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Preferential oxidation of CO in H2 was studied by in situ ultraviolet–visible (UV–Vis) and mass spectrom-
etry on flat model Cu and Cu/CeOx catalysts. The experimental findings were interpreted and compared
with the results from density functional theory (DFT) calculations of the adsorption and activation ener-
gies for the essential reaction steps on Cu(1 1 1). It was found that oxidation of CO preferentially takes
place on Cu(0) and that no significant H2 oxidation took place under any of the investigated conditions.
The presence of CeOx accelerates Cu(0)-oxidation which leads to catalyst deactivation. In contrast, CeOx

promotes the CO oxidation rate on catalysts that were already oxidized to CuOx. The coexistence of CO
and H2 is important to sustain the stability of metallic Cu and thereby a high rate of CO2 formation. In
pure CO/O2 gas, the metallic phase can only be maintained as long as full O2 conversion is reached. In
pure H2/O2, Cu is always partly but never fully oxidized, suggesting that a passivating surface layer is
formed. This is also the case for H2 rich gas mixtures with small amounts of CO and O2. The most active
surface termination, Cu(0), can therefore not be maintained under the industrially most interesting reac-
tion condition where full conversion of trace amounts of CO in H2 is required. DFT calculations predict
that the dissociative H2 adsorption is a key limiting step for hydrogen oxidation on the Cu(1 1 1) surface,
especially when the low sticking coefficient is taken into account.
� 2017 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction and most difficult step in H oxidation [10]. This makes selective
Currently, H2 is mainly produced from steam reforming of
hydrocarbons. Usually, this process is followed by a water–gas
shift reaction to increase the amount of hydrogen and remove CO
[1–4]. However, the produced H2 inevitably contains tiny amounts
of CO. Therefore, an additional CO removal step is needed if highly
pure H2 is required, e.g. for use in fuel cells. Preferential oxidation
(PROX) of CO in H2-rich gas is one of the most effective methods for
CO abatement [3–8]. Crucial requirements for a good catalyst are:
(i) high reactivity towards CO oxidation, and (ii) low activity
towards H2 oxidation, so that CO may be removed without signif-
icant H2 consumption and without excessive energy consumption.

Cu-based catalysts has been shown to be efficient for the PROX
reaction [9,10]. Working with self-consistent density functional
theory calculations, Kandoi et al. suggested that the activation
energy barrier for reaction between CO and O on Cu (1 1 1) (0.82
eV) is lower than that for OH formation (1.28 eV), which is the first
2

removal of CO from a H2 flow favorable on Cu catalysts. On the
other hand, the sticking coefficient of H2 on Cu(1 1 1) is about five
orders of magnitude lower than that of CO [11–13]. Therefore,
hydrogen adsorption is also likely to be important for the catalyst
selectivity. Recent fundamental research has shown that metal-
CeOx catalysts are promising candidates in many oxidation-
related reactions, which is attributed to strong interaction between
the metal phase and CeOx [9,14–16]. When contacting with metal-
lic Cu, Ce4+ at the interface is easily reduced to Ce3+ via electron
transfer from Cu(0) to CeO2 [9,15,16]. These Ce3+ sites are active
for O2, CO2, H2O dissociation into O/OH, which promotes CO oxida-
tion as well as the (R)WGS and methanol synthesis processes
[9,14–16]. In particular, the presence of CeOx was found to pro-
mote the reactivity of Cu in selective oxidation of CO in the H2

gas flow, suggesting that the high CO2 selectivity relates to Cu+

sites on the Cu-Ce interface [1,3,4,7,17–19]. It is noteworthy that
this conclusion was based on the comparison between a fully oxi-
dized CuO-CeO2 catalyst and a partially reduced one.

As to the reaction on CuOx-CeOx catalysts, there is still contro-
versy about whether there exists a competitive mechanism
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between oxidation of CO and H2 [3,4,7,17,19,20]. Gamarra et al.
studied oxidized Cu-Ce catalysts and compared CO2 selectivity of
Cu(0), Cu+ and Cu2+ in CO/H2/O2 gas mixtures and increasing reac-
tion temperatures from 30 to 300 �C [4]. They concluded that oxi-
dation of CO preferentially takes place on Cu+ on the Cu-Ce
interface, while H2-oxidation takes place on the Cu+ sites, not in
direct contact with ceria. Lee et al. carried out a kinetic study
and proposed that oxidation of CO and H2 are two independent
processes and take place on Cu+ and Cu(0), respectively [7]. In con-
trast, other work by Baertsch and co-workers suggest that
adsorbed CO and H2 compete for active redox sites and prohibit
each other’s adsorption [3,19]. Sedmak et al. proposed that oxida-
tion of CO is independent of H2 oxidation as long as there is enough
oxygen in the gas flow for all measured temperatures [17]. How-
ever, most of this work was based on (partially) oxidized CuOx-
CeOx catalysts, while very little information related to the process
on Cu(0) sites were reported. In addition, studies applying efficient
in situ techniques to monitor the oxidation state of the catalyst
during the reactions and the changes in surface chemical charac-
teristics upon interaction with the reactant gas mixture are still
lacking. Therefore, fundamental questions remain unanswered
regarding the nature of the active sites and how Cu(0) interacts
with CO, H2 and O2 molecules under reaction conditions. Some fun-
damental studies on single crystals are available but not for the CO/
H2/O2 gas mixture and several studies looking at CO-oxidation in a
range of conditions can be found. In our previous work, we have
shown that metallic Cu is much more active towards CO-
oxidation than the oxide(s) but that it readily forms a surface oxide
[21]. It is therefore interesting to investigate CO PROX under con-
ditions where the catalyst remains in the metallic phase.

Here, we aim at developing a better understanding of the inter-
action between Cu(0) and CO, H2 and O2 molecules and the effects
of CeOx on the catalytic performance of Cu. In this context, we
studied CO PROX on Cu and Cu/CeOx catalysts simultaneously with
in situ UV–Vis and mass spectroscopy. After a series of experi-
ments we found that Cu(0) in both Cu and Cu/CeOx catalysts is
active for selective oxidation of CO. The presence of CeOx, particu-
larly Ce3+, accelerates metallic Cu deactivation. Further details on
how catalysts interact with reactant gases are discussed and the
coexistence of CO and H2 is key to keep Cu(0) stable and sustain
the activity of the catalyst.
2. Experimental

2.1. Sample preparation

Flat model catalysts were prepared by evaporation of Cu and Ce
metal (99.99% pure, Kurt J. Lesker) onto 1.2 cm � 0.9 cm � 0.05 cm
quartz wafers in a home-built, stainless steel thermal evaporator.
The nominal thickness was measured by an in situ quartz crystal
microbalance (Q-pod Quartz Monitor, Inficon). All wafers were cal-
cined at 500 �C overnight to remove contaminants from the surface
prior to deposition. The Cu and CeO2 catalysts model catalysts were
obtained by depositing a 5 nm thick layer of Cu or Ce on top of
empty quartz wafers followed by subsequent treatments in O2

and H2 gas flow at 550 �C for 1.5 h. Cu/CeOx catalysts were pre-
pared by subsequently depositing 5 nm of Cu onto a 5 nm CeOx

catalyst. For the experiments described in Section 3.4, the CeOx/
Cu catalysts were prepared by evaporation of a 1 nm-thick Ce-
layer on top of a 5 nm Cu catalyst.
2.2. Optical and reactivity measurements

The optical and reactivity measurements were carried out in a
custom made, pocket micro reactor based on a quartz tube flow
reactor with integrated UV–vis spectroscopy (Insplorion AB,
Gothenburg, Sweden), which has been described in detail in a pre-
vious publication [21]. A lamp and detector set with a range of
280–950 nm was used in transmission mode to measure the opti-
cal extinction. The reactivity data was recorded by a mass spec-
trometer (Pfeiffer Vacuum D-35614, PrismaPlus QME 220)
sampling the gas passed through the pocket sample holder.

