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Abstract

The radiation-induced decomposition and desorption of nanoscale amorphous solid water (D,0)
films adsorbed on an a-Al,03(0001) surface was studied at low temperature in ultrahigh vacuum using
temperature programmed desorption (TPD) and electron stimulated desorption (ESD) with a mono-
energetic, low energy electron source. ESD yields of molecular products (D,, O, and D,0) and the total
sputtering yield increased with increasing D,O coverage up to ~15 water monolayers (i.e. ~15 x 10" cm’
%) to a coverage-independent level for thicker water films. Experiments with isotopically-layered water
films (D,0 and H,0) demonstrated that the highest water decomposition yields occurred at the interfaces
of the nanoscale water films with the alumina substrate and vacuum. However, the increased reactivity of
the water/alumina interface is relatively small compared to the enhancements in the non-thermal reactions
previously observed at the water/Pt(111) and water/Ti0,(110) interfaces. We propose that the relatively
low activity of Al,O5(0001) for the radiation-induced production of molecular hydrogen is associated with
lower reactivity of this surface with hydrogen atoms, which are likely precursors for the formation of

molecular hydrogen.
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I. Introduction

Aluminum is a common nuclear material and aluminum oxy-hydroxides are among the major
components in highly radioactive waste. This waste is extremely complex, containing heterogencous
mixtures in highly alkaline brines that have been aging for decades in the presence of ionizing radiation."
* After long storage times, radiation affects all the components of nuclear waste: liquid, solid and
interfaces. Radiation-induced processes in aqueous slurries of aluminum oxides and oxy-hydroxides are
not well-understood on a fundamental level, but are potentially important for safe storage and processing

of nuclear waste. Photo- and radiation-induced processes in water and aqueous systems are also important

17-20 21-26

in astrochemistry and planetary sciences,”'® radiation- and photo-catalysis,'"*’ and radiation biology.

High-energy radiation (a, B, y) interacts with solids and liquids generating cascades of low-
energy electrons, the most abundant of which have energies below 70 ¢V,”” and these low-energy
electrons are primarily responsible for most of the radiation-induced chemical transformations.'* >
Radiolysis at interfaces (e.g. oxide/water interfaces) is more complicated than the radiolysis in the
individual phases (solid or liquid) since radiation absorbed in either phase can stimulate reactions at the
interface producing new molecular species or surface defects. Such interfacial energy transfer was
observed under gamma irradiation of water adsorbed on oxide surfaces where electronic excitations
produced in the oxide can migrate to the surface and decompose water.***> Depending on the substrate
and water coverage, dramatic increase in the molecular hydrogen yield — up to 1 or 2 orders of magnitude
compared to the radiolysis of bulk water — have been observed. Studies of gamma radiolysis of water
adsorbed on Al,O; powders show controversial results on substrate effect on the H, yield: from very

30, 31, 34

1** to significant

smal enhancement.

While energy transfer from the solid to the solid/water interface can drive reactions there,
radiation energy absorbed in the water can also migrate to the interface and cause enhanced water
decomposition and hydrogen production there. Such an effect was previously observed in nanoscale water

films adsorbed on Pt(111) and rutile TiO,(110) that were irradiated with low-energy electrons.’®** For

those experiments, migration of water excitons and/or hydronium ions through the condensed water to the
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substrate was believed to cause the enhanced hydrogen production at the substrate interfaces.*" **

However, the relative efficiencies of Pt(111) and TiO,(110) for promoting those reactions were quite
different. To develop a better understanding of those electron-stimulated reactions, the role of the
substrate in them, and possible connections with the gamma radiolysis experiments on oxides described
above, it is useful to investigate the electron-stimulated reactions at a water/oxide interface.

