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The adsorption of water on clean and oxygen predosed Rh (111):
Surface templating via (1X1)-O/Rh(111) induces formation
of a novel high-density interfacial ice structure
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Water adsorbed on clean RA1) forms an ordered structure with @3Xv3)R30° diffraction
pattern. This is facilitated by the close match of surface lattice constants @i Bland the(0001)

face of hexagonal icé;,. The preadsorption of small quantities of disordered oxygen improves the
long-range ordering of the water overlayer. When a well-ordered half-monolayer of oxygen is
grown on the RIL11) prior to H,O exposure, there is no evidence of any long-range ordering of the
water. However, when $0 is adsorbed on g1x1)-O/Rh(111) surface, where there is a
well-ordered monolayer of adsorbed oxygen, the adsorb&iiferms a new high-density structure
exhibiting a(1x1) diffraction pattern. The adsorbed,® structure is epitaxial with respect to the
underlying oxygen and rhodium. This structure persists for many layers of adsorbed water. On the
clean RI1111) surface, water molecules are adsorbed through the oxygen lone pair orbital. When the
surface is fully covered with oxygen, the first layer of water can hydrogen bond to the surface, i.e.,
they likely adsorb with one or both of the hydrogen atoms pointing toward the surface. This creates
a template for a novel structure that forms at low pressure, producing a high-density crystalline form
of interfacial ice. This discovery suggests that other molecules, especially those that hydrogen bond,
may form new structures on metals covered with a high-density oxygen overlayer, with associated
consequences for interfacial chemistry. Z000 American Institute of Physics.
[S0021-960600)70118-9

INTRODUCTION Rul’~**0Only a few have used RH-*°There is a somewhat
dated but quite extensive review of water adsorption on solid
Cs_urface§.° On RU000)), it is possible to grow ordered layers
of ice epitaxially. The structure is that of hexagonal ie,

Studying the adsorption of J& on metal surfaces is im-
portant because of its role in catalysis, corrosion, and ele
trochemical reactions. Ice grown on ®001) has even been - N
used for understanding the chemistry and physics of atmaXith the (0001 face exposed to the vacuum. This gives a
spheric ice crystals.Under the conditions at which these (V3*V3)R30° diffraction pattern; the formation of this or-
processes normally occur, the metal surface may be modifigdered overlayer is facilitated by the close match between
by the adsorption of other species, oxygen certainly bemgaettme cons_tanlts: 4.50 A for the lattice constant of bulk
one of the more ubiquitous. Studying these systems unddtexagonal icé' 1, near 100 K and 4.68 A for R000).
ultrahigh vacuum(UHV) conditions allows for the careful Rh(111) actually has a slightly more favorable lattice con-
control of the surface structure and composition, and charagtant, the(V3xv3)R30° dimension being 4.66 A. On both
terization utilizing surface-sensitive techniques that are nogurfaces, water is adsorbed molecularly.
available at higher pressures. In this paper, we report the With this similarity, and their proximity in the periodic
results of experiments detailing the adsorption gfoHon  table, the growth of physisorbed,8 overlayers should be
clean and O-covered Rhll). The techniques used were closely analogous for RQ001) and Rf111). On RU000D
temperature-programmed thermal desorptiGRD) and the the completed layer closest to the metal surface is called a
scattering of a supersonic He beam. TPD spectra give infobilayer (BL) because the oxygen atoms lie on two different
mation on relative surface coverages as well as informatioplanes’™*° The ideal coverage would be 0.67 monolayers
on the energetics of the adsorbate—surface interactions. THML) (1 ML=1.6x10'/cn?). In this paper, whenever we
diffraction of He atoms is a technique to obtain structuralrefer to a bilayer, it is in reference to this’3xv3)R30°
information that is exclusively surface sensitive, nondestrucstructure. The actual coverage has been measured to be
tive, and can be easily used with insulating adsorbates.  ~0.6° but there is reason to believe that the adsorbe@ H

