
Thermodynamics of Carbon Monoxide Adsorption on Cu/SBA-15
Catalysts: Under Vacuum versus under Atmospheric Pressures
Published as part of The Journal of Physical Chemistry virtual special issue “Cynthia Friend Festschrift”.

Tongxin Han, Ilkeun Lee, Yueqiang Cao, Xinggui Zhou, and Francisco Zaera*

Cite This: J. Phys. Chem. C 2022, 126, 3078−3086 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: The thermodynamics of the adsorption of carbon monoxide on a copper-
based catalyst were estimated by using data from in situ infrared absorption spectroscopy
experiments. A direct comparison was performed between the energetics under a vacuum
environment versus in the presence of CO gas. It was found that the magnitude of the
enthalpy of adsorption is reduced by almost a factor of 4 in going from the first case to the
second, from ΔH°ads,vacuum = −82 kJ/mol to ΔH°ads,CO‑atm = −21 kJ/mol. Furthermore,
isosteric analysis of the data indicated that the magnitude of the latter decreases in the
low-coverage limit, to values below ΔH°ads,CO‑atm = −18 kJ/mol, a trend opposite to what
has been reported in other systems. These observations are explained in terms of the
associated standard entropy of adsorption, which in the presence of gas-phase CO was estimated at ΔS°ads,CO‑atm ∼ −24 J/(mol K), a
value much smaller in magnitude than the standard entropy of CO condensation. The excess entropy of CO adsorption over that of
CO condensation is here ascribed to excess entropy in the adsorbed state due to additional phenomena induced by the gas-phase
molecules such as adsorbate displacement and adsorbate-assisted adsorption steps.

1. INTRODUCTION

Virtually all chemical reactions promoted by solids start with
the adsorption of the reactants on the surface of the catalytic
phase and end with the desorption of the products. In fact, in
many cases those steps may determine the kinetics of the
overall process. Yet, information about their thermodynamics
and kinetics under realistic reaction conditions is still limited.
Basic information about the energetics of the bonding of
adsorbates to surfaces has been acquired in recent decades with
the help of modern surface science techniques, in particular
temperature-programmed desorption (TPD) and, more
recently, also with the aid of quantum mechanics calculations.
Invaluable as the resulting knowledge has been, the energetics
acquired this way usually refers to the uptake of molecules on
surfaces under vacuum and often in the low-coverage limit. It is
well-known that increasing coverages, as expected when in the
presence of gases or a liquid phase,1 quite often leads to a
drastic reduction in adsorption energy. Additional effects on
the adsorption−desorption process are also expected to be
introduced by the gas or liquid phase itself, although this has
not been discussed in the literature in much detail; in general,
studies of adsorption kinetics and thermodynamics in situ in
the presence of reactants remain somewhat scarce.2,3 Here, we
estimate the enthalpy and the entropy of the adsorption of
carbon monoxide on copper catalysts, with emphasis on
contrasting the behavior of this system under vacuum versus in
the presence of the adsorbing gas. Carbon monoxide is a
reactant in many major catalytic processes and a common

prototypical adsorbate, and copper catalysts are used for the
hydrogenation of CO to methanol4−8 and the low-temperature
promotion of the water-shift reaction,9−11 among other
processes. When a second transition metal is added in small
amounts, to form so-called single-atom alloys (SAA),12 copper
can also be used as a selective catalyst for other reactions, for
the hydrogenation of organic reactants with multiple double or
triple bonds, for instance.13−18 This latter application has been
the motivation behind this study.19,20

We found that, indeed, the thermodynamics of CO
adsorption on copper are quite different under vacuum versus
in the presence of the gas phase. In particular, the magnitudes
of both the enthalpy and the entropy of adsorption are reduced
drastically upon the addition of gas-phase CO. We interpret
these changes as the result of the incorporation of new steps by
the free molecules, including adsorbate displacement and
adsorbate-assisted adsorption. We contend that the changes
seen here and the explanation provided may be quite general
and apply to many reversible adsorption processes.
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2. METHODS

