0.89, these
halo-like intensities are more clearly visible in Fig. 7.4(c) and"sChernatiCally
| illustrated in the inset as squares. The position and six-fold symmetry of these
spots |nd|cate that there is ~9 % compressed hexagon with respect to \lSaRh and
~8° rotated from [11 2] dlrectton in the real space In addltlon new spots
around (0 0) observed at g = 0 56 are changed to hexagonal rmg ate =0. 89
'Frgure 7 4(d) shows a one-dlmensmnal cut aiong [1 12] of Fig. 7. 4(c) Besrdes
' (0,0) and (1/3,1/3)vspots, new spots are observed at ~12 %SBZ, which mdtcated
a Iong rage (~8arr) domain periodicity along [112] direction. K. D. eibson et al.
observed small feature near the specular using diffraction of He atom for

HgO/Rh(111) which indicate the superlattlce structure W|th a repeat dlstance of
~24 A (~9agr:).* They noted that this feature is always present but the posmons

' and mtensmes were not fully reprod ucrble

7.3.1.B IRAS

In order to obtain the microscopic information of the adsorbed states, we
measured the vibrational spectra of the water layer, grown on the Rh(111)
‘surface using IRAS. A series of IRAS spectra are shown as a function of water
- coverage in Fig. 7.5. For the submonolayer region 6<1.0, Fig. 7.5(a), D;O
“molecules were adsorbed at 20 K followed by annealing at 145 K. Note that no
differences in IRAS were observed in the three preparation methods; (1) D,O
‘molecules were adsorbed at 20 K followed by annealing at 145 K, (2)
-Amorphous solid water (ASW) thick film was annealed at 165 K to desorb water

molecules, (3) D;O layer was epitaxially grown with .a constant flux of ~0.01
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- (fractional coverage)/s at 145 K. Thus, | measured the thermodynamically
equilibrium adsorption states at 145 K by IRAS. Figure 7.5(b) shows the spectra
of epitaxially grown multilayer ice of 6=1.4 and of thick crystalline ice film of
-6=119, which was prepared by annealing an ASW multilayer at 165 K to

. crystallize, respectively. : . '

Firstly, | concentrate on the OD stretching (vop) mode because the
stretching vibration of water is very sensitive to hydrogen bond formation. At the
early stage of water adsorption on Rh(111) (6<0.31), water molecules show a
sharp peak at 2694 cm™' and broad peaks of around 2540, 2460, and 2200 cm™
[Fig.. 7.5(a)].

‘According to our previous study, the peak at 2694 cm™ was assigned to
a free OD stretching mode of water molecules inside the 2D islands.® This

.assignment to the free OD was confirmed by the following experiment, where we
exposed the D;O layer showing the IRAS peak at 2694 cm™ to H,O molecules

“at 20 K. As a result, the stretching mode at 2694 cm™ decreased in intensity.
Since an H;O molecule forms a hydrogen bond with a free OD via its oxygen
lone pair, H.O adsorption leads to a fall in the number of free OD. Therefore, this
mode corresponds to the stretching vibration of free OD. Note that proton
exchange and interlayer mixing®® between the D;0 layer and post-dosed Hz0
molecules was .not observed at 20 K. For the case of proton exchange and
interlayer mixing, a bending mode of HDO (1370 cm" for the first layer)*® and a
stretching mode of 2-coordinated free OD (2750 cm™")* should be observed in
IRAS, respectively, but were not at 20 K, which will be discussed in section D.
However, | can not elucidate whether the water molecules which have free OD is

‘at the inside or edge of 2D island by this experiment.-

- Here, in this study, the peak at 2694 ‘cm” is reassigned to a free OD at
the 2D domain edge as follows. Firstly water layer (6 =0.14) are prepared, Fig.

7.6(a). We exposed the D,O/Rh(111) to ~1 ML Xe at 20 K, where Xe atoms can

adsorb on the water island and the bare Rh(111) surface (discussed later in
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section 7.3.2). Xe adsorption may not cause structural change of water islands,
because Xe atoms weakly physisorb on the surface. If the “D-up” species is in
the 2D island, it may interact with Xe atoms adsorbed on the water island, thus
the IRAS peak observed at 2694 cm'1 should perturbed by Xe adsorption on the
2D island. Figure 7.6(b) shows an IRAS spectrum of Xe/D,0O(6 =0.14)/Rh(111),
where the water islands and the bare Rh(111) surface are covered by Xe atoms.
. The IRAS peak at 2694 cm™ decreased in intensity and/or red: shifted by Xe
“adsorption.- The Xe/D.O/Rh(111) .is heated to 77 K in order to desorb Xe
adsorbed on the 2D island, Fig. 7.6(c). Xe atoms are adsorbed only on the bare
Rh(111) surface, the 2694 cm™ peak do not show change as compared with Fig.
7.6(b). Thus, | conclude that this mode is not the “D-up” species in the 2D
islands. Figure 7.6(d) shows IRAS spectrum after flashing to 110 K in order to
desorb Xe atoms adsorbed on the bare Rh(111) surface. The peak intensity
increased and |RAS spectrum is nearly the same with Fig. 7.6(a). Water
‘molecules at the 2D island edges may strongly interact with Xe atoms adsorbed
-on the bare Rh(111) surface, thus | conclude that the IRAS peak observed at
2694 cm™ is the stretching mode of free OD at the 2D island edge.
In Fig. 7.5(a), the broad peaks at 2550, 2450, and 2200 cm™' are
~assigned to the OD stretching vibration of hydrogen-bonded water molecules,
because the OD stretching shows a red shift and a peak broadening owing to
hydrogen bonds. The IRAS s'pect'rum of crystalline bulk ice exhibits broad peaks
from 2600 t0 2300 cm™ [Fig. 7.5(b), 8=119].*° Therefore, the stretching modes of
the first water layer, namely around 2550 and 2450 cm™, are assigned to water
molecules hydrogen-bonded to each other in the first layer.
On the other hand, the stretching frequency of 2195 cm™ mode is lower
than that of crystalline bulk ice, which indicates an enhanced elongation of the
~OD bond. Such extremely low-frequency OD stretching bands have been
observed for DO 'on Rh(111),%"33 Pt(111),*" and Ru(0001)."® | assign this peak to
the OD  stretching vibration of D,O with an OD bond pointing to the Rh(111)
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surface, as previously reported for H,O/P(100).*? This red shift is explained by
the weakening and elongation of the internal OD bonds through interaction with
_the metal substrate.® Based on DFT calculation Meng et al.?° reported that the
stretching vibration of the D-down species can be characterized by the broad
peak at 2200 cm~" of D20 on Pt{111) 4!
Thus, we conclude that water molecules form D-down domain at low
-coverage, and the free OD exists at the edge of D-down domain. Based on the
LEED results, the D-down domain is the commensurate (V3xV3)R30° structure,
in other ward it is flatter than the ice-like zigzag bilayer.
At ©>0.36, a new peak starts to appear at 2723 cm™ in the OD stretching
region: while in contrast, the peak intensity of 2694 cm™ decreases [Fig. 7.5(a)].
This new peak exhibits almost the same stretching vibration of free OD at }, or /.
surface [Fig. 7.5(b), 2724 cm '.** The appearance of this new peak is not
explained by the multilayer formation, because the multilayer molecules desorb
.at lower temperatures than the first layer (see chapter 5). Thus, the ice-like
- bilayer starts to appear with increasing coverage. By LEED measurements, the
-compressed hexagon was observed at high coverage region. Therefore, we
conclu‘de.'that the ice-like bilayer is compressed with respect to V3arn and ~8°
“rotated from [112]direction; incommensurate structure. At 8 = 1.0, only the peak
at 2723 cm™ is observed at free OD region in IRAS. Thus.| conclude that the first
water layer is mixture of the “D-up” and “D-down” species at high coverage. The
“coexistence of the D-up and D-down species may be the one which minimizes
. the long-range dipole-dipole repulsion.
Figure 7.7(a) shows coverage dependence of IRAS spectra at free OD
“stretching region. Note that two peaks do not shift- with increasing coverage,
which indicate that the free OD species do not interact with each other. Thus we
“assume that the peak intensity of these peaks is proportional to their coverage.
Figure .7.7(b) shows integrated intensities of these peaks as a function of

