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Chapter 6

The Interaction Between Water
and Sub- and Pre-adsorbed
Deuterium on Pt(211)

6.1 Abstract

We have studied the effects of pre- and post-dosing of
deuterium on water desorption from (Pt[n(111)x(100)],
n = 3), Pt(211), by temperature programmed desorp-
tion (TPD) experiments. Similar to other (100)-stepped
Pt(111) surfaces with 4, 6, and 8 atom-wide terraces,
Pt(211) with its 3 atom-wide terrace shows a maximum
H-D exchange leading to HD and HDO formation at θH2O

< 0.5 ML. The Pt(211) surface also becomes hydrophobic
upon presaturating the surface with deuterium. A kin-
etic analysis of TPD spectra for a range of ultrathin wa-
ter layer thicknesses shows that preadsorbed deuterium
induces crystallinity over a larger range as compared to
the bare Pt(211) surface. We explain this in terms of
smoothening of the corrugation experienced by the first
water layer. Similar studies using post-dosing of D2 on
adsorbed water layers does not seem to alter the H2O
structure as there is no detectable influence on the de-
sorption energetics. Finally, we show that inherent (110)
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kink defects in the (100)-type steps on this surface can
be quantified by pre-deuterating the surface prior to wa-
ter desorption. Their signature is especially useful when
attempting to judge the surface quality without access to
scanning probe techniques with (near) atomic resolution.

Based on: Badan, C.; Koper, M. T. M.; Juurlink, L. B. F., in preparation
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6.2 Introduction

Water interfaces have become increasingly important for many areas of science
particularly in electrochemistry[1, 2], astrophysics[3–5], chemistry[6, 7], biology[8]
and physics[9, 10]. To reveal the underlying origins of the H2O-metal interaction,
adsorption of water onto metallic surfaces has been reviewed extensively over the
past decades[11–13]. These studies highlight that the interfacial water structure
depends, amongst other variables, on the adsorption temperature[14], substrate
structure[15, 16], deposition technique[5], and the co-adsorbate[17, 18].

Platinum is considered a very good catalyst for several electrochemical reac-
tions where interaction of water with the catalytic surface is relevant[19]. Proto-
typical surface science studies often use Pt(111) as a model to understand chem-
ical and physical processes, such as adsorption, desorption, diffusion, occurring
at the water-metal interface. Real catalytic surfaces, however, have a complex
geometry with various types of defects such as kinks and steps. Because these
defect sites increase the total reactivity of the surface especially for molecularly
adsorbed species, the role of the steps and kinks in relation to water adsorption
have gained more attention recently[16, 20–24]. Essentially, single atomic steps
at surfaces control the formation of cubic ice (Ic) and hexagonal ice[7] (Ih) and
enhance crystallinity[15, 16]. They affect long-range interaction in H2O films and
play a crucial role in wetting behaviour of the stepped Pt surfaces[23]. Although
water preferentially adsorbs at the upper side of step edges[25], different H2O
structures, depending on the surface type, exist. For instance, water on Pt(553)
wets the (110) step edges forming tetragons[21], whereas Pt(211) exhibits a zig-zag
structure along its (100) step sites[26, 27].

Co-adsorption of water with hydrogen is particularly important in elucidating
the chemistry taking place at the anode of low temperature fuel cells and the
reversible hydrogen electrode[12, 13, 28]. Furthermore, the gas-surface interaction
of H2 with H2O is critical in astrophysical environments because the physical and
chemical properties of water play a crucial role in chemical and dynamical growth
of the interstellar medium[17, 18]. Although numerous studies of water-metal
interaction with various Pt model surfaces have been undertaken for decades, the
co-adsorption of water and hydrogen on metallic surfaces has not received much
attention.

In this study, we expand our knowledge of water-metal and gas-surface in-
teractions using a highly stepped Pt surface with a very narrow (111) terrace,
which has defect densities similar to actual nanoparticles. With high quality
TPD measurements in combination with isotopic labeling, we study the effects
of post-and-pre-deuteration on water desorption. Our results show the critical
impact of the sequence of the D2 exposure on the desorption energetics of water
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and on the isotopic partitioning.

6.3 Experimental Section

Our equipment and the detailed procedures used for angle-resolved TPD experi-
ments are discussed in detail elsewhere [15, 29]. Briefly, we performed our exper-
iments using a home-built (UHV) system with a base pressure of 5×10−11 mbar.
The chamber equips, amongst others, a differentially pumped quadrupole mass
spectrometer (QMS, Baltzers QMA 400), a sputter gun (Prevac IS40C-PS), and
LEED optics (VG RVL 900). Our samples are Pt single crystals prepared by
Surface Preparation Laboratory, Zaandam, The Netherlands. They are 10 mm in
diameter and 1-2 mm thick and have a purity better than 5N and an orientation
better than 0.1o. The polished side of the samples are cleaned under UHV condi-
tions by repetitive sputtering and annealing cycles. During water (Milipore, 18.2
Ω) deposition, the sample is located at a fixed distance from the capillary array
doser at T < 100 K. For the H2O/D2/Pt(211) experiments, the cleaned surface is
first exposed to D2 by background dosing until the saturation coverage is reached.
To lower the contamination by H or other residual gases, we start dosing at 700 K.
For the D2/H2O/Pt(211) experiments, first various amounts of water are dosed
on the bare surface. Next, the surface is exposed to more than 250 Langmuir D2

at < 100 K. For the TPD experiments, the heating rate was 0.92 Ks−1. All our
experiments are performed in the same UHV system with the same measurement
conditions. We have also performed LEED experiments on Pt(211)[29]. The clean
surface exhibits the expected diffraction pattern.

6.4 Results and discussion

Figure 6.1 displays H2O TPD spectra from fully (1 ML) D2 pre-covered Pt(211)
at 0.9 Ks−1. The dotted curve is 7.5 ML water desorbing from clean Pt(211). The
inset figure shows more detailed spectra between 145 K - 165 K. The schematic
shows three separate water layers, as indicated in orange, green and blue (same
color-coding with the TPD spectra). Our previous studies[15, 29] showed that
water cannot form hexagonal structures on bare Pt(211), (Pt[n(111)x(100)], n =
3) due to too narrow terrace sites. However, it can still build a 2D hydrogen-
bonded network when adsorbed on Pt(211)[22, 26, 27]. When water desorbs
from the bare Pt(211), TPD exhibits two peaks centered around 194 and 165 K.
(dotted spectrum). The high and low temperature peaks are associated with the
desorption from the (100) step sites and desorption from the second or subsequent
water layers, respectively[30, 31].
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Figure 6.1: Water desorption from 1 ML D2 pre-dosed Pt(211). The dotted curve
shows water desorption from bare Pt(211). The inset figure shows the detailed
spectra between 145 K and 165 K. The inset schematic illustrates the layer-by-
layer growth of H2O on the hydrogenated surface.

Water desorption from a fully hydrogenated Pt(211) appears in a broad, single
desorption peak centered around 165 K, the same temperature as the water mul-
tilayer peak from the bare surface (dotted spectrum). We have previously shown
that similar (100) stepped Pt(111) surfaces, (Pt[n(111)x(100)], n = 4, 6, and 8)
also give rise to a nearly identical feature at this temperature[24, 32]. Following
our previous studies[32], we attribute the single TPD peak to confined 3D water
clusters near the step edge. Additionally, the spectra (between 0 and 12 ML)
seem to have non-overlapping leading edges, but we note three different cover-
age regions (0 - 2 ML, 2 - 4.5 ML and 4.5 - 12 ML) for which the leading edges
do overlap perfectly. At these coverage regimes, TPD shows zero-order desorp-
tion kinetics. The separation in the spectra suggests a layer-by-layer growth on
the fully hydrogenated Pt(211) as illustrated in the inset schematic of figure 6.1.
Later on, we provide a detailed kinetic analysis to shed light on the origin of these
separated water layers.

Figure 6.2 shows traces of varying amounts of water desorbing from Pt(211)
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Figure 6.2: TPD spectra of increasing amounts of H2O desorbing from 250 L D2

post-dosed on Pt(211). The dotted spectrum is 7.5 ML of water desorbing from
the bare surface.

onto which D2 was dosed after H2O dosing. To obtain these spectra, we ex-
posed various amounts of H2O to the clean surface at 95 - 100 K. Next, 250 L of
deuterium were background dosed on the water covered surface at the same tem-
perature. We confirm that 250 L of D2 exposure on the bare Pt(211) is more than
the amount which is enough to fully hydrogenate the surface under background
dosing conditions[29]. The red and black spectra correspond to coverages of θH2O

< 1.0 ML and > 1.0, respectively. To show the clear difference in the spectra for
coverages < 1.0 ML and > 1.0, we used different offsets. The dotted spectrum
is 7.5 ML of H2O desorbing from the clean surface. Below 1.0 ML of water cov-
erage, the desorption from post-deuterated Pt(211) takes place in a single peak,
centered below 180 K. In the sub-monolayer coverage regime, water desorption
from clean Pt(211) appears at higher temperatures, 195 K[15, 29]. This signific-
ant temperature shift indicates that post-dosed D2 lowers the binding energy for
water. In our previous D2 and H2O co-adsorption study on Pt(533), Pt(755) and
Pt(977)[32], we reported a similar behaviour. With increasing water exposure,
the lowering effect in binding energy seems to vanish as the desorption peak at
180 K shifts to a higher temperature. Moreover, the TPD spectra look nearly
identical to water desorption spectra from the clean surface (dotted spectrum) at
higher water coverages.
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Figure 6.3: Energies of desorption at different water coverages. The red triangles
and black squares indicate H2O/D2/Pt(211) and D2/H2O/Pt(211), respectively.
The blue circles represent the Ed of water on a clean surface.

Although an ideal multilayer desorption feature displays an exponential in-
crease in desorption rate with increasing temperature, the onsets of the H2O mul-
tilayer desorption from clean, pre-hydrogenated and post-hydrogenated Pt(211)
display a deflection at ∼ 156 K (figure 6.1 and 6.2). This deflection in the TPD
spectrum below 170 K has previously been associated with crystallization of
amorphous solid water (ASW) to crystalline ice (CI)[14, 15, 33, 34]. We have
shown in chapter 5 in detail how very small differences in substrate structure in-
fluence crystallization of ultra thin water films significantly[15]. In the following
section, we will show the role of co-adsorbed D on the crystallization of water on
Pt(211).

Figure 6.3 illustrates the desorption energies (Edes) of H2O as a function of
water thickness. Water layer thicknesses are expressed in terms of our 1 ML(111)

reference, as discussed in detail elsewhere[15]. The blue circles, black squares
and red triangles represent H2O/Pt(211), D2/H2O/Pt(211) and H2O/D2/Pt(211),
respectively. We obtained Edes by leading edge analysis[15]. The horizontal lines
indicate the desorption energies of ASW and CI grown on Pt(111)[14, 33]. We
note that our obtained Edes for ASW phase is ca. 1 kJ mol−1 lower than the
reported values for thick water layers on Pt(111)[33, 35]. We believe that this
minor difference may be associated with using a very narrow temperature regime
to obtain the corresponding desorption kinetics. Nevertheless, our values indicate
a clear difference between the water layers.

We have previously shown[15] that, when water is adsorbed below 100 K, CI-
like and ASW layers grow on Pt(211) with desorption energies of 57.9 and 54.5 kJ
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mol−1 (blue circles), respectively. For D2/H2O/Pt(211), the obtained desorption
energies are nearly identical to water desorption from the bare Pt(211). In both
experiments crystallinity is maintained in the first two layers. This suggests the
formation of very similar CI-like and ASW phases on bare and post-hydrogenated
surfaces. On the other hand, for H2O/D2/Pt(211) we note three different Edes

at ∼ 57.8, 56.0 and 54.5 kJ mol−1. This is also reflected on the TPD spectrum
in figure 6.1. Because of distinct Edes obtained for three different water layers,
TPD shows separated regimes between 0 - 2 ML, 2 - 4.5 ML and 4.5 - 12 ML.
We attribute the calculated desorption energies for H2O/D2/Pt(211) at 57.8 and
54.5 kJ mol−1 to CI-like and ASW phases, respectively. The obtained energies
also suggest that CI-like formation is maintained in the first two layers similar
to H2O on the clean and post-deuterated Pt(211). However, between θH2O = 2
- 5 ML, the desorption energy drops to 56 kJ mol−1, signaling a different water
phase. We note that this obtained Edes is identical to reported desorption energy
of CI on Pt(111)[33, 35] (horizontal dotted lines in figure 6.3). Hence, we suggest
that this phase is still crystalline. Finally, at θH2O > 6 ML, the Edes drops to
54.5 kJ mol−1 revealing the formation of ASW similar to water on clean and
pre-deuterated Pt(211).

On D2 pre-covered Pt(211), water grows crystalline in the first five layers
(two layers as CI-like, three layers as CI). By comparison to clean and post-
hydrogenated surfaces, the crystallinity is maintained over three additional layers
on pre-hydrogenated surface. Picolin et al.[16] previously showed that highly
corrugated surfaces suppress the formation of CI layers. Also in our previous
study, we reported that crystallinity is maintained over a larger thickness on the
less corrugated Pt surface[15]. Hence we suggest that pre-deuterating the surface
introduces a smoothening effect to the corrugated surface.

To elucidate to what extent the sequence of the co-adsorbed D2 influences the
isotopic exchange, we show the isotopic partitioning of HD and HOD from the
D2 and H2O co-adsorption experiments as a function of H2O coverage in figure
6.4. The data in this figure are obtained by monitoring HD and HOD desorption
rates during our TPD experiments as shown in figure 6.1 and 6.2. The top and
middle panels show the isotopic exchange of HD and HOD, respectively. The
bottom panel displays the absolute amounts of D2 desorbing from post-and-pre-
deuterated Pt(211). Our preliminary H2O and D2 experiments on clean Pt(211)
showed no desorption traces of HD and HOD. Hence, the obtained coverages are
only due to the isotopic exchange between H2O and D2. The red data points
correspond to water dosed onto D2 pre-covered Pt(211), H2O/D2/Pt(211), and
the black data points indicate the water dosed onto D2 post-covered Pt(211),
D2/H2O/Pt(211). The dotted lines fitted through the data are only a guide for
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Figure 6.4: The top and middle panels show isotopic partitioning of HOD and
HD as a function of water coverage, respectively. The bottom panel shows D2

coverage. The solid (red) and empty (black) markers indicate H2O/D2/Pt(211)
and D2/H2O/Pt(211), respectively. The lines fitted to the data are only a guide
for the eye.

the eye.
We observe that both H2O/D2/Pt(211) and D2/H2O/Pt(211) give rise to a

maximum amount of HOD and HD exchange at θH2O ≈ 0.4 ML. On a fully
deuterated Pt(533), Pt(755), and Pt(977) the maximum isotopic partitioning is
also obtained at a nearly identical coverage[32, 36]. The combined results suggest
that the HD and HOD exchange on a fully deuterated Pt is not influenced by the
terrace length.

In our co-adsorption experiments, we observe two distinct behaviours for deu-
terium desorption (bottom panel in figure 6.4). For D2/H2O/Pt(211), the amount
of deuterium desorbing (D2,des) from Pt(211) decreases with water coverage, θH2O

< 1.0 ML. Under these conditions deuterium adsorption seems only achievable
when water does not wet the entire surface. This agrees with the lack of sig-
nificant isotopic exchange for the D2/H2O/Pt(211) system at θH2O > 1.0 ML.
On the other hand, when reversing the desorption order, H2O/D2/Pt(211), the
D2,des from Pt(211) is nearly 1.0 ML and hardly drops with prolonged water ex-
posure. The adsorbed water molecules does not displace the dissociated Dad on
the surface. In addition, in figure 6.5, we show the TPD spectra of D2 and H2O
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Figure 6.5: TPD spectra of D2 (red) and H2O (blue) for θD = 1.0 ML pre-dosed
on Pt(211). The black spectrum is 1.0 ML of D2 desorbing from clean surface[29].
The dotted, grey circle shows the early D2 desorption as a result of trapping.

desorbing from pre-deuterated Pt(211). We have previously shown the deuterium
desorption from Pt(211) in chapter 4. Briefly D2 desorption takes place in two
peaks. The high and low temperature peaks are attributed to desorption from
(100) steps and (111) terraces, respectively. For H2O/D2/Pt(211), the D2 spec-
trum (red spectrum) gives an additional peak, which is not observed when D2

is dosed on the clean Pt(211) (black spectrum), at 160 K. Note that the onset
of the water desorption (blue dotted spectrum) coincides with the desorption of
this additional D2. The desorption intensity of this feature, which corresponds to
∼0.01 ML of D2, does not increase with prolonged water exposure.

Smith et al. have observed a similar desorption feature for CCl4 desorption on
water post-dosed Au(111). They attributed this peak to the nucleation and growth
of CI from ASW[37]. For H2O/D2/Pt(211), the peak at 160 K cannot signal the
crystallization because water is already crystalline in the first five layers, as shown
in (figure 6.3). Furthermore, theoretical[38] and astrophysical[39] studies for D2

desorption show that hydrogen may bind chemically, but without dissociation,
near steps at < 50 K. In this study, as mentioned earlier, we dose D2 on the bare
surface at significantly higher temperatures, 95 - 100 K. Therefore molecular D2

cannot be trapped by the post-dosed H2O to give a delayed desorption feature at
160 K.
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Van der Niet et al.[24] have also reported a similar D2 desorption feature on a
water post-covered Pt(553), Pt[4(111)x(110)], at 163 K. Unlike H2O/D2/Pt(211),
this peak grows in intensity as a function of water coverage and delays the onset
of deuterium desorption feature. They suggested that this peak is associated with
H2O adsorbing on the (110) steps. Once the water, adsorbed on these (110) step
sites, starts to desorb, the underlying Dad can desorb as well. Although Pt(211)
is only supposed to have three atom wide (111) terraces truncated by (100) steps,
the actual sample contains (110) steps as defect sites too. Following van der Niet
et al.[24], we associate the peak at 160 K with the D2 desorption from the (110)
step defects on Pt(211). Therefore, the integral of the D2 peak at 160 K, 0.01 ML,
reflects the absolute amount of (110) step defects, 1 %, present on the crystal.
Their occurrence may be due to both a minor azimuthal miscut of the crystal and
their entropically required presence for a perfectly stepped crystal at temperatures
well above T = 0 K. Figure 6.6 shows the schematic representation of the (110)
step defects on a Pt(211) crystal. The arrows indicate the sites, introduced by
these defects. These defects clearly have different adsorption sites than the regular
(100) step sites. The dissociated Dad can adsorb onto these defect sites and give
rise to the desorption feature at 160 K, as shown in figure 6.5.

Figure 6.6: Schematic representation of a Pt(211) crystal with (110) step defects.
The arrows indicate the (110) step defects that give rise to the desorption feature
at 160 K as shown in figure 6.5.
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6.5 Conclusion

In conclusion, we have shown that H2O adsorbed on post- and pre-hydrogenated
Pt(211) have markedly different characteristics. Fully deuterating the surface
prior to water adsorption makes Pt(211) hydrophobic, similar to other (100)
stepped Pt(111) surfaces with n = 4, 6, and 8. Post-deuteration does not change
the wetting behaviour of the surface but lowers the binding energy of water at
θH2O < 1.0 ML. Both co-adsorption experiments yield the maximum isotopic
partitioning at the sub-monolayer water coverages. Furthermore, the desorption
kinetics have been studied systematically for different water coverages. We find
that post-deuteration of the surface does not influence crystallization kinetics of
water. However, pre-deuteration of the highly corrugated surface introduces a
smoothening effect. This effect introduces an additional CI phase, that is not
observed when H2O is adsorbed on clean or post-hydrogenated surface. Addition-
ally, crystallization of water on pre-hydrogenated Pt(211) is maintained over a
double thickness by comparison to water on clean and post-hydrogenated surface.
Finally, we have shown that (110) step defects on pre-deuterated Pt[n(111)x(100)]
samples can be revealed to an extent as low as 1 % or lower. We believe that our
results give new insights into water-metal and gas-surface reactions taking place
on metal surfaces, in particular concerning the crystallinity of water layer layers
in dependence of the structural and chemical nature at the underlying substrate.
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(14) Löfgren, P; Ahlström, P; Chakarov, D. Surface Science 1996, 367, L19–
L25.

(15) Badan, C.; Heyrich, Y.; Koper, M. T. M.; Juurlink, L. B. F. The Journal
of Physical Chemistry Letters 2016, 1682–1685.

(16) Picolin, A.; Busse, C.; Redinger, A.; Morgenstern, M.; Michely, T. The
Journal of Physical Chemistry C 2009, 113, 691–697.

(17) Amiaud, L; Fillion, J.; Baouche, S; Dulieu, F; Momeni, A; Lemaire, J. The
Journal of chemical physics 2006, 124, 094702.

(18) Fillion, J.-H.; Amiaud, L.; Congiu, E.; Dulieu, F.; Momeni, A.; Lemaire,
J.-L. Physical Chemistry Chemical Physics 2009, 11, 4396–4402.

(19) Koper, M. T. M. Nanoscale 2011, 3, 2054–2073.

(20) Faj́ın, J. L. C.; D. S. Cordeiro, M. N.; Gomes, J. R. B. The Journal of
Physical Chemistry A 2014, 118, 5832–5840.

(21) Kolb, M. J.; Farber, R. G.; Derouin, J.; Badan, C.; Calle-Vallejo, F.; Juurlink,
L. B. F.; Killelea, D. R.; Koper, M. T. M. Physical Review Letters 2016,
116, 136101.
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