To get sinter-resistant and stable Cu and Cu/CeOx catalysts, the
flat model catalysts were pretreated at 500 �C (10 �C/min) and kept
at this temperature for 50 min, first in a 10 vol% O2/Ar mixture
(100 mL/min) and subsequently in an 80 vol% H2/Ar mixture
(100 mL/min).

All activity measurements were carried out at 250 �C with a
reaction flow (through the pocket sample holder) of 10 mL/min.
To compensate for signal drift, a constant flow of He (3 mL/min)
was added into the gas flow during the entire experiment and
the MS readouts for CO2, H2O and O2 were normalized to the He
reference.
2.3. Computational methods

We performed density functional theory (DFT) calculations for
adsorbates on fcc Cu(1 1 1), which is one of the most stable facets
in CO and H2 gas [22]. All DFT calculations have been performed
using the Vienna Ab Initio Simulation Package (VASP) [23]. The
ionic cores are described by projector augmented wave (PAW)
[24] pseudopotentials. We employed the revised Perdew-Burke-
Ernzerhof (RPBE) [25] functional incorporating a generalized gradi-
ent approximation for the exchange and correlation. Kohn-Sham
states are expanded in a planewave basis with a kinetic cutoff
energy of 400 eV. The Brillouin zone is integrated using automati-
cally generated, C-centered 8 � 8 � 1 Monkhorst-Pack k-point
meshes. Structural optimizations are assumed to be complete
when the total remaining force on each atom is smaller than
0.02 eV/Å.

The calculated bulk lattice parameter of Cu is 3.67 Å, which is in
good agreement with the experimental value of 3.61 Å [26]. To
model the surfaces, we used (2 � 2) surface unit cell thereby four
atoms per layer, with four layers of Cu atoms, and periodic bound-
ary conditions in three dimensions. To eliminate interaction of
slabs normal to the surface, a vacuum distance of �14 Å is
employed between metal slabs. The bottom slab layer Cu atoms
are fixed in their original bulk positions, whereas all of the remain-
ing top three slab layer atoms are allowed to relax. Despite that,
there were no significant changes in Cu-Cu interatomic distances
after relaxation. To model the adsorption of atoms and/or mole-
cules, only one of the two metal slab surfaces are utilized with
all Cu atoms frozen in their optimized slab coordinates.

To calculate the adsorption energies, Eads, of atoms and mole-
cules onto metal surfaces, we consider the following equation

Eads ¼ EðslabþadsorbateÞ � ðEslab þ EadsorbateðgÞÞ

where E(slab + adsorbate) is the total energy of the four layered 2 � 2
unit cell metal slab decorated with adsorbate atoms and/or
molecules, Eslab is the total energy of the clean metal slab, and
Eadsorbate(g) is the total energy of atomic or relaxed molecular adsor-
bates in their gas phase as obtained by spin polarized calculations.
For the latter, a box with the optimized slab lattice parameters, i.e.,
(2 x 2) cell with vacuum but without metal slab atoms is applied.

To find minimum energy paths between reactants and products,
we used the climbing image nudged elastic band method (cNEB)
[27]. The paths between the initial and the final states are repre-
sented with linearly interpolated images. The coordinates of adsor-
bate atoms and molecules in these images are then optimized to
identify the saddle points.
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3. Results

The first set of experiments aims at clarifying the behavior of Cu
and Cu/CeOx catalysts for CO PROX in a H2 flow. This part of the
work is focused on the reaction conditions where metallic Cu is
stable, since Cu(0) has been shown to be the most active phase
for CO oxidation [21,28]. However, it has also been shown that
the stability of metallic Cu is related to the gas composition. For
the 1 cm2, flat model catalysts and the gas flows studied here, this
means that the oxygen content should be kept at about 1% or
below, during CO-oxidation to avoid catalyst oxidation. Therefore,
the tests are carried out on pre-reduced Cu and Cu/CeOx catalysts
and with very low oxygen contents.

In the following three sections, we investigate the mechanism
of selective oxidation of CO on the Cu and Cu/CeOx catalysts by
varying the composition of gas mixtures. H2 or CO was added into
constant CO/O2 or H2/O2 gas mixtures, respectively, or the CO and
H2 ratio was changed in a constant O2 gas flow. For all of these
experiments, the content of the added gas was increased step wise
to a maximum value and then decreased again in a symmetric
fashion. The main conclusions can be drawn from the part of the
experiments where the gas content is increased and that is what
is presented in the main text. The full experiments are presented
in Supplementary information.

The UV–vis data are presented both through the optical center
shift and as selected individual spectra at interesting points of
the experiment. The former serves as a practical descriptor for
where big changes in the optical spectra takes place and is defined
as the shift of the characteristic wavelength at which the inte-
grated UV–vis spectra reaches half of the total integral value (more
details can be found in the published work [16,21]). This is compa-
rable with presenting a shift in peak position but is more conve-
niently used for spectra where peaks can appear and disappear
during the experiment.
3.1. Preferential oxidation of CO in H2-lean gas mixtures

The mechanism of selective CO oxidation on Cu and Cu/CeOx

catalysts was first investigated by stepwise adding H2 into a con-
stant CO/O2 gas flow (40 vol%/0.8 vol%). For comparison, the exper-
iment was repeated in constant CO/O2 gas flow (without adding
H2) and the results are shown as dashed lines.