Most of the previous studies of the ordered adsorption oforms a striped phase with regions of bare Ru between or-
water on the atomically smooth faces of transition metal surdered domains of k0.213 Interestingly, this ordered layer
faces under UHV conditions have used eithef Ptor  gives two distinct peaks in thermal desorption spectra, their
ratios dependent upon the heating rate. Further adsorg@d H
dAuthor to whom correspondence should be addressed. Electronic maif.Orms multilayer ice that desorbs at a lower temperature than

s-sibener@uchicago.edu the first bilayer.
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The RH111) surface behaves similarly. The thermal de-surface temperatur@,=900K. Adsorbed oxygen was re-

sorption spectra show distinct desorption features: thenoved by heating the crystal to about 1250—-1300 K for 3
lowest-temperature feature we assign to multilayer ice, anghin.

the higher-temperature feat(sgto the bilayer. Both the bi- For the diffraction measurements, a liquid, Mooled
layer and multilayer exhibit long-range order in the form of anozzle beam source produced a highly collimated and essen-
(V3xv3)R30° diffraction pattern. tially monoenergetic He bean(E)=20meV and a

Preadsorbing oxygen on transition metal surfacesay(FWHM)/v=1%]. Coverage measurements were done
whether ordered or disordered, often disrupts the long-ranggsing temperature-programmed desorption, where the signal
ordering of adsorbed }.'%% These studies were done with of desorbing molecules was monitored while the temperature
less than a full monolayer of oxygen. We found that thereof the crystal was ramped. For ttie3xv3)R30° structures
was no long-range ordering of adsorbed water when growtgrown on clean Rf111), the coverage is given in terms of
was attempted on a previously deposited well-ordered halfpilayers, where 1 BL is the first adsorption layer of{ as
monolayer of oxygen on Rb11). Using an O atom beam, discussed in the Introduction. In terms of absolute coverage,
we have been able to adsorb a well-ordered full monolayer of BL=1.07x10'/cn?. For overlayers grown on thelx1)
oxygen on RKL11).%*** When this surface is exposed to -O covered RHL11), the coverage is given in terms of a
H,O, a new overlayer structure for the adsorbed water igonventional monolayer, 1 M&1.6x10cn?.
observed, giving &41x1) diffraction pattern that persists up
to several layers. On the clean Rh surface, the water adsorlpgESULTS AND DISCUSSION
through the oxygen lone pair orbital. When the surface is )
fully covered with oxygen, the interaction is most likely be- ater adsorption on Rh (111)
tween one or both of the hydrogen atoms of the water molBilayer H ,0
ecule and the preadsorbed oxygen. This provides a template
for growing an entirely different form of crystalline ice than
normally occurs.

Structure. Figure 1 shows diffraction spectra for 1 BL
of H,O along two principal symmetry directions of RA.1).
The diffraction spectra are consistent with(x@xv3)R30°
overlayer structure, with a lattice constant of 4402 A,
EXPERIMENT larger than the 4.50 A for tha lattice constant of bulky 2
The peaks are narrow, indicating good long-range order,

Only essential features of the scattering machine will behough there is evidence of small features near the specular,
mentioned: further descriptions can be found elsepossibly suggesting a larger superlattice periodicity. To grow
where?32526 \We generate three simultaneous moleculartthese overlayers, the surface was exposed to t@/Hte
beams that converge on the target crystal in the UHV scatbeam for at least 30 s with the surface temperature held at
tering chamber. The differentially pumped quadrupole mas460 K; the beam was then blocked and the sample immedi-
spectrometefangular resolution of-1°) rotates around the ately cooled. TPD spectra showed that continued dosing at
position of the crystal. This rotation defines the plane inthis surface temperature led to no furthesGHadsorption.
which we can detect scattered atoms. Consistent with the adsorption of,&8 on other surfaces, we

