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Abstract
A new method to analyze microcalorimetry data was employed to study the adsorption energies and sticking probabilities of
D2O and C
 O2 on CaO(001) at several temperatures. This method deconvolutes the line shapes of the heat detector response
into an instrument response function and exponential decay functions, which correspond to the desorption of distinct surface
species. This allows for a thorough analysis of the adsorption, dissociation, and desorption processes that occur during our
microcalorimetry experiments. Our microcalorimetry results, show that D
 2O adsorbs initially with an adsorption energy of
85–90 kJ/mol at temperatures ranging from 120 to 300 K, consistent with prior spectroscopic studies that indicate dissociation. This adsorption energy decreases with increasing coverage until either D
 2O multilayers are formed at low temperatures
(120 K) or the surface is saturated (> 150 K). Artificially producing defects on the surface by sputtering prior to dosing D
 2O
sharply increases this adsorption energy, but these defects may be healed after annealing the surface to 1300 K. C
 O2 adsorbs
on CaO(001) with an initial adsorption energy of ~ 125 kJ/mol, and decreases until the saturation coverage is reached, which
is a function of surface temperature. The results showed that pre-adsorbed water blocks adsorption sites, lowers the saturation coverage, and lowers the measured adsorption energy of CO2. The calorimetry data further adds to our understanding
of D2O and CO2 adsorption on oxide surfaces.

1 Introduction
The interaction of carbon dioxide (CO2) with surfaces is of
key importance in a variety of industrial and environmental
applications such as methanol synthesis, exhaust cleaning,
and CO2 capturing [1–5]. CO2, with respect to its use as a
source of carbon in catalytic processes has received massive
attention, as the world is addressing issues in climate change,
in particular with respect to hydrogenation. The reduction
of CO2 into value-added chemical products is considered
to have the most potential for chemical transformation of
CO2 [6–8]. A group at Imperial Chemical Industries (ICI)
in Billingham during the 1980s has shown that CO2 plays an
important role in methanol syntheses from CO/CO2/H2 gas
mixtures over a Cu/ZnO/Al2O3 catalyst. Michael S. Spencer was among those who demonstrated through a careful
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mechanistic study, using isotopically labelled C
 O2, that the
mechanism involves the formation of a surface carbonate, its
reduction to formate and further on to methanol [9].
Therefore, it is important to understand the interaction of
CO2 with surfaces and specifically oxide surfaces, as they
are used as supports and modifiers in catalysis. Here, we
report on a study of the interaction of C
 O2 with a simple
oxide surface, i.e. CaO(001), as well as its interaction with
water, which is often present in the CO2 reaction mixtures.
Among alkaline-earth oxides used in such processes, calcium oxide (CaO) often exhibits a higher activity due to a
more delocalized electron distribution across surface oxygen
atoms compared to other simple oxides [10].
We have recently studied the interaction of C
 O2 and water
with CaO(001), applying a number of techniques like infrared reflection–absorption spectroscopy (IRAS), scanning
tunneling microscopy (STM), and temperature programmed
desorption (TPD), in combination with density functional
theory (DFT) calculations.[11–13] In particular, at low coverages, CO2 was found to adsorb strongly (desorption temperature about 450 K) as monodentate carbonates (CO32−).
However, adsorption becomes even stronger in the presence
of water, which readily dissociates on the surface forming
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hydroxyls. Surface hydroxyls seem to only affect the adsorption geometry of the carbonates rather than form bicarbonate
species. In any case, hydroxyls show a stabilizing effect on
CO2 binding to the CaO surface. It is important to know
adsorption energies, so a direct comparison with calculated
stabilities may be carried out.
In this connection, the central technique in the present
study is microcalorimetry, and the associated data evaluation. For a typical single crystal adsorption calorimetry
experiment [14, 15], the heat release for a molecular beam
pulse is derived from comparison of the slope of the initial
steep rise [16], or the absolute peak height [17–19] of the
heat detector’s signal in comparison with the corresponding
value for a laser reference pulse. This procedure requires
that the line shape for molecular beam and laser pulse measurements are congruent. There are several examples in the
literature where differences, namely narrowing or broadening of the peak width, have been observed. They have been
attributed to kinetically delayed adsorption [20], dissociation [21–23], or desorption of molecules or atoms. It was
demonstrated that from deconvolution and convolution of
line shapes with exponential decay functions, quantitative
information on adsorption kinetics can be derived. Here,
we employ a new method of a deconvolution analysis to
model the effects of desorption processes on the heat detector signal.