Here we investigate the electron-stimulated reactions in water films deposited on a-Al,O3(0001).
We use 100 eV electrons, which are characteristic of the low-energy secondary electrons produced by
high-energy radiation (o, 3, y), as a radiation source. These electrons have short mean-free paths and
therefore the experiments are performed in ultrahigh vacuum at low temperatures with solid forms of
water — amorphous solid water (ASW) — as model systems for liquid water. We find that the total
sputtering yield for irradiated D,O films, measured with temperature programmed desorption (TPD), as
well as the electron-stimulated desorption (ESD) yields of D,O, D, and O, all increase with increasing
water coverage, 0, in the 0 — 15 monolayers (ML) range and remain largely coverage independent above
that. (Here we define 1 ML as 10" cm™.) For 6 > 15 ML, the total sputtering yield is approximately 1
molecule per incident electron (with initial energy = 100 eV). Experiments with isotopically-layered
D,0O/H,0 films show that the molecular hydrogen yields are greatest at the ASW/vacuum and
AL, Os/ASW interfaces and that they are relatively low in the middle of the film. Molecular hydrogen
evolution at the ALO;/ASW interface is consistent with a 2-step reaction that probably includes
accumulation of a precursor at the interface followed by a second reaction to produce D, (H,). The
electron-stimulated reactions observed in nanoscale water films on alumina are qualitatively similar to
those previously observed on Pt(111) and TiO,(110). However, much less molecular hydrogen is
produced at the water/Al,05(0001) interface compared to those previous experiments. Transfer of
electronic excitations from the AL,O; to the interface does not appear to play a significant role in the

electron-stimulated reactions occurring at that interface.
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II. Experimental Procedure

The experiments were carried out in an ultrahigh vacuum (UHV) system similar to that has been
described previously.””* The system is equipped with a molecular beam line for dosing water and other
adsorbates on the sample, a closed-cycle helium cryostat for sample cooling, a low-energy electron gun
(Kimball Physics, model ELG-2), and a quadrupole mass spectrometer (Extrel, model EXM720). This
system was upgraded with a Fourier-transform infrared (FTIR) spectrometer (Bruker, Vertex 80) for
infrared reflection absorption spectroscopy (IRAS) performed in external reflection mode. The typical
base pressure for the system was 1x10™'° Torr.

The 10x10x1 mm o-AlLO5(0001) (<0.5°) single crystal from the Princeton Scientific was
mounted on resistively heated tantalum base plate using high-temperature Aremco 865 cement adhesive
and a Mo retaining ring (see Fig. S1a). For temperature monitoring and control, a K-type thermocouple
was spot-welded to the base plate. The Al,05(0001) sample surface was prepared by sputtering with 2
keV Ne' ions and then annealed for 2 - 10 min in vacuum at 1050 K. Previous research has shown that

. . . 44-46
this procedure produces an aluminum-terminated surface.

Thin water films were deposited with a
molecular beam (flux ~2 x 10" molecules/cm’s) at normal incidence to the surface.

During ESD experiments, the electron beam was incident at 40° with respect to the sample
normal. The incident energy of the electrons, E;, used to irradiate the films was typically 100 eV, and the
instantaneous current densities were ~1.8 x 10" cm™s” as measured with a Faraday cup. The electron
beam was smaller than the molecular beam spot size on the sample (~1.5 mm and 7.0 mm, respectively).
To produce a uniform electron fluence across the films, the electron beam was rastered over the area
slightly larger than the water spot (Fig. S1), delivering 1.5 x 10"* ¢cm™ electrons per each 0.4 s scan. The
ESD signals presented below are an average of all data points in each scan (Fig. S1b). Energetic electrons
that scattered from the alumina surface and subsequently irradiate other surfaces within the UHV chamber

produce a measureable, “background” H, and HD signal in the quadrupole mass spectrometer. Therefore

to investigate the production of molecular hydrogen in irradiated ASW films, we use amorphous D,O
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films (sometimes with co-adsorbed H,O films) and track the ESD of D,. Control experiments (see Fig.
S2) show that the contribution of these background signals is small for D,.The irradiation temperature

was 100 K for all the results presented here.