The in situ infrared absorption spectroscopy (IR) studies
reported below were performed in a transmission IR cell
reported in previous publications,21−24 a standard setup similar
to that seen in many other laboratories.25−30 The catalyst, a 5
wt % Cu/SBA-15 solid, was prepared by incipient wetness
impregnation (using copper nitrate)19 and made into a pellet
that was placed in the center of the IR cell and pretreated
before use by exposing it to a H2 atmosphere (200 Torr) at
625 K for 3 h. Figure 1 provides some characterization results
for this catalyst: the left panel shows Cu 2p X-ray
photoelectron spectroscopy (XPS) data attesting to the fully
reduced state of the Cu nanoparticles (NPs) after the H2
pretreatment, whereas the right section displays a typical
transmission electron microscopy (TEM) image of the catalyst
and the particle size distribution estimated from several of such
images (⟨d⟩ ∼ 27 nm). For the experiments involving an
equilibrium with gas-phase CO, the IR cell was filled with the
desired pressure of carbon monoxide and the IR spectra were
recorded in situ in the presence of the gas as the sample was
heated and cooled to evaluate the temperature dependence of
the adsorption equilibrium; three cycles were performed to
corroborate that the CO surface coverages measured by the IR
peaks correspond to equilibrium states. In the case of the low-
temperature adsorption measurements under vacuum, the
catalyst was exposed to 50 Torr of CO for 0.5 h, after which
the cell was evacuated for 10 min and the IR spectra were
recorded from 125 to 475 K at 20 K intervals as the sample
and cell were warmed up. It should be indicated that, although
the vacuum used in these experiments was that reached with a
mechanical pump (Pbkg ∼ 1 × 10−2 Torr), the residual gas was
composed mainly of water (and some oil from the pump); the
CO partial pressure was negligible, as indicated by the fact that,
in experiments such as those in Figure 2, no CO uptake was

seen within the time frame of the IR runs after cooling the
sample to 125 K, a temperature where the sticking coefficient
of CO is close to unity. Only when CO was added to the cell
(pressures as low as 0.1 Torr were explored) was CO uptake
on the catalyst seen. All spectra were acquired with a resolution
of 2 cm−1 by averaging the data from 16 scans, and corrected

Figure 1. Left: Cu 2p XPS spectra for our Cu/SBA-15 catalyst, obtained before and after reduction. Right: TEM image and Cu NP size
distribution.

Figure 2. Left: transmission infrared absorption (IR) spectra in the
C−O stretching region for CO adsorbed on a 5 wt % Cu/SBA-15
catalyst as a function of temperature during heating under vacuum,
after initial adsorption at 125 K in 50 Torr CO. Right: normalized
peak intensity for the main feature in the IR spectra at 2124 cm−1 due
to CO adsorption on Cu as a function of temperature, together with a
fit to a sigmoidal curve.
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by using background spectra obtained under the same
condition before adsorption. CO surface coverages were
estimated by integration of the areas of the IR peaks, and
reported in monolayers (ML) relative to the estimated
saturation coverage (set to θCO,sat = 1 ML). Note that
saturation under atmospheric CO pressures was estimated to
be ∼30% higher than under vacuum (θCO,sat,atm‑CO =
1.3θCO,sat,vacuum).

3. RESULTS
The desorption of adsorbed carbon monoxide on the Cu/SBA-
15 catalyst was first probed as a function of temperature under
vacuum. The corresponding infrared absorption spectroscopy
data are shown in Figure 2. The main peak seen at 2124 cm−1,
visible from 125 to ∼350 K, is assigned to CO adsorption on
metallic Cu atop site on the basis of previous reports;31−35 a
brief discussion of this assignment is provided later. At low
temperatures, below 150 K, an additional feature is detected on
the high-frequency side (at ∼2160 cm−1), most likely from
adsorption of CO on oxidized copper sites (the lower
desorption temperature seen for this species indicates weaker
CO bonding to CuOx), and a weaker broad double feature is
also seen in the 1950−2050 cm−1 range at intermediate
temperatures (205−325 K), the origin of which we do not
understand at the present time. Focusing on the CO bonded to
metallic copper, the intensity of the peak was followed versus
annealing temperature to extract information about the
energetics of the adsorption (Figure 2, right panel). It was
determined that the desorption rate reaches a maximum value
at ∼245 K, a result roughly consistent with that seen in
temperature-programmed desorption (TPD) experiments on
Cu single crystals once the differences in heating rate, gas load,
and pumping speed are taken into account. By use of
Redhead’s analysis,36 an estimated value of A = 1 × 1015 s−1

