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ABSTRACT: The desorption kinetics for Ar, Kr, Xe, N2, O2, CO, methane,
ethane, and propane from graphene-covered Pt(111) and amorphous solid
water (ASW) surfaces are investigated using temperature-programmed
desorption (TPD). The TPD spectra for all of the adsorbates from graphene
have well-resolved first, second, third, and multilayer desorption peaks. The
alignment of the leading edges is consistent the zero-order desorption for all
of the adsorbates. An Arrhenius analysis is used to obtain desorption energies
and prefactors for desorption from graphene for all of the adsorbates. In
contrast, the leading desorption edges for the adsorbates from ASW do not
align (for coverages < 2 ML). The nonalignment of TPD leading edges
suggests that there are multiple desorption binding sites on the ASW surface. Inversion analysis is used to obtain the coverage
dependent desorption energies and prefactors for desorption from ASW for all of the adsorbates.

I. INTRODUCTION

The desorption kinetics for a wide range of molecules are
needed to develop models to determine the present and
historical composition of astrophysical bodies such as comets,
interplanetary ices, interplanetary dust, and planetary surfa-
ces.1−9 These bodies often consist of carbonaceous materials
and/or have deposits of amorphous solid water (ASW).6,9

While not identical to astrophysical conditions, laboratory-
based desorption measurements are currently used to provide
this data. Researchers have used amorphous carbon or highly
oriented pyrolytic graphite (HOPG) as analogs for carbona-
ceous surfaces.6,9−12 Similarly, ASW analogous can be created
in the laboratory by depositing water vapor onto a low
temperature substrate (typically < 130 K).13−30 Determining
the desorption mechanism (order) is important, as it will affect
the overall desorption rate in any model used to describe the
behavior of astrophysical ices.3−9

In a recent paper we reported on the desorption of three
astrophysically relevant molecules, methanol, ethanol, and
water, from a layer of graphene grown on Pt(111).31 For
methanol and ethanol, desorption from the first, second, third,
and multilayer is consistent with a zero-order desorption
mechanism. For water, the desorption of thin films (<10 layers)
is complicated by dewetting that occurs on the hydrophobic
graphene surface, but for thicker water films (>10 layers) zero-
desorption kinetics are observed. The observation of zero-order
desorption kinetics is in contrast to the fractional-order
desorption kinetics reported for the same three molecules on
HOPG (graphite).7,9,32−34

In this paper we study the desorption kinetics of Ar, Kr, Xe,
N2, O2, CO, methane, ethane, and propane from two
astrophysically relevant substrates, graphene and ASW.
Molecular beam dosing and temperature-programmed desorp-

tion (TPD) are used to measure the desorption kinetics for
each adsorbate from both surfaces. Well-resolved first, second,
third, and multilayer desorption peaks are observed for all of
the adsorbates desorbing from the graphene substrate. The
alignment of the TPD leading edges is consistent with zero-
order desorption kinetics. In contrast, the desorption of the
same adsorbates (for coverages < 2 ML) from ASW are
markedly nonzero order. The observed desorption behavior
from ASW suggests that there are multiple desorption binding
sites on the ASW surface. An Arrhenius analysis is used to
obtain desorption energies and prefactors for desorption from
graphene and inversion analysis is used to obtain the coverage
dependent desorption energies and the prefactors for
desorption from ASW. The contrasting desorption mechanisms
from these two substrates is an important consideration for
kinetic models for adsorbate desorption from astrophysical
bodies.

II. EXPERIMENTAL SECTION
The experiments were preformed in an ultrahigh vacuum
system (UHV) with a base pressure of <1 × 10−10 Torr. A
detailed description of the chamber and approach has been
published previously and only a brief summary will be given
here.23,35 A Pt(111) single crystal (∼1 cm diameter) was used
as a substrate to grow the graphene layer and ASW films. The
Pt(111) was cleaned using a procedure of Ne+ sputtering (1.5
keV), oxygen exposure, and temperature annealing (1100 K).
The substrate was cooled by a closed cycle helium cryostat to a
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base temperature of ∼25 K. The sample was heated resistively
through two tantalum leads spot-welded to the back of the
Pt(111) crystal. The temperature was measured with a K-type
thermocouple spot-welded to the back of the Pt(111) sample.
The temperature was measured with a precision of better than
±0.01 K and was calibrated to an absolute accuracy of better
than ±2 K utilizing the desorption of Kr and H2O multilayers.
The graphene layer was grown by heating the Pt(111)