coverage, the intensities are normalized by a value at 6 = 1.0 of 2723 cm™. With
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“increasing coverage, the peak at 2694 cm™ grows in intensity and reach
maximum- at 6 ~ 0.2, and then decreased in intensity. The IRAS peak observed
at 2694 cm’ is the stretching mode of free OD at the D-down domain island
edge. The number of water molecules at the edge of the 2D islands is
proportional to 6° where & = 1/2 for disk-like islands and 0.5<t<1 for the 2D
islands with jagged circumference. & ~ 0.95 is estimated by fitting the coverage
dependence of 2696 cm™ peak intensity at 6 < 0.2 and fitted result is shown as
dashed curve in Fig. 7.7(b). This indicates that water molecules form very jagged
or restricted (anisotropic) D-down islands on the surface.

The D-down model proposed by Ogasawara et al® can grow
isotropically on-the surface, thus islands may show disk-like islands in order to
decrease the island edges. Thus, the very jagged or anisotropic. islands
indicates a different adsorption structure which restrict the isotropic growth like
observed for HO/Pd(111)'® and/or small clusters observed for D,O/Ru(0001)"2.
In order to identify the 2D islands shape, STM measurements should be
necessary. , v v .

Onthe other hand, in Fig. 7.7(b), the peak at 2723 cm' starts to increase
in intensity at 6 ~ 0.2 and grows linear up to 8 = 1.0. The linear growth of the
~peak intensity of the 2723 cm™ is consistent with our peak assignments that
these peaks are derived from the water molecules which have free OD (D-up)
_inside the 2D islands. The linear increase of the D-up species (2723 cm™)
correlate with the linear decrease of the free OD at the D-down domains (2694
cm’"), this result indicates that the D-up domains start to grow from the edge of
D-down domains and occupy among the D-down domains. .

| shortly summarize the results at submonolayer region (Fig. 7.8). At the
initial stage, water molecules form the commensurate (V3xV3)R30°structure.
This is flatter than ice-like bilayer, and consists of the D-down species. Free OD
at the D-down island edge shows the stretching mode at 2696 cm™ in IRAS.

Based on the coverage dependence of the peak intensity (2696 cm™), D-down
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islands may have jagged edges or anisotropuc island shape. With increasing
coverage, the ice-like bilayer (D-up) grows and show the incommensurate. At
nearly the saturation coverage, the ice-like bilayer is ~9 % compressed from the
.commensurate (V3xV3)R30°structure, which is ~5 % compression with respect
to ice . At saturation coverage, the first water layer consists of the ice-like
bilayer (D-up) and flat (D-down) domains.

Taking into account the above results, | assigned the DOD bending
(3pop) and librational modes as follows. At low coverage region, two ‘peaks at
1187 and 1172 cm™' are observed in the Spop region. At the initial stage of first
layer growth, water molecules form the D-down islands, where two kinds of
water species exist: water molecule which bonds to the metal atom via their
‘oxygen lone pair and has OD bond pointing to the substrate (D-down species).
Assuming that the frequency of the bending mode decreases from its gas—phase

“value (1178 cm™) as the extent of charge transfer to the substrate metal

increases, the peak at 1172 cm™ is assigned to water molecules, which are
bonded to metal atoms via their oxygen lone pair. In addition, taking into
-consideration the fact that the intermolecular hydrogen bond causes a blue shift.
in 8509,17 the peak at 1187 cm™ is assigned to the D-down species. With
increasing coverage, a new peak appears at 1199 cm™ and increase in intensity,
where shoulder peaks at 1206 and 1230 cm™ are observed.

In the D;O librational region, two peaks are observed at 657 and 610
cm™' at low coverage. With increasing coverage, these peaks grow in intensity.
Thus these modes are not derived from the edge species: water molecules
inside the D-down islands. In addition, new peaks start to appear at 706 and 520

‘cm. At saturation coverage, four peaks are observed.

Figure 7.9 shows top and side views of three adsorption geometries and
the dipole-active (i.e. the totally symmetric) modes at the different geometries.
-Figure 7.9(a) shows the water molecule bonding to the substrate via their

oxygen lone pair. This water molecule has three hydrogen bonds between water
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- molecules; accepting one and donating two hydrogen bonds.. Thus, two OD
bonds are-identical. Here note that two kinds of water molecule of this geometry
exist on the surface: in the D-up and D-down domains. Figure 7.9(b) and (c)
. shows the D-down and D-up-species. In these configurations, two OD bonds are
not identical. These three geometries results in one dipole-active hindered
rotation (libration) mode, respectively.
At low coverage, two peaks observed at 657 and 610 cm™ are assigned
~ as follows. Because the librational frequency decreases as the strength and
tetrahedrality of the hydrogen bond decreases,* the peak observed at 657 cm’™
is assigned as out of plane hindered rotation of water molecule bonding to the
substrate via their oxygen lone -pair in the D-down islands. Thus, the 610 cm™
peak is assigned as in plane hindered rotation of D-down species. At high
coverage region, two peaks start to appear at 706 and 520 cm™'. Based on the
above discussions, these two peaks are assigned as out of plane hindered
rotation of water molecule bonding to the substrate via their oxygen lone pair in
‘the D-up domain and in plane hindered rotation of D-up species, respectively.
_—Yamada et al. reported: that the surface hindered rotational modes of
single—crystalline ice grown on Pd(111) appeared at 500 cm™.** The peak at 520
cm™ observed in the present experiment are in good agreement with the
reported surface hindered rotational mode.
Here, note that on Pt(111) the first water layer at the saturation coverage
shows the (%/39x«/39)R1;6.1° phase, in which water molecules are laterally
compressed by 3.3 % compared to the bulk ice /.'>'® From recent calculations,
one key feature of the (V39xV39)R16.1° phase is that 9 % of water molecules are
ionised as H;O" and OH", due to both lateral compression of the water layer and
its interaction with the substrate.'”” However, in the present experiment, no IRAS
peak was observed at the 800 ~ 850 cm™' region, which is characteristic of D;O*
(isotopic shifted) *°. Thus, | conclude that the first D,O layer molecularly wets
- the Rh(111) surface.
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*7.3.1.C Water coadsorption with oxygen