Fig. 1 shows the in situ O2, H2O and CO2 MS (a–c) and in situ
UV–vis results (d–f) of the pre-reduced Cu (1blue) and Cu/CeOx

(orange) catalysts. From time, t = 0 – 30 min, the pre-reduced cata-
lysts were exposed to a constant CO/O2 gas flow. During this period,
the O2 content remains stable and only small amounts of CO2 is pro-
duced. It is noted that the amount of CO2 formation on the Cu/CeOx

catalyst is slightly higher than on the Cu catalyst. The corresponding
UV–vis spectra in Fig. 1(e and f) (labeled 1) are typical for samples
that are completely oxidized into Cu+ [21]. Oxidation is evident from
the absence of a peak at between 550 and 650 nm, corresponding to
the localized surface plasmon resonance (LSPR) of metallic Cu
nanoparticles, [21,29,30] which is seen for the H2 pre-reduced sam-
ples and oxidation beyond Cu+ requires higher oxygen contents than
those used here [21,28]. At t = 30 min, a small amount of H2 (H2/CO
= 0.2) was added into the gas mixtures. At this point a sharp increase
in the O2 conversion and a simultaneous CO2 production is observed
on both catalysts, while no significant amount of H2O is formed. The
corresponding UV–vis spectra shows the appearance of a LSPR peak
at between 560 and 600 nm, which suggests partial reduction of
the Cu nanoparticles [16,21,29,30]. Thus, both CO-oxidation and
1 For interpretation of color in Figs. 1 and 4, the reader is referred to the web
version of this article.
Cu-reduction is promoted by the addition of H2 into the gas stream.
As the H2/CO ratio is increased to 0.4, the Cu phase is further
reduced. For the Cu catalyst, the reduction is complete as indicated
by the LSPR peak shift back to the position of the H2 pre-reduced cat-
alyst (in the Cu(0) phase). Still no H2O formation can be seen, but the
O2 conversion to CO2 increases further (with a slight overshoot).

Also for the Cu/CeOx catalyst, the H2 addition leads to a two-
step increase in the O2 consumption/CO2 production and no signif-
icant H2O formation. However, the amount of O2 consumption and
CO2 formation is much lower than on the Cu-catalyst. For H2/CO =
0.2, the optical intensity of the UV–vis spectra at wavelengths
below 500 nm starts to decrease and at H2/CO = 0.4, the LSPR peak
at between 560–600 nm, appears, suggesting that the Cu phase is
reduced. However, the reduction is only partial, as revealed by
the comparison with the spectrum of the H2 pre-reduced catalyst.
For both catalysts, the O2 conversion and CO2 formation decline
slightly as the amount of H2 is increased further, while neither
H2O formation nor further changes in the oxidation state of Cu
are observed. Full O2-conversion is observed for neither of the cat-
alysts indicating that the reaction rate may be limited by the cata-
lyst performance rather than by mass transfer. The shifts in the
optical center, as displayed in Fig. 1(d), clearly show that the
changes in reactivity of both catalysts coincide with the changes
in oxidation state of the Cu.

The observations regarding oxidation in gas mixtures composed
of CO with a small amount of O2 and small to moderate amounts of
H2 can be summarized as follows:

� Without H2, Cu is present as Cu+ in both catalysts (Cu and Cu/
CeOx). Both catalysts show very low O2 conversion.

� Upon H2 addition, the Cu catalyst is completely reduced from
Cu+ to Cu(0), which results in dramatically increased O2

conversion.
� In the presence of CeOx, Cu reduction is retarded and only par-
tial. This results in a lower O2 conversion than for the pure Cu
catalyst.

� O2 conversion leads mainly to CO2 formation and no significant
H2O formation is found.

The conclusions are that Cu(0) is much more active than Cu+ for
CO-oxidation whereas none of the phases are very active towards
H2-oxidation suggesting excellent selectivity. CeOx retards Cu-
reduction whereas H2 promotes it.
3.2. Preferential oxidation of CO in H2-rich gas mixtures

The experiments presented above were conducted to study the
selective oxidation of CO in the presence of a moderate H2 flow.
Here, the focus is on CO oxidation on the same, pre-reduced Cu
and Cu/CeOx catalysts in a H2 rich gas flow, which is more relevant
from and industrial point of view.

Fig. 2 shows the same set of measurements as in Fig. 1 from an
experiment with a H2/O2 (40 vol%/0.8 vol%) gas mixture with
increasing amounts of CO added. In addition, the dashed gray
curve, corresponding to a blank measurement without a catalyst,
is included. Again, dashed blue and orange curves show a reference
experiment, where CO was not included in the gas flow. In the pure
H2/O2 mixtures (t = 0–30 min), the O2 curves (Fig. 2(a)) of the Cu
and Cu/CeOx catalyst overlap with the reference curve and no sig-
nificant H2O formation can be found, indicating no measurable
activity of the two catalysts towards H2 oxidation. The correspond-
ing UV–vis spectra in Fig. 2(e, f) suggest that Cu in both catalysts is
metallic but slightly oxidized, which is evidenced by the broad Cu-
LSPR peak at longer wavelengths compared to the H2 pre-reduced
catalyst [16,21,29,30].



Fig. 1. CO-oxidation in CO-rich gas at 250 �C in a constant flow of CO/O2 (40 vol%/0.8 vol%) with increasing H2/CO ratios. Mass spectrometer measurements of (a) O2 content,
(b) H2O and (c) CO2 formation during the reaction and (d) optical center shifts and (e, f) selected UV–vis spectra from flat model Cu (blue) and Cu/CeOx (orange) catalysts. The
dashed lines show the reaction of the two catalysts in a constant CO/O2 gas flow without H2. The H2O curves of Cu and Cu/CeOx catalysts in figure (b) are offset.
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Upon CO addition (t = 30 min), the O2 curves of the two cata-
lysts and the reference curve increases slightly, while no corre-
sponding H2O nor CO2 production is seen. This is likely due to a
measurement artifact (such as a small O2-contamination in the
CO or a changed response in the mass spectrometer) rather than
a decrease in O2 conversion, since the same behavior is observed
for the reference measurement without a catalyst present. Com-
pared with the reference curve, no significant O2 conversion is seen
on any of the catalysts. The slight LSPR peak-shifting toward
shorter wavelengths in the in UV–vis spectra (Fig. 2(d–f)) indicates
only a slight reduction of the catalysts. As the CO/H2 ratio is
increased above 0.6, the amount of the O2 conversion and CO2 for-
mation increases sharply on both the Cu and the Cu/CeOx catalysts.
Initially, both catalysts perform identically, but at higher CO-
contents the Cu outperforms the Cu/CeOx catalyst. The UV–vis
results indicate that further Cu reduction takes place on both cat-
alysts. However, it is noted that the Cu phase is not fully reduced in
the presence of CeOx.

The observations regarding oxidation in gas mixtures composed
of H2 with a small amount of O2 and small to moderate amounts of
CO can be summarized as follows:

� Without CO, Cu is present as a mix of Cu(0) and Cu+ in both cat-
alysts (Cu and Cu/CeOx). Both catalysts show very low O2

conversion.
� Upon CO addition, the Cu catalyst is completely reduced from
Cu+ to Cu(0), which results in dramatically increased O2 conver-
sion. Both Cu reduction and O2 conversion increase gradually
with increasing CO-content.
� In the presence of CeOx, Cu reduction is retarded and only par-
tial. This results in a lower O2 conversion than for the pure Cu
catalyst.