2 Experimental
Microcalorimetry experiments were performed in a UHV
(base pressure < 2 × 10–10 mbar) setup equipped with lowenergy electron diffraction (LEED), Auger Electron Spectroscopy (AES), a Quadrupole Mass Spectrometer (QMS),
and a single-crystal adsorption calorimeter (SCAC) [19].
Briefly, an effusive, doubly differentially pumped multichannel array was used to produce a molecular beam of D
 2O
water or CO2. A chopper cut this beam into pulses 266 ms
in length. The heat of adsorption was measured with a heat
detector consisting of a 9 µm-thick pyroelectric ribbon
(β-polyvinylidene fluoride) coated with Au on both sides and
calibrated with pulses of HeNe laser light (l = 632.8 nm, 5
mW). Simultaneously, the fraction of molecules that adsorb
in a single pulse (i.e., the sticking probability) was measured by the modified King–Wells method [24] with a nonline-of-sight QMS. Deuterated water is used, as opposed to
nondeuterated water, to prevent interference of background
water with the QMS baseline [12], which greatly improves
signal-to-noise in the mass spectrometer data.
The crystalline CaO(001) films were grown on Pt(001) as
described elsewhere [25]. Clean Pt(001) surfaces were first
prepared by cycles of Ar + sputtering and UHV annealing
at high temperatures. Carbon contaminations were removed
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by annealing in 10–7 mbar of oxygen at ~ 700 K followed by
thermal flash in UHV to 1000 K. The cleanliness of the Pt
metal substrate was inspected by LEED showing the welldocumented Pt(001)-“hex” diffraction pattern, which is characteristic of a clean Pt(001) surface. Then Ca was deposited
in 5 × 10−7 mbar O2 at 300 K, followed by UHV annealing
at ~ 1200 K for 5 min. The resulting CaO(001) films showed
good crystallinity as judged by LEED. The nominal film
thickness (> 5 nm) was determined by attenuation of the
substrate signals in AES. [12]

3 Deconvolution Analysis for SCAC
For the energy calibration of SCAC experiments, the detector signal for molecular beam pulses is compared with the
corresponding signal for a laser pulse. This requires the
same temporal and spatial distribution on the sample for the
molecular beam and laser which is guaranteed by the same
pathways passing apertures and chopper [19, 21]. However,
heat release for molecular adsorption may not be as instantaneous as compared to laser irradiation and consequently the
line shapes of the heat detector may differ. [16, 20–23, 26]
Figure 1a shows the heat detector signals for the laser and
water adsorption on the CaO(001) surface. The molecular
beam pulses have been averaged for a number of consecutive pulses and therefore, the shown curves correspond to
increasing water coverages. While for the initial ten pulses
the signal is identical to the (scaled) laser line shape, it deviates not only with respect to its intensity, but also to its shape
and position of maxima and minima for higher water dosages. Thus, simple analysis of peak heights or initial slope
may result in systematic errors. However, as demonstrated
recently, an analysis incorporating deconvolution of line
shapes allows for accurate energy calibration and can provide additional information on kinetics [21–23]. The deconvolution of laser line shape and time profile of a pulse provides the instrument response function, which is the detector
signal that would originate from an infinitively short heat
input. The time profile determined by the chopper has been
analyzed for laser pulses by means of a photo diode. It is
a trapezoidal function with a full width at half maximum
of 270 ms and total times for the rising and falling edge of
3 ms, i.e. nearly identical to a square wave. Figure 1b shows
the instrument response function (blue solid) derived from
the laser line shape (red solid). Since the timing for laser and
molecular beam pulses is identical, the instrument response
can be used to deconvolute the signal for the molecular beam
pulse resulting in the heat release relative to the laser power.
In particular, comparing the laser signal to the molecular
beam signal for water adsorption on CaO(001) at 300 K and
at saturation coverage shows strong deviations and the heat
signal here is even negative after the end of the pulse time
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Fig. 1  a Averaged calorimetric response from the heat detector
for several consecutive sets of molecular pulses of gaseous D
 2O on
the CaO(001) surface (solid lines) at 300 K. These are compared to
the laser pulses on the same surface (dashed line), showing that the
molecular pulses narrow with increasing pulse number and coverage.
b Deconvolution of the heat detector response into its individual components, including the instrument response function (blue solid) from
the laser line shape (red solid) and heat released from the molecular
pulses (green solid) from the molecular beam pulses (black solid)