| investigated the effect of preadsorbed oxygen on the adsorbed state of water
on Rh(111). Figure 7.10 shows the IRAS spectra in the librational region. Oxygen
~molecules were adsorbed at 20 K, and then annealed to 300 K to dissociate the
molecule into oxygen atoms [Fig. 7.10(a)].* The coverage of oxygen atoms was
‘about 0.06 ML. Figure 7.10(a) shows only a small peak at 516 cm™', which is
assigned to the stretching vibration of Rh—0.%* Water molecules were dosed on
O/Rh(111) at 20 K, followed by annealing at 155 K for 60 s [Fig. 7.10(b)]. This
treatment induces a new peak at 771 cm™, which is assigned to the bending
mode of a hydroxyl species (Rh—OD).*! Since this peak is not observed in the
pure water layer (Fig. 7.5), we conclude that water molecules are not dissociated
- on the Rh(111) “clean” surface. In addition, the TPD spectrum of this layer is
shown in the inset of Fig. 6.3(a). The desorption peak at 202 K is a feature for

the desorption from the OD+D,0 mixed layer.
-7.3.1.D Titration of D-up and D-down species on Rh(111)

~In the previous section, | elucidated that the first water layer on Rh(111) consists
of a mixture of the D-up and D-down species. In this section, | estimate the
fractional coverage of the D-up and D-down species at 6=1.0. .
In order to estimate the coverage of the D-up and D-down species, |
exposed the D,O layer to H,O molecules at 20 K. | expected that the H;O
molecules interact with free OD via its oxygen lone pair; and the decay kinetics
‘of free OD as a function of dosed H;O coverage 6('H20) would give the coverage
. of the D-up species. '
- §(H20) was estimated as follows. | measured the coverage as a function
of HyO exposure on Rh(111), where H,O was adsorbed at 135 K. Based on-a

‘coverage .increment of multilayer as a function of exposure, 8(H:0) was



126

determihed. Note that | assumed the sticking probability to be unity between H,O
on the saturated H>O/Rh(111) at 135 K and H,0 on the saturated D,O/Rh(111) at
20K. ' ’ '
Figure 7.11 shows the IRAS spectra of OH and OD stretching vibrations
- as a function of adsorbed H,O coverage. With increasing HzO .exposure, the
intensity of the free OD stretching vibration at 2723 cm™ decreases. In addition,
new peaks appear at 3719, 3698, 3430 and 3200 'cm",,.respectively, and their
intensities increase with increasing H;O exposure. . .
These new peaks at 3719 and 3698 cm™ are derived from the OH
- stretching mode " of free OH groups with 2-coordinated and 3-coordinated
surface H,O molecules, respectively.®® It should be noted that neither proton
“exchange nor interlayer mixing®’ between the first DO layer and post-dosed
H>O molecules was observed during the adsorption process at 20 K. Proton
exchange and interlayer mixing should provide a bending mode of HDO (1370
cm™ for the first layer)®' and a stretching mode of 2—coordinated free OD (2750
cm™) in IRAS,* respectively. However, | did not observe them. In addition, the
new peaks at 3430 and 3200 cm™" may be derived from a hydrogen donor in the
form of 2- or 3-coordinated and/or 4—coordinated H,0O molecules.*

- At the early stage of H,0 adsorption [8(H;0)<0.16], 2-coordinated H,0O
molecules are preferential species on the DO first layer, judging from the peak
intensity. With increasing H.O coverage, IRAS peaks of 3-coordinated  and
4-coordinated HO molecules start to appear at 8(H20)>0.21. Here, | propose
the fbilowing'model concerning H20 adsorption on the D,O layer. When a single
H>0 molecule adsorbs on the D0 first layer, H;O bonds to the free OD via its
oxygen lone pair, and may be observed between 3719 and 3755 cm™
(asymmetric stretching vibration of gas phase water molecule). However, a
1-coordinated water molecule is not observed. Since this species is not stable?’
and ‘mobile on the D,O layer, they migrate until they collide with the ‘other

- migrating H,0 molecules, and finally form a stable cyclic hexagonal ring. A
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model of this ring structure is shown in Fig. 7.12. Note that three H,O molecules
are involved in this structure and they are all 2-coordinated. Therefore, this
‘model is consistent with the observed results, in which 2-coordinated H,O
species are dominant at the early stage of H,O adsorption [6(H20)<0.16] at 20 K.
In this model, two free OD bonds are bonded to three H20 molecules.
Figure 7.13 shows the intensity of the free OD stretching mode at 2723
“em™ as a function of 6(H20). In this figure, the peak intensity is normalized by
the initial peak intensity (before the H20 adsorption). With -increasing H.O
coverage, the peak intensity of free OD rapidly decreases. In the case of a
hit-and-stick model on an ice surface,*® a simulated curve (dot-dashed curve in
"Fig. 7.13) does not support the observed results at all. This also indicates
surface diffusion of incbming H,O molecules; H,0 molecules migrate on the D20
layer until they form a cyclic hexagonal ring. Because of the recent result, where
a fully coordinated water monolayer on Pt(111) results in a hydrophoblc surface
‘on which water diffusion is facile,?* this assumption may be valid.
in this mlgratlon—clustenng model on the D, layer, we can estimate the

maximum coverage of the D-up species. From the adsorption kinetics based on
this model, we apply a linear decay at 6(H,0)<0.16 (the solid line in Fig. 7.13). A
“gradient of this line is estimated to be -3.0. This value should be equal to
—_2/[3xB(free OD)]; B(free OD) is the fractional coverage of free OD sites. By the
'same token, 8(free OD) is estimated to be 0.22. Since the first water layer on
Rh(111) consists of a mixture of the D-up and D-down species, the maximum
coverage of the D-up domain and the minimum coverage of the D-down domain
is estimated to be 0.22x2=0.44 and 1-0.44=0.56 at the saturation coverage
(6=1.0), respectively. Thus the amount of D-down specnes is 1.3 times larger
than that of the D- -up specues on Rh(111) (6=1.0).
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7.3.1.E Wetting or dewetting of water molecules on Rh(111)