� For low CO content, both catalysts show similar O2 conversion.
� O2 conversion leads mainly to CO2 formation and no significant
H2O formation is found.

The conclusions are, again, that Cu(0) is much more active than
Cu+ for CO-oxidation whereas none of the phases are very active
towards H2-oxidation. CeOx retards Cu-reduction whereas CO pro-
motes it. In H2 containing gas, none of the catalysts are completely
oxidized (in contrast with the experiments in H2 free gas discussed
in the previous section) suggesting that H2 and O2 forms a surface
layer, which prevents further Cu oxidation. We address this passi-
vating surface layer further in the discussion section.

3.3. Preferential oxidation between CO and H2

To further investigate the reaction details, experiments were
carried out on pre-reduced Cu and Cu/CeOx catalysts in a gas mix-
ture with a lower, constant O2 flow (0.4 vol%) and 40 vol% of the
reducing gas(es) (CO and/or H2). Fig. 3 shows in situ O2, H2O and
CO2 MS curves and UV–vis results of Cu and Cu/CeOx catalysts dur-
ing the reaction, which is divided into four regions with distinctly
different catalytic performance (denoted with roman numbers).

The UV–vis spectra in Fig. 3(e, f) show that Cu(0) is present in
both pre-reduced catalysts in the CO flow (t = 0 min). However,
upon O2 addition, a big difference is observed between the Cu
and Cu/CeOx catalysts. In region I, full O2 conversion is observed



Fig. 2. CO-oxidation in H2-rich gas at 250 �C in a constant flow of H2/O2 (40 vol%/0.8 vol%) with increasing CO/H2 ratios. Mass spectrometer measurements of (a) O2 content,
(b) H2O and (c) CO2 formation during the reaction and (d) optical center shifts and (e, f) selected UV–vis spectra of flat model Cu (blue) and Cu/CeOx (orange) catalysts. The
dash gray curve in figure (a) shows O2 content when no catalyst is present in the same H2 addition process: i.e., with no conversion. The dashed blue and orange lines show
the reaction of the two catalysts in a constant H2/O2 gas flow, without CO. The H2O curves of Cu and Cu/CeOx catalysts in figure (b) are offset.
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for the Cu catalyst, which is kept as Cu(0) as evidenced by the
unchanged optical spectra (Fig. 3(d, e)). In contrast, a fast deactiva-
tion of the Cu/CeOx catalyst takes place leading to total loss of O2

conversion (Fig. 3(a)). Simultaneously, an immediate large change
is seen in the optical center position of Cu/CeOx catalyst, which is
caused by the shifting/disappearing Cu-LSPR peak, suggesting that
Cu(0) is completely oxidized into Cu+.

For the Cu catalyst, in region II, full O2 conversion is still seen as
a small amount of CO is replaced by H2, but it slightly decreases as
more CO is replaced. As CO is further replaced in region III, the O2

consumption and CO2 formation decreases by stepwise, although
no oxidation state changes are seen, as confirmed by the UV–vis
spectra in Fig. 3(d, e). This suggests that the activity change derives
from the gas phase composition rather than from changes in the
catalyst oxidation state and that the reaction is positive order in
CO or negative order in H2. Nearly no O2 conversion nor CO2 forma-
tion is seen in region IV, when most of the CO is replaced by H2.
Simultaneously, a slight Cu(0) oxidation takes place (Fig. 3(d, e)).

In contrast, more complicated changes take place in the Cu/
CeOx catalyst. In region II (Fig. 3(a, b)), a gradual increase is seen
in the O2 conversion and CO2 formation as CO is replaced by H2.
This is accompanied by a gradual, partial Cu+ reduction, indicated
by the corresponding UV–vis results in Fig. 3(d, f). However, the
O2 conversion and CO2 formation decrease step by step, as more
CO is replaced by H2 within region III. During this period, the Cu
is further reduced into Cu(0), as evidenced by the Cu-LSPR peak,
which gets narrowed and shifts back to shorter wavelengths.
Finally, nearly no O2 consumption can be observed when almost
all CO is replaced by H2 in region IV, where the Cu phase once again
experiences oxidation. Once again, no significant H2O formation is
seen during the experiment. Finally, both the reactivity and the Cu
oxidation state show reversible change on both Cu and Cu/CeOx
catalysts when H2 is again replaced by CO (Supplementary
information).

The observations regarding oxidation in various gas mixtures
composed of CO and H2 with a very small amount of O2 can be
summarized as follows:

� In pure CO, Cu is present as Cu(0) in both catalysts (Cu and Cu/
CeOx).

� Upon O2 addition, (i.e., in pure CO with a very small amount of
O2) the Cu catalyst remains as Cu(0), while the Cu/CeOx catalyst
is immediately and completely oxidized to Cu+. The former
shows full O2 conversion while the latter shows none.

Upon gradual replacement of CO with H2:

� The Cu catalyst shows decreasing O2 conversion but maintains
in the Cu(0) phase.

� The Cu/CeOx catalyst is first reduced to Cu(0), resulting in a sig-
nificantly increased O2 conversion. After the initial catalyst
reduction, further CO replacement leads to decreased O2

conversion.
� Upon severe CO replacement by H2, both catalysts are partially
oxidized to Cu+ coinciding with further loss of activity.

� In the presence of CeOx, Cu oxidation is promoted and reduction
retarded. This results in a lower O2 conversion than for the pure
Cu catalyst.

� O2 conversion leads mainly to CO2 formation and no significant
H2O formation is found.

The conclusions are, again that Cu(0) is much more active than
Cu+ for CO-oxidation whereas none of the phases are very active
towards H2-oxidation. For the reduced Cu catalyst, the rate of



Fig. 3. CO-oxidation with interchanging CO and H2 contents at 250 �C in a constant flow of O2 (0.4 vol% in Ar) with various CO/(CO + H2) ratios (CO + H2 = 40 vol%). Mass
spectrometer measurements of (a) O2 content, (b) H2O and (c) CO2 formation during the reaction, (d) optical center shifts and (e, f) UV–vis spectra of the flat model Cu (blue)
and Cu/CeOx (orange) catalysts. The dashed gray curve in figure (a) show O2 content when no catalyst is present: i.e., with no conversion. The H2O curves of Cu and Cu/CeOx

catalysts in figure (b) are offset.
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reaction is limited by the lack of O2 in the gas. Upon replacing CO
with H2, the reaction is limited by the lack of CO or the excess of H2

on both catalysts. The latter seems less likely though, since no
major reaction decrease is seen in Section 3.1 where the H2 content
is increased at a constant CO pressure.