at about 0.5 s (green graph in Fig. 1b). As evidenced by
data from the mass spectrometer, desorption of molecules
during the pulse time is the origin for this behavior. In the
very beginning of the pulse, adsorption induces a relatively
high heat release, similar to what is observed for low coverages, where sticking probability is large. With ongoing exposure of the sample to the molecular beam the temporarily
increased coverage results in rising desorption of molecules
and therefore lowers the total heat deposition. After closure
of the chopper only the negative heat contribution of desorbing molecules remains.
During the adsorption experiment, the mass spectrometer records the background pressure for the dosed species.
Figure 2 shows the QMS signals for water adsorption on
CaO(001) at 300 K averaged for the same pulses as shown

Fig. 2  QMS signal for several consecutive sets of molecular pulses
of gaseous D
 2O on the CaO(001) surface (black) and the gold reference flag with zero sticking probability (orange). For the deconvolution analysis the latter is analytically expressed by a convolution of
a square wave and a double exponential decay which corresponds to
the instrument response function (not shown). The sets of pulses were
fitted by a linear combination (red) of the gold reference functional
(green) and its convolution with two exponential decay functions with
different time constants and weighting factors (blue). Inset: Parametrized deconvoluted contributions to the QMS signal for the data
set of pulses 41–80 and the resulting effective molecule uptake on the
sample (black)