Feibelman has proposed that water molecules on Rh(111) must be dissociated
- by impurity atoms on the surface in order to explain the wetting layer, because
the calcurlvated “heat- of - adsorption disfavors intact-molecule wetting layers,
compared with the formation of 3D ice mounds.** In addition, he has proposed
that entropy effects hardly contribute to the free energy, and adsorption energies
at T=0 K dominate in the free energy between wetting and dewetting, even at
150 K.*® In fact, experimentally, the wetting—dewetting transition was reported for
Hz0 onAg(110) at 133.5 K* and D,O on Pd(111) at 130 K.*®
In the present study, we clearly reveal that water molecules wet the
Rh(111) surface molecularly as previously reported.?** From the TPD results,
water .moleculés wet the Rh(111)-surface intact at 6<0.6 sfmply because of the
~adsorption energy (see chapter 6).,"Since this result contradicts the theoretical
study, either DFT is simply inadequate to calculate the energetics to the required
accuracy and ,d_ispersi(-)n forces must be included,’! or the structure of the
- wetting layer differs frofn the bilayer assumed previousl}y.3
- On the other hand, from an energetic point of view, water molecules
could not wet but only dewet the Rh(111) surface at 6>0.6. To examine the
-wetting-dewetting transition for D20 on Rh(111), the first water layer at 6=1.0
was annealed at 130~135 K (below the temperature of m_ultiléyer desorption) for
1200 s. If the wetting—dewetting transition occurs, a bare Rh(111) surface must
be partly exposed to vacuum. Then, | exposed this annealed water layer to CO
molecules. However, no stretching vibration of CO on Rh(111) was o‘bsérved by
IRAS; thus, there was no bare Rh(111) surface after this annealing. Therefore, |
conclude that no wetting—dewetting . transition occurs in this experimental
condition for D,O on Rh(111) at 6=1.0. Thus, the dewetting on Rh(111) may be a
kinetically hindered process. Entropy effects may also contribute to the free

energy. In fact, water molecules exist as the D-up and D-down configurations
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with a slight energy difference (0.3 kJ/mol), which could increase entropy over

the entire system.

7.3.2 Multilayer growth of water on the Rh(111) surface

Based on the previous section, we investigated a crystalline ice growth on the

first water layer. The first water layer on the Rh(111) surface is the mixture of

D-up and D-down species. As explained. above, the D-up species has one free

OD pointing to a vacuum (hydrophilic) whereas a fully coordinated water layer by

D-down speciés results in a hydrophobic surface. Therefore, the first water layer

~on the Rh(111) surface has hydrophilic (D-up) and hydrophobic (D-down)
domains.

Kimmel et al. investigated the morphology of thin water films grown on
the P{(111) and Pd(111) surfaces using a Kr TPD.?** The van der Waals
-interaction of a rare gas atom with a metal surface is a sensitive function of the
_distance between them. As a result, the TPD spectra of multilayers of rare gas

atoms adsorbed on a metal surface typically have a series of peaks at ascending
temperature due to desorption of adlayers successively closer to the substrate.
Thus the TPD spectra can be used to assess the height of a desorbing atom
“above a metal surface. This same approach can also be used to determine the
height distribution of a thin water film grown on the Rh(111) substrate.

Figure 7.14 shows Xe TPD spectra adsorbed on D:0/Rh(111) as a
function of water coverage at submonolayer region. Water molecules were
adsorbed on Rh(111) at 150 K, and then Xe atoms (~1 ML) were adsorbed at 20
K- followed by TPD measurement. Peaks around 100 K are assigned to a
desorption. of Xe atoms adsorbed on the bare Rh(111) surface. At 6 = 0.14, this
_peak decreased in intensity and leading edge shifts to lower temperature. Ih'

addition, new peaks appear at 72 K and small peak'.is observed at 67 K. In this
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-study, I'labeled these peaks observed at 72 and 67 K as o and oy, respectively.
On the clean surface, these peaks are not observed, thus these peaks can be
assigned to desorption of Xe atoms adsorbed on the 2D water islands. Based on
the results of previous section, water molecules form the commensurate
(V3xV3)R30°structure with D-down configuration at low coverage region. In Xe
TPD, the a4 peak is dominant compared with the o peak at 8 = 0.14. Thus, the
o4 peak is assigned to desorption of Xe atoms adsorbed on the D-down
‘domains. - | |

With increasing water coverage, o1 peak increased in intensity and shift

‘to higher temperature. Subseb;uehtly,.the a2 peak increased in intensity and shift
to higher temperature. Based on the previous section, the ice-like bilayer grows

“at high coverage region. Thus, the o, peak is assigned to desorption of Xe
atoms adsorbed on the D-up domains.

Therefore, | can fitrate the D-up and D-down domains using Xe TPD. At
saturation coverage, a ratio.of the integrated peak intensity of oy with respect to
oz is 1.2. Assuming arlinear.heating rate in this desorption region and a same

~adsorption structure of Xe on D-up and D-down domains, it is consistent with the

“previous titration experiment (section 7.3.1.D) where the amount ‘of D-down
species is 1.3 times larger than that of the D-up species.

'Figure 7.15(a) shows TPD spectra of Xe adsorbed on D,O/Rh(111) as a
function of water coverage at multilayer region. D,O was adsorbed at 135 ~ 140
K followed by Xe adsorption at 20 K. Multilayer or second layer Xe was desorbed
before the TPD measurements, thus only the Xe desorption adsorbed on the first
water layer (o1 and o, peaks) are observed. With increasing the water coverage,
desorption peaks decreased in intensity where a4 peak firstly decreases. This
result means that adsorption sites of Xe on the D-down domains firstly decrease
‘by water adsorption. Thus, water ‘multilayer starts to grow on the D-down
domains. Here, multilayer formation may not cause structural change of the

D-down domains, because the stretching mode of D-down species (2195 cm™)
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at 8 = 1.4 does not show any changes compared with that at 8 = 1.0 as shown in
Fig. 7.5(b).

Figure 7.15(b) shows the water coverage dependence of the integrated
peak intensity (o4 + o), which is identical to a fractional coverage of the bare
first water layer. With increasing water coverage, the fractional coverage of the

- bare first water layer decreased, but the crystalline water films do not fully wet
“the first water fayer up to 6 ~ 100. Therefore, three-dimensional water islands are
formed on the first water layer.