3.4. The role of CeOx on Cu catalyst in CO oxidation

To investigate the role of the Ce promoter and its oxidation
state for the catalyst activity, CO oxidation experiments were per-
formed on Cu and CeOx/Cu catalysts, pre-reduced in H2 at 250 and
500 �C, under a constant CO flow (40 vol% in Ar), with increasing
O2/CO molar ratios. After pre-reduction at 250 �C the Ce is known
to be in the Ce4+ oxidation state while the 500 �C treatment leads
to partial reduction to Ce3+ [16]. Fig. 4 shows the in situ MS mea-
surements (a & b) with Cu (blue) and pre-reduced CeOx/Cu cata-
lysts (green and orange) and the corresponding UV–vis results (c
& d). In these experiments, O2-conversion leads primarily to CO2

formation (since no other reactant is present). For reference, the
same experiment was conducted on a CeOx catalyst (gray). The cat-
alytic conversion overlaps with that of an empty chamber test (not
shown), indicating that the CeOx catalyst is inactive for CO-
oxidation and hence serves as a reference. For the pure Cu catalyst
(blue), full O2 conversion is seen for the first two oxygen concen-
trations. No changes take place in the Cu oxidation state as indi-
cated by the stable optical center position. For O2/CO = 0.015, the
O2 conversion decreases and negligible conversion is found at
higher O2/CO ratios. Simultaneously, Cu(0) is fully oxidized into
Cu+, which is evidenced by the optical center shift caused by the
first shifting then disappearing Cu-LSPR peak in Fig. 4(c, d).

Deactivation is also found on the CeOx/Cu catalysts, but at rela-
tively lower O2/CO ratios. For the catalyst pre-reduced at 250 �C,
the O2 conversion on the CeOx/Cu catalyst deactivates sharply at
the second oxidation step (O2/CO = 0.01), which is well correlated
to the large shifts in the optical center position (Fig. 4(c)) caused
by Cu oxidation. For the catalyst pre-reduced at 500 �C, full O2 -
conversion was not achieved, even at the lowest oxygen concentra-
tion and the Cu(0) surface is slightly oxidized. As O2 content is
increased further, the O2 conversion decline sharply, accompanied
by full Cu oxidation. At the highest oxygen concentrations, where
Cu is completely oxidized to Cu+, it is interesting to note that the
O2 conversion increases again and is higher in the presence of
CeOx.

The observations regarding oxidation of CO with increasing
amount of O2 on Cu and Cu/CeOx catalysts after pre-reduction at
different temperatures can be summarized as follows:

� In pure CO, Cu is present as Cu(0) in all catalysts (Cu and Cu/
CeOx).

� Upon addition of very small amounts of O2, all catalyst remain
mainly as Cu(0) and show full or nearly full O2 conversion.

� With increasing O2 content, the catalysts are oxidized to Cu+

and the O2 conversion decreases simultaneously. The Cu/CeOx

pre-reduced at 500 �C is oxidized/deactivated at the lowest O2

content followed by the catalyst pre-reduced at 250 �C followed
by the pure Cu catalyst.

� Upon further increasing the O2 content, the Cu/CeOx catalysts
starts to exhibit increasing O2 conversion again with an oppo-
site trend, i.e., the Cu/CeOx catalyst pre-reduced at 500 �C is
more active than the catalyst pre-reduced at 250 �C while the
pure Cu catalyst is basically inactive.

The conclusions are, again that Cu(0) is much more active than
Cu+ for CO-oxidation. The oxidation of Cu(0) is promoted by CeOx,



Fig. 4. CO-oxidation at 250 �C in a constant flow of CO (40 vol%) with increasing O2/CO ratios. Mass spectrometer measurements of (a) O2 content and (b) CO2 formation
during the experiment, (c) optical center shifts and (d–f) selected corresponding UV–vis spectra of a prepared flat model Cu, pre-reduced at 500 �C, and CeOx/Cu catalysts (Ce/
Cu = 1/5), pre-reduced at 250 and 500 �C. The O2 content and CO2 formation of a CeOx catalyst, pre-reduced at 500 �C, was included in figure (a, b) to serve as reference.
Results of the Cu and CeOx catalysts are displayed in blue and gray color and that of CeOx/Cu catalyst pre-reduced at 250 and 500 �C are shown in green and orange
respectively.
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especially after high temperature reduction but once Cu is oxidized
to Cu+, the CeOx acts as a promoter for CO oxidation.

3.5. Density functional theory calculations

Tables 1 and 2 show DFT calculated adsorption energies (Eads) of
the reaction intermediates in preferential CO oxidation. To clarify
the binding preferences of the most important reaction intermedi-
ates, Eads at different high symmetry surface sites - as shown in
Fig. 5 - are presented in Table 1.

The calculated Eads values clearly show that, energetically, all
adsorbates prefer the hollow sites (F or H), and that the preference
is strongest for oxygen. CO binds almost with equal strength to all
surface sites, whereas H atoms bind more energetically to hollow
sites. These results suggest that, during reaction conditions, oxygen
atoms will likely occupy the F sites whereas CO and to some extent
hydrogen atoms are expected to be adsorbed on any free surface
site, with no substantial difference in Eads among different sites.

Table 2 shows Eads for all reaction intermediates at their ener-
getically preferred sites. For comparison, we also compiled a list
of relevant values from Ref. [10].

We find that the Eads values, where there is only one adsorbate
present in the simulation cell, decrease according to O > OH > H >
CO, in accordance with previous studies [10,32]. Table 2 also con-
tains the Eads for two species that are co-adsorbed in the same cell.
Comparing these values with the Eads values of the two adsorbates
in separate cells (i.e., the numbers within brackets) gives an indica-
tion of the strength of attractive and repulsive interactions
between the adsorbates. Clearly, the interaction of two oxygen
atoms is highly repulsive (1.32 eV), while the repulsion between
oxygen and hydrogen atoms (0.46 eV) is much weaker. In contrast,
there are only very weak or no repulsive forces between O and CO,
H and H, nor OH and OH, while O and H2O interact attractively.
These interactions between surface adsorbates are especially
important when the reaction barriers are considered. Assuming a
low surface coverage (i.e., reactants adsorbed in different unit
cells) and that there is no activation barrier for diffusion over the
surface, the repulsive interaction between O and H should be
added to the activation barrier for OH formation (as done in ref
[10]).

Predicting minimum energy paths and the pertinent Energies of
Activation (Ea) are of central importance for the fundamental stud-
ies of catalysts. Table 3 shows Ea for the most important reaction
steps in H and CO oxidation and each corresponding reverse reac-
tion. For comparison, we also added the values from ref [10].