in Fig. 1. Initially, the line shape is almost rectangular as it
is for the reference measurement on the gold flag placed in
front of the sample. With increasing dosage, large intensity
can additionally be observed long after the pulse time, which
indicates water desorption. The QMS signal for the gold flag
is fitted with a square wave convoluted with a superposition of two exponential decay functions, each with different
time constants. The resulting gold flag functional (orange
in Fig. 2) reflects the response of the vacuum chamber and
mass spectrometer for the instrument settings, such as pumping speed or calorimeter temperature, to molecular beam
pulses of specific intensity and duration that instantly desorb/reflect with zero-sticking probability. Since the QMS
data is relatively noisy and the instrument response function can easily be described by two exponential decay functions instead of explicit deconvolution, we quantify QMS
results by fitting analytic expressions. All data sets can be
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for adsorption during the pulse, minus the convolution of
square wave and double exponential decay function, which
corresponds to removal of heat for increasing desorption
for the temporarily enhanced coverage during pulse time.
The resulting reconvoluted signal (dashed pink graph) fits
perfectly to the experimental data.
For the deconvolution analysis of QMS and calorimetry
data, similar but not necessarily identical time constants of
the exponential functions were derived. Also, the relative
intensity of the two exponential functions, as well as the
constant and variable contributions to the effective heat or
molecule inputs, differs (compare Figs. 1b and 2 and replicated in the inset of Fig. 3). As a consequence, their ratio
(i.e. the adsorption energy per mole) varies within the pulse
time. The ratio for the beginning of the result (shaded red)
is about 50% larger than the ratio for the end of the pulse
(shaded blue).
So far the deconvolution analysis has been described only
for the saturation regime averaged for 40 pulses. For the
derivation of the effective heat release and molecule uptake
profile for each pulse, the number of fitting parameters must
be reduced in order to prevent overfitting of the data and
consequently artificially scattering fit results. It is assumed
that the time constants of the two exponential decay functions (separately for calorimeter and QMS data) as well
100
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accurately reproduced by a linear combination (red) of the
gold flag functional (green) and its convolution with two
further exponential decay functions with different time
constants and weighting factors (blue). While the gold flag
functional corresponds to a contribution of direct inelastic
scattering from the sample the exponential decay functions
mimic desorption of first-order reaction processes. The use
of a double exponential decay has been previously attributed to desorption of two distinct and independent surface
species [26, 27]. Here, it seems to be necessary to properly
describe the experimental data. The result from the fit corresponds to the deconvoluted QMS signal. The line shapes
for the gold flag functional (orange), the fraction of direct
inelastic scattering from the sample (green), the fraction of
desorbing molecules (blue) and its superposition (red) are
shown in the inset of Fig. 2 for the saturation regime (pulses
41–80). When this parametrized deconvoluted QMS signal
is subtracted from the square wave of the incoming molecular beam pulse, an effective molecule uptake on the sample
is derived (black graph). It is positive for net adsorption and
negative for ongoing desorption after the pulse.
For the determination of the adsorption energy per mole,
the measured heat must be referred to the fraction of molecules adsorbed during pulse time, which was denoted as
“short-time sticking probability” [16, 28]. In contrast, the
“long-time sticking probability” is derived from the total
number of desorbed molecules, i.e. from integrated QMS
intensity also for the time after the pulse and before the
next pulse. Its accumulation multiplied by the number of
molecules per pulse provides the surface coverage. Justified
by the delay between the heat deposited on the sample and
the calorimeter signal, for the determination of short-time
sticking probability Lytken et al. weighted the contribution
of early and late desorption events within the pulse time
linearly between 1 for the beginning and 0 for the end of
the pulse [16]. However, as long as the pulse duration is
short enough that saturation effects in the detector do not
play a role, each adsorption/desorption event (or heat input
by laser irradiation) contributes to the calorimeter signal in
the same way resulting in a linear slope for a constant heat
input. Therefore, assuming a linear slope provides the averaged heat input, which must be related to the total number
of sticking molecules within the pulse time. However, when
the calorimetry line shape differs for molecular beam and
laser pulses, deconvolution analysis of both mass spectrometer data and calorimetry data might provide more accurate
results.
To quantify the results from the heat detector, the raw
data for the saturation regime was fitted by the convolution of the heat response function (blue in Fig. 1b) with an
effective heat input (solid pink graph in Fig. 1b), similar to
the method presented by Silbaugh et al.[21] The latter is
described by a square wave function for positive heat release
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Fig. 3  Adsorption energy for D
 2O on the CaO(001) surface on the
basis of deconvolution analysis using the beginning, end, and total
pulse window over the total pulse time of 270 ms. Each data point
corresponds to the evaluation of energy and cumulative long-time
sticking for a single pulse (connecting lines for better visibility).
Inset: Derived effective heat input from calorimeter signal (left, see
also Fig. 1b) and effective molecule uptake from mass spectrometer
signal (right, see also Fig. 2) for the saturation regime. Due to their
different shape caused by different time constants and relative intensities also differing ratios (i.e. adsorption energies) are obtained for
each part of the pulse (shaded areas). Here, we define the CaO(001)
unit cell as the number of surface O atoms (8.6 × 1014 atoms per c m2)
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4.1 Water (D2O) Adsorption
Water adsorption on alkali earth oxides, in general, has been
studied extensively in the past, and we refer to a review article[29] for a summary of the most important results. Water
adsorption results in dissociated and non-dissociated molecules on the surface, as detected by IRAS[13], which at
room temperature and 0.3 L exposure exhibit an interesting structure, where the combination of adsorbed hydroxyl
groups and non-dissociated water form linear chains across
the surface and along the CaO(110) direction. At higher
water exposures the surface starts to disorder and a fully
hydroxylated surface approaching a situation as encountered
in Ca(OH)2 is created.
Figure 4a shows the sticking probability as a function of
coverage, in units of adsorbed molecules per unit cell, measured during the D
 2O adsorption microcalorimetry experiments. We define the CaO(001) unit cell as the number of
surface O atoms (8.6 × 1014 atoms per cm2). These results
are also presented in terms of dose in Fig. 4b. At all temperatures, the sticking probability is initially constant and
near unity [30] until the saturation coverage. This indicates a
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Fig. 4  a Sticking coefficient for water adsorption on the CaO(001)
surface and b resulting dependency of the surface coverage on the
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as their relative amount does not change. Aside a variable
background from the preceding pulse for each pulse, two
parameters are derived which describe the effective heat
release or molecule uptake (analogue to inset of Fig. 3 for
saturation coverage). These are the intensity of the square
wave contribution to the profile (corresponding to a line
shape like the laser reference for calorimeter and like gold
flag for QMS data) and of the variable, desorption induced
contribution with parameters from the saturation regime. For
the QMS data the results of this fit procedure are shown in
Fig. 2 (summed up for 10 consecutive pulses). With varying
intensities of the two contributions (green and blue graph)
the data is well reproduced. In view of the larger signal-tonoise ratio for single pulses it is not feasible to also include
the three fixed parameters of double exponential decay in
the fit. As stated before a single exponential decay function
is not sufficient to describe the data. For further examples
of this kind of evaluation for different surface temperatures
see the Supplementary Information.
In Fig. 3, the adsorption energy per mole is shown for
each pulse (with connecting lines for better visibility) as a
function of coverage based on the long-time sticking probability from the derived total integral of QMS signal (see
following section). The ratio of energy and molecule number
is derived from different parts of the pulse. While for the
initial 50 ms of the pulse the energy remains constant (red
graph), it drops drastically for an evaluation based on the
final 50 ms (blue) when desorption starts near saturation
coverage. For the integral of the total pulse time the drop
is not as pronounced. The dashed orange graph in Fig. 3
shows the result from the conventional analysis for the
evaluation of peak heights of the calorimetry signal and the