In the previous section, | conclude that the D-up domain is ~5%
compressed compared with ice k. If the water multilayer grows epitaxially on the
D-up domain, crystalline ice becomes unstable compared with ice /, because of
strain (compression) energy. In addition, epitaxial growth of crystalline ice on the

. D-up domain may results in a net polar ordered ice which has lower entropy than
ice / because hydrogen atoms are randomly situated in ice /. Therefore, water
molecules prefer to aggregate each other on the D-down domain in order to form

3D crystalline (ice I, or 1) grains with no hydrogen bonds between the first water
layer and multilayer. In the previous section, water molecules form vertical
hexagonal ring on the D-up domain at 20 K (Fig. 7.12). This small cluster may
not be stable at 140 K, thus water molecules migrate on the first water layer to

form large crystalline 3D grains. Therefore, the vertical hexagonal ring may be a

precursor in order to form the three-dimensional ice grains on the first water

layer.

7.4 Discussions

“ The Xe adsorption expenments descnbed above show that water adserptnon at

_135 K formed 3D crystalime ;siands on the first water iayer Th;s behavior has
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- been observed previously on other metal substrate such as Pt(111)%%,
Pd(111)?%, and Ru(0001)?®%". In these studies, the structures of the first water
- layer are considered as H-down model, where a fully coordinated water layer by
-H-down species results in a hydrophobic surface. '

‘Based on the above idea, H-up species may result in a hydrophilic
surface, because one free OH can donate a hydrogen bond. However, water
multilayer start to grow on the D-down domains and do not wet the first water
layer on the Rh(111) surface, where the D-up and D-down species coexists.
Thus, D-up species do-not result in a hydrophilic surface. This.indicates that the
hydrophobic and hydrophilic properties of the first water layer are not simply
controlied by the water arrangement; H;up' or H-down.

In previous studies, a microscopic structure at the interface between first
layer and multilayer is rarely obtained. Su et al. studied the growth of water
multilayer on Pt(111) at 120~137 K using SFG (second harmonic generation).>
They reported that hydrogen bond network is not random (i.e., isotropic) but
exhibits a ferroelectric order (the term is used here to describe a net polar
ordering of water molecules in the ice film). The observation of a SFG peak
characteristic of a free OH stretch at 8 = 1.2 and above raises the possibility that
the structure of the first water layer on Pt(111) could be modified when the

- second layer grows on top, because the first water layer arranges as H-down on
this surface.

On the other hand, in this study, it is elucidated that the D-down species
do not reorient to-accommodate formation of a crystalline ice when the second
layer start to grow on the D-down domain on Rh(111). This result is clear
evidence for a hydrophobic interaction; hydrogen bondlng wathln the multilayer is
favored compared to bonding to the first water layer.

| In addition, it is elucidated that a lattice matching between substrate and
the basal plane of ice Ih do not ensure an epstaX|a| growth of ice h, where the

| D-down domam adopts commensurate structure with the Rh( 111) surface which
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has small lattice mismatch of ~3%. ) |
Previous studies are summarized as shown in Fig. 7.16, in whicl'rthe
reported growth mechanisms of water ice are hned up in the order of penodrc
tables of the substrate metal atom Thrs order may correlates with the adsorptlon
'energy (Eaq) of water molecules because the dominant interaction of water
rholecule with metal substrate may be the electron donation from water 1b;
v_orbltal (lone pair) to the substrate d-bands
| Water molecules weakly mteract with the noble metal substrates,
because of weak hybrldlzatlon of water 1b1 ‘with metal sp bands. In these cases,
‘water-water interaction (hydrogen bondmg) governs water-metal !nteractlon
thus water molecules do not wet the substrates namely hydrophoblc metal
‘substrate S
| On the other hand for transrtlon metal substrates water molecu!es
interact more strongly with surfaces. On the Ni(111) surface, the first water layer
“shows the high-order commensurate 2D structure. When a second-layer ”is
‘formed, water film reconstructs to an incommensurate crystalline ice. In addition,
water film grows layer-by-layer on the Ni(111) surface. In other vrrords, this
| surface results in hydrophilic metal surface. ' _' ‘ ‘_ | -
In the case of the Pt(111), Pd(111), Rh(111), and Ru(0001) surfaces, the
first water layer wet these surfaces (hydrophilic metal surface), however water
ice nucleate on these first water layers as 3D islands. In this study for Rh(111),
3D islands grows on the D-down domains where D-down species does not
reorient in order to accommodate formatio'n of a crystalline ice. This behavior
results in the hydrophobic first water layer. Thus, | think that not the water
arrangement but the capability of reorientation (reconstruction) of water
molecules in the first water layer is crucial in order to understand the film growth

mechanism on metal substrates.
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7.5 Conclusion

| The adsorptlon states and growth process of the f' rst water (D20) tayer and ‘
: multrlayer on Rh(111) were mvestlgated usmg IRAS TPD and SPA—LEED At
the initial stage water molecutes form the commensurate (\/3xv3)R30°structure
This is flatter than the |ce~|:ke‘bllayer, and conslsts of the ‘D dcwn species. Free
OD at the D- down domain ed‘ge shows the stretching mode at 2696 cm™ in IRAS.
Based on the coverage dependence of the peak mtensrty (2696 cm") 2D
vlslands may have Jagged crrcumference or amsotroplc |sland shape Wll‘h
rncreasmg coverage the rce-lrke brlayer grows and shows the mcommensurate
structure. At nearly the saturatlon coverage, the |ce-I|ke bllayer is -9%
compressed from the commensurate (‘/3X‘j3)R30° structure, which rs ~5%
| }compressron wrth respect to |ce h. At saturatlon coverage the fi rst water layer
consrsts of the ice-like brlayer (D~up) and flat (D down) domams where the D- -up
and D- down domams occupy 44 % and 56 % of the fi rst water Iayer respectively.
v Further adsorptlon of water motecutes form 3D rce crystallrtes on the D- down
| domains w_here the D- down spemes do not ,reonent tolaccommodate for_matron

of a crystalline ice.
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Figures and table

Fig. 7. 1. Proposed models of (a) the (V37xV37)R25.3° (H-down) and (b) the (¥39xV39)R16.1°
(H-down)."”

Fig. 7. 2. Experimental and simulated STM images of D,0O clusters on Pd(111). Left: STM image
of DO clusters on Pd(111) at 100 K. Right: (a) Experimental STM image of a rosette structure
made of seven hexagons. (b and ¢) STM topographic image simulations for two different
DFT-optimized models of the rosette structure. In panel b, the edge water molecules have a
H-down configuration. In panel c, alternating molecules are dissociated to OH (a similar
simulated image was obtained from an H-up configuration). (d) DFT optimized structure of panel
b. White circles are O atoms, and dark circles are H-atoms. Dirk circles inside white circles are
dangling H-atoms below the O-atoms (H-down). Panels a’-d’ show the results for a larger
structure. Again, the STM images can be reproduced only with edge molecules with dangling

H-atoms toward the surface.'®
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Fig. 7. 3. FWHM and integrated intensity of a (1/3,1/3) LEED spot as a function of water
coverage. 100 %SBZ corresponds to the normal spot distance of the Rh(111) surface, k =
27/0.27 nm™". Solid lines are only a guide to eyes. The inset shows a (¥3xV3)R30° LEED pattern
at ©=0.23. Water molecules were adsorbed at 20 K followed by annealing at 145 K. All the data

were measured at 20 K with electron energy of 60.6 eV.