The highest activation barrier during the H2 and CO oxidation
reactions is calculated for dissociative adsorption of H2 (0.72 eV).
The CO2 and OH formation reactions have similar Ea, 0.66 and
0.51 eV, respectively. Dissociation of O2, adsorption of CO, and for-
mation of H2O (via OH + OH ? O + H2O) proceeds with modest
activation barriers, all being smaller than 0.15 eV. Only after the
repulsive interactions between O and H are added to the OH for-
mation activation energy (i.e., considering the low coverage regime
with Ea = 0.97 eV) does this reaction become the rate-limiting step.
It is, however, questionable if this would be relevant, as we exam-
ine in greater detail in the discussion section. For H2, the energetics
of the forward and reverse reactions are similar, suggesting that
both the dissociative adsorption and the associative desorption
reactions are equally probable. This is not the case for O2, where
the energy barrier for desorption is much higher. Ea for CO desorp-
tion is in the intermediate range (0.66 eV), which is about half an
eV higher than the barrier for adsorption. The initial sticking
coefficients for CO (SCO) on Cu(1 1 1) are between 0.1 and 1, while
for O2 (SO2) and H2 (SH2) they are 10�3 and 10�5, respectively



Table 1
DFT calculated adsorption energies (Eads, eV) of atomic and molecular species on high
symmetry sites of Cu(1 1 1) surface.

Species bridge (B) fcc (F) hcp (H) top (T)

O �4.00 �4.41 �4.31 �2.75
H �2.21 �2.35 �2.34 �1.75
OH converged to fcc �2.56 �2.55 �1.85
CO �0.47 �0.52 �0.50 �0.46

Table 2
Calculated adsorption energies, Eads, of atomic and molecular adsorbates on a (2 � 2)
Cu(1 1 1) slab surface. Eads values are calculated for co-adsorbed species, that is, when
both species are present in the same simulation cell. Additionally, Eads values for
infinitely separated species are given in brackets. The latter are calculated as the sum
of the two Eads values for two species in two different simulation cells.

Species Eads (eV) Adsorption site(s) fcc (F),
hcp (H), bridge (B), and top (T)

Eads (eV) [10]

O �4.41 F �4.41
H �2.35 F �2.55
OH �2.56 F, perpendicular �2.85
CO �0.52 F, perpendicular �0.96
H2O �0.02 away from surface (>4 Å) �0.18
CO2 �0.02 away from surface (>4 Å) �0.10
O + O �7.50 (�8.82) F & F –
O + H �6.30 (�6.76) F & F �6.38 (�6.96)
O + CO �4.89 (�4.93) F & T �5.20 (�5.37)
O + H2O �4.79 (�4.43) F & T �5.19 (�4.59)
H + H �4.60 (�4.70) F & F –
OH + OH �5.08 (�5.12) B & B, both tilted �5.71 (�5.70)

Fig. 5. Top view of Cu(1 1 1) surface after relaxation[31]. The high symmetry sites
for adsorption of chemical species are also shown.
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[11–13,33]. Hence, H2 adsorption suffers from a very low sticking
coefficient, a high activation barrier, and a relatively low desorp-
tion barrier. Therefore, it is expected that CO and O would primar-
ily cover the catalyst surface.

4. Discussion

This work aims at clarifying the details of catalytic selective oxi-
dation of CO in the presence of H2 on Cu(0) and the role of CeOx in
the reaction. Since Cu(0) is readily oxidized in O2-containing atmo-
spheres [21], it is necessary to monitor the oxidation state during
the experiments. In situ UV–vis is a convenient technique to
achieve this and has been successfully applied in the study of CO
oxidation and (R)WGS reactions by measuring the oxidation state
of Cu via the LSPR peak [16,21]. Although LSPR shifts can derive
from many different physical changes in the Cu catalyst, such as
particle shape, size and refractive index of the surrounding med-
ium (the latter is the reason that the LSPR peak appears at longer
wavelengths for the Cu/CeOx catlysts than for the Cu), the big
changes observed in this study are likely stemming mostly from
changes in the oxidation state, especially since complete and rever-
sible elimination of the LSPR peak is observed in most cases.

4.1. Main Observations

The main observations from the research conducted in this
paper are discussed around Fig. 6, which describe the catalyst oxi-
dation state and activity under the different conditions investi-
gated in this paper and propose how this relates to the surface
coverage and reaction mechanism:

Catalytic oxidation of H2 and CO follows the necessary reaction
steps described below, where ⁄ denotes a surface adsorption site
and X⁄ denotes a surface adsorbed species X.

a, b. Pure CO or H2

In the oxygen free gases, Cu is present in the metallic form.
Molecular CO adsorption and dissociative H2 adsorption take place
establishing a temperature dependent equilibrium surface cover-
age of adsorbates.

COþ � $ CO� ð1Þ
H2 þ � $ 2H� ð2Þ
H atoms interact much stronger with Cu(0) than CO (Eads �2.35

and �0.52 eV) and has a higher activation barrier for desorption
(0.74 vs 0.66 eV), which implies a larger equilibrium surface cover-
age of the latter species. This is in agreement with previous litera-
ture [10,34].

c, d. CO or H2 with trace amounts of O2

Oxidation of CO and H2 on Cu(0) follows the Langmuir-
Hinshelwood (L-H) mechanism, which takes place between
adsorbed CO or H and O atoms [35–38]. Among the three reactants,
the interaction strength between metallic Cu and adsorbed O, H
and CO follows a decreasing trend (this paper and Refs. [10,39]).
For CO oxidation, the following steps need to take place in addition
to step 1:

O2 þ 2� $ 2O� ð3Þ
CO� þ O� $ CO2 þ � ð4Þ
However, strongly adsorbed O atoms can either oxidize the CO

molecules or the metallic Cu. The following two reaction steps
need to be included:

2Cuð0Þ þ O� ! Cu2Oþ � ð5Þ
Cu2Oþ CO� ! CO2 þ 2Cuþ � ð6Þ
Although the activation energy for CO oxidation is higher than

that for Cu(0) oxidation [11], metallic Cu is kept stable in the CO/
O2 gas flow as long as the O2 content is low enough to be fully con-
verted [21], i.e., step 3 is balanced by step 4 and step 5 is balanced
by step 6. This can also be understood if the sticking coefficients for
CO adsorption and dissociative O2 adsorption are considered. The
former is in the range between 0.1 and 1 whereas the latter is
around 10�3 [11,13,33]. Both the surface oxidation and the CO2

formation is limited by the adsorption of O2 and the surface is



Table 3
DFT (RPBE) calculated activation energies, Ea, for the forward (from left to right) and backward (from right to left) reactions. The Ea values for associative reaction steps at low
surface coverage are given within brackets. The latter takes into account the extra energy required to bring the species close together. This is calculated by adding to Ea, the
difference between Eads of species that are co-adsorbed in the same cell and Eads of species in separate simulation cells.

Reaction Ea (eV), forward Ea (eV), reverse Adsorption site(s) fcc (F),
hcp (H), bridge (B), top (T)

Ea (eV) [10] forward

H2 ¡ H + H 0.72 0.74 (0.84) T or H ? F + F 0.70
CO + O ¡ CO2 0.66 (0.70) 1.93 T + F ? H 0.65 (0.82)
O + H ¡ OH 0.51 (0.97) 1.55 F + F ? F 0.70 (1.28)
O2 ¡ O + O 0.09 1.41 (2.73) T ? F + F 0.20
CO (mol) ¡ CO (ads) 0.14 0.66 F ? F –
OH + OH ¡ O + H2O 0.09 (0.13) 0.14 (–) B + B ? H + T 0.24 (0.23)

Fig. 6. Schematic illustrations of catalytic performance of a Cu catalyst in a gas flow
containing a CO/O2 gas flow, where CO is gradually replaced by H2 from a–h. In the
figure, subscripts lat, ad and g stand for species from lattice, adsorption and gas
phase, respectively.
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predominantly covered by CO, in spite of the stronger adsorption
energy of O. Hence, there are enough adsorbed CO molecules to
react with the adsorbed O and to reduce a forming surface oxide.