II1. Results and Discussion

We observed three molecular products desorbing from the D,O ASW films grown on
AL,O5(0001) under 100 eV electron irradiation: D,O, D, and O,. Fig. 1 shows the normalized ESD yields
of those products versus the irradiation time (and electron fluence, ¢.) for 50 ML D,O films. The
irradiation starts at 0 s and ends at 100 s. For D, and D,0, the ESD signals increase promptly at the
beginning of irradiation and then, after some modest changes within the first ~ 20 s, the signals remain
constant. The O, ESD signal is zero at the beginning of irradiation, it grows with the irradiation time and
then remains constant (also after ~20 s). This type of the O, ESD kinetics has been observed before®”** *
* and results from a complex, precursor-mediated mechanism for O, production involving OH, H,0, and
HO, intermediates (or their deuterated analogues for DzO).38 The ESD yields of D,0O, D, and O, increase
with the initial coverage, 0;, and their kinetic profiles also depend on the coverage (Fig. S3). For
coverages smaller than shown in Fig. 1, the ESD yields do not remain constant after the initial transient
period, but decrease with increasing electron fluence. The decreasing ESD yields are primarily related to
the decreasing amount of water in the films as it desorbs and decomposes under irradiation.” For
example, Fig. 2 shows a series of D,O temperature programmed desorption (TPD) spectra for electron-
irradiated films with 6; = 1.5 ML. The TPD spectra obtained after electron irradiation demonstrate the

significant loss of water due to the electron-stimulated reactions. For these experiments, almost the entire

film had desorbed or reacted for ¢. > 3 x 10" cm™.
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Fig. 1. D,0O, D, and O, ESD signals at 100 K versus time (bottom axis) or electron fluence (top axis) from
50 ML D,0 films on ALLO5(0001). (1 ML = 10" ¢cm™). The signals are normalized and displaced for the

sake of comparison. Irradiation starts at 0 s and ends at 100 s.

For sufficiently thick water films, the fact than the ESD signals remain constant over the longer
irradiation times (see Fig. 1) indicates that charging of such a wide band gap dielectric like alumina is not
a critical issue here, otherwise the incident electrons would not be able to reach the charged sample and
the ESD signals would decrease to zero with time. Instead, the system achieves a steady state
configuration in which the incident electron flux is balanced by the flux of secondary and scattered
electrons leaving the surface.*” Because many of the secondary electrons have very low energies, small
amounts of charging (either positive or negative) can change their escape probability allowing the steady

50-57

state to be achieved and maintained. ESD of charged atoms, molecules and clusters™ >’ will also influence

the charge balance, but contribution of these species are small relative to the electrons.
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Fig. 2. Post-irradiation D,O TPDs versus the irradiation dose at 100 K. 6(D,0) = 1.5 ML ~ 1.5 x 10" cm
2

Integrated D,0O, D, and O, ESD yields versus 0; are shown in Fig. 3 (green, red and blue circles,
respectively). The integrated ESD yields are obtained from the data such as those shown in Fig. 1 and S2
integrated over range 0 < ¢. < 3.8 x 10> cm™. For 6; < 3 ML, the ESD yields of the molecular products
increase monotonically versus the initial D,O coverage (Fig. 3a). A one monolayer water film is
sufficiently thin that most of the electronic excitations produced by the incident electrons occur in the
Al,Os substrate, and these excitations could potentially contribute to the non-thermal reactions in the
adsorbed water via interfacial energy transfer. Such energy transfer proceeds primarily between the
substrate and the first molecular layer of water in direct contact with it, and has been observed for
numerous metal oxides irradiated with gamma rays and other high-energy radiation.’**"-***** However,
the data in Fig. 3a show that there is no enhancement of the ESD yields for the first water monolayer as
compared to the second and the third ones, which suggests that any additional water radiolysis due to the
energy transmitted from the Al,O; substrate is limited in these experiments. The current observations
agrees with some of the previous works reporting relatively low catalytic activity for alumina in gamma

radiolysis of the adsorbed water.”