for the preexponential factor, and a heating rate of 20 K in 10
min, the activation energy for CO desorption from this Cu/
SBA-15 catalyst, which can also be associated with the enthalpy
of adsorption, is estimated to be Ea ∼ −ΔH°ads,vacuum = 82 kJ/
mol, a value in the range of what has been reported in the past
for stepped Cu single crystals.37 It should be emphasized that
this is an approximate value, however, as it assumes a constant
adsorption energy as a function of coverage, which may not be
the case. Nevertheless, the maximum adsorption rate used in
our calculations corresponds to approximately half surface
saturation, and the most acute changes in desorption energies
for CO have been reported at higher coverages, close to a full
monolayer.38 We contend that within the margin of error of
these measurements our desorption energy estimate is
representative of the adsorption energetics of CO on the Cu
catalyst under vacuum over most of the coverage range.
Next, CO adsorption was probed in situ in the presence of a

CO atmosphere (after two reduction cycles by heating to 495
K and cooling back down to 300 K in CO). Typical IR data
recorded in those experiments are shown in Figure 3: the left
panel shows the C−O stretching region for both the catalyst in
the presence of the gas (dark traces, 50 Torr in this case) and
the blank experiments with CO gas only, with the catalyst
pellet removed (light traces). The gas-phase molecules are
clearly detected, seen as the expected two broad features
between 2000 and 2250 cm−1 due to the different rotational
levels within the main the C−O stretching vibrational mode.
Nevertheless, an additional signal, in the form of a sharper peak
at about 2124 cm−1, is visible in these spectra assignable to CO

adsorbed on Cu. The right panel of Figure 3 displays the same
spectra after subtracting the gas-phase contribution: a clear
peak remains at 2124 cm−1 corresponding to CO bonded on
atop sites on the surface of the metallic Cu NPs of the catalyst.
The peaks in the 2300−2400 cm−1 region correspond to gas-
phase CO2, from both incomplete purging of the IR beam path
(ambient air contains some CO2) and oxidation of CO (see
below).
The adsorption of CO reported in Figure 3 is reversible. To

confirm this, repeated heating and cooling cycles were
performed in situ in the presence of the same CO gas
atmosphere. The resulting data are exemplified by the plots
reported in Figure 4, with 100 Torr of CO in that case. It
should be noted that initial CO adsorption at room
temperature was minimal (bottom trace in left panel of Figure
4); in spite of the in situ H2 pretreatment performed before the
use of the catalyst, it appears that the Cu nanoparticles retain a
thin oxide layer that prevents binding of the adsorbate. Luckily,
CO is itself a strong reducing agent that helps remove such
oxide layer, so a significant increase in CO uptake is seen in the
first heating cycle as a temperature of 495 K is reached, in
conjunction with the generation of CO2 gas produced by CO
oxidation with the oxygen atoms of the oxidized Cu surface
(Figure 4, left panel). After that sequence of events, it can be
seen from Figure 4 that the IR peak associated with CO
bonded to metallic Cu increases and decreases in size
reversibly as subsequent cooling and heating cycles are
followed. The peak intensities measured at any of the given
temperatures are quite similar in all cases, evidencing the
reversibility of the process.
Data such as those reported in Figures 3 and 4 were

analyzed to develop isothermal curves of CO surface coverage

Figure 3. In situ IR spectra in the C−O stretching region for a 5 wt %
Cu/SBA-15 catalyst exposed to 50 Torr (67 mbar) of carbon
monoxide as a function of catalyst temperature. Left: raw data
recorded in the presence of the gas-phase CO (dark traces), together
with reference spectra obtained in the absence of the catalyst, for the
gas alone (light traces). Right: spectra for the adsorbed CO, obtained
via subtraction of the corresponding traces shown in the right panel.
The peak highlighted at 2124 cm−1 corresponds to CO adsorbed on
atop sites on the surface of the metallic copper NPs.
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(θCO) on the Cu/SBA-15 catalyst as a function of CO pressure
(PCO). The results are shown in Figure 5: the symbols