Oxygen was deposited on the sample in two ways. Foassume that this represents one bilayer of adsorbed water.
growing a half-monolaye{2x1)-O/Rh111), a beam of neat Figure 2 shows further diffraction spectra and the corre-
O, was expanded through a room temperature nozzle. F@ponding TPD spectra. These spectra were taken on consecu-
growing 1 monolayef1x1)-O/Rh(111), we passed neatJ/O tive days, using the same,B/He beam and the same crystal
through a radio-frequency discharge nozzle beam sourc@reparation. Yet, there are very clear differences in the qual-
producing ~30% O atoms. The beam was supersonic buity of the overlayers. The He diffraction spectrum shown in
energetically broad, with the Ofraction having an average Fig. 2@ is more intense than that in Fig(, and shows
energy of~80-90 meV, and the O fraction having an aver-almost no hint of any added features near the specular. The
age energy of-60 meV. For growing the ice overlayers, we spectrum in Fig. &) shows quite distinct peaks near the
made a beam of $O entrained in He by bubbling H&inox, specular, in this case indicating a superlattice structure with a
ultrahigh purity gradethrough a stainless steel container of repeat distance of-24 A. (Though always present, the po-
room temperature $O (Fisher, HPLC grade The only treat-  sitions and intensities were not fully reproducible, being
ment done was several cycles of pumping out th®4fllled  quite sensitive to sample preparatiofihe TPD spectra both
bubbler and then purging with He. The expansion washave a large peak with a maximum desorption intensity at
through a 50 or 10@ nozzle, and the kD flux, estimated at 170 K, but the better-ordered overlayer has a further high-
a few hundredths of a monolayer/s, was controlled by theéemperature peak at200 K. Throughout the duration of
backing pressure. these experiments, we grew overlayers that had diffraction

The rhodium crystal was cut to within 1° of tH&11) spectra similar to that shown in Fig(é2 and others similar
face, as confirmed by Laue x-ray back-reflection spectrosto Fig. 2c). The better ordered overlayers always showed a
copy. It was cryogenically cooled with either liquid,ldr He  high-temperature feature in the TPD spectrum.
and could be resistively heated to 1300 K. Crystal cleanli-  Previous work on R{i11) surfaces show a desorption
ness was confirmed by Auger electron spectroscopy, and hyeak for low HO coverages between 180 and 196’K!°As
monitoring the intensity and width of specularly reflectedfurther H,O is adsorbed, a low-temperature peak-di60 K
He. C could be removed by exposing the surface jca©a  grows in. The high-temperature peak is ascribed to the first
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FIG. 1. He diffraction spectra of 1 BL J® Rh111) taken along two principal symmetry directions and at three different incident angles,Eyith
=19.9 meV andl ;=80 K. There was-0.02 ML of adsorbed oxygen, estimated from the TPD spectrum.

bilayer, and the low-temperature peak to a thicker overlayerluxes and for a short time @, = 325K, the diffraction spec-
Both Kiss and Solymo$f and Wagner and Moyldfisaw a  tra got much more intense, and the TPD spectra showed
long tail on the high-temperature side of the low coveragesizable high-temperature shoulders.

desorption feature, but no resolved peak at a higher tempera- To quantify this effect, we calibrated the oxygen cover-
ture. Wagner and Moylan found that if even a small amountge by observing the attenuation of specular He scattéfing.
of oxygen is adsorbed onto the surface befog®exposure, For low coverages, this showed a power law dependence
the TPD spectra develop an additional feature between 21€bnsistent with disordered adsorption. We were able to esti-

and 215 K. Zinck and Weinbetysaw an additional feature mate the coverage as a function of specular scattering attenu-
at ~220 K, but they also saw the feature due to a thination,

multilayer move up by~10 K, something that we did not

observe. The results of Wagner and Moylan suggest that, in |

the presence of oxygen, some of the water dissociates to G=(1—m(~)0)2AnS/m, @

form adsorbed hydroxyls. The high-temperature TPD peak is

due to the disproportionation of these hydroxls and the dewherel is the specular intensity before,@xposure] is the

sorption of some closely associated intact water moleculesintensity after,ng is the reciprocal of the unit cell area, 0.16
Our experiments indicate that the better-ordered overlayA ~2 for Rh(111), andm=2 since the saturation coverage for

ers are due to a small amount of some coadsorbate, quit®, dosing is 0.5 ML. The fitted value derived for the cross

possibly oxygen; they occurred with a slower cool-down af-section,3. ,, is 179 &. This is large but not unreasonable.