Fig. 7. 4. LEED patterns for D,O adsorbed on Rh(111) at 135 K observed with incidental electron
energy of 60 eV at 85 K. (a) 8 = 0.25, (b) © = 0.56, (c) ©® = 0.89. The insets of panel (c) are

illustrated schematically of diffraction pattern. (d) One-dimensional cut along [1 15] of panel (c).

100 %SBZ corresponds to the normal spot distance of the Rh(111) surface, k = 27/0.27 nm™.
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Fig. 7. 5. (a) IRAS spectra of D,O on Rh(111) as a function of coverage (the submonolayer
region). Water molecules were adsorbed at 20 K followed by annealing at 145 K. All the spectra
were measured at 20 K with 4 cm™' resolution and 500 scans by the Si:B detector. (b) IRAS
spectra of D;O on Rh(111) as a function of coverage (the multilayer region). All the spectra were
measured at 20 K with 4 cm™" resolution and 500 scans by the Si:B detector. The multilayer ice of
0=1.4 and 06=119 was made by epitaxial growth and annealing an ASW multilayer at 165 K to

crystallize, respectively.
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Fig. 7. 6. IRAS spectra of Xe/D,O/Rh(111) as a function of Xe observed at 20 K. (a) IRAS
spectrum of D,O/Rh(111) at 6=0.14, wheré water molecules were adsorbed at 155 K, (b) IRAS
’spectrum of Xe/D,O/Rh(111), where water layer (0 =0.14) are exposed to Xe at 20 K. (c) The
XeIDZOIRh(111) is flashed to 77 K. {(d) IRAS spectrum after flashing to 110K, All the spectra
" were measured at 20 K with 4 cm™ resolution and-500-scans by the MCT detector. -
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Fig. 7. 7. (a) Coverage dependencé of IRAS spedt_ra at free OD stretching modes region. Water
molecules were adsorbed with an average flux of ~0.0003 (fractional coverage)/s at 135 K
followed by IRAS measurement at 135 K. (b) Coverage dependence of IRAS peak intensities.

Fitted result is shown as dashed curve.
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Fig. 7. 8. Aschematic illustration of the first water layer at (a) low coverage and (b) high coverage

region, respectively.
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Fig. 7. 9. Top and side views of three different adsorption geometries and the dipole-active (i.e.
totally symmetric) modes at the different geometries. The intramolecular modes are labeled
(D-O-D bend) and v {O-D stretch). The hindered rotation and hindered translations are labeled R
and T with respect to axes fixed to the substrate, respectively. (a) Water molecule bonding to the

substrate via their oxygen lone pair. (b) D-down (c) D-up species.
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Fig. 7. 10. IRAS spectra (850 to 450 cm™) of (a) O/Rh(111) (~0.06 ML), (b) D-O/0/Rh(111). (a)
Oxygen molecules were adsorbed at 20 K on Rh(111) followed by annealing to 300 K. The
coverage of oxygen atoms is about 0.06 ML. (b) Water molecules were dosed on O/Rh(111} at
20 K, followed by annealing at 155 K for 60 s. Both spectra were measured at 20 K with 4 cm™
‘resolution and 500 scans by the Si:B detector. An unwanted signal at 750 cm™ is due to noise:
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Fig. 7. 11. IRAS. spectra of D,O at 6=1.0 on Rh(111) as a function of adsorbed H,0O coverage.

The DO layer (6=1.0) was made by annealing an ASW film at 145 K, and then it was exposed to
H,0 at 20 K. All the spectra were measured at 20 K with 4 cm™ resolution and 500 scans by the

MCT detector.
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Fig. 7. 12. A schematic structural model for H,O adsorption on the D-up domain. Gray and white

small circles represent deuterium and hydrogen atoms, respectively. Bold lines represent

hydrogen bonds.
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Fig. 7. 13. The intensity of 2723 cm™' peak normalized by the initial peak intensity as a function of
H,O coverage. The dot-dashed curve is a simulated decay based on a hit and stick model. The

solid line is fitted by a least squares approximation at 0(H,0)<0.16.



143

IID-u "
P "D-down"

@@@@W @@@@@ bar_e

.'-Q‘.)\:'_

(oas) awn)

Xe TPD Signal (arb. units)

60 80 100
Temperature (K)

Fig. 7. 14. Xe TPD spectra for ~1 ML Xe deposited on the D,O/Rh(111) surface. Time at each

temperature is illustrated as dotted curve.

a ‘ » v b))~
(@) 8(D,0) o, (b) G
w | 1.0 +
R s
T4 3
a |} i <}
L3 8.4 2 |e
3 | :
£ 26.2 a05 o
2 517 =
] 98’8 o o
a } X
= T |
o | w e 8
o o
- 3 L .
| S e —
50 60 70 80 1 . 50 100
Temperature (K) Fractional water coverage 6

Fig. 7. 15. (a) Xe TPD spectra deposited on the multilayer D,O/Rh(111) surface. Multilayer and/or
second layer Xe were desorbed before TPD experiments. (b) Fractional coverage of Xe, (o +

az), adsorbed on the first water layer as a function of water coverage.
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'Chap'te'_r 8

Concluding remarks

In this study, the adsorption, desorption, and thin film growth of water molecules
on Rh(111) were investigated. An Rh(111) surface is one of the few substrates
where lattice mismatch with the basal plane of Jy is very small, and has not been
studies so much as compared with other substrate such as Pt(111) and
'Ru(0001). Much previous." literature on the adsorbed water on metal surfaces
‘may have been affected by x-ray and/or electron induced miodification, thus non-
or less destructive experimental methods were used including IRAS, SPA-LEED,
and TPD. In addition, surface impurities and defects were carefully controlled.
“The main topics of the present work are to clarify the following points: (1)
transient diffusion and cluster formation of water molecules at low temperature.
(2) the adsorption and desorption kinetics. (3) the first layer and thin film growth.
" In Chapter 5, the initial stage of water adsorption on Rh(111) at 20 K was
in\'feStigéted.' In this low coverage region, isolated water molecules and small
water clusters are observed. Since thermal diffusion is suppressed at 20 K, the
formation of water clusters at low coverage is controlled by both coverage and
transient diffusion on the surface. Within a simple isotropic diffusion model as the

“transient diffusion and clustering process, | estimate the mean lateral
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displacement from the first impact point to the final adsorption site to be 7.6 A; an
incoming water molecule on Rh(111) is trapped with eight post-collision hops on
the average.