correspond to the experimental values, whereas the solid lines
are the best fits to the Langmuir isotherm equation. The data
are plotted in two modes: in the original θCO versus PCO form
(left panel), and in a linearized form to help extract the
corresponding adsorption equilibrium constants (Kads). The
latter were then plotted in van’t Hoff mode, that is, as ln(K°ads)
= ln(KadsP°CO) versus 1/T, to extract the appropriate
thermodynamic parameters (Figure 6). In these calculations
(and all subsequent ones), the thermodynamic standard states
were taken as P°CO = 1 bar, θ°CO = 0.5 ML, and θ°empty = 1 −
θ°CO = 0.5 ML, as typically used in cases where the adsorbates
are presumed to be immobile.39,40 As indicated in Figure 6,
values of ΔH°ads,CO‑atm = −21.3 kJ/mol and ΔS°ads,CO‑atm =
−23.7 J/(mol K) were estimated from this analysis.

Two issues need to be considered when interpreting the
thermodynamic data reported above. First, the intensity of the
IR peak due to the adsorbed CO is in many cases not linearly
dependent on the surface coverage of the adsorbate, as it has
implicitly been assumed here. Instead, that intensity tends to
grow at a lesser rate in the high coverage range because of
intermolecular dipole−dipole and other interactions41−43

However, the effect is less pronounced with supported metal
nanoparticles because of the higher degree of disorder
involved, and may not play a significant role here. Second,
because of those interadsorbate interactions, the adsorption
energy of CO on metals tends to change with surface coverage,
typically dropping considerably close to monolayer saturation.
To check on these potential dependences of adsorption energy
on coverage, an alternative isosteric analysis of the data was
performed in the limit of low coverages. For that, the pressures
of CO required to reach a certain pre-established coverage

Figure 4. In situ IR spectra in the C−O stretching region for a 5 wt % Cu/SBA-15 catalyst exposed to 100 Torr (133 mbar) of carbon monoxide as
a function of catalyst temperature. Shown are the data for three consecutive heating and cooling cycles to highlight the reversibility of the
adsorption.

Figure 5. CO adsorption isotherms on 5 wt % Cu/SBA-15, estimated
from the intensity of the IR peaks in data such as those shown in
Figures 3 and 4. The data are displayed both in their basic form, as
CO coverage versus CO pressure (left), and in linearized form, by
using the Langmuir isotherm formulation (right).

Figure 6. Van’t Hoff plot of the standard equilibrium constants for the
adsorption of CO on 5 wt % Cu/SBA-15 (K°ads, from the slope in the
traces in the right panel of Figure 5) as a function of temperature,
from which the values for the standard enthalpy and the standard
entropy of adsorption were extracted.
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were estimated via linear interpolation of the experimental data
(a linear dependence is expected in the low-coverage limit on
the basis of the Langmuir isotherm equation), and plotted
versus temperature in linearized form (as ln(PCO) vs 1/T). The
left panel of Figure 7 shows the resulting isosters for θCO =

0.05, 0.1, 0.2, and 0.5 ML, and the right panel shows the
thermodynamic parameters calculated from that analysis. For
θCO = 0.5 ML, the enthalpy of adsorption is estimated at
ΔHads,CO‑atm(θCO = 0.5 ML) ∼ −28 kJ/mol, much smaller in
magnitude than that reported above for the same coverage
under vacuum, ΔHads,vacuum(θCO = 0.5 ML) ∼ −82 kJ/mol.
Interestingly, it was found that the magnitudes of both the
enthalpy and the entropy of the adsorption are lower, not
higher as usually reported, at low coverages (Figure 7, right). A
third possible approach to analyze the CO adsorption data is in
isobaric form. The corresponding plots of ln[θCO/(1 − θCO)]
vs 1/T are displayed in Figure 8. Values of ΔH°ads,CO‑atm =
−21.9 ± 2.0 kJ/mol and ΔS°ads,CO‑atm = −22.8 ± 6.0 J/(mol K)
were estimated from the slopes of that figure.