Physical Chemistry Chemical Physics

Integrated D,O, D, and O, ESD yields for higher coverages of D,O on Al,0;(0001) are presented
in Fig. 3b. The ESD yields are normalized by their maximum signals and displaced for the sake of
comparison. Fig. 3b also shows the total sputtering yield, AO = 6; - 6(¢.), for irradiated films with ¢. = 1.5
x 10" cm™ (grey diamonds). 0(¢.), which is the amount of water remaining in a film after electron
irradiation, is calculated from the integral of the water TPD spectra after irradiation (see Fig. 2). The
ESD yields increase with water coverage up to ~ 15 ML (which corresponds to a film thickness of ~ 5
nm) and then remain largely constant (Fig. 3b). ® The total sputtering yield is a measure of all the water
degradation channels, including the ESD of neutral D,0, molecular reaction products (e.g. D, and O,),
radicals D, O, OD,** ®""** and various positive and negative ionic species.’' > ***" The reactions yielding
molecular products (D,0, D, and O,) are believed to make the largest contribution to the total sputtering
yield.*

Qualitatively similar results for the integrated D,O, D, and O, ESD yield versus coverage were
observed previously for ASW films deposited on Pt(111)* and rutile TiO,(110).*”” In those earlier
studies, several factors contributed to the coverage-dependent ESD yields including the total number and
spatial distribution of the initial ionizations and electronic excitations produced by the incident electrons
in the ASW films and the spatial distribution of the resulting non-thermal reactions (which due to the
mobility of the excited species in ASW is distinct from the initial distribution).*** For A1,O5(0001), both
the D, and O, ESD yields have small maxima at 6; ~ 12 ML (Fig. 3b). Similar maxima were observed for
Pt(111) and TiO,(110) substrates, but the maxima were more pronounced. The earlier studies
demonstrated that the maxima in the ESD yields are related to non-thermal reactions at the
water/substrate interface.’” **** Therefore, the smaller maxima observed in the D, and O, ESD yields on
Al,03(0001) suggest that this surface is less reactive than either Pt(111) or TiO,(110). Because the O, and
(one component of the) D, are produced in multi-step reactions that require the creation of precursors
before significant amounts of the final product are produced, the detailed shapes of the integrated D, and

0, yields versus 0; depend somewhat on the integration range that is chosen for the electron fluences (see
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Fig. S4). The reactions occurring at the water/Al,05(0001) interface will be discussed in more detail

below.
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Fig. 3. Integrated D,O, D, and O, ESD yields (green, red and blue filled circles, respectively) and the
total sputtering yield (AB) from TPD measurements (gray filled diamonds) versus initial D,O coverage, 6;,
on AL,O(0001). The integrated ESD yields are calculated for ¢. = 3.8 x 10" cm™. The sputtering yield
was measured for ¢, = 1.5 x 10" cm™. Note: due to sputtering, actual film coverage by the end of
irradiation is smaller than the initial one. All yields are normalized by the maximum yield and displaced

(in panel (b)) for the sake of comparison.

For ¢. = 1.5 x 10" ¢cm? and 0; ~15 ML, the total amount of sputtered water is ~ 1.7 ML, which
corresponds to a total sputtering yield of ~ 1.1 molecules/electron. Since the energy of the electrons is 100
eV, the radiation chemical yield (G-value) for the number of D,O molecules removed per 100 eV of
absorbed energy would be G(-D,0) ~ 1.1 molecules/100 eV. This yield is comparable with reported
yields of total water decomposition under gamma irradiation of ice: 1.0 and 0.5 molecules/100 eV at 195
and 73 K respectively.” In our earlier studies for thin D,O films on Pt(111) surface, the total sputtering
yield was ~ 1.7 molecules/electron (for 87 eV electrons and 27 ML D,0).*