ter cleaning the crystal, allowing a longer time for the ad-  With this information, we adsorbed small, known quan-

sorption of background gases. Oxygen is one possibilityfities of oxygen afT,=325K on the clean Rh surface. We

when the surface was exposed to the li@am at very low used LHe cooling so that the surface cooled quickly and
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FIG. 2. He diffraction spectra taken along thEDT} azimuth atg;=55° and withE;=19.8 meV for two different HO/Rh(111) surfacesl ;=100 K for the
spectrum in(@) and 80 K for the spectrum if). (b) is the HO TPD spectrum for the overlayer whose diffraction spectrum is showa &nd(d) is the HO
TPD spectrum for the overlayer whose diffraction spectrum is shown)inThe TPD spectra were taken with a ramp rate of 200 K/min.

remained as clean as possible. The crystal was then cooled $squared displacement of the surface atoms. The perpendicu-
160 K before adsorbing 1 BL of J. When the coverage of lar momentum of the Hek,, includes the He-surface well-
predosed oxygen was less that0.01 ML, there was no depth,D:

significant improvement in the diffraction spectra. However, 2.2

for coverages between about 0.02 and 0.05 ML, the diffrac- % — (g co& 6.+ D), 3

tion spectra became quite intense, with narrow features and, 2M e

at most, small shoulders on the sides of the expected diffraGyhereM,,, is the He mass ang; the incident energy. The
tion fea;gures. As was also observed by Wagner angneasurement is accomplished by monitoring the specular in-
Moylan,™ the relative size of the high-temperaturgtHde-  tensity as a function of surface temperature and incident

sorption peak is directly related to the oxygen coverage fopngle. The rmgroot-mean-squar¢damplitude can be esti-
low coverages. The ratio of this peak to the total area of thenated by a simple Debye mod&l,

BL desorption peak as a function of oxygen coverage can be o2
calibrated against the previous procedures. Using this cali- (u2>= 3h°Tg f
bration, the overlayer that yielded the spectra in Figs) 2 2 Mekg®3 Jo
and 2b) had about 0.02 ML of adsorbed oxygen.

The important points here are that theHoverlayers
we grew on RI111) always showed a diffraction pattern
consistent with a(v3xXv3)R30° structure for the adsorbed meV, compared with a Debye temperature for bulklicef

water, and within our reproducibility, the amount of ad- . .
P Y 220 K% The large error bar is at least partially due to

sorbed HO was the same whether the TPD spectra showeﬂ1 ‘ h Id 80-140 K
one peak or two. Small amounts of preadsorbed oxygen re- € harrow temperature range we could use, ou-— ’

sulted in a vast improvement in the long-range order of th%ulti/ayer H .0
H,O overlayer, but had no effect on the basic structure. 2
Debye-Waller analysis. The amplitudes of the perpen- Structure. Figure 3 shows diffraction spectra for 24 BL
dicular motion of the adsorbate can be estimated by measuH,0/Rh(111), taken along th€l01) azimuth. As the num-
ing the Debye—Waller factor, ber of layers increases, the diffraction intensities get progres-
- exp(—4k2(u2>) @) sively attenuated, but with even this thick overlayer, there
0 AN are still clear diffraction peaks; th@/3xv3)R30° structure
wherel is the reflected He intensity ar(d?) is the mean- persists, and the lattice constant is 4:6402 A. The HO

OpT
y coth(y)dy, (4)

wherekg is the Boltzmann constar is the surface Debye

temperature, andll is the mass of an adsorbed® The
result is that® ;=300=70K, using a best-fit well depth of 4
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FIG. 4. Examples of KD TPD spectra for different 0 covered surfaces.
overlayer was grown by dosing at=160K for 40 s, and The ramp rates were 200 K/min.