In Chapter 6, the adsorption and desorption kinetics of water molecules

on the Rh(111) surface were investigated using temperature programed
desorption. Water molecules show a coverége dependent sticking probability
and initial sticking probability was estimated to be 0.46. Prior to desorption,
water molecules exhibit coexistence of a dilute, gas like phase together with
islands of a condensed phase, bdth being two dimensional. Apparent
fractional-order desorption can be interpreted as a desorption from two-phase
adsorbate with different sticking probabilities. And then, coverage dependence
of activation energy and preexponential factor for desorption were estimated. As
a _result it is.clarified that the first layer is energetically stable compared. with the
multilayer film, and this is clear evidence of wetting.
. In Chapter 7, the adsorption states and growth process of the first water
‘(DQO) Iayer and multitayer on Rh(111) were investigated. At the initial stage,
water molecules form the commensurate (\/3x43)R30°structure. This is flatter
than the ice-like bilayer, and consists of the D-down species. D-down islands
may have jagged circumference or anisotropic isiand shape. With increasing
coverage, ice-like bilayer (D-up) grows and show a incommensurate structure.
At n_eariy the sﬂaturation coverage, the ice-like bilayer is ~9 % compressed from
‘the commensurate _(w!3xxl3_)R30:°structure, which - is ~5%. compression with
respect‘ to ice In. At saturation coverage, the first water layer consists of the
ice-like bilayer (D-up) and flat (D-down) domains, where the D-up domains
~occupy 44 % and the D-down domains occupy 56 % in coverage. Further
‘adsorption of water molecules form 3D ice crystallites on the D-down domains
"where the D-down species do not reorient to accommodate formation. of a
crystalline ice, This is clear evidence of the hydrophobic first water layer.

In concluding, this.thesis set out to understand the microscopic behavior
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and structure of water on the Rh(111) surface using modern surface science
techniques. The present study is the first time to reveal the limited transient
diffusion length of water molecules because of large corrugated PES. This could
be important to understand surface reactions ‘including water molecules,
because the adsorption dynamics could controls the reaction kinetics. In this
study, energetical stabilization of the first water layer relative to the'multilayer
formation is elucidated, which is clear evidence of the molecular wetting layer. In
addition, its structure is revealed. It shows the_coverége dependent structures,
where they significantly affect the growth mechanism of crystalline ice. The
results in this thesis will improve our unde’rstanding of water-metal interactions

being important in many scientific fields.



153

List of Figures

Fig. 1. 1. The phase diagram of ice ........ccccvennnizn ieereeenneee eeest e s e s s st e naaaenanesseie rrrearaeeens 8
Fig. 1..2. A schematic of surface processes of water molecules. ............ riernreensiasase s 9
Fig. 1. 3. Various proposed models of the first water layer.on transition metal surfaces....... 9

Fig. 1. 4. Calculated adsorption enthalpy of water adlayer with H-up model on various

close-packed metal surfaces........cccoueeiriceenen.. eerreeenis eieevrinreeienns Hievvirerereesieanses 10

Fig. 2. 1. Lewis structure of water MOIECUIE. i........c.cceciinveciiiimrd vt s esns e s enecaaas 25

. Fig. 2. 2. Calculated five occupied and the lowest three tnoccupies MOs of isolated water

and their eigenvalues s eeserem e seree et ar st eeseme st es st intremmetesesiensesseeesessrenes 25

Fig. 2. 3. Sﬁhematic representation. of the localized MOs.of HaO ...t 26

‘Fig. 2. 4. Calculated MOs of isolated water dimer and their eigenvalues ............c....c.i...... 26

Fig. 2. 5. Arrangement of water molecules iNiCe.......c.ccvecrrereciiicien st v 27

Fig. 2. 6. Positions of oxygen atoms in ice /. ........... A eveesveees reeerees NP SO 27
Fig.

2. 7. A schematic of the processes that can occur when a molecule collides with a solid

Fig. 2..8. Schematics of one-dimensional gas-surface interaction potentia! for chemisorption
SYSIEMS. L.eeeeree e el reeedeerrrreees it asasatanieas errrtreentes e e e e s aesanens 28

Fig. 2. 9. A general classification of the variation in the sticking probability with coverage.29
Fig. 2. 10. Schematic view of a adsorbate-surface interaction potential as a function of
distance along and:parallel to the surface......covvnvriiiivinnnnanca eemanrenneenen e raeas 29

Fig. 3. 1. Schematic diagram of the IRAS/SPA-LEED chamber.......... v ieieesiersbrrensennes 44
Fig. 3. 2. Schematic diagram of the sample holder for the IRAS/SPA-LEED system.......... 45
Fig. 3. 3. Photographs of the sample holder for the IRAS/SPA-LEED system. ................. 46
Fig. 3. 4. LEED pattern of the Rh(111) surface .......ccocovveiviiineniniecncceeseenenee 46
Fig. 3. 5. The standard thermocouple voltage-temperature curve (JIS C 1602) for a K-type
" thermocouple and the temperature calibration data............ e e 47
Fig. 3. 6. Optical configuration of the IRAS system. ..., 47
Fig; 3. 7. FT-IRAS spectra measured by (a) MCT and (b) Si:B detectors.............ccconeeneee. 48
" Fig. 3. 8. Schematic set up of the SPA-LEED system. .......c..ocevinnicenciiiinnnincennienieeenen 48

Fig.

Fig.

4. 1. The reflection geometry showing the S and. P components of the electric fields of
incident and reflected radiation ............ccoovvmiimniniinn rreniseeaetee et e sraeseeann 62
4. 2. The intensity coefficients and phase shift of the S and P components of the

infrared radiation on reflection from a metal surface...........cccciiiivniinn e ..62

Fig. 4. 3. The relative amplitude of the electric field perpendicular to the surface as a



‘154

Fig.

Fig.
Fig.

Fig:

Fig.

Fig.

Fig.
Fig.

Fig:.
Fig.

function of INCIAENE ANGIE.........corcerrr i e st 63
4. 4. The image dipole picture of the metal's screening of a dapole oriented (a)
perpendicular and (b) parallel to the SUface........corinin e, 63
4. 5. Mean free path of electrons in solids as.a function of their- energy ...................... 64
4. 6. Electrostatic deflection of the SPA-LEED. system with and. without deflection
- voltages ... Varrreinecsennenins SO A S A S Lebeeiterarenrenra st be bRt e st e e e s 64
4. 7. (a) Ewald construction for conventional LEED.system. (b) Modfied Ewald

construction for SPA-LEED SYSEM ..ot i nnsdinioniiisies s esesnn e 65
4. 8. The rate of desorption as a convolution of changes. in surface coverage and rate
constant as-a function of temperature................ eeetreieesaresisinentaeersesinressaessaesa it ssivess OD
5. 1. A schematic model of transient diffusion and clustering of water molecules........ 75
5. 2. IRAS spectra of the 5oy mode:for H,O on Rh(111) as a function of coverage ... 75
5. 3. (a) Integrated absorbance of the peaks:observed at 1569, 1587 and 1608 cm” as
a function of coverage. (b) A simulated result for N = 8 at 0.04 ML. (c) Simulated curves
of the coverage of monomer species as:a function of total water coverage........ rerenns 76
6..1. Exposure dependence of adsorbed water COVerage.............ivurnreermenrersnriennns 103