Isotopically-layered water films are useful for studying the spatial distribution of radiation-
chemical reactions in nanoscale ASW films on substrates.” **** - 4> % 7 Fjg 4 shows the integrated D,
ESD yield for “sandwich” H,O/D,0/H,O films grown at 100 K in which a thin 3 ML D,O layer is
deposited at different positions within a 28 ML H,O film. In this experiment, the position of the D,O
layer is varied from the ASW/AL,03(0001) interface to the ASW/vacuum interface (see schematic, Fig. 4).
The integrated D, ESD yield is the smallest when the D,O layer is placed inside the H,O film and it
increases when the D,O layer is located at either interface: ~ 4 times at the ASW/A1,03(0001) interface
and ~ 40 times at ASW/vacuum interface (Fig. 4). Qualitatively similar results were reported for the
isotopically layered ASW films on Pt(111)*" and TiO,(110).”” Because the structure of the ASW/vacuum
interface should not depend on the substrate for water films with coverages of ~ 30 ML, the D, ESD yield
at that interface should also not depend on the substrate. Therefore, the ratio of the D, ESD yields at the
ASW/substrate and ASW/vacuum interface for various substrates, @(sub), provides a measure of the

relative efficiency of the substrates in promoting non-thermal reactions. For similar experiments with
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layered H,0/D,0/H,0 films on Pt(111),*' TiO,(110),” and Al,05(0001) (Fig. 4a) we find o@(Pt(111)) =
2.4, p(Ti0y(110)) = 0.34, and @(Al,03(0001)) = 0.10, indicating that A1,0;(0001) is the least reactive of

these three substrates for hydrogen production.
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Fig. 4. Integrated D, ESD yield from layered H,O/D,O/H,O films on Al,O3(0001) versus the D,O layer
position relative to the alumina surface measured by the H,O spacer layer coverage. D,O thickness is 3
ML and the total H,O coverage is 28 ML. The right panel shows zoomed area indicated in the left panel

with red square.

Another experiment, in which a 3 ML D,0 layer was deposited directly on the Al,05(0001) and
capped with various coverage of H,O (see Fig. 5), illustrates the importance of energy transfer from the
bulk of the water film to the water/Al,O;(0001) interface for the molecular hydrogen production. Without
the H,O cap, the D, ESD signal increases promptly when the electron beam turned on and then it decays
gradually with increasing electron fluence as the film decomposes under irradiation (Fig. 5a). As the
coverage of the H,O cap was increases, this initial ESD signal decreases exponentially with a 1/e constant

37,41, 42

of ~ 2.3 ML (Fig. 5b, red circles). According to our previous studies, this prompt ESD component

is associated mainly with D, produced at the ASW/vacuum interface and it decreases as the D,0O at this
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interface is replaced with H,O. On the other hand, the total integrated D, ESD yield from the fixed
amount of D,O (Fig. 5b, blue squares) initially increases with the H,O cap layer coverage as more of the
energy of the incident electrons is absorbed in the water film and transferred to the D,0/Al,03(0001)
interface where it drives the non-thermal reactions.’” *" ** After reaching a maximum when the H,O cap
layer is ~9 ML, the D, yield decreases to very low levels with further increases in the H,O coverage. The
lower yield is related to the decreased rate of reactions at the ASW/A1,0;(0001) interface for thicker
films. The probability of electronic excitations produced within the films reaching the substrate decreases
inversely proportional to the coverage,” leading to the lower rates there. Because the same electron
fluence is used for the integrated D, ESD signal at all coverages, the lower reaction rate translates into a
lower yield for larger coverages. However, qualitatively similar results are obtained for other electron
fluences (see Fig. S5 and the supplemental information for more discussion of this issue). The maximum
in the D, ESD yield shown in Fig. 5b and S5 is closely related to the small maximum observed in the D,
ESD yield versus coverage for a pure D,O film (see Fig. 3b and S4a). The maximum is more pronounced
in Fig. 5b because for that experiment the coverage-dependent changes in the molecular hydrogen
produced at the ASW/vacuum interface are occurring in the H,O cap layer leading to more H, ESD. As
discussed above, the enhanced reactivity for Al,O;(0001) is relatively small: The maximum for the
integrated D, ESD, normalized by the yield for the 3 ML D,0 film without any H,0, is ~ 1.35 (Fig. 5b).
In comparable experiments on Pt(111)*' and TiO,(110),’” the D, ESD yields increased up to ~12 times for
TiO,(110) and up to ~18 times for Pt(111) with the increased H,O cap layer coverage. Therefore, while
both experiments with isotopically layered films (see Fig. 4 and 5) show enhancement of the molecular
hydrogen production at the ASW/AL,0;(0001) interface, the magnitude of the enhancement is
significantly less than previous observed on Pt(111) and TiO,(110).