then cooling to 145 K while dosing was continued for an-
other 10 min. This was the highest temperature we could use
and still grow multilayers in a reasonable amount of time,that there are few dangling hydroxyls at the surface. The
and was high enough to grow crystalline rather than amorexperiments of Schaff and Robéftsshow evidence that
phous ice’! The first part of the dosing procedure grows athere are few, if any, such groups on the surface of thin
well-ordered bilayer, and was critical for growing well- crystalline ice films, and demonstrate that this has a profound
ordered multilayers; the quality of the multilayer was highly influence on the surface chemistry.
dependent on the quality of the bilayer on which it was  Debye-Waller analysis. For the adsorption of multilay-
grown. The additional adsorbed.,® resulted in a low- ers of HO on P{111), it has been suggested that the outer-
temperature peak in the TPD spectra, similar to that seemost water molecules have a very large vibrational ampli-
with other transition metal surfaces. This is shown in Fig. 4,tude; a rms amplitude perpendicular to the surface of at least
for quantities of adsorbed J@ slightly greater than 1 BL. 0.25 A at 90 K*®° The observed intensities of the diffraction
Again, the better-diffracting surface shows an extra featurdeatures make such a large motion unlikely in the case of
in the TPD spectrum at-200 K. overlayers grown on Rh. A rms amplitude of 0.25 A at 90 K
One issue our experiments have not addressed is the egerresponds to a surface Debye temperature of 115 K using
act chemical nature of the ice surfaces, i.e., the precise géhe previously mentioned model, implying a specular attenu-
ometry of the surface hydroxyl groups has not been ascemtion atf;=45° of | =10 21,. This would make the diffrac-
tained. It would be reasonable to expect that the normallyion very weak. By comparison, with a Debye temperature of
proposed structure of the ice bilayer on transition metal800 K, the intensity would still be~20% of |,. For the
would cause subsequent layers to be adsorbed in such a wagirrow range of temperatures we had, it was difficult to ex-
that the surface would be composed of dangling OH groupdract a precise number. However, with a surface Debye tem-
The recent calculations of Witek and Bidélshow that even  perature of 115 K, the specular intensity ét=45° would
for only a few layers, the structure is modified in such a waydecrease by a factor of 30 in going from a surface tempera-
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FIG. 5. He diffraction spectra taken along t{@?} azimuth withE;=19.8 meV andl4=120K. (a) and (b) are for 7.3 ML HO grown on the(1X1)-O
overlayer whose spectra are shown(éh and (d).

ture of 70 to 130 K, the temperature range of our experi-cates that a half-monolayer of oxygen prevents any long-
ments. The observed change was less than a factor ,of 2range ordering in the §© overlayer. This is the same result
close to that of a bilayer of adsorbed water. Using aas for both Ni111)?? and R§0001),'° where the preadsorp-
®p=300K, the rms vibrational amplitude is0.12 A at tion of any amount of oxygen interferes with the long-range
T,=90K. In summary, the relatively intense diffraction fea- ordering of adsorbed 0. Based on HREELS measure-
tures, coupled with their insensitivity to surface temperaturements for a saturation coverage of O(B@01), Thiel et al®
means that the vibrational amplitude of the top layer of watethought that there might be some long-range ordering of the
is much smaller than was estimated for ice on(tl) by  water at elevated temperatures, but Doering and M2dey
Materer et al*> A more recent He scattering study of found no evidence of this with LEED.

multilayer ice adsorbed on @t11) estimated a surface De-

bye temperature of 175 Ka significantly higher value, but

still probably less than for water adsorbed on(Ri). Full monolayer (1 X1)-O

: In contrast, Figs. 5 and 6 show diffraction spectra for
Water adsorption on ordered oxygen - /Rh(111) H,O adsorbed on élx 1)-O/Rh(111) surface along two prin-
Half-monolayer (2 X1)-O ciple symmetry directions. TheJ® overlayer was grown by