substrate to 1100 K and exposing it to a molecular beam of
decane. Prior work has shown that this procedure produces a
well-ordered, single layer of carbon with the structure of
graphite.36,37 The ASW films were grown using a quasi-effusive
molecular beam that was collimated by three stages of
differential pumping before impinging on the substrate at
normal incidence at 60 K. This deposition temperature was
chosen to eliminate the ASW microporosity that can develop at
lower temperature deposition.23 The water beam had a flux of
0.87 ML/s (water) and a beam diameter slightly larger than
that of the Pt(111) substrate. A water monolayer (1 ML) is
defined as the monolayer saturation coverage on the Pt(111)
substrate and corresponds to ∼1.1 × 1015 molecules/cm2. All
adsorbates were deposited at normal incidence at 25 K using a
separate quasi-effusive molecular beam collimated by four
stages of differential pumping. A ML for each adsorbate was
defined by the dose needed to saturate the monolayer
desorption peak on graphene. Desorption spectra were
obtained with an Extrel quadrapole mass spectrometer were
in a line-of-sight configuration. The mass spectrometer signal
was converted to ML/s using the ML definition. A linear
heating rate of 1 K/s was used for all of the TPD experiments.

III. RESULTS AND DISCUSSION
A. Desorption Kinetics from Graphene. Figure 1

displays TPD spectra for methane films deposited at 25 K on
graphene and heated at 1.0 K/s. The top panel, Figure 1a,
displays desorption spectra with coverages from 0.1 to 1.0 ML
(blue curves), 1.2 to 2.0 ML (red curves), and 2.2 to 3.0 ML
(black curves). The spectra show that the desorption from the
first, second, and third layers are clearly resolved and that the
leading edges on all three peaks are aligned. This alignment is a
signature of zero-order desorption kinetics. For submonolayer
coverages, zero-order desorption is surprising but can be
explained by the formation of a two-dimensional equilibrium
between individual absorbates (gas phase) and islands
(condensed phase).38 The chemical potential and thus the
vapor pressure of the system are defined by this two-
dimensional, two-phase coexistence. If this equilibrium is
maintained during the desorption process (i.e., surface diffusion
is fast compared to desorption rate) then the vapor pressure
(i.e., the desorption rate) depends only on temperature and not
on coverage. The result is the alignment of the desorption
leading edges and zero-order desorption kinetics. This follows
naturally from the Gibb’s phase rule.
The spectra in Figure 1a also show a plateau region between

the first and second layer desorption peaks (between ∼40 and
∼52 K). When plotted on a linear scale the desorption rate in
the plateau region appears to be close to zero (a baseline).
However, when the spectra are plotted on a log scale, as in
Figure 1b, it is clear that the desorption rate is not zero.
Desorption in this region is attributed to desorption from a
compressed monolayer and this phenomenon has been
described in detail before.39 Simply put, there is an energetic
advantage for a molecule to be in direct contact with the

substrate despite the energetic penalty that results from the
repulsion of “squeezing” into the first layer. Eventually the
energy penalty for compressing into the first layer outweighs
the benefit and molecules begin to adsorb into the second layer.
The analogous filling curve experiments were conducted for

Ar, Kr, Xe, N2, O2, CO, ethane, and propane deposited at 25 K
on graphene and heated at 1.0 K/s (not shown). The same
alignment of the desorption leading edges was observed in all

Figure 1. (a) TPD spectra for methane films deposited at 25 K on
graphene and heated at 1.0 K/s for coverages from 0.1 to 1.0 ML (blue
curves), 1.2 to 2.0 ML (red curves), and 2.2 to 3.0 ML (black curves).
(b) A log plot of the TPD spectra displayed in (a).

Figure 2. 3 ML TPD spectra for Ar, N2, O2, CO, CH4, Kr, Xe, ethane,
and propane from graphene. All adsorbates were deposited at 25 K
and heated at 1.0 K/s. The spectra are offset vertically for clarity of
display.
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cases. Figure 2 displays the 3 ML TPD spectra for all of the
adsorbates. All of the spectra have well-resolved first and
second layer desorption peaks with a plateau desorption
(compression) region in between. A third layer desorption
feature is also apparent in the spectra but the degree of
separation from the second layer peak varies among the
adsorbates. These results show that all of the adsorbates desorb
in a layer-by-layer fashion and this, combined with the
alignment of the leading edges observed in the filling curve
experiments (not shown), confirm a zero-order desorption
mechanism.
An Arrhenius function, rate = ν exp(−Edes/RT), where ν is

the prefactor and Edes is the desorption activation energy was
used to determine the desorption energies. Figure 3 is an
Arrhenius plot of the TPD spectra from Figure 1 with
coverages of 1 (blue), 2 (red), 3 (black), and 10 ML (green) of
methane. The dashed lines are Arrhenius fits to the leading
edges of each desorption peak. There is excellent agreement
between the experiment and Arrhenius fit. The same analysis

Figure 3. Arrhenius plot of the TPD spectra of methane on graphene
(solid lines) with coverages of 1 (blue), 2 (red), 3 (black), and 10 ML
(green). The corresponding dashed lines are Arrhenius fits and the
parameters are given in Table 1.

Table 1. Arrhenius Desorption Parameters from Graphene

arrhenius parametersa

absorbate layer ν (ML/s) Ea (kJ/mol) ΔHsub (kJ/mol) ΔHsub source

argon (Ar) first 1.6 × 1012 10.8
second 1.4 × 1013 8.1
third 1.6 × 1013 7.7
multilayer 1.1 × 1013 7.5 7.7 ref 41 (ΔHfus + ΔHvap)

krypton (Kr) first 2.8 × 1012 15.1
second 1.1 × 1013 11.2
third 6.7 × 1012 10.6
multilayer 6.0 × 1013 11.2 10.7 ref 41 (ΔHfus + ΔHvap)

xenon (Xe) first 6.0 × 1010 17.8
second 3.6 × 1010 12.9
third 2.0 × 1011 13.3
multilayer 4.7 × 1012 14.6 14.9 ref 41 (ΔHfus + ΔHvap)

nitrogen (N2) first 1.7× 1013 11.6
second 3.1 × 1013 7.2
third 8.3 × 1012 6.5
multilayer 4.3 × 1014 7.2 6.3 ref 41 (ΔHfus + ΔHvap)

carbon monoxide (CO) first 1.9 × 1013 12.5
second 6.3 × 1014 8.7
third 2.2 × 1013 7.6
multilayer 4.1 × 1013 7.6 6.9 ref 41 (ΔHfus + ΔHvap)

oxygen (O2) first 1.1 × 1013 11.8
second 7.2 × 1014 9.3
third 1.3 × 1014 8.6
multilayer 3.2 × 1014 8.6 7.3 ref 41 (ΔHfus + ΔHvap)

methane (CH4) first 2.1 × 1013 14.9
second 4.2 × 1014 10.7
third 9.5 × 1014 10.5
multilayer 2.5 × 1014 9.9 9.2 ref 40

ethane (C2H6) first 4.6 × 1013 24.8
second 2.2 × 1016 21.5
third 1.2 × 1016 20.9
multilayer 3.7 × 1016 21.4 20.5 ref 40

propane (C3H8) first 3.8 × 1013 31.2
second 4.0 × 1014 24.7
third 1.7 × 1016 26.3
multilayer 6.0 × 1017 28.5 28.5 ref 40

aDue to compensation effects, equally good fits can be obtained for a range of any individual Arrhenius fit parameter. To estimate the individual
parameter error, one parameter was held fixed and other was varied. Typical errors were a factor of 2 for ν and ±5% for Ea.
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was used to analyze the first, second, third, and multilayer
desorption peaks for the other eight adsorbates (not shown).
The fit parameters are summarized in Table 1. Because of
compensation effects between the two parameters, fits of
similar quality can be obtained for a range of prefactors and
activation energies. An estimate of the error was obtained by
holding one parameter constant and letting the other parameter
vary to fit the data. Based on this procedure we estimate an
error of a factor of 2 for ν and ±5% for Edes. In some cases, the
third layer desorption peak is not well-resolved from the
multilayer peak and for this reason the Edes error for this layer
may be slightly more.
Figure 4 displays a plot of the desorption energy versus layer