1

0

dose(1015 molecules cm-2)
responds to an individual molecule pulse. The CaO(001) unit cell is
defined as the number of surface O atoms (8.6 × 1014 atoms per c m2)
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precursor-mediated adsorption mechanism [31]. At the saturation coverage, the sticking probability rapidly decreases
to zero or near zero. The saturation coverage increases with
decreasing temperature. At 120 K, water is expected to form
multilayer ice [32–36]. As a result, its sticking probability
remains constant at 0.9 independent of coverage.
In this paper, the adsorption energies shown are the negative standard difference in internal energy of the system
(adsorption energy = − ΔU0). This internal energy includes
two correction terms associated with adsorption and reflection that is detailed by Eqs. 7 and 8 from Lytken et al. [16],
but does not include the term associated with pressure–volume work (∆ngasRTsample) that would convert this internal
energy into an enthalpy.
Figure 5 shows the adsorption energies derived from
microcalorimetry measurements as a function of coverage in units of adsorbed water molecules per unit cell. For
surface temperatures between 120 and 300 K the results
from a conventional analysis are compared with the horizontally shifted results from deconvolution analysis taking
only the first 50 ms of the pulse time into account. In addition to a larger scattering of data, the latter exhibits significantly higher energies when desorption is relevant close to
saturation coverage. The reason might be the temporarily
enhanced coverage during molecular beam exposure which
increasingly lowers the adsorption energy within the pulse
time. Therefore, using the pulse average (by means of complete window integration in deconvolution analysis or by
conventional analysis) can give improper results.
The initial adsorption energy of 85–90 kJ/mol is consistent with the previous observations of water dissociation
identified by XPS and IRAS [13]. This dissociation occurs
at all measured temperatures. At 120 K and when there is a
ratio of ~ 3.0 water molecules for every one oxygen atom,