D, produced at the substrate/ASW interface has to diffuse through the water film to desorb. As a
result, it can be detected for several seconds after the end of irradiation. This post-irradiation

41, 42

“outgassing,” which has been observed previously for the Pt(111)/ASW system, was also observed

for the Al,O03(0001)/ASW (Fig. S6). However due to the lower reactivity of the alumina, the “outgassing”
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signal is much smaller in this case. Note also that the time needed for D, to diffuse from the
ASW/alumina interface to the vacuum interface is not responsible for the slow increase in the D, ESD

signal at larger H,O coverages seen in Fig. 5a (see also Fig. 6 and the discussion below).
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Fig. 5. a) D, ESD signal versus irradiation fluence from isotopically layered D,O/H,O films on
Al,03(0001) versus the initial H,O cap coverage. D,O thickness is 3 ML and the H,O coverage increases
from 0 to 50 ML. b) Integrated D, ESD yield versus the H,O cap coverage: 0 < ¢. < 3 x 10"* cm™ (initial
ESD yield, red circles) and 0 < ¢. < 3.8 x 10" cm™ (total ESD yield, blue squares). The data are

normalized for the sake of comparison.

The D, ESD kinetics for the D,O layer capped with various coverages of H,O provide valuable
insight into the reaction mechanisms (see Fig. 5a). Without the H,O cap, non-thermal reactions at the
D,0O/vacuum interface lead to the prompt increase in the D, ESD signal when the electron beam is turned

5, 6,37, 41, 42, 47, 68 .
on. For H,O coverages greater than a few monolayers, these reactions produce H, and thus
do not contribute to the D, ESD that is observed. With an H,O cap layer in place, the initial D, ESD
signal is essentially zero and it increases gradually with the electron fluence. These kinetics indicate that
D, is produced at the water/Al,O; interface via a multi-step reaction sequence. The simplest model would

be a two-step reaction in which the first reaction produces a precursor, P, and a second reaction leads to
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D,. Similar precursor-mediated kinetics for the evolution of molecular hydrogen from the buried
interfaces were observed earlier for Pt(111) and TiO,(110).>”*' For both those substrates, the reactions
involved the accumulation of hydrogen atoms on the substrate and their recombination leading to the
molecular hydrogen production. On Pt(111) and TiO,(110), the accumulation of hydrogen atoms on those
surfaces led to distinct changes in the water TPD spectra that facilitated the identification of the
precursor.’”® For water on ALO5(0001), the water TPD spectra after electron irradiation are quite similar
to the spectra for un-irradiated films (Fig. 2, S7a). We also have not seen any molecular hydrogen
desorption during thermal annealing of irradiated water films. With such low activity of the alumina
substrate in the hydrogen production, the concentration of the precursor “P” may be below our detection
sensitivity and its identity is uncertain. However, experiments where a water film is irradiated twice, with
a variable delay time between the irradiations, indicate that the precursor is relatively stable at 100 K (see
Fig. 6). During the first irradiation, the ESD signal increases with time as the D, precursor builds up (Fig.
6, red line). After a 1200 s delay, the D, ESD signal increases rapidly to the level it had at the end of the
first irradiation (Fig. 6, blue line), indicating that the D, precursor survived for 1200 s at 100 K. Note that
the shorter rise time for the D, ESD in the second irradiation is associated with the time needed for the D,