In earlier papers, we discussed the adsorption of a halfexposing thé1x1)-O/Rh(111) surface to a low flux KHO/He
and full monolayer of oxygen on the RH1) surface’®>?*  beam atT=140K. Also shown are the corresponding dif-
We will now examine the structure of adsorbegdHon these fraction spectra of the oxygen-covered surface before the
modified Rh surfaces. First, a surface with a well-orderedH,O was adsorbed. Th@x1) diffraction pattern is retained,
half-monolayer of adsorbed oxygen was prepared. Ts@ H and the lattice constant of 2.68.01 A is the same. The
dosing procedures were the same as that used for the cleprincipal difference is an attenuation of the coherent signal.
Rh surface, but there were no diffraction features other thaiklow rapidly the diffraction features are attenuated with in-
a weak specular peak on a large incoherent background. Theeasing HO coverage is dependent on both the flux and the
TPD spectra for an amount of adsorbegCHequivalent to 1 surface temperature, with the best overlayers grown with the
BL looked similar to the spectrum in Fig.(l®, and larger lowest flux and the highest surface temperatures. We have
amounts of adsorbed & had a spectrum like that shown in grown a diffracting overlayer having 20 ML of J@ by dos-
Fig. 4(a), they both showed a distinct feature 2200 K. ing for 45 min atT,=140K. The spectra show no hint of the
After the H,O had been desorbed, the oxygen-covered sur&/3Xv3)R30° structure expected for the surface of Ige
face still had the same diffraction pattern. That the TPD[As discussed in the experimental section, we give the cov-
spectra are similar suggests that the bonding 49 6 simi- erage in terms of a conventional monolayer (1 ML
lar on both the nearly clean and oxygen covered surface, but1.6x10*/cn?) for the water structures grown ¢hx1)-O.
the lack of distinct features in the diffraction spectra indi- The term bilayenBL) refers to the first adsorption layer of
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é 0.5 3 3 followed by a more gradual increase for increasing coverage.
= 3 Diffraction F Rati E At this angle of incidence and azimuth, this behavior is re-
0.4 3 ffraction Feature Ratios 3 producible. Scattering dynamics change with incident condi-
o 2 4 6 S 10 tions: at other angles, the specular feature becomes larger
Coverage (ML) relative to the other diffraction features agsis adsorbed.

FIG. 6. (—(c) show He diffract ra taken al 3 azimuth This is the case for the spectra shown in Fig. 5. Also, as a
. b. (8)—(C) show He aifiraction spectra aenaongtmﬂ azimu . o "
at 6,= 55°, and WithE, = 19.8 meV’ andr .= 120 K, for varying amounts of function of beam flux and hence deposition rate, conditions

H,0 adsorbed on é1x1)-O/RH(111) surface (d) is a plot of the ratio of the ~ Can be found where the specular intensity as a function of
first-order diffraction peak near normal and the specular pe@k-a65° as ~ coverage does not monotonically decrease, i.e., the specular
_afunction of I-&_O coverage. Points are the experimental data, while the linesignal actually partially recovers after the expected initial
Is drawn to guide the eye. decrease over a small coverage range before decreasing

again.

These observations are not consistent with diffraction

the (V3Xv3)R30° structure of KO adsorbed on Ri11). By  arising only from areas of cleaiix1)-O surrounded by in-
this convention, 1 BE0.67 ML=1.07x10"%cn?.] coherently reflecting islands of 8. If this were the case,

A TPD spectrum is shown in Fig.(é). The position of the ratios of the elastic features would not change. Further, it
the maximum desorption rate is essentially identical to thaseems unlikely that such thick overlayers could be deposited
for the multilayer feature from D adsorbed on the clean without coalescing, or at least leaving increasingly small ar-
Rh(111) surface. No more distinct features occur in the speceas of clear(1x1)-O, which would result in an increase in
trum as further HO is adsorbed on th€lx1)-O/Rh(111) the widths of the diffraction features.
surface. We feel that the results more likely suggest a novel high-

Since the positions of the diffraction features are thedensity form of interfacial ice, shown in Fig. 7. Unlike other
same before and after exposure to water, the question arisdsnse ice structures, which only exist under high presstires,
as to whether the $D is wetting the surface. One possibility this form exists afl0™°Torr. While water is known to dis-
is that the water is forming incoherently scattering islandssociate on some metal and metal oxide surfaces, the desorp-
and the observed diffraction is from regions of baretion temperature for water desorbing frdix 1)-O/Rh(111)
(1x1)-0. Figures 6a)—(c) show in more detail what happens is close to that of multilayer ice adsorbed on(Rhl). This
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indicates that intact molecules of water reside at(ihel)-O bonds, may also exhibit new structures when grown on a
interface. Water desorption due to the reaction of adsorbeligh-density oxygen overlayer, creating new pathways for
OH occurs at much higher temperatuf®3he icel,, lattice  interfacial chemistry.
found on RI§111) is much too open to provide the observed
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