100

adsorption energy (kJ/mol)

Fig. 5  Adsorption energy
from microcalorimetry using
the conventional analysis i.e.
average for the entire pulse time
of 270 ms (left panel) and for
the first 50 ms via deconvolution of calorimetry and QMS
data (right panel) for sample
temperatures as indicated. Each
data point corresponds to an
individual molecule pulse. The
CaO(001) unit cell is defined as
the number of surface O atoms
(8.6 × 1014 atoms per cm2)
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water forms multilayer ice. This initial value agrees with
the calculated energies between 90 and 110 kJ/mol for the
dissociated monomer species [13, 37]. At 300 K, slightly
larger initial energies compared to those at lower temperatures are observed. This may be related to formation of one
dimensional water chains that were previously observed only
at room temperature after doses of about 0.1 L, which corresponds to a coverage of about 0.05 ML [38]. For coverages below 0.8 ML the energy is almost constant for higher
temperatures. This indicates ongoing dissociation of water
molecules and supports the findings by XPS and IRAS that
the surface is fully hydroxylated [13]. In contrast, for low
temperatures the energy decreases faster. Here some molecules adsorb at energetically less favorable sites or maybe
small clusters with water molecules in the second layer
are formed and therefore the average adsorption energy is
reduced. IRAS experiments identified different surface species at 100 K and 300 K for low coverages [13].
Above 0.8 ML the energy is significantly reduced. DFT
calculations predict that the adsorption energy decreases
only slightly from about 110 kJ/mol for a single molecule
to 100 kJ/mol for one monolayer coverage [13]. However,
the latter value represents the average adsorption energy for
all molecules in the considered 4 × 3 unit cell, so it can be
expected that the differential adsorption energy for the last
molecule to complete the monolayer is considerably lower.
This is most likely related to the increase in the fraction of
molecularly adsorbed water as derived from the structural
models which was also observed in XPS spectra [13]. Therefore, aggregate formation will further decrease the average
energy.
For temperatures above 120 K, the energy levels off when
the individual saturation coverage is reached. Below saturation the adsorption energy is comparable for all temperatures
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except for 300 K as discussed above. At 120 K, multilayer
formation with an adsorption energy of ~ 40 kJ/mol is
observed. This slightly deviates from the previously measured heats of multilayer adsorption of D2O on Pt(111) and
Ni(111), 47 kJ/mol [20, 32], and on Fe3O4(111)/Pt(111) and
FeO(111)/Pt(111) films, 45 kJ/mol. [39] However, previous
work [29] has revealed a complication where high doses
of water cause a dissolution of the CaO substrate surface.
This creates difficulties accurately measuring the multilayer adsorption energies. Unfortunately, the time scales of
this process is unknown, and therefore further studies are
necessary.
In the next experiments, we addressed the possible role of
surface defects on the water adsorption energy. For this, we
artificially created defects by bombardment of the well prepared CaO(001) film with 2 keV Ar+ ions and subsequently
performed microcalorimetry measurements (Fig. 6). Compared to the “as grown” surface, the initial adsorption energy
is enhanced by a factor of 2. With increasing water dosage
the energy drops rapidly and finally reaches similar values
as the ordered surface. After the sample was heated in UHV
to 1100 K, a second calorimetry measurement still reveals
an enhanced initial adsorption energy of about 120 kJ/mol,
but already after about 0.4 L of water the energy is identical
to that for the ordered surface. Annealing at 1300 K seems