In contrast, oxidation of H2 is a relatively slow and complex
process, which requires the following steps in addition to steps 2
and 3:

H� þ O� $ OH� þ � ð7Þ

OH� þ H� $ H2Og þ � ð8Þ

OH� þ OH� $ H2Og þ O� þ � ð9Þ
It starts from the formation of OH, step 7, and subsequently fol-

lows either 8 or 9, where step 8 has been reported to have the low-
est activation barrier [10]. For the sake of completeness, the
reaction step 10 should also be added.

Cu2Oþ 2H� ! H2Oþ 2Cuð0Þ þ 2� ð10Þ
During this process, OH formation, has been suggested as the
rate-limiting step, requiring a larger activation energy than CO2

formation. In addition, the activation barrier for H2 adsorption is
0.72 eV (compared with 0.14 eV for CO) and the sticking
coefficient, SH2 is about five orders of magnitude lower than SCO
[11–13]. The slower adsorption of hydrogen and reaction rate
between O and H explains the partial oxidation of metallic Cu in
the H2/O2 gas flow even at the lowest oxygen content, which is
not seen in CO/O2. The formation of Cu2O then decreases the rate
of step 2 and 3, which would further decrease the activity towards
H2 oxidation and slow down the Cu2O reduction. In other words,
CO oxidation is fast enough so that the reaction is limited by trans-
port of oxygen, thereby avoiding oxidation and subsequent deacti-
vation of the Cu surface. H2 oxidation is slower and most likely
limited by the dissociative adsorption of hydrogen, leading to sur-
face oxidation and a self-sustaining decrease in the oxidation rate.

e, f. CO or H2 with small amounts of O2

When the amount of O2 in the CO/O2 gas flow is further
increased, oxidation of the Cu surface is observed. With a higher
O2 content, the oxidation rate of both CO and Cu(0) is enhanced
because the reactions are limited by the supply of oxygen at the
lowest concentrations. The activation energy for CO oxidation is
higher than for Cu(0) oxidation [11] and additional O atoms that
accumulate on the surface will eventually oxidize Cu(0) into Cu+

(step 5), resulting in a sharp decrease in the reactivity [11,21].
On Cu oxides, it has been proposed that oxidation of CO follows
a redox mechanism, involving gaseous CO molecules that react
with O from the lattice (Olat) of Cu2O to create vacancies, which
are then replenished by gaseous O2 [28,40,41] described by:

Olat þ CO $ CO2g þ vac ð11Þ

2vac þ O2g $ 2Olat ð12Þ
This process is clearly slower than the direct reaction between

surface adsorbed species. On the oxidized surface, the reaction rate
is not limited by the supply of oxygen from the gas phase but by
removal of intermediates or products, which blocks the sites for
oxygen dissociation [40,41]. As a result, it is difficult to reduce
Cu2O in a CO/O2 gas flow [21]. It has also been shown that CO
can occupy the oxygen vacancies, thereby blocking the O2 dissoci-
ation and thus poisoning the catalyst [42].

In contrast, complete Cu oxidation was not observed in the H2/
O2 gas mixtures neither upon addition of small nor large amounts
of O2 (not shown). It is probable that a passivating layer is formed
in the H2/O2 but not in the CO/O2 gas mixtures, which prevents fur-
ther Cu oxidation. Given the available molecules, this passivating
layer should involve hydrogen, e.g. a Cu2O layer with a hydrogen
terminated surface layer of CuOH [43,44] or Cu(OH)2 [45].

Cu2Oþ H� ! Cu2OH þ � ð13Þ

Cuð0Þ þ 2O� þ 2H� ! CuðOHÞ2 þ 4� ð14Þ
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The hydrogen or hydroxyl surface termination would then
result in a weaker interaction with the gas phase O2, thereby pre-
venting O2 dissociation and thus any further oxidation (alterna-
tively, the passivating layer decreases the mobility of O-atoms
into the bulk of the Cu nanoparticles). The formation of copper
hydroxides has been reported in the literature. Hultquist et al.
found that metallic Cu is slowly oxidized into CuOH in H2O vapor
(�0.5 mm in 2 years at 22–56 �C) but that the rate of formation
increases at higher temperatures [43]. Zuo et al. used XPS and
DFT calculations to study oxidation of Cu exposed to humid air
and propose that Cu(OH)2 formation follows eq.14, depending on
the H2O and adsorbed OH content [45].

g, h. CO/H2/O2 gas mixtures

Cu+ reduction takes place in the H2/CO/O2 but not in H2/O2 or
CO/O2 gas mixtures. It is worth mentioning that there is nearly
no difference in the reducing ability of pure CO and H2 gas, which
is confirmed by CuO-temperature programmed reduction (TPR)
experiments (supplementary information, Fig. S5).

In the CO/O2 gas flow, the added H2 molecules in the gas mix-
ture likely aid in removing lattice O from Cu2O (step 10) or
decrease the rate of O2 dissociation through the formation of a pas-
sivating layer (steps 13 & 14). This would lead to a net increase in
the rate of Cu2O reduction resulting in the formation of Cu(0),
which promotes the reactivity in CO oxidation. This in turn
decreases the amount of O2 available for Cu oxidation, resulting
in further Cu reduction [21]. In the H2/O2 gas flow, the catalyst sur-
face could be reduced by recombination of two OH groups (1.38
eV) [10]. Evidently, this is a rather difficult and slow process since
surface oxidation is always seen in the H2/O2 gas flows. We pro-
pose that in the presence of CO, a CO-OH intermediate can form
and subsequently decay into CO2 and H2, as suggested for the
reverse water gas shift reaction mechanism [46,47].

OH� þ CO $ COOH� ð15Þ

2COOH� $ 2CO2 þ 2H2 þ 2� ð16Þ
This would explain why Cu2O is more readily reduced in a CO/

H2/O2 mixture than in the H2/O2 or CO/O2 gas flow.

4.2. Relevance for PROX under industrial conditions

Under typical PROX conditions, the gas has a very low CO con-
tent (below 1%) especially if the catalyst is efficient and close to
100% CO conversion is reached (in practice �100 ppm is desired).
The extreme, but relevant case with full CO conversion is repre-
sented by the experiments presented in Figs. 2 and 3 where H2 oxi-
dation in the absence of CO is described (as discussed above in case
c-f). Under these conditions, H2 oxidation is very slow compared to
CO-oxidation under the H2-free conditions. In the presence of both
H2 and CO, H2 oxidation is still negligible and CO oxidation is
slower than in pure CO/O2 gas. It thus appears that the superior
oxidation performance of a Cu-catalyst in the metallic state cannot
be maintained under conditions relevant for industrial PROX.