(first, second, third, and tenth) for all of the adsorbates. The
atomic adsorbates (Ar, Kr, and Xe) are plotted in Figure 4a, the
diatomic species (O2, N2, and CO) are plotted in Figure 4b,
and the molecular species (methane, ethane, and propane) are
plotted in Figure 4c. In all cases, the first layer desorption
energy is the largest, and in general, there is only a small
difference between the desorption energies for the third and
tenth layers. One would expect that the desorption energy for
thicker layers would approach sublimation energy. The
sublimation energies are given in Table 1.40,41 The desorption
energies from the tenth layer are typically slightly higher than
the sublimation energy and the values for most of the
adsorbates are within ∼5% of its value. The exception is the
diatomics (N2, O2, and CO) whose Edes values are 10−20%
greater than their respective sublimation energies.
B. Desorption Kinetics from ASW. The TPD spectra for

Ar, Kr, Xe, N2, O2, CO, methane, ethane, and propane from
ASW films were also obtained. In these experiments 100 ML
thick ASW films were deposited at normal incidence on a
graphene covered Pt(111) surface at 60 K. The adsorbates were
subsequently deposited at normal incidence at 25 K. The TPD
spectra for Ar, Kr, and Xe are displayed in Figure 5, the spectra

for O2, N2, and CO are displayed in Figure 6, and the spectra
for methane, ethane, and propane are displayed in Figure 7. In
all of the figures, the spectra with coverages from 0.1 to 1.0 ML
are shown as blue curves, coverages from 1.2 to 2.0 ML are
shown as red curves, and coverages from 2.2 to 3.0 ML are
shown as black curves. There are some qualitative features
exhibited by all of the adsorbates. First, for all of the adsorbates
the submonolayer coverage spectra (blue curves) do not align
on the leading desorption edge. Second, in most cases there is
no clear resolution between the first and second layer
desorption peaks. Instead there is a continuous evolution of
the desorption leading edge until alignment occurs at higher
coverages. For the atomic adsorbates (Ar, Kr, and Xe) in Figure
5, the TPD leading edges begin to align when the coverage is
between 1 and 2 ML. For the diatomic species (O2, N2, and
CO) in Figure 6 and the molecular species in Figure 7, the
TPD leading edges begin to align when the coverage is between
2 and 3 ML. Finally, the trailing edges of submonolayer TPD
spectra are aligned. This behavior suggests a distribution of
binding site energies and that the adsorbates have sufficient
mobility prior to desorption to find the highest energy binding
sites.

Figure 4. Plot of the desorption energy (Edes) on graphene vs the
desorption layer for (a) Xe, Kr, and Ar, (b) O2, N2, and CO, and (c)
methane, ethane, and propane. The numerical values are given in
Table 1.

Figure 5. TPD spectra for (a) argon, (b) krypton, and (c) xenon on
ASW for coverages from 0.1 to 1.0 ML (blue curves), 1.2 to 2.0 ML
(red curves), and 2.2 to 3.0 ML (black curves). All adsorbates were
deposited at 25 K and heated at 1.0 K/s.
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These results are in sharp contrast to the desorption results
observed for the same adsorbates on graphene. The monolayer
TPD peaks on ASW occur at markedly lower temperatures than
they do on graphene. This clearly indicates that the interaction
of the adsorbates with ASW is noticeably weaker than their
interaction with graphene. The relatively simple Arrhenius
analysis used to obtain the binding energies on graphene
(Table 1) will not work here. In the next section we describe
the inversion analysis method to extract the coverage
dependent adsorbate desorption energies from ASW.
C. Inversion Analysis of Desorption From ASW. The

behavior of the submonolayer TPD spectra in Figures 5, 6, and
7 are consistent with desorption from a surface with a
distribution of adsorbate binding sites and energies. In such
cases, an “inversion” method can be used to determine the
coverage dependent adsorbate binding energies. The procedure
has been described in detail elsewhere.23,42−46 Briefly, the
adsorbate desorption rate is given by the Polanyi−Wigner rate
equation, dθ/dt = −νθn exp(−Edes/RT), where θ is the
coverage, T is the temperature, E is the desorption activation
energy, R is the gas constant, ν is the prefactor, and n is the
desorption order. One assumes that ν is coverage independent