4. DISCUSSION
In this section, we start by briefly discussing our assignment of
the main IR band at 2124 cm−1 seen in the spectra reported
above to CO adsorbed on atop sites of metallic Cu, as there
has been some discussion in the literature about such
assignment, which is not straightforward.34,44 Certainly, the
C−O stretching frequency of carbon monoxide adsorbed on
atop sites of copper single-crystal surfaces is typically below
2100 cm−1;44−48 features in the spectra at higher frequencies
have been assigned to CO bonding to oxidized Cu atoms.32,49

Nevertheless, higher frequencies have also been seen on
stepped and kinked metallic Cu surfaces50 and also on
supported Cu catalysts.31−34,51,52 It has been reported that
CO adsorption on catalysts with larger Cu NPs tends to exhibit
higher C−O stretching frequencies as well;32 in that context,
the high value reported here is consistent with the fact that the
average NP diameter of our catalyst is ⟨d⟩ ∼ 27 nm. We put
forward two main arguments for why we believe that the peak
seen at 2124 cm−1 in our data corresponds to adsorption on

metallic copper. First, we are confident that our catalyst is fully
reduced in the experiments performed in the presence of a CO
atmosphere. The catalyst was always pretreated in H2 in situ
before each experiment, and the Cu 2p XPS data provided in
Figure 1 indicate that such treatment leads to the full reduction
of the Cu NPs. It could be argued that sometimes the addition
of an atmosphere of reacting gases may lead to the formation
of a thin layer of an oxide, but carbon monoxide is itself an
excellent reducing agent, and the data in Figure 4 show that,
indeed, CO is capable of removing any remaining oxygen from
the Cu surface upon heating to high (495 K) temperatures;
witness the formation of gas-phase carbon dioxide, as indicated
by the IR features in the 2300−2400 cm−1 range, and the
subsequent increase in CO uptake on the surface. Our second
argument relates to the thermal stability of the adsorbed CO
under vacuum, as indicated by the data in Figure 2: the CO
associated with the 2124 cm−1 peak remains bounded to the
catalyst until ∼245 K, whereas the second feature seen at 2160
cm−1, identified with the weaker adsorption on oxidized Cu,
goes away by 150 K.
The adsorption energetics of CO on the Cu/SBA-15 catalyst

was first probed under vacuum by performing a temperature-
programmed experiment using IR for surface coverage
determination. The data in Figure 2 indicate that the CO
desorption rate peaks at about 245 K, which corresponds to an
adsorption enthalpy of approximately ΔHads,vacuum = −82 kJ/
mol. This value is consistent with results obtained in the past
with single crystals (Table 1), with the caveat that the CO
adsorption energy is highly dependent on both surface
coverage and surface structure. For instance, a value of
Edes(θCO → 0 ML) ∼ −ΔHads,vacuum = 84 kJ/mol has been
reported for the zero-coverage limit of the adsorption of CO
on the atop step-edge sites of Cu(410), but that number is
reduced to Edes(θCO = 0.5 ML) ∼ 70 kJ/mol at half
saturation.37 Earlier reported data are also in the appropriate
energy range, albeit with lower values for flat terraces: Edes(θCO
≤ 0.5 ML) ∼ 50−55 kJ/mol was reported for both CO/
Cu(111)53 and CO/Cu(110)54 for coverages below half-
saturation, and CO desorption from the steps in defective
Cu(110) peaks at 205 K, a temperature equivalent to Edes ∼ 60
kJ/mol.50 The lower CO desorption energies reported for the
basal planes of single crystals suggest that the adsorption on

Figure 7. Left: isosteric plots of CO pressure vs temperature, in Van’t
Hoff form, for four values of the CO coverage (θCO = 0.05, 0.1, 0.2,
and 0.5 ML). Right: standard enthalpy and standard entropy of
adsorption estimated from the plots in the left panel.