We suggest that the difference in oxidation rate is due to two
fundamentally different reaction-mechanism, namely a fast
Langmuir-Hinshelwood (L-H) and a slow red-ox mechanism.

(i) In pure CO, with low O2 content and full O2 conversion, the
rate of CO2 formation exceeds that of O2 adsorption. The cat-
alyst maintains its’ metallic state and the reaction proceeds
via the fast L-H mechanism [28].

(ii) In pure H2 and the same oxygen content, O2 adsorption is
faster than H2O formation (since the sticking coefficient for
H2 is low). The surface is oxidized into CuOH or Cu(OH)2.
On the hydroxide surface, both H2 and O2 dissociation is
retarded leading to an even lower rate of oxidation but also
hindering further oxidation of the catalyst. H2-oxidation
proceeds via a red-ox mechanism that is so slow (compared
with the L-H mechanism) that it is not detected in our
experiments.

(iii) In pure CO, with higher O2 content and less than full O2 con-
version, the rate of O2 adsorption exceeds that of CO2 forma-
tion. The catalyst is oxidized into Cu2O and the reaction
proceeds via a slow red-ox mechanism [28]. O2 dissociation
on the oxidized surface is still faster than CO2 formation and
the catalyst can oxidize beyond the surface layer.

(iv) In the mixed CO-H2 gas, both situation occur in parallel. H2

and O2 forms a surface hydroxide. This hydroxide can be
reduced with CO. Consequently, part of the catalyst surface
remains reduced. On the reduced part of the catalyst surface,
CO oxidation by the fast L-H mechanism can take place. On
the hydroxylated part of the surface, the slow H2 and CO oxi-
dation occurs.

4.3. The role of CeOx

With the explanations discussed above, one function of CeOx

would be to provide extra dissociation sites for O2. Cu near the
interface with CeOx would thus be oxidized already at lower O2

contents compared with the unpromoted catalyst. This is in line
with literature, where CeOx has been shown to efficiently dissoci-
ate both H2O, CO2 and O2 [9,15,16] and explains why the CeOx pro-
moted catalysts are less active for CO-oxidation than the
unpromoted catalyst at very low oxygen contents. It would also
explain why CO oxidation proceeds faster on the CuOx/CeOx cata-
lyst. Oxygen replenishment from the gas phase is slow on CuOx

because the active sites for oxygen dissociation are blocked by
reaction products [28,40,41]. If oxygen can be supplied via spil-
lover from the CeOx, this would improve the reaction rate of the
oxidized Cu catalyst as observed in our experiments.

At first glance, some of our results may appear at odds with
previous literature findings. Regarding the role of CeOx, it is
frequently suggested that synergistic effect between Cu and CeOx

enhances the catalyst reactivity [48–51] whereas we conclude
that the ceria promoted catalyst is less active than pure Cu.
The reason for this difference can be found in the studied
catalyst systems and the applied reaction conditions. In virtually
every literature reference (with a few exceptions [28,52]),
CO-oxidation and PROX experiments are performed under condi-
tions where copper is present as an oxide. Under these conditions
we too find that CeOx acts as a reaction promoter. However, for
reaction conditions where metallic copper can be maintained,
the catalyst show a dramatically higher activity. Under these con-
ditions, CeOx does not promote the activity but contributes to
oxidation of the metallic copper, resulting in decreased activity.
Thus, we show that the role of CeOx depends on the Cu oxidation
state in PROX.

The other apparent contradiction with literature results is the
statement that metallic Cu is more active than its’ oxides for CO-
oxidation [50,53]. This can also be contributed to the choice of
experimental conditions, where the studies that claim Cu-oxides
outperform metallic Cu were performed in gas compositions that
are relevant for a commercial application but where metallic cop-
per is not stable and/or on powder catalyst where subsurface oxy-
gen can obscure the results. This demonstrates the strength of in-
situ measurements using flat model systems in a wide range of
reaction conditions.



186 Y. Bu et al. / Journal of Catalysis 357 (2018) 176–187
4.4. Selectivity

In the comprehensive study by Mavrikakis and co-workers [10],
the OH formation step is pointed out as the main cause of selectiv-
ity for PROX on Cu(1 1 1). At low surface coverages, they find an
activation barrier for OH formation of 1.28 eV, whereas CO2 forma-
tion requires only 0.82 eV. Our results points to a similar trend,
where OH formation requires 0.97 eV and CO2 formation 0.70 eV.
However, in the high coverage regime, the differences between
the two rate determining steps virtually vanish in both studies. If
OH formation was the rate determining step for hydrogen oxida-
tion, surface species would accumulate in time, especially consid-
ering the high activation barrier for oxygen desorption (1.41 eV)
and the catalyst would enter the high surface coverage regime.
Therefore, one would expect a similar rate of reaction for H2

oxidation as for CO oxidation when the gases are kept separate.
However, in our experiments we observe much higher reaction
rates during CO oxidation than during H2 oxidation. Therefore,
we believe that the hydrogen adsorption (Ea = 0.72 eV, So = 10�5)
process plays the dominant role in defining the selectivity of
metallic Cu.
5. Conclusions

We applied in situ UV–Vis and Mass spectrometry and per-
formed DFT calculations to study flat model Cu and Cu/CeOx cata-
lysts under preferential oxidation of CO in the H2 flow conditions.
The combination of in situ UV–Vis and Mass spectrometry reveals
that the selective oxidation of CO on Cu(0) is fast but that this phase
cannot be maintained under the most relevant conditions (H2 with
trace amounts of CO and O2). Our main observations are:

For H2 oxidation:

� Neither Cu nor Cu/CeOx show significant activity.

For CO oxidation:

� Cu(0) is much more active than Cu+.
� Cu(0) is more active than Cu(0)/CeOx, due to a slight oxidation of
Cu in the latter case.

� Cu+/CeOx is more active than Cu+.

Catalyst stability in different gas compositions:

� Cu is always partially oxidized in H2/O2 gas mixtures with no or
very small inclusions of CO.

� H2 promotes Cu reduction while CeOx promotes Cu oxidation.

The promoted O2 dissociation by CeOx accelerates Cu deactiva-
tion, but enhances the reactivity of oxidized Cu in the selective oxi-
dation of CO.

The stability of Cu(0) relates closely to the gas compositions. The
coexistence of CO and H2 in the O2 is key factor to sustain the sta-
bility of metallic Cu and high reactivity in oxidation of CO. Based on
DFT calculations, experimental results and literature reports of the
sticking coefficients for the reactants, we suggest that hydrogen
adsorption is the rate determining step in hydrogen oxidation on
metallic Cu(1 1 1) and the reason for the observed selectivity
towards CO oxidation.
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