6..2. (a) Representation of the water fluxes in this experiment. (b) One-dimentional

_-schematic illustration of adsorption. process for water molecules impinged on the bare

. surface. (c). One-dimentional schematic .illustration of adsorption process for water

Fig:

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

molecules impinged on the 2DSIand. ... i 103
6. 3. (a) Temperature programmed desorption spectra of D,O on the clean Rh{111)

surface. (b) The leading edge region of TPD spectra for 0.47<0<2.92...........ceeen. 104
6. 4. Simulated TPD spectra.........c.iivninineecsinsiivnneinnaeid rerecinreesashnrasnnessbr e serarbonsteaes 105
6. 5. TPD spectra of coadsorbed isotopic water. {(H2"°0 and H21SO) on the Rh(111)
SUMACE .. v rvvrer it berrerbissessasransiionens ddeeee it ree e raes s e e i 106
6. 6. Simulated resulis calculated by H. J. Kreuzer and S. H Payne. (a). Isothermal
desorption for varying temperature. (b) Corresponding TPD traces ..........c.cco.ccoueveee. 106
6. 7. (a) TPD spectrum for & = 0.39 D,0/Rh(111), (b) Arrhenius plot for DZOIRh(111)
TTPD @t 0 = 0.39. . reeeieresnesbie i et e e siees et rienassanenenes 107
6. 8. (a) Desorption activation energy as a function of water coverage. (b)
Preexponential factor for water desorption as a function of coverage...................... 107

7. 1. Proposed models. of (a) the (437x437)R25 3° (H-down) and- (b} the
(Y39xV3)R16.1° (H-dOWN)...c.oreeererecrerrrnsenns i rsenn v sasnendian it enaanaasrans e 135
7. 2. Experimental and simulated STM images of D,O clusters on Pd(111) .............. 135
7. 3. FWHM and integrated intensity of a (1/3 1/3) LEED spot as a function of water

. COVBIAGR ...vveviveevriiniovinrarininsmanressnsevsisnessiosesnnseian asevainesiirens ieirevernsteasesieneeeensennanses e 136



Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.

Fig.
Fig.

Fig.
Fig.

Fig.

155

7. 4. LEED patterns for DO adsorbed on Rh{(111)......cccceevvmemnreeimncseninrimrisssrnnn e 136
7. 5. |RAS spectra of D,O on Rh(111) as a function of coverage........cccoeevereerrvvnnenn. 137
7. 6. IRAS spectra of Xe/D,O/Rh(111) as a function of Xe observed at 20K ............ 138
7.7. (a) Coverage dependence of IRAS spectra at free OD stretching modes region. (b)
Coverage dependence of IRAS peak intensities......... rerrreeeteantea s eeatesanesnat s n e saa e e e beans 139
7. 8. A schematic. illustration of the first water layer at (a) low coverage and (b) high
coverage region, reSPECHVRIY. .....ccccrvreriieire et veseraeens reeereaen rbeanrrneras 140
7.°9. Top and side views of three different adsorption geometries and the dipole-active
modes at the different geometries.........ccovvveiiicncciciicnc e 140
7. 10. IRAS spectra of (a) O/Rh(111) (~0.06 ML), (b) D;O/O/Rh{111)..cccrnceennceen 141
7. 11. IRAS spectra of D;0 at 0=1.0 on Rh{111) as a function of adsorbed H,O coverage
.................................................................................................................................... 141
7. 12. A schematic structural model for H,O adsorption on the D-up domain ............ 142
7. 13. The intensity of 2723 cm™' peak normalized by the initial peak intensity as a
function of HoO COVETAgE .....c.evovviiieieiirie sttt st 142
7. 14. Xe TPD spectra for ~1 ML Xe deposited on the D,O/Rh({111) surface............. 143
7. 15. (a} Xe TPD spectra deposited on the multilayer D,O/Rh(111} surface. (b)
Fractional coverage of Xe adsorbed on the first water layer as a function of water
COVETAGR. .euvveurrirrerirerreeermeosrorarsneisssssratasssss s sassate s st en e s tes e b s sassas ebesbrassanasnssnsernssinns 143
7. 16. Experimentally reported results for growth mechanisms of crystalline ice films on

NIl SUD S TATES oeeevee i e eeveiiniiirceriie st eaneesaresssssessrnssnaes soransttnntn rbsnnirasssssssssasnssnnanas 144



157

List of Tables
Tablez. 1- LCAOS Of HZO.&;.‘.‘.'... ............................................................................................ 30
Table 5. 1. Transient diffusion length for chemisorption system.............cc.oueveeeeen. rerenesrens 77
Table 6. 1..Measured or estimated initial sticking probabilities for water on metals.......... 102

Table 7. 1. Experimental results of the first- water layer-and multilayer growth mechanism on
fransition metal surfaces............ esbusansnsateais s b esa s eer fennann bonsnsbes s bbessaadaserasetiustates 145



159

List of Publications

Papers included in this thesis:

1. “Transient diffusion and cluster formation of water molecules on Rh{111) at 20 K",
A. Beniya, K. Mukai, Y. Yamashita, and J. Yoshinobu: J. Chem. Phys. 126, 141102 (2007).
2. “The first water layer on Rh{111): Microscopic structure and desorption kinetics”
A. Beniva, S. Yamamoto, K. Mukai, Y. Yamashita, and J. Yoshinobu:
J. Chem. Phys.125, 054717 (2006).
3. “The first layer and crystalline ice growth of water molecules on Rh(111)”
A. Beniya, K. Mukai, Y. Yamashita, and J. Yoshinobu: in preparation.
4. “Adsorption and desorption kinetics of water molecules on Rh{111)"

A. Beniya, K. Mukai, Y. Yamashita, and J. Yoshinobu: in preparation.

Papers to which | have contributed but which are not included in this thesis:

1. "Water adsorption on Rh(111)} at 20 K: from monomer to bulk amorphous ice”
S. Yamamoto, A. Beniya, K. Mukai, Y. Yamashita, and J. Yoshinobu:
J. Phys. Chem. B, 109, 5816 (2005).
2. "Low Energy Electron Stimulated Chemical Reactions of CO in Water Ice"
S. Yamamoto, A. Beniya, K. Mukai, Y. Yamashita, and J. Yoshinobu:
Chem. Phys. Lett, 388, 384 (2004).



Adsorption, desorptibn and thin film growth of water molecules

on the Rh(111) surface

December, 2007

Atsushi Beniya