Fig. 6  Adsorption energy of D
 2O on the CaO(001) surface for sputter-induced surface defects based on deconvolution analysis using the
initial 50 ms of the pulse time. The CaO(001) unit cell is defined as
the number of surface O atoms (8.6 × 1014 atoms per cm2). Each data
point corresponds to an individual molecule pulse (connecting lines
for better visibility)

to heal all defects and the adsorption energy curve reproduces that of the well-ordered film. These results indicate
that water preferentially adsorbs on surface defects presumably involving higher coordinated sites, and once all sites
are occupied, the adsorption energy is not affected by the
still present enhanced surface roughness. However, for the
well-ordered CaO(001) surface, small amounts of defect
sites (< 0.1 mL) might be present but would be efficiently
populated by water molecules from the residual gas before
the first pulse of the molecular beam. Furthermore, this is
complicated by the possibility of CaO (and other alkaline
earth oxides) restructuring to form Ca(OH)2, a process that
may be expedited by surface defects [40].

4.2 CO2 Adsorption
The interaction of CO2 with a CaO(100) has been studied
in the past via TPD, IRAS, and DFT [41, 42]. Recently, we
have also investigated the interaction of C
 O2 and water on a
CaO(100) surface using the above mentioned experimental
techniques [25].
Figure 7a shows the sticking probability as a function
of coverage, in units of adsorbed C
 O2 molecules per unit
cell, measured during microcalorimetry experiments. These
results are also presented in terms of dose in Fig. 7b. Similar
to water, the sticking coefficient is constant for low coverages. This points to a precursor-mediated adsorption process, which is also supported by DFT calculations where
a stable physisorbed surface state was derived [12]. Note
that all of the measured temperatures are higher than the
temperature limit where multilayer growth is expected to
occur [10]. Therefore, C
 O2 reaches a saturation coverage at
all temperatures studied.
The relatively high initial adsorption energy of about
125 kJ/mol indicates strong chemical interaction of carbon
dioxide with the surface (Fig. 8). For all studied temperatures the trend of energies is similar. Up to about 0.3 mL
coverage, the energy continuously decreases to about 75%
of the initial energy and then drops to energies in the regime
of physisorption. For low temperatures the sticking probability is still high, whereas for room temperature saturation
is reached already at about 0.4 mL coverage after a dose of
about 2 L C
 O2. These results are consistent with TPD, which
gives heat of adsorption at low coverages of 120–140 kJ/
mol [12].
From our previous IRAS and DFT study, formation of
monodentate carbonate species was concluded [12]. These
experiments observed several different vibrational frequencies with increasing dose, indicating different adsorption sites. For the lowest dose of 0.1 L, the full population
of step edges with adsorption energies of up to 300 kJ/
mol was assumed. For higher coverages the calculated frequencies for the models with aggregates of two and three
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Fig. 7  a Sticking coefficient for CO2 adsorption on CaO(001) and b resulting dependency of the surface coverage on the molecule dose for different surface temperatures. The CaO(001) unit cell is defined as the number of surface O atoms (8.6 × 1014 atoms per cm2)
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and QMS data (initial 50 ms of pulse time). The CaO(001) unit cell is
defined as the number of surface O atoms (8.6 × 1014 atoms per cm2).
Each data point corresponds to an individual molecule pulse (connecting lines for better visibility)

molecules with same orientation fit to the experimental
spectra. Also, the decreasing adsorption energies for coverages up to one third of a monolayer indicate lateral interaction of surface species and formation of small carbonate
clusters. The calculated energies are considerably larger,
but also continuously decrease with cluster size from about
185 kJ/mol to 150 kJ/mol. For higher coverages additional
peaks in the vibrational spectra can be explained by the
arrangement of molecules rotated by 90°. Then, also the
calculated adsorption energies are considerably reduced.
This may be an explanation for the drop in the adsorption

13

energy derived from microcalorimetry at a coverage of
about 0.3 mL. A coverage of a third of a monolayer might
also be the limit for parallel chains of carbonate species
without significant interaction between neighboring rows.
If the temperature is low enough to allow for larger coverages, diagonal stripes with a different orientation intersect
resulting in the reduction of adsorption energy.
To better understand the interaction between water and
CO2 adsorbed on the surface, clean CaO(001) was predosed with varying exposures of water before proceeding
with microcalorimetry experiments of C
 O 2 adsorption.
Figure 9a shows the sticking probability as a function of
coverage, in units of adsorbed C
 O2 molecules per unit cell,
measured during microcalorimetry experiments. For all
exposures of water up to 1.8 L, the initial sticking probability is ~ 0.85 and remains constant until the saturation
coverage is reached. This saturation coverage decreases
with increasing water dose. At higher water doses, the
initial sticking probability decreases, and is about 0.3
with 9.6 L water. Figure 9b shows the adsorption energies derived from microcalorimetry measurements as a
function of coverage in units of adsorbed C
 O2 molecules
per unit cell. With higher pre-doses of water, the initial
measured heats of adsorption decrease. However, the
heats of adsorption of CO2 on CaO(001) predosed with
0–1.8 L water decrease with coverage at a similar rate,
and all approach the same value (~ 40 kJ/mol). This suggests that water blocks adsorption sites, lowering the saturation coverage, and produces steric repulsions with the
adsorbing CO2, thereby lowering the adsorption energy.
Indeed, these adsorption energies would match the clean
surface if each curve was shifted directly right on Fig. 9b,
as if the curves started at non-zero coverages, with higher
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Fig. 9  Sticking coefficient (a) and adsorption energy (b) for carbon
dioxide adsorption on water covered CaO(001) surface after the indicated water dosages. The adsorption energy is based on deconvolu-

tion analysis using the initial 50 ms of the pulse time. The CaO(001)
unit cell is defined as the number of surface O atoms (8.6 × 1014
atoms per cm2)

pre-doses of water causing the C
 O 2 adsorption energy
curves to start at higher coverages.

lowers the saturation coverage, and lowers the measured
adsorption energy.
The calorimetry data shown here further adds to our
understanding of D2O and CO2 adsorption on the CaO(001)
surface, building on previous studies that had IRAS, STM,
and TPD, in combination with DFT calculations [11–13].
However, this previous work was primarily focused on lower
coverages (i.e., less than one monolayer). Caution must be
exercised when expanding this work to higher coverages,
where multilayers of water tend to dissolve surface Ca resulting in a complete restructuring of the surface [40].

5 Conclusions
A new method of analysis was employed to deconvolute the
line shapes of the heat detector response into the instrument response function, two exponential decay functions,
that correspond to the desorption of two distinct surface
species. This method allows for a thorough analysis of the
adsorption, dissociation, and desorption processes that occur
during our microcalorimetry experiments.
This analysis method has been applied to study the
interactions of D
 2O and C
 O2 on CaO(001) thin films using
microcalorimetry. D2O adsorbs initially with an adsorption
energy of 85–90 kJ/mol at temperatures ranging from 120
to 300 K, consistent with prior spectroscopic studies that
indicate dissociation. This adsorption energy decreases
with increasing coverage until either multilayers are formed
at low temperatures (120 K) or the surface is saturated
(> 150 K). Artificially producing defects on the surface by
sputtering beforehand increases this energy.
CO2 adsorbs on CaO(001) with an initial adsorption
energy of ~ 125 kJ/mol, and continually decreases until the
saturation coverage is reached. This total CO2 coverage
decreases with increasing temperature. To understand the
surface interactions of C
 O2 and water, the CaO(001) surface
was predosed with water preceding C
 O2 microcalorimetry
experiments. We find that water blocks adsorption sites,
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