and the equation is rearranged to give the coverage dependent
desorption energy, Edes(θ) = −RT ln((−dθ/dt)/vθn). This
equation is solved using an experimental TPD spectrum, a value
of n = 1 (first order desorption for the results here) and an
assumed constant prefactor, v. This results in an Edes(θ) curve
that is then used to numerically integrate the Polanyi−Wigner
equation to generate a set of TPD spectra with coverages less
than the inverted TPD. The difference between the simulated
and the experimental TPD set (chi square error) is calculated.
The process is repeated using a new value for the prefactor until
the value that best fits the experimental data is determined.
The procedure is illustrated using the desorption of methane

from ASW as an example. Figure 8a displays the Edes(θ) curves
obtained by inverting the 2 ML TPD for methane in (see inset
Figure 8a) with prefactors of 1013, 1014, 1015, 1016, and 1017 s−1.
For an individual curve, the value of Edes(θ) increases slightly
from 2 ML to ∼1.2 ML. Near ∼1.2 ML there is a small
inflection (step) in Edes(θ), which then continues to gradually
increase until a coverage of ∼0.1 ML, whereupon it increases
sharply. The sharp increase at low coverages (0.1 ML) is due to
the presence of relatively high energy binding sites. These sites

Figure 6. TPD spectra for (a) oxygen, (b) nitrogen, and (c) CO on
ASW for coverages from 0.1 to 1.0 ML (blue curves), 1.2 to 2.0 ML
(red curves), and 2.2 to 3.0 ML (black curves). All adsorbates were
deposited at 25 K and heated at 1.0 K/s.

Figure 7. TPD spectra for (a) methane, (b) ethane, and (c) propane
on ASW for coverages from 0.1 to 1.0 ML (blue curves), 1.2 to 2.0 ML
(red curves), and 2.2 to 3.0 ML (black curves). All adsorbates were
deposited at 25 K and heated at 1.0 K/s.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.5b10033
J. Phys. Chem. B 2016, 120, 1979−1987

1983

http://dx.doi.org/10.1021/acs.jpcb.5b10033


are analogous to defect sites on metal or metal oxide single
crystal surfaces. The overall pattern is the same for all five
curves except that desorption energy is shifted to a higher value
with increasing value of the prefactor.
It can be instructive to invert the lower coverage (<2 ML)

TPD spectra. Although this not necessary for the inversion
procedure it can be useful to narrow the range of potential
prefactors. Figure 8b displays the Edes(θ) curves obtained from
methane TPD spectra with initial coverages from 0.1 to 2.0 ML
using prefactors of 108 s−1and 1015 s−1. The Edes(θ) curves
obtained with a prefactor of 1015 s−1 are perfectly aligned onto a
single curve whereas the curves obtained with a prefactor of 108

s−1 do not align and instead veer upward at higher coverages.
The alignment of all of the inverted TPD spectra onto a single
curve is consistent with the desorption energy being dependent
only on the coverage at the time of desorption. That is, the
desorption energy does not also depend on the initial dose.
This has to be the case for the desorption energy to be a single
valued function of the coverage, Edes(θ) and thus, these results
suggest that the “best” prefactor will be closer to 1015 s−1 than
to 108 s−1. Prefactors greater than 1015 s−1 yield curves that
exhibit downward curvature near the initial coverage (not
shown).
The next step in the inversion process is to use the Edes(θ)

curves in Figure 8a to simulate the experimental TPD. Figure
9a displays the simulated methane TPD spectra for an initial
coverage of 0.6 ML (solid lines) using the Edes(θ) curves
obtained using prefactors of 1013, 1015, and 1017 s−1. Also

plotted is the experimental TPD spectrum for 0.6 ML methane
(open circles). Among the three simulations, the simulation
with a prefactor of 1015 s−1 appears to be the best fit to the
experiment. Simulations with other initial coverages were also
simulated (not shown). The difference between all of the
experimental and simulated was used to calculate the total chi
square error for each prefactor. Figure 9b displays the chi

Figure 8. (a) Coverage dependent desorption energy curves, Edes(θ),
obtained by inverting the 2 ML TPD spectrum of methane on ASW
using prefactors, ν, of 1013 (black curve), 1014 (blue curve), 1015 (red
curve), 1016 (green curve), and 1017 s−1 (light blue curve). (Inset) The
2 ML methane TPD spectrum used for the inversion procedure. (b)
Coverage dependent desorption energy curves obtained by inverting
methane TPD spectra with initial coverages from 0.1 to 2.0 ML and
using Edes(θ) curves obtained with prefactors of 1015 s−1 (upper set of
curves) and 108 s−1 (lower set of curves).