Figure 8. Isobaric plots of CO coverage versus temperature, in Van’t
Hoff form, for several CO pressures (PCO = 1, 5, 50, and 100 Torr).
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supported metal NPs may be dominated by binding to low-
coordination sites in edges, kinks, and other structural defects.
The equilibrium enthalpy of adsorption for CO on Cu/SBA-

15 under an atmosphere of gas-phase CO turns out to be much
lower in magnitude. Indeed, the isothermal adsorption data
reported in Figures 5 and 6 yielded an adsorption enthalpy
value of ΔHads,CO‑atm = −21.3 kJ/mol, about a fourth of the
value measured under vacuum. It could be argued that the
difference originates from differences in surface coverage, but
the isosteric analysis reported in Figure 7 indicates that this is
not the case; if anything, the magnitude of the adsorption
enthalpy decreases somewhat when approaching the low CO
coverage limit. The isobaric plot in Figure 8 further confirms
these results.
It may be worth asking if the ΔHads values obtained here for

CO adsorption on Cu/SBA-15 in the presence of gas-phase
CO make sense. Unfortunately, because of the weak
adsorption energies involved, attempts to detect reversibly
bonded CO on Cu under a CO atmosphere with model
systems, on Cu single-crystal surfaces and by using modern
surface-science instrumentation, have not been successful; both
infrared absorption (IR)48 and atmospheric-pressure X-ray
photoelectron spectroscopy (AP-XPS)55 experiments with Pt-
doped Cu could only reach CO pressures of up to 0.1 Torr and
could therefore only detect the CO bonded to Pt sites. On the
other hand, a couple of early reports on CO adsorption on
supported Cu catalysts (Table 1) are consistent with our
results. Using Cu/SiO2 catalysts, Kohler and co-workers
reported heats of adsorption on metallic copper surfaces
approaching a value of ΔHads,CO‑atm ∼ −22 kJ/mol at coverages
close to saturation,32 essentially the same as what we have
measured here. They did also report a CO coverage
dependence of that parameter, with higher magnitudes for
the adsorption energy at lower coverages (a trend opposite to
that seeing by us in Figure 7), but this effect was the most
pronounced with catalysts with high Cu loadings (>6 wt %)
and minimal for Cu loadings below 4 wt %. In a more recent
report, Dandekar et al. reported ΔHads,CO‑atm = −20.1 kJ/mol
for CO adsorption on the metallic sites of a 5.1 wt % Cu/SiO2

catalyst,33 again in good agreement with our results. It does
appear that the severe reduction in CO adsorption energy
observed on Cu catalysts when transitioning from a vacuum to
an atmosphere of CO is real.
What remains to be discussed is an explanation for the

difference. Certainly, the thermodynamic values reported here
are only approximate, as they exhibit large errors due to the
fact that they do not include coverage effects or the potential of
the existence of different adsorption sites within the Cu NPs of
the catalyst. However, the range of values for the enthalpy of
adsorption of CO on Cu under vacuum (ΔHads,vacuum ∼ −85 to
−50 kJ/mol) reported by us and others does not overlap at all
with that corresponding to adsorption under a CO gas
atmosphere (ΔHads,CO‑atm ∼ −45 to −20 kJ/mol) (Table 1),
regardless of CO surface coverage; that alone cannot explain
the large difference in the energetics seen in both cases.
Instead, we take a look at the entropy of the adsorption
processes, which has not been reported previously but that we
were able to extract from our data: values of ΔS°ads,CO‑atm =
−23.7 and −22.8 J/(mol K) were obtained from the
isothermal and isobaric analysis in Figures 6 and 8,
respectively. For comparison, the standard entropy of CO
vaporization (the negative of the standard entropy of
condensation) at the boiling point of CO (T°b = 81.6 K) is
−ΔS°vap,81.6K = ΔS°cond,81.6K = −74 J/(mol K).56 If we assume
that the liquid remains fully frozen and that only the heat
capacity of CO gas contributes to the change in entropy of
vaporization when transitioning from the boiling point to room
temperature (admittedly an extreme approximation), the
standard entropy of vaporization at room temperature is
estimated as −ΔS°vap,298K = ΔS°cond,298K ≤ −111 J/(mol K).56