produced at the buried interface to diffuse through the H,O cap layer prior to desorbing.
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Fig. 6. D, ESD signals at 100 K versus time from an isotopically-layered 3 ML D,0O/15 ML H,O film on

Al,O3(0001). The first irradiation, ESDI, starts at 0 s and ends at 40 s (red line). A second irradiation,
ESD2, starts 1200 s after the end of the first irradiation (blue line).

The experiments with isotopically-layered water films (see Figs. 4 and 5) demonstrate that the
radiation-induced processes in nanoscale ASW films on Al,0;(0001) include three spatially resolved
components associated with the water/vacuum interface, the “bulk” water, and the water/Al,O; interface.
The first two components are most likely independent of the substrate type” and their reaction
mechanisms have been discussed previously.”®* ¢ @ 777 The basic idea is that the differences in the
reactivity of water molecules at the vacuum interface of ASW films or within the films is associated with
differences in the electronic structure and O-H bond dissociation dynamics of excited water molecules in
those different environments.”” ** *®*" In the gas phase, the first electronically-excited state of water
dissociates into H + OH without any barrier.®’ However, if an OH group of a water molecule participates
in a hydrogen bond, then the lowest excited state is non-dissociative and relatively long-lived.” *
Therefore electronically-excited water molecules within the films are less likely to dissociate compared to
excited molecules on the surface. Several observations support this hypothesis, including the observed
increase in the integrated D,O ESD yield versus 6; (see Fig. 3b). In that case, the argument is that the
electronic excitation cross section for molecular water is largely independent of its location within a water
film. Therefore the direct electronic excitation of the water at the vacuum interface will not depend on the
coverage. Because only water at the vacuum interface can desorb and water desorption due to simple
momentum transfer from translationally-hot water molecules in the subsurface is very unlikely, this
leaves mobile excitations as the most likely explanation for the increasing D,O ESD vyield versus
coverage. Earlier measurements of the D atom ESD from electron-irradiated water films also show that
the migration of electronic excitations to the vacuum interface is important,** and optical experiments and

theory support the existence of excitons in condensed water.” ¢
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For the electron-stimulated reactions at the interface between the water film and the substrate, the
results on Pt(111), TiO»(110) and Al,O5(0001) show that all these substrates increase the amount of
hydrogen produced relative to the hydrogen produced in the middle of the water films, but the degree of
enhancement depends on the substrate. In analogy with the effects of the vacuum interface on the excited-
state dynamics, it is likely that differences in the bonding configurations of water molecules at a solid
surface could also lead to differences in the non-thermal reactions. However, we are unaware of any
calculations that investigate the reaction dynamics of electronically-excited water molecules at or near
solid substrates. Furthermore, the substrates could also have more typical catalytic effects on the reactions
that are not directly related changes in the excited state dynamics. To further discuss the results for
hydrogen production at the water/alumina interface, it is useful to review the reactions steps that have
been postulated in the production of molecular hydrogen at the water/platinum interface. These steps
include:

1. Electronic excitation and/or ionization of water molecules by the incident electrons within their
penetration depth in the water film creating mobile water excitons and/or hydronium ions.

2. Migration of water excitons and/or hydronium ions to the water/Pt substrate interface.

3. Reaction of the excitons and/or hydronium ions with the Pt substrate to produce adsorbed
hydrogen atoms, H,gs.

4. Once the coverage of hydrogen atoms on the Pt substrate reached a certain level, H, is formed by

reactions between adsorbed hydrogen atoms: 2H,4, — H, (or 2D,4s — D»).

5. Once formed, molecular hydrogen desorbs from the Pt substrate, diffuses through the water film
and desorbs if it reaches the vacuum interface.

It is important to note that the second step — migration of water excitons and/or hydronium ions —
is necessary to explain the observation that H or D atoms accumulate on the surface if H,O or D,O
comprise the water layer adjacent to the substrate, respectively. If not for this observation, water
dissociation into H + OH (or D + OD) at the location of the initial electronic excitation followed by

diffusion of the atom through the water film to the substrate would be the preferred explanation. For
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electron-stimulated production of hydrogen at the water/TiO,(110) interface,”’” steps 1 and 2 were
probably the same or quite similar. (Note that the sample preparation used for UHV experiments on rutile
TiO,(110) results in a bulk-reduced crystal that is conducting.) Therefore, the substrate can supply
electrons for step 2 without building up charge at that interface. However, because hydrogen adsorption is
different on Pt(111) and TiO,(110),”" ¥ ® the subsequent steps were modified. In particular, the ESD
experiments showed that hydrogen atoms that reacted with bridging oxygen atoms to form bridging
hydroxyls were stable and did not lead to H,. Instead, hydrogen atoms adsorbing on the Ti sites were
probably the precursor for H, produced at that interface.

For the electron-stimulated reactions in water films adsorbed on alumina, the reactions that are
most likely influenced by the substrate are reactions 3 and 4. For alumina, the net reaction to produce
molecular hydrogen from hydronium ions, 2(H;O" + ¢’) — 2H,0 + H,, would require 2 electrons from the
substrate. However since alumina is an insulator, it probably cannot sustain such a reaction, in contrast to
both Pt(111) and TiO,(110). Thus, the lower reactivity of alumina could be associated with less reactions
of hydronium at that buried interface.

The stability of hydrogen on the alumina surface could also be an important factor. For example,
experiments investigating H-atom spillover from platinum particles onto an alumina support™ found that
H, desorbed at ~700 K, which was much higher than its desorption temperature from the platinum.”” *'
Thus the reduced reactivity of the alumina surface could result from a higher binding energy for hydrogen
atoms. However, if the concentration of hydrogen atoms were appreciably increasing on the surface, we
would expect these to change the water TPD spectra of irradiated films. The lack of such changes (see
Fig. 2, S7) argues against a significant accumulation of hydrogen on the alumina from the electron
irradiation. More studies are needed to identify the chemical form of the precursor for molecular

hydrogen building up on the alumina surface under irradiation.

IV. Conclusions
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In summary, we have investigated low energy electron-stimulated processes in films of
amorphous solid water (D,O) deposited on the surface (0001) of single crystal o-Al,O;. During
irradiation with 100 eV electrons at low temperature (100 K), D,, O, and D,0 are produced and desorbed
from the surface and their yield increase with the initial D,O coverage up to 15 ML (~15 x 10" cm™),
becoming coverage-independent for thicker films. Total water sputtering yield follows a similar trend
reaching value of ~1.1 molecules per a 100 eV electron. D,O/H,O isotopic layering experiments show
that most of the molecular hydrogen is produced at the interfaces of the film with vacuum and with the
alumina substrate, but most of the electronic excitations driving these reactions occur in the bulk of the
film. Many features of the observed electron-stimulated processes are quite similar to those previously
studied for the water layers on the surface of Pt(111)**** and TiO,(110),* especially for the thicker films,
where the substrate effects are negligible. As compared to these substrates, water decomposition and
molecular hydrogen production at the Al,O;/ASW is significantly less efficient. We tentatively associate
this with different electronic properties of alumina resulting in lower reactivity with the radiation-

produced hydrogen atoms — possible precursors for the molecular hydrogen.
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0-Al,0;3(0001) but D, is produced at the D,O/alumina interface by mobile electronic excitations and/or

hydronium ions.
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