Figure 9. (a) Simulated TPD spectra for an initial coverage of 0.6 ML
of methane on ASW using the Edes(θ) curves in Figure 7a for
prefactors of 1013 (black curve), 1015 (red curve), and 1013 s−1 (blue
curve). Also plotted is the experimental TPD spectrum for 0.6 ML of
methane on ASW from Figure 6a (open circles). (b) The total chi
square error (solid circles) between the experimental and simulated
TPD spectra for all initial coverages vs the log of the prefactor used in
the inversion analysis. The solid line is a quadratic fit to the chi square
error points and yields a minimum at a value of 14.99 (ν = 9.8 × 1014

s−1).

Figure 10. Comparison of experimental (open circles) and simulated
(lines) TPD spectra for initial methane coverages of 0.1, 0.2, 0.4, 0.6,
0.8, 1.0, 1.2, 1.4, 1.6, 1.8, and 2.0 ML on ASW. The simulated spectra
were obtained using the Edes(θ) curve obtained with a prefactor of ν =
9.8 × 1014 s−1.
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square total error (solid circles) obtained from simulations with
various prefactors. The solid line is a quadratic fit that has a
minimum at a value of 14.99 (ν = 9.8 × 1014 s−1). A
comparison of the experimental TPD (open circles) and the
simulated spectra (solid lines) obtained with a prefactor of 9.8
× 1014 s−1 and the corresponding Edes(θ) curve are displayed in
Figure 10. The agreement between the experiment and
simulations is excellent. We estimate the error for the Edes(θ)
curve to be ∼ ± 5% and for ν to be ∼10±0.5.
The inversion procedure was repeated for all of the

adsorbates. The highest coverage TPD curve before alignment

of the leading edges was used to generate the Edes(θ) curve for
each adsorbate. Figure 11 displays the Edes(θ) curves calculated
with the “best” fit prefactors for all of the adsorbates. The
atomic adsorbates (Ar, Kr, and Xe) are plotted in Figure 11a,
the diatomic species (O2, N2, and CO) are plotted in Figure
11b, and the molecular species (methane, ethane, and propane)
are plotted in Figure 11c. In all cases there is a gradual increase
in the Edes(θ) with decreasing coverage until the coverage is
below ∼0.05 ML, where it increases more steeply. Note that for
ethane and propane the increase in Edes(θ) from 1.3 to 0.05 ML
is very small, which suggests a narrow distribution of binding
site energies.
The distribution of binding site energies, P(E), can be

calculated by differentiating the Edes(θ) curves in Figure 11,
P(E) = −dθ/dE. The calculated, P(E) distributions for all of the
adsorbates on ASW are displayed in Figure 12. The vertical
dashed lines mark the monolayer adsorbate binding energies on
graphene given in Table 1. The atomic species, Ar, Kr, and Xe
(Figure 12a), all have P(E) curves that are sharply peaked with
a tail that extends to higher energy. The P(E) curves for the
diatomic species, O2, N2, and CO (Figure 12b), are somewhat
broader and less peaked. The P(E) curves for ethane and
propane (Figure 12c) are sharply peaked which is consistent
with the very flat Edes(θ) curves in Figure 11c. The methane
P(E) curve is more reminiscent of that observed for the atomic
species. The observation that the Edes(θ) curves for the larger
hydrocarbons (ethane and propane) are relatively flat, while for
methane the curve is more coverage-dependent, may be related
to the heterogeneity length scale on the ASW surface. For the
larger molecules, the surface interaction is averaged over a
larger area and the desorption energy loses its coverage
dependence. For methane, the surface interaction area is
smaller and a stronger coverage dependence is observed. This
suggests that the heterogeneity length scale on ASW is less than
the lateral spacing of ethane but larger than that of methane. A
more quantitative estimate would require more detailed
experiments and analysis. For all of the adsorbates, the peak
of the P(E) curve is at a lower energy than the binding energy
on graphene (vertical dashed lines). A summary of the
monolayer desorption energies on graphene and the most
probable desorption energies on ASW (peak of the P(E) curve)
is given in Table 2.

IV. DISCUSSION AND CONCLUSIONS
The experimental results clearly show that, for the nine
adsorbates studied here, desorption from a graphene covered
Pt(111) substrate occurs with zero-order desorption kinetics.

Figure 11. Plot of the Edes(θ) curves on ASW vs coverage for (a) Xe,
Kr, and Ar, (b) O2, N2, and CO, and (c) methane, ethane, and
propane. Also shown are the prefactors used in the inversion analysis
to obtain the respective Edes(θ) curves.

Figure 12. Normalized site probability, P(E) = dθ/dE, vs desorption
energy on ASW for (a) Xe, Kr, and Ar, (b) O2, N2, and CO, and (c)
methane, ethane, and propane. The vertical dashed lines mark the
monolayer adsorbate binding energies on graphene given in Table 1.

Table 2. Comparison of Monolayer Binding Energies on
Graphene and ASW

adsorbate
graphene (Table1;

kJ/mol)
ASW (most probable;
Figure 12; kJ/mol)

argon (Ar) 10.8 7.2
krypton (Kr) 15.1 11.4
xenon (Xe) 17.8 16.3
nitrogen (N2) 11.6 9.6
carbon monoxide
(CO)

12.5 11.8

oxygen (O2) 11.8 9.2
methane (CH4) 14.9 11.4
ethane (C2H6) 24.8 20.7
propane (C3H8) 31.2 26.3
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This is the case for both submonolayer and multilayer
coverages. The well-resolved desorption peaks and the
alignment of the desorption leading edges are hallmarks of
zero-desorption (Figure 3). Zero-order desorption kinetics in
the submonolayer coverage regime are indicative of two-phase
coexistence between a high-density condensed phase and a low-
density gas phase in two dimensions. This two-dimensional,
two-phase coexistence arises from attractive adsorbate−
adsorbate interactions. The results in the present paper are
consistent with our results for methanol, ethanol, and water,
which also displayed zero-order desorption kinetics from
graphene.31 Zero-order desorption kinetics have also been
reported for desorption from a related carbon surface namely,
highly oriented pyrolytic graphite (HOPG).47 In that work, the
desorption kinetics for 23 species were studied and for all of the
adsorbates that were also studied by us (CO, N2, O2, Xe in the
present paper and ethanol and methanol in ref 31.) zero-order
desorption kinetics were observed. An Arrhenius analysis was
used to obtain the binding energies for all of the adsorbates and
these values are summarized in Table 1. Also note that the
desorption energies determined on the HPOG substrate47 are
in excellent agreement with those determined here and in ref
31. This provides strong evidence that the adsorbate
interactions on the two substrates (HOPG and graphene
covered Pt) are the same. A table comparing the desorption
activation energies obtained on a graphene covered Pt substrate
with those obtained on a highly oriented pyrolytic graphite
(HOPG) substrate is provided in the Supporting Information.
The desorption kinetics from ASW are markedly different

than those from graphene. For example, alignment of the
desorption leading edges on a single curve was not observed for
any of the nine adsorbates for coverages up to 2 ML. Also, none
adsorbates had clearly resolved first and second layer
desorption features. The TPD results suggested that the ASW
surface has a distribution of binding site energies. In this case,
the coverage dependent binding energies were determined
using an inversion analysis procedure (Figure 11). The energy
distributions for adsorbates of the same type (atomic, diatomic,
molecular) have similar shapes and widths (Figure 12). The
monolayer TPD peaks on ASW occur at markedly lower
temperatures than they do on graphene. This clearly indicates
that the interaction of the adsorbates with ASW is noticeably
weaker than their interaction with graphene. A comparison of
the monolayer desorption energy on graphene and the most
probable desorption energy on ASW (see Table 2) shows that
the monolayer adsorbate binding energy is greater on graphene
than on ASW.
These results show the desorption kinetics from these two

astrophysically important substrates need to be analyzed
differently. The specific desorption order and mechanism are
required to extract adsorbate binding energies needed for
accurate models of evaporation from interstellar and planetary
ices. Future work will focus on how adsorbate coadsorption
affects the desorption kinetics.
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