The fact that the magnitude of the adsorption entropy
determined in our studies is so much lower than that for the
CO condensation indicates that there is an entropy deficit in
the former process beyond that related to immobilization of
CO molecules on the surface. Stated a different way, the
entropy of the adsorbed CO is larger than that expected for
CO fully anchored on the solid surface. We suggest that such
excess may reflect a certain degree of 2D mobility of the
adsorbed CO within the surface, perhaps because of a relatively
low barrier for surface diffusion.57 In that context, it is
interesting to note that, according to the data in Figure 7, the
magnitude of the adsorption entropy decreases significantly at
low coverages, presumably because there is more room on the
surface for the few CO molecules on the surface to diffuse
around without hindrance by other adsorbates. It is also
possible that additional entropy is introduced by the presence
of gas-phase CO because of adsorbate displacements by
incoming molecules58−60 and/or adsorbate-assisted desorp-
tion61−64 steps, as seen in other systems. Both these processes
can add degrees of disorder, and hence entropy, to the CO-
covered surface. Note that the same argument does not hold
for CO desorption in vacuum environments: according to
transition state theory, a pre-exponential factor of A = 1 × 1015

s−1 for that process (as typically assumed) amounts to an
increase in entropy upon desorption at room temperature of
ΔS‡des,298K = 43 J/(mol K), and if the value of A = 1 × 1019 s−1

reported by Kokaji et al. for CO desorption from Cu(410) is
used, ΔS‡des,298K ∼ 120 J/(mol K). Clearly, low desorption
entropies appear to be unique to the release of adsorbed CO
from the Cu surface into the gas phase under atmospheric
pressures of the adsorbing gas. This difference may explain the
large reductions in desorption enthalpies seen in going from

Table 1. Selected Reported Values for the Enthalpy of
Adsorption of CO on Copper Surfaces

surface
ΔHads

(kJ/mol) method comment ref

UHV

Cu(111) −49 to −53 surface
potential

independent of coverage 53

Cu(110) −51 to −54 TPD slight increase up to θCO ∼
0.3 ML, then abrupt drop
to −42 kJ/mol

54

Cu(410) −84 to −65 TPD progressively decreasing
with coverage

37

Cu/SiO2 −82 IR this
work

CO atmosphere

Cu/SiO2 −48 to −22 IR increases in magnitude with
increasing nanoparticle
size, all converge to −22
kJ/mol at saturation

32

Cu/SiO2 −20 IR higher adsorption energies
on Cu+ and Cu2+ sites

33

Cu/Al2O3 −18 IR 33

Cu/
diamond

−21 IR 33

Cu/SBA-
15

−21 IR this
work
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vacuum to atmospheric pressures, and it is likely to be general,
not only applicable to the case of CO adsorption on Cu/SBA-
15 but also to most reversible adsorption processes. Finally, it
is worth mentioning that the simultaneous changes in
enthalpies and entropies that yield similar equilibrium or
kinetic constants for a family of related reactions or for varying
reaction conditions (as is the case here) has been observed
before and characterized as a “compensation effect”; several
explanations have been offered for such an effect.65−68

5. CONCLUSIONS
In this study, the thermodynamics of the adsorption of CO on
the metal surface of a Cu/SBA-15 catalyst was contrasted in
two different environments: under vacuum versus in the
presence of atmospheric pressures of CO. Interestingly,
marked differences were seen. Specifically, the enthalpy of
adsorption was estimated to vary from ΔH°ads,vacuum = −82 kJ/
mol to ΔH°ads,CO‑atm ∼ −21 kJ/mol. This difference is too large
to be explained by coverage effects alone, especially since the
isosteric calculations in the low CO surface coverage limit
indicated that the enthalpy of CO adsorption actually
decreases (instead of increasing, as seen in many other
systems) as the coverage decreases. Instead, we explain the
change on the basis of entropic effects introduced by the
presence of CO gas such as adsorbate displacement and
adsorbate-assisted adsorption steps.
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