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Preferential oxidation of CO in H2 was studied over a series of CuOx–CeO2 mixed oxide catalysts with dif-
fering Cu loadings and preparation techniques to elucidate structure and mechanism parameters
required to achieve high selectivity. Using in situ diffuse reflectance infra-red Fourier transform spectros-
copy (DRIFTS), CO oxidation activity is linked to Cu+ carbonyl species (�2110 cm�1), while catalyst deac-
tivation is associated with catalyst hydration. Active sites for both reactions are found to be reducible
oxygen from highly dispersed or surface incorporated CuOx species in proximity to Ce, and are quantified
utilizing anaerobic titrations. Active site concentrations (2.1–3.5 � 10�6 mol O* m�2) are correlated with
surface copper content, as determined by X-ray photoelectron spectroscopy (XPS). High reaction selectiv-
ity towards CO oxidation (100% selectivity above 200 ppm CO at 333 K) is attributed to preferential
adsorption of CO as well as inhibited H2 dissociation due to oxidized copper sites. A detailed Mars and
van Krevelen mechanism for CO and H2 oxidation is proposed and supported by comparing the model
to the experimental data.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

CuOx–CeO2 catalysts are known for their high selectivity for CO
oxidation in atmospheres with excess H2, for applications both in
CO preferential oxidation (PROX) systems (CO concentration
�1%) [1–15] and in reactive CO sensors (CO concentration
�100 ppm) [16]. In many of these works, rate expressions are pro-
posed and fit to data and some mechanistic steps are proposed, but
no work includes a full mechanism for both CO and H2 oxidation
pathways. Previously, it was suggested that the high PROX selec-
tivity of CuOx–CeO2 catalysts is partially due to competitive
adsorption effects between CO and H2 [16]. Also suggested in this
work was that inherent differences between CO and H2 oxidation
kinetics also contribute to the high selectivity. A goal of this study
is to elucidate the reaction pathways, and to use this new under-
standing of the mechanism to discuss factors which lead to high
selectivity.

It is commonly accepted for CuOx–CeO2 catalysts that oxida-
tion pathways are facilitated by a form of mobile oxygen
[5,7,12,17]. Generally the mobile oxygen is attributed to interfa-
cial sites between CuOx and CeO2 domains. Comparative investi-
ll rights reserved.

ch).
gations of CuOx–CeO2 catalysts prepared by both incipient
wetness impregnation and a reverse microemulsion method show
that Cu domains with higher dispersion have a higher activity to-
wards CO oxidation and that high copper loadings lead to a de-
crease in CO oxidation selectivity with respect to H2 oxidation
[5]. Progressive Ar+ sputtering XPS also showed that the reverse
microemulsion technique is more effective at segregating Cu than
incipient wetness, in the form of either copper oxides or copper-
enriched Cu–Ce mixed oxides. The formation of a mixed oxide
phase is possible as a substitution solid solution considering the
ionic radii of Ce+4 (0.111 nm) and Cu+ (0.115 nm) [12,17]. In-
creased activity (for both CO and H2 oxidation) of these segre-
gated Cu species is correlated to the ease of reduction (or
oxygen vacancy formation); an idea supported by other studies
[7,12]. Though the requirement of active lattice oxygen is a com-
mon idea among many works, no active lattice site densities have
been reported. Such redox site densities are important for the
determination of intrinsic activity and accurate comparison of
rates over CuCeOx catalysts with variable preparation, Cu content
and dispersion [18,19]. Therefore, another main purpose of this
work is to measure the quantity of active oxygen sites on CuOx–
CeO2 catalysts with variable Cu content and surface dispersion
and relate it to both activity and the level of incorporation be-
tween Cu and CeO2.

http://dx.doi.org/10.1016/j.jcat.2009.06.021
mailto:baertsch@purdue.edu
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat
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2. Experimental

2.1. Catalyst synthesis

In an attempt to achieve a high degree of mixing between CuO
and CeO2 phases and to compare influences of the degree of Cu
dispersion on rates and selectivity amongst catalyst samples,
CuOx–CeO2 catalysts were synthesized by both the urea gelation
technique [7] and co-precipitation [2]. Cu(NO3)2�3H2O (Alfa Aesar,
ACS reagent) and (NH4)2Ce(NO3)6 (Alfa Aesar, 99.5%) precursors
were used in both cases. For urea gelation catalysts, precursors
were dissolved in 135 mL deionized water to a total molarity of
approximately 0.5 M with relative proportions to contain 10 atom%
Cu. A 7.5 M solution of urea (Alfa Aesar, 99.5%) one-third of the vol-
ume of the precursor solution was also prepared. Both solutions
were heated to near their boiling points and the urea solution
was added steadily by a buret to the precursor solution over a per-
iod of 0.167 h (a total of 45.5 mL) while stirring. The solution was
then stirred and boiled gently (around 373 K) for 2 h during which
the solution became a gel and changed its color from bright orange
to dark green, after which it was aged for another 2.5 h at approx-
imately 415 K. The aged material was washed twice by stirring vig-
orously in hot deionized water for 0.5 h and then vacuum filtered.
The catalysts were dried overnight in an oven at 383 K and calcined
in dry air at 923 K for 4 h.

For the preparation of co-precipitated CuOx–CeO2, 50 mL of
0.15 M Cu(NO3)2�3H2O and 500 mL of 0.075 M (NH4)2Ce(NO3)6

were mixed together at room temperature and precipitated by
the fixed rate addition of 7% w/v Na2CO3 (Fisher Scientific) over
1.33 h (a total volume of 118 mL). The precipitated mixture was
stirred for an additional 0.5 h, then filtered, washed, dried and cal-
cined as described above.

The catalysts used in this study are referred to as CuCeOx–UG x.x
or CuCeOx–CP x.x where UG and CP, respectively, stand for urea gela-
tion and co-precipitation, and x.x is the atomic percentage of Cu
determined by atomic absorption spectrometry (AAS). A pure CeO2

sample is also prepared by urea gelation, referred to as CeO2–UG.

2.2. Catalyst structure characterization

The CuOx–CeO2 catalysts were characterized by X-ray diffrac-
tion (XRD), X-ray photoelectron spectroscopy (XPS), high resolu-
tion transmission electron microscopy (HR-TEM), atomic
absorption spectrometry (AAS) and temperature-programmed
reduction (TPR). XRD patterns were collected using a Scintag X2
diffractometer using Cu Ka radiation (wavelength = 0.1541 nm)
and a scanning rate of 1.2�/min. The Scherrer formula [20] was
used to calculate catalyst crystallite size. This value was calculated
for five of the principal diffraction peaks for fluorite CeO2 [(111),
(200), (220), (311) and (222)] and the average value is reported.
XPS spectra of powdered samples were collected using a Kratos
AXIS spectrometer fitted with a charge neutralizer. Survey spectra
were completed using a pass energy of 160 eV and a dwell time of
0.8 s, while narrow region spectra for Cu 2p and Ce 3d were done
with a pass energy of 20 eV and a dwell time of 0.2 s. Region spec-
tra are a result of averaging at least four scans over the region.
CasaXPS version 2.3.12, using built in relative sensitivity factors
for Cu 2p3/2 and Ce 3d5/2 peaks, was used to quantify relative Cu:Ce
surface concentrations. For XPS measurement, powdered catalyst
was spread onto double-sided conductive tape and placed on the
sample holder. Two spectra were collected for each sample at dif-
ferent positions on the powdered catalyst film to ensure sample
homogeneity, and average results are reported.

Transmission Electron Micrographs were collected on a FEI Ti-
tan 80 field-emission Environmental Cell Transmission Electron
Microscope/Scanning Transmission Electron Microscope (E-TEM/
STEM) at an operating voltage of 300 kV. Electron energy loss spec-
tra were collected using a Gatan Image Filter. Images were col-
lected at low magnification to ensure uniformity of the surface
and high magnification images are shown as representative of
the surface. Electron Energy Loss Spectroscopy (EELS) was per-
formed by switching from imaging to spectroscopy mode and col-
lecting data over the same region as imaged. Ground solid catalysts
were deposited on a holey carbon grid (Electron Microscopy
Sciences).

Samples for AAS measurements were made by dissolving cata-
lysts in concentrated HNO3:HCl mixtures (1:3) at �353 K and then
diluting in DI water. Samples were matrix-matched to avoid any
potential interference from nitrate or chloride ions. Cu standards
of 1, 5 and 10 mg/L were prepared from a 1000 mg/L standard solu-
tion (Ricca Chemical). Weight percentages were obtained from
concentration measurements (wavelength 324.8 nm, slit 0.7 nm)
and atomic percentages were calculated using the stoichiometry
CuxCe1�xO2�x. TPR studies were carried out in a U-shaped quartz
reactor (10 mm I.D.). For all TPR experiments, catalysts were re-
duced using 20 mole% H2 in Ar (50 sccm, 0.333 K s�1). The reactor
effluent was analyzed by mass spectrometry (Hiden HPR 20 Gas
Analyzer); monitoring m/e = 2 for the consumption of H2. Catalyst
surface areas were determined by nitrogen physisorption (BET
method) at 77 K using a Micromeritics ASAP 2000 porosimeter.

All error values reported in this work are calculated assuming
that the experimental results are normally distributed. Due to rel-
atively small data sets for most error determination (<10 samples),
a T-distribution was used to calculate confidence intervals, and in
all cases, data are reported to 90% confidence. Errors obtained on
quantities determined by linear fits (BET surface area, reaction or-
ders, etc.) are based on standard error of the slope parameter, and
are also given as 90% confidence intervals as described. Errors on
calculated quantities (normalized rates, surface densities, etc.)
are calculated using appropriate error propagation for the equa-
tions used.

2.3. Reaction characterization

Two different sets of conditions with significantly different CO
pressures were used to investigate the rate, selectivity and mecha-
nism for selective CO oxidation in H2 over CuOx–CeO2 catalysts.
Conditions typical of many PROX studies [3,11,21] were used for
benchmarking purposes. For these conditions, reactions were car-
ried out at 313–413 K in 50% H2, 1% CO, 0.5% O2 and balance He.
Conditions relevant for gas sensor applications were also investi-
gated in this study. For these conditions [16], reactions were carried
out at 333–353 K in excess H2 (typically 25–50%) with varying CO
and O2 concentrations between 50 and 5000 ppm. Catalyst pow-
ders (particle sizes 75–125 lm) were supported on a quartz frit
in a vertical U-shaped quartz reactor (I.D. 10 mm). Temperature
measurement and control was performed with a thermocouple
resting in a well in contact with the catalyst bed. Reactor effluent
was analyzed using an Agilent MicroGC 3000, with a lower detec-
tion limit on water of approximately 2 ppm. Fractional conversions
for both CO and H2 were calculated by disappearance, shown by
example in (1), where PCO,out is the CO partial pressure in the prod-
uct mixture under reaction conditions and PCO,in is the CO partial
pressure in the reaction feed. Reaction selectivity was calculated
by product formation, shown by (2), where PCO2 ;out and PH2O;out are
CO2 and H2O partial pressures under reaction conditions. No other
products were observed at any tested reaction conditions.

XCO ¼ 1� PCO;out=PCO;in ð1Þ
SCO2 ¼ PCO2 ;out=ðP CO2 ;out þ PH2O;outÞ � 100% ð2Þ



Fig. 1. Powder X-ray diffraction patterns for (a) CuCeOx–UG 4.0, (b) CuCeOx–CP 9.1,
(c) CuCeOx–UG 2.5 and (d) CeO2–UG. All XRD patterns are normalized by (111)
peak intensity. Dotted lines show expected peak positions for (j) CuO [3], (N) Cu2O
[34] and (d) Cu [35].
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All rate measurements were made after first treating the
catalyst in 10% O2 balance He for 0.5 h at 773 K, then subjecting
the catalyst to reaction conditions for 12–16 h. After an initial
deactivation period (�12 h), the catalyst activity was very stable
over long time frames (>50 h). A similar pretreatment method
has been previously developed [12].

Anaerobic titrations, an experiment detailed in another work
[19], were used as a method to quantify redox site densities for cat-
alysts in this study. In this method, O2 is instantaneously removed
from a steady-state oxidation process and replaced with a make-up
flow of He using a 4-port zero dead volume Valco switching valve.
The reactor system reached zero O2 concentration within 15 s of
the switch time for all experiments in this study, as verified by
monitoring m/z = 32 using a Hiden HPR 20 Gas Analyzer. Anaerobic
titrations were performed using both CO and H2, either separately
or together, as probe molecules. Product formation rates during
anaerobic titration were measured by mass spectrometry for CO
titrations (m/z = 44) and by Micro GC for H2 and PROX titrations.

2.4. In situ DRIFTS measurements

In situ diffuse reflectance infra-red Fourier transform spectros-
copy (DRIFTS) data were collected with a Nicolet Magna-860 spec-
trometer using a Harrick Scientific Praying Mantis diffuse
reflectance accessory (DRA) and in situ reaction cell (HVC-DRP).
Spectra were averaged over 128 scans with a resolution of
4 cm�1 and mirror velocity of 1.8988 cm s�1. Approximately
30 mg of powdered catalyst was loaded into the reaction cell and
supported on a horizontal quartz frit. Gases were mixed upstream
by Tylan mass flow controllers and passed downward through the
catalyst bed. Temperature was measured and controlled by a ther-
mocouple immediately beneath the catalyst bed. The infra-red
beam was focused onto the catalyst surface prior to enclosing the
catalyst in a dome fitted with ZnS windows. A background spec-
trum was collected at reaction temperature after pretreatment in
10% O2 balance He at 773 K. This background spectrum was used
to convert reflectance measurements into pseudo-absorbance
units using the Kubelka–Munk methodology [22]. DRIFTS was used
in this study to monitor surface species during catalyst deactiva-
tion in 25% H2, 1% CO, 3% O2, and the balance He at 333 K.

3. Results and discussion

3.1. Characterization of catalyst structure

The structure of three prepared CuOx–CeO2 catalysts and one
pure CeO2 sample was characterized using complementary tech-
niques; their properties are reported in Table 1. Previously, it
was demonstrated that the optimal catalyst structure for high
activity and selectivity is a mixed Cu and Ce oxide [3,17]. As shown
in Fig. 1, X-ray diffraction peak positions are identical for all cata-
lysts and match what is expected for pure fluorite CeO2 [23]. The
absence of Cu, Cu2O and CuO peaks as determined by XRD is con-
Table 1
Summary of catalyst structure properties.

Catalyst namea Copper content (wt%)b BET surface area (m2 g

CeO2–UG – 16.0 ± 0.1
CuCeOx–UG 2.5 0.8 ± 0.2 36.3 ± 0.2
CuCeOx–UG 4.0 1.3 ± 0.2 115.8 ± 0.7
CuCeOx–CP 9.1 3.0 ± 0.1 57.8 ± 0.4

a UG and CP represent urea gelation and co-precipitation, respectively. Number repre
b Copper content determined by AAS.
c Crystallite sizes calculated from the Scherrer formula [20].
d Surface ratios (Cu:Ce) calculated from peak areas of Cu 2p1/2 and Ce 3d5/2, using bu
sistent with a high level of Cu incorporation within CeO2. Although
unmixed copper oxide species may still exist on the surface, such
domains are either too small or not crystalline enough to be ob-
served by XRD and thus a significant portion of the Cu must be
in proximity to Ce. The Cu is also possibly incorporated in a substi-
tution solid solution with CeO2 as noted in other studies [12,17].
The distinguishably sharper peaks for pure CeO2 indicate larger
crystallite size than the CuOx–CeO2 samples, as quantified in Table
1. The shorter range crystallinity of the CuOx–CeO2 samples can
possibly be attributed to the presence of Cu interrupting crystalli-
zation during synthesis, or perhaps disrupting CeO2 annealing dur-
ing calcination.

High Resolution Transmission Electron Microscopy (HR-TEM)
and Electron Energy Loss Spectroscopy (EELS) were also used to
probe the dispersion of Cu in the CuOx–CeO2 catalysts. Fig. 2a
shows a representative Transmission Electron Micrograph col-
lected over the CuCeOx–UG 4.0 catalyst. No domains of CuOx are
visible – structural characteristics resemble those of ceria alone
(images not shown here). This was further confirmed by EELS data
collected over the same catalyst (Fig. 2b). The spectrum shows an
adsorption edge at 883 eV with two peaks separated by about
15 eV, corresponding to the M5 and M4 absorption edges of Ce
in CeO2 [24]. Micrographs and EELS data collected over the Cu-
CeOx–UG 2.5 and the CuCeOx–CP 9.1 catalysts showed similar fea-
tures, suggesting that extremely small amounts of Cu are present
in these catalysts and almost none of it is present as surface CuOx.
To test the efficacy of TEM and EELS in detecting bulk CuOx in these
catalysts, another catalyst was prepared by the same method as
CuCeOx–UG 4.0, but calcined at �1123 K. It is known that a higher
calcination temperature results in Cu segregation from the lattice
and hence more CuOx formed on the CeO2 surface [6]. A TEM
�1) XRD crystallite size (nm)c XPS surface Cu:Ce ratiod

22 ± 3 –
11 ± 3 0.36 ± 0.04
8 ± 2 0.17 ± 0.02

12 ± 3 0.49 ± 0.07

sents Cu content in atomic percentage.

ilt in relative sensitivity factors in CasaXPS version 2.3.12.
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micrograph of this catalyst is shown in Fig. 2c and shows highly
crystalline particles with dark patches of observed CuOx. EELS
spectra collected over this catalyst (Fig. 2d) show that in addition
to the absorption edges associated with Ce (883 eV and 901 eV),
absorption associated with the Cu L2 and L3 edges are also seen
at �925 eV and 945 [24]. The contrasting results suggest that most
surface Cu species in the CuCeOx–UG 2.5 and the CuCeOx–CP 9.1
catalysts are in the form of Cu–O–Ce, rather than as crystalline
CuO. However, differentiation between Cu–O–Ce species contain-
ing Cu substituted into the CeO2 lattice with very small amorphous
CuOx monolayers/submonolayers on the CeO2 surface is not possi-
ble from these TEM results.

Fresh catalysts were characterized by ex situ XPS to determine
relative surface concentrations of Cu and to observe the average
oxidation state of Cu and Ce in prepared samples. Relative Cu:Ce
surface concentrations, when compared to the bulk atomic Cu con-
centration, can be used as a measure of Cu incorporation. The clo-
ser the surface concentration is to the bulk concentration, the
higher degree of Cu incorporation. Survey scans were used to cal-
culate the Cu:Ce ratios reported in Table 1. The bulk Cu to bulk
Ce atomic ratios are 0.026, 0.042 and 0.100 for CuCeOx–UG 2.5, Cu-
CeOx–UG 4.0 and CuCeOx–CP 9.1, respectively. The surface ratios of
CuCeOx–UG 4.0 and CuCeOx–CP 9.1 are only 4 and 5 times the
value of their respective bulk ratios, compared to 14 times for
Fig. 2. HR-TEM images of (a) CuCeOx–UG 4.0 and (c) CuCeOx–UG calcined at 1123 K with
1123 K.
the CuCeOx–UG 2.5 catalyst, suggesting that Cu in the CuCeOx–
UG 2.5 catalyst is more segregated to the surface (less incorporated
into the bulk) than the other catalysts, though all catalysts seem to
exhibit significant segregation of Cu to the surface.

Figs. 3 and 4 show the Cu 2p and Ce 3d XPS regions. The spectra
are normalized by their peak intensity and energy corrected for
adventitious carbon at 284.0 eV. From Fig. 3, it is apparent that
most Cu initially present in these samples is in a +1 oxidation state
due to the absence of shake-up peaks that are expected for Cu2+ at
939–944 eV [3]. However, some of the Cu in the CuCeOx–CP 9.1
catalyst appears to be in a +2 oxidation state, as both the 2p3/2

and 2p1/2 peaks are noticeably broadening to higher binding ener-
gies. The Ce 3d XPS of CuCeOx–CP 9.1 also differs noticeably from
the UG catalysts (Fig. 4). While the Ce in both CuCeOx–UG samples
seems to be mostly in a +4 oxidation state, the CuCeOx–CP 9.1 sam-
ple contains more Ce3+ character due to the reduction of peaks at
880.9 and 896.8 eV and the appearance of a feature around
883 eV, where Ce3+ is expected [25]. These observations together
are indicative of the redox equilibrium (Cu1+ + Ce4+

M Cu2+ + Ce3+)
[8,12] which is shifted to the right in the CuCeOx–CP 9.1 catalyst
relative to the UG catalysts.

This equilibrium has been claimed to be the source of a syner-
getic effect on catalyst reducibility [12] which is evidenced by tem-
perature- programmed reduction (TPR) experiments. Fig. 5
the corresponding EELS spectra of (b) CuCeOx–UG 4.0 and (d) CuCeOx–UG calcined at



Fig. 3. XPS region spectra of (a) CuCeOx–CP 9.1, (b) CuCeOx–UG 4.0 and (c) CuCeOx–
UG 2.5 over the Cu 2p region.

Fig. 4. XPS region spectra of (a) CuCeOx–CP 9.1, (b) CuCeOx–UG 4.0 and (c) CuCeOx–
UG 2.5 over the Ce 3d region.

Table 2
Comparison of Cu surface segregation and TPR peak ratios.

Catalyst name Degree of Cu segregationa Peak area ratiob (ALT/AHT)

CuCeOx–UG 4.0 4 0.33
CuCeOx–CP 9.1 5 0.26
CuCeOx–UG 2.5 14 0.16

a Degree of Cu segregation refers to a ratio of Cu surface concentration (measured
by XPS) to Cu bulk concentration (measured by AAS).

b Peak area ratio refers to the ratio of the two H2–TPR peaks at low and high
temperatures, respectively.
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compares the H2–TPR results for CuO, Cu2O and the three prepared
CuCeOx catalysts. TPR data for CeO2 are not included here, but CeO2

is known to have two reduction peaks at 773 and 1073 K [26].
CuOx–CeO2 reduces at a considerably lower temperature (peaks
at 414 and 453 K) than CuO (574 K), Cu2O (621 K) or CeO2, which
Fig. 5. H2-TPR results for CuO, Cu2O and CuCeOx catalysts. Results are normalized
by catalyst Cu content.
suggests that the oxygen species being reduced in CuOx–CeO2 must
not resemble oxygen species in either of the pure oxides. TPR
experiments with CO show a similar reduction in CuOx–CeO2

reduction peak temperatures, and have been shown to agree with
catalyst activity data [27].

The two-peak H2–TPR profile of CuOx–CeO2 is consistent with a
phenomenon discussed in detail in Section 3.3 and elsewhere [28]
regarding the generation of sites for facile H2 dissociation. Once
copper oxides are reduced to a certain extent, they tend to dissoci-
ate H2 much easier and then reduce at higher rates, which is one
potential source of the 453 K TPR peak. Table 2 compares TPR peak
area ratios (ratio of the lower temperature TPR peak to the higher
temperature TPR peak) with the degree of Cu segregation (Cu:Ce
surface ratio divided by Cu:Ce bulk ratio). A higher degree of Cu
segregation from bulk (lower surface dispersion of Cu) correlates
with a lower peak ratio, suggesting that catalysts with higher Cu
dispersion (more Ce–O–Cu sites) will resist facile H2 dissociation
to a higher degree of reduction. It follows that the reduction of
Cu–O–Cu sites in close contact with CeO2 (not resembling pure
CuO) create sites on which H2 can be dissociated much easier. This
also supports the idea that the redox capabilities of this catalyst are
a result of small amorphous CuOx domains in close contact with
CeO2 or direct incorporation of Cu into the CeO2 lattice.

3.2. Catalyst deactivation and activity comparison

After 0.5 h of pretreatment in 10% O2 balance He at 773 K, all
the catalysts in this study deactivate over a period of several
hours. Fig. 6 shows an example of CO oxidation deactivation
over CuCeOx–CP 9.1 in H2 excess. The majority of the deactiva-
tion is complete within approximately 4 h (deactivation time
constant 0.6 h�1), after which the rate is mostly stable. The
nature of this deactivation is described by diffuse reflectance
Fig. 6. Deactivation of CuCeOx–CP 9.1. Reaction conditions: 50% H2, 2% CO, 1% O2,
bal He. Flow rate = 100 sccm, catalyst weight = 150 mg, temperature = 323 K.



Fig. 8. (a) Response of CO oxidation rate over CuCeOx–CP 9.1 to the removal of
oxygen. Initial conditions: 1% CO, 0.5% O2, balance He at 333 K. Oxygen is replaced
with He make-up at t = 0. Total flow = 50 sccm. Catalyst weight = 25 mg. (b) Log–log
plot of CO oxidation rate vs. remaining O* concentration.
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infra-red Fourier transform spectroscopy (DRIFTS) studies pre-
sented in Section 3.4.

Fig. 7 shows the characteristic PROX performance of the three
CuOx–CeO2 catalysts studied in 50% H2, 1% CO, 0.5% O2, and the bal-
ance He (100 mg catalyst, 100 sccm). Under these conditions, there
is no distinguishable difference in selectivity between the three
catalysts. However, there are noticeable differences in the CO oxi-
dation rates. The difference in rates per gram (at 333 K) between
CuCeOx–UG 2.5 (2.1 � 10�7 mol g�1 s�1) and CuCeOx–UG 4.0
(6.2 � 10�7 mol g�1 s�1) apparently result in part from their differ-
ent surface areas, as their surface areas differ by a factor of �3. The
rate per surface area of CuCeOx–CP 9.1 (1.2 � 10�8 mol m�2 s�1),
however, is higher than either UG catalyst (�5.4 � 10�9

mol m�2 s�1), suggesting that the CP catalyst has a higher density
of active redox sites and emphasizing on the fact that better rate
normalization techniques are necessary to compare turnover fre-
quencies (one goal of this work). The CP catalyst has a higher con-
centration of Cu at the surface than either UG catalyst (Table 1), but
the Cu:Ce surface ratio does not fully describe the differences in
catalyst activity. It therefore is necessary to identify and quantify
the active redox sites in these catalysts to understand the functions
responsible for their apparent differing activity.

3.3. Turnover rate comparisons

To rigorously compare the performance and function of the pre-
pared CuOx–CeO2 catalysts and structure-dependence on rates for
selective CO oxidation, turnover frequencies were compared. For
this, the number of active redox sites was determined using anaer-
obic titrations. Anaerobic titrations have been shown by Nair et al.
to accurately quantify active site densities on redox catalysts for
use in calculating turnover frequencies [19]. In this technique,
gas phase oxygen is removed instantaneously from the reactant
stream during steady-state reaction. The formation of oxidation
products after the gaseous oxygen removal is attributed to the
use of oxygen in the catalyst structure. These removable oxygen
atoms are considered to be the active and available surface redox
sites and their number can be used to quantify active site densities
and oxidation turnover frequencies. Fig. 8a shows the response of
m/z = 44 as O2 is removed from the steady-state reaction of 1%
CO and 0.5% O2 at 333 K over CuCeOx–CP 9.1. The fact that the
CO oxidation rate decays over �1 h suggests that the mechanism
involves either chemisorbed oxygen (Langmuir–Hinshelwood
mechanism) or the extraction of lattice oxygen (Mars and van
Fig. 7. CO conversion (closed shapes) and CO2 selectivity (open shapes) as a
function of temperature for (j) CuCeOx–UG 2.5, (N) CuCeOx–UG 4.0 and (d)
CuCeOx–CP 9.1. Reaction conditions: 50% H2, 1% CO, 0.5% O2, bal He. Flow
rate = 100 sccm, catalyst weight = 100 mg.
Krevelen mechanism) as opposed to utilization of gas phase oxy-
gen (Eley–Rideal mechanism) as the active intermediate. Integra-
tion beneath the decay curve provides a measure of the lattice
oxygen consumed in the transient experiment. The amount of oxy-
gen measured by anaerobic titration is greater than the amounts
expected for either physisorbed or chemisorbed oxygen, which
confirms that lattice oxygen must be involved in oxidation
processes [12].

CO oxidation rates follow a first-order decay with respect to
remaining oxygen content (Fig. 8b); thus, the rate-determining
step for CO oxidation on CuOx–CeO2 must involve only one lattice
oxygen atom. Table 3 shows measured active oxygen site densities
and turnover frequencies per redox site for the three CuOx–CeO2

catalysts studied. The TOF for CO oxidation is indistinguishable
within error (T-tests performed at 90% confidence) for all CuOx–
CeO2 catalysts characterized. The observed catalyst response
during anaerobic reaction and the resulting TOF measurements
Table 3
Comparison of measured active oxygen site density and normalized CO oxidation
rates. Steady-state CO oxidation rates measured in 1% CO, 0.5% O2 balance He at
333 K. Rates are normalized by active oxygen site density [O*]T.

Catalyst name [O*]T (O* nm�2) CO oxidation rate (mol [mol O*]�1 s�1) � 103

CuCeOx–UG 2.5 1.7 ± 0.1 2.1 ± 0.2
CuCeOx–UG 4.0 1.3 ± 0.2 2.6 ± 0.5
CuCeOx–CP 9.1 2.1 ± 0.2 2.1 ± 0.3



Fig. 10. CO, H2 oxidation rates and CO2 selectivity as a function of O* consumed
during the anaerobic titration of CuCeOx–UG 4.0.

Fig. 9. Two anaerobic titrations of CuCeOx–UG 4.0 at 333 K. Reaction conditions are
shown, with balance He.
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lead to several conclusions: (1) the catalysts undergo a reduction
step in order to oxidize CO, (2) O2 is needed to reoxidize active sites
to maintain a steady rate and (3) anaerobic titrations lead to an
accurate measure of these active oxygen sites on CuOx–CeO2. Con-
clusions 1 and 2 are consistent with previous work on CuOx–CeO2

suggesting that a Mars and van Krevelen mechanism is responsible
for oxidation reactions [12,15].

Anaerobic titrations were also performed using H2 or a mixture
of CO and H2 as the probe molecule(s) with a Micro GC to monitor
oxidation products (CO2 and H2O). Redox site densities quantified
with H2 oxidation (by integration over the entire experiment) are
the same as those determined with CO oxidation. Table 4 shows
the measured site density for seven different experiments con-
ducted over CuCeOx–UG 4.0. Regardless of the CO/H2 feed gas con-
centration, the measured redox site density is consistently 1.3
± 0.2 O* per nm2. Fig. 9 shows the H2 oxidation rate during anaer-
obic titrations, with and without 100 ppm CO, as a function of oxy-
gen removal (O*-atoms removed per nm2). Before 0.25 O* per nm2

are removed, the rate decreases with decreasing catalyst oxygen
content in a first-order fashion, as also observed for CO anaerobic
titrations; however, a new phenomenon arises during H2 titrations.
Regardless of the presence or absence of CO, the H2 rate begins to
increase at the same point despite the continuing loss of redox-
active O* sites. This phenomenon is consistent with the previous
studies using in situ XRD to monitor copper oxide reduction by
H2 [28]. A slow reduction of the oxide surface (CuO or Cu2O) was
observed until sites that more readily dissociated H2 were created.
Once such sites were created, reduction of the material was facile.
Results in Fig. 9 are consistent with two reduction regimes. First,
active surface O* sites are titrated, resulting in a decrease in H2 oxi-
dation rates, then at a particular level of reduction (�0.25 O* con-
sumed per nm2) the catalyst begins to reduce much more rapidly
due to the creation of reduced sites which more easily dissociate
H2. This leads to the conclusion that H2 dissociation is a necessary
step in the catalytic mechanism for H2 oxidation. However, as the
rate decay is first-order with respect to remaining O* species before
dissociation site creation, the rate-determining step for H2 oxida-
tion must still involve lattice oxygen, and cannot be H2 dissocia-
tion. Rather, the rate-determining step must involve both
dissociated H2 and a lattice oxygen. The increase in H2 rates with
creation of dissociation sites is simply a result of a higher concen-
tration of dissociated H2 species (increased equilibrium constant
for H2 dissociation). This suggests that the high selectivity charac-
teristic of CuOx–CeO2 catalysts can be partially explained by inhib-
ited H2 dissociation.

Fig. 10 demonstrates this principle during an anaerobic titration
on CuCeOx–UG 4.0 with both 50% H2 and 100 ppm CO. CO oxida-
tion TOF, H2 oxidation TOF and CO2 selectivity are shown as a func-
tion of O* removed per nm2. Before H2 dissociation sites are created
(<0.25 O* nm�2), the selectivity is high (�93%) and constant; how-
ever, once H2 dissociation sites begin to form, selectivity declines
steadily as more sites are generated. This suggests that sufficiently
oxidized adsorption sites are resistant to H2 dissociation, and is
Table 4
Comparison of anaerobic titration results for different conditions on CuCeOx–UG 4.0.

Reaction conditionsa [O*]T (O* nm�2)

1% CO 1.2
1% CO (repeat) 1.1
25% H2 1.1
50% H2 1.4
50% H2 (repeat) 1.4
50% H2, 1% CO 1.3
50% H2, 100 ppm CO 1.2

a Initial oxygen concentration (before removal) is 0.5% for all experiments
consistent with XANES studies that suggest H2 oxidation requires
reduced forms of Cu [4].

In Section 3.1 it is suggested that the active oxygen species are
associated with Cu that is closely associated with Ce. XRD shows
no bulk crystalline Cu species, so most Cu-atoms at the surface of
the catalyst must be accessible. If the active oxygen species are
associated with surface Cu-atoms, their surface densities should
be correlated. Table 5 compares the surface density of Cu (Cu-
atoms nm�2) in all three prepared catalysts (calculated by two
methods described below) with the density of active redox oxygen
(calculated from anaerobic titrations). BA density refers to the Cu
surface density calculated as a bulk average surface density. For
this calculation, the weight of copper per gram of catalyst deter-
mined by AAS is divided by the specific BET surface area of the cat-
alyst. For the purposes of comparison, BA density assumes that all
Cu in the catalysts is fully segregated to and dispersed on the sur-
face. XPS density refers to the atomic surface density of Cu as
determined by the Cu:Ce ratios reported in Table 1 and assuming
the surface is the (111) face of a CeO2 crystal (fcc structure with
lattice parameter 0.54113 nm [23]). This gives a metal atom pack-
ing of �7.9 M nm�2 from which the Cu density can be calculated
directly from XPS Cu:Ce ratios.

BA and XPS Cu surface densities are roughly the same for each
of the CuCeOx–UG catalysts (2.1 vs. 2.1 and 1.1 vs. 1.2 Cu nm�2),
suggesting that the copper is segregated near the surface of the



Table 5
Comparison of two different copper surface densities to O* density.

Catalyst name BA densitya (Cu nm�2) XPS densityb (Cu nm�2) O* densityc (O* nm�2)

CuCeOx–UG 2.5 2.1 ± 0.5 2.1 ± 0.3 1.7 ± 0.1
CuCeOx–UG 4.0 1.1 ± 0.2 1.2 ± 0.2 1.2 ± 0.2
CuCeOx–CP 9.1 4.9 ± 0.2 2.6 ± 0.6 2.1 ± 0.2

a Copper surface density calculated assuming all copper in the catalyst is at the surface.
b Copper surface density calculated from relative surface concentrations as measured by XPS
c Density of active oxygen species assuming no subsurface reduction.
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UG catalysts, but in a highly dispersed form. In contrast, the BA
density of CuCeOx–CP 9.1 is considerably higher than its respective
XPS density (4.9 vs. 2.6 Cu nm�2), showing that this catalyst must
contain subsurface copper, possibly in bulk solid solution with
CeO2. For the CuCeOx–UG catalysts, the calculated Cu surface den-
sity is equal to the measured O* density, but for the CP catalyst the
XPS density (2.6 Cu nm�2) compares more favourably with its O*

density (2.1 Cu nm�2) than the BA density (4.9 Cu nm�2). In fact,
there is a direct correlation between the surface density of Cu
atoms determined by XPS and the active oxygen species measured
by anaerobic titration for all catalysts, confirming that the active
oxygen species are related to Cu that is closely related to Ce. This
correlation is not expected to hold in the case of catalysts contain-
ing crystalline CuOx species, where large portions of Cu are not clo-
sely associated with Ce.

3.4. In situ DRIFTS measurements

After oxidative pretreatment at elevated temperatures, CuOx–
CeO2 is known to deactivate over a period of several hours [12].
The same phenomenon is evident on all catalysts in this study as
shown in Section 3.2. In situ diffuse reflectance infra-red Fourier
transform spectroscopy (DRIFTS) was used to study surface species
during the catalyst deactivation period to help understand causes
for the change in activity and selectivity when exposed to CO
and H2. Fig. 11 shows the time evolution of carbonate bands during
deactivation of CuCeOx–UG 4.0 in 25% H2, 1% CO, 3% O2, balance He
at 333 K. Within 0.05 h, two major species form: a carbonate
bidentate species (bands at 1575, 1295 and 1026 cm�1, found at
1565, 1298 and 1014 cm�1 in [25]), and a bicarbonate species
(bands at 1395 and 1217 with a shoulder at 1606 cm�1, found at
1393, 1217 and 1611 cm�1 in [25]). The peaks at 1395 and
1217 cm�1 were assigned to a bicarbonate species, rather than to
Fig. 11. Time evolution of carbonate/formate bands during CuCeOx–UG 4.0
deactivation in 25% H2, 1% CO, 3% O2, balance He at 333 K. Catalyst pretreated in
10% O2 balance He at 773 K.
a bridged carbonate species with reported peaks at similar posi-
tions because of the shoulder present at 1606 cm�1, which is due
to a bicarbonate species and decays with time very similarly to
the two bands observed at 1395 and 1217 cm�1. Many other spe-
cies are found in the region 1200–1700 cm�1, including polymeric
carbonate species and formates [29,30], which may explain peak
broadening with time.

Fig. 12 shows the time evolution of both the Cu+ carbonyl peak
at approximately 2120–2110 cm�1 [4] and a broad band from 2500
to 3700 cm�1 including contributions from both O–H and C–H
vibrational frequencies in formates and hydroxyl/water species.
As catalyst deactivation proceeds in time, the carbonyl peak at
2117 cm�1 gradually reduces in intensity and shifts to
2104 cm�1, reaching a steady intensity and position around
3.92 h. The decrease in carbonyl concentration is not resultant
from catalyst reduction or reconstruction; DRIFTS experiments
during catalyst reduction by CO show a dramatic increase in CO
coverage as the catalyst is reduced. Also the catalyst is found to re-
main fully oxidized under the deactivation study conditions as evi-
denced by the lack of O2 dependence on CO and H2 oxidation rates
(Section 3.6). The broad band at 2500–3700 cm�1increases in
intensity concurrently with the decrease in carbonyl peak intensity
during deactivation. Changes in peak areas with time are shown in
Fig. 13. Carbonate and Cu+ carbonyl areas are represented by the
integration of the stand-alone peaks at �1026 and �2110 cm�1,
respectively. The hydroxyl/water region is represented by the inte-
gration of the entire band from the abrupt rise around 3700 cm�1

to the area which flattens out around 2500 cm�1. The carbonyl
band in the current work is observed to decay with time much like
the CO oxidation rate decays with time (Fig. 6). Thus, the carbonyl
peak at �2110 cm�1 correlates to CO oxidation rates and is expect-
edly resultant from CO adsorbed adjacent to active redox sites.
In the event that adsorbed CO is the active intermediate to CO
Fig. 12. Time evolution of carbonyl and hydroxyl bands during deactivation of
CuCeOx–UG 4.0 in 25% H2, 1% CO, 3% O2, balance He at 333 K. Catalyst pretreated in
10% O2 balance He at 773 K.



Fig. 13. Integrated DRIFTS peak areas as a function of deactivation time for three
representative bands. Bands at 1026, 2110 and 2500–3700 cm�1 are representative
of carbonates (j), carbonyl (d) and hydroxyl (N) species, respectively. Reaction
conditions: 50% H2, 1% CO, 3% O2, balance He. CuCeOx–UG 4.0 catalyst pretreated in
10% O2 balance He at 773 K.

Fig. 15. Integrated DRIFTS peak areas as a function of time for three representative
bands. Bands at 1026, 2110 and 2500–3700 cm�1 represent carbonates (j),
carbonyl (d) and hydroxyl (N) species, respectively. Dotted line represents CO
oxidation rate measured in a separate experiment under the same conditions.
Reaction conditions: 50% H2, 1% CO, 3% O2, balance He. CuCeOx–UG 4.0 catalyst
exposed to ambient conditions prior to reaction.
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oxidation, it is expected that reaction rates should be proportional
to adsorbed CO concentration. It follows that the dependence of
adsorbed CO concentration must have the same dependence on
gas phase CO concentration as the rate. Fig. 14 shows the depen-
dence of the carbonyl peak area on the gas phase CO concentration.
The measured order is 0.79, which is remarkably close to the
dependence of the CO oxidation rate on CO concentration (order
of 0.68, presented later in Fig. 18). Thus the CO oxidation rate is
directly proportional to the carbonyl concentration. Previous work
on a series of CuOx–CeO2 catalysts for selective oxidation of CO in
H2 related the carbonyl peak at 2120–2110 cm�1 to CO adsorbed
on Cu+ specifically and claimed that the intensity of this band is
directly related to the CO oxidation rate [4], in agreement with this
work. Furthermore, it is observed that the carbonate species
saturate quickly (within 0.05 h) while the band associated with
hydroxyl/water species grows slowly over the deactivation period,
suggesting that the hydration of the surface (as opposed to carbon-
ate formation) is a primary cause of catalyst deactivation.

To closer examine the effect of hydration on catalyst activity
and deactivation, a time resolved DRIFTS study was conducted over
a catalyst with an initially fully hydrated surface (no thermal pre-
treatment prior to reaction). Fig. 15 shows the time evolution of
Cu+ carbonyl, carbonate and hydroxyl species. The carbonate spe-
cies are initially at the same concentration as in the deactivation
Fig. 14. Log–log plot of Cu+ carbonyl area dependence on CO concentration on
CuCeOx–UG 4.0.
experiment described in Fig. 13 and do not change with time. How-
ever, surface hydration reduces with time and the Cu+ carbonyl
peak increases with time, tending toward the same steady-state
established at the end of deactivation. The CO oxidation rate also
increases over this time period (measured during a separate exper-
iment, shown in Fig. 15), corroborating the correlation between the
carbonyl band at �2110 cm�1 and the concentration of adsorbed
CO on active sites.

The decrease of adsorbed CO in Fig. 13 correlates with the in-
crease in the band from 2500 to 3700 cm�1 (increase in surface
hydration). As the carbonyl peak decreases with increasing surface
hydration, it shifts gradually to lower wavenumber (2117–
2104 cm�1). Fig. 16 shows the dependence of the carbonyl peak po-
sition on the hydroxyl/water band area, and a clear linear trend
holds for both initially hydrated and initially dehydrated surfaces.
Because the CO coverage is also changing during this experiment,
the carbonyl peak was monitored during experiments in changing
CO pressures (only CO coverage changes). The carbonyl peak posi-
tion is constant (at 2104 cm�1) upon changing CO pressures (0.5–
4%) after deactivation, suggesting that the binding of CO is not cov-
erage dependent at this range of coverage. Therefore, the linear
correlation between carbonyl peak position and hydroxyl band
area is not coincidental, nor is it convoluted by the changing car-
bonyl coverage. The red shift in the carbonyl peak indicates the
Fig. 16. Carbonyl peak position as a function of integrated hydroxyl band area.
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C–O bond is weakened, suggesting that the CO binding to the cat-
alyst has strengthened. This red-shift is most likely caused by the
hydroxylation of oxygen sites adjacent to adsorption sites. An in-
crease in surface hydroxylation will likely be accompanied by
higher concentrations of molecular H2O on adsorption sites, which
can displace some of the adsorbed CO, as has been observed in
other work [31]. This increase of adsorbed water explains why
CO coverage can decrease despite an increase in CO binding energy.
The change in CO binding energy with modification of adjacent
oxygen sites presents an interesting opportunity to potentially
tune the competitive adsorption properties as well as the CO oxi-
dation rates of CuOx–CeO2 catalysts by titration of hydroxyl sites
with alkali metals, seen elsewhere as a measure to prevent hydro-
gen spillover [32].
½L� ¼ ½M� þ ½CO—M� þ ½H—M� þ ½ CO2—M� þ ½H2O—M� ð11Þ
½O��T ¼ ½O

�� þ ½O�—H� þ ½�� ð12Þ

rCO2 ¼
kCO2 K1=2

O2
KCO CO½ � O2½ �1=2

1þ KCO CO½ � þ KCO2 CO2½ � þ K1=2
H2

H2½ �1=2 þ KH2O H2O½ �
� �

1þ 1þ KOHK1=2
H2

H2½ �1=2
� �

K1=2
O2

O2½ �1=2
h i ð13Þ

rH2O ¼
kH2OKOHK1=2

O2
KH2 H2½ � O2½ �1=2

1þ KCO CO½ � þ KCO2 CO2½ � þ K1=2
H2

H2½ �1=2 þ KH2O H2O½ �
� �

1þ 1þ KOHK1=2
H2

H2½ �1=2
� �

K1=2
O2

O2½ �1=2
h i ð14Þ
3.5. Mechanism formulation

A rigorous mechanism for competitive CO and H2 oxidation is
proposed and compared to kinetic measurements to provide in-
sight into catalyst performance (activity and selectivity). CO oxida-
tion selectivity is considerably higher than that calculated from
independent CO and H2 oxidation rates [16], suggesting that the
presence of CO suppresses H2 oxidation. Thus, competitive adsorp-
tion between CO and H2 is proposed to be the initial step in the oxi-
dation mechanism (Eqs. (3) and (6)). The full mechanism for CO
and H2 oxidation is written below where M represents an adsorp-
tion site, O* represents a lattice oxygen and h represents a lattice
vacancy.

COþM$ CO—M KCO ð3Þ
CO—Mþ O� ! CO2—Mþ� kCO2 ð4Þ
CO2—M$ CO2 þM K�1

CO2
ð5Þ

H2 þ 2M$ 2H—M KH2 ð6Þ
H—Mþ O� $ O�—HþM KOH ð7Þ
O�—HþM—H! H2O—Mþ� kH2O ð8Þ
H2O—M$ H2OþM K�1

H2O ð9Þ
O2 þ 2�$ 2O� KO2 ð10Þ

From anaerobic titrations, it is concluded that the rate-deter-
mining step for both CO oxidation and H2 oxidation must contain
exactly one lattice oxygen atom. DRIFTS experiments show that
the rate is first order in linearly adsorbed CO. The above-men-
tioned Eq. (4) is proposed from these observations. Eq. (8) is the
reaction of an adsorbed H with a hydroxyl group. This is proposed
because H2 anaerobic titrations suggest that the step must involve
both dissociated H2 and a lattice oxygen. Products are proposed to
be in adsorption equilibrium (Eqs. (5) and (9)) due to previous
reports on CO2 and H2O rate inhibition, as well as neither product
having a noticeable effect on the selectivity [2]. Eq. (7) is simply H-
spillover to create hydroxyl species, which is a well-documented
process on metal oxides [32]. Finally, Eq. (10) is the reoxidation
of the active oxygen site by gas phase oxygen. The kinetics of me-
tal oxide reoxidation are discussed elsewhere for VOx systems
[33]. Also, in this study, the precise steps of lattice reoxidation
are considered kinetically irrelevant, as is demonstrated by a lack
of CO and H2 oxidation rate dependence on O2 pressures (Section
3.6).

3.6. Reaction rate modeling

The above-mentioned mechanism can be used to formulate a
reaction rate model for both CO and H2 oxidation, shown below
in Eqs. (13) and (14). These are rigorous rate expressions, obtained
by considering two site balances (Eqs. (11) and (12)), one for the
adsorption site (M) including all involved surface species, and
one for the lattice oxygen site (O*) including O*, O*–H and h.
A model for the reaction selectivity vs. CO and H2 concentra-
tions can be obtained by computing the ratio (R) of CO and H2 reac-
tion rates, as shown below in Eqs. (15) and (16). This model is
conservative, makes no additional assumptions and provides a sin-
gle lumped parameter (K0) fit. Fig. 17 shows the reaction selectivity
as a function of both CO and H2 concentrations, as well as the fitted
model. With only one parameter, the model provides a good qual-
itative fit of the experimental data, supporting the validity of the
proposed mechanism. It should be emphasized, however, that the
parameter K0 has no physical significance and that the model is
simply indicating the same trends as seen in the data. This qualita-
tive agreement only precludes mechanisms which would result in
substantially different kinetics, such as CO inhibited CO oxidation.

R ¼ rH2O=rCO2 ¼ k H2OKOHKH2 ½H2�=kCO2 KCO½CO� ¼ K 0½ H2�=½CO� ð15Þ
1=SCO2 ¼ ðrCO2 þ rH2OÞ=rCO2 ¼ 1þ R ð16Þ

The rate expressions (Eqs. (13) and (14)) can alternatively be
simplified by making a few assumptions in order to predict what
the reaction order should be with respect to all reactants and prod-
ucts. For example, if the reoxidation step occurs very readily (i.e.
h ? 0), and CO concentration approaches very low levels, the CO
order for CO oxidation approaches 1. Conversely, if the CO concen-
tration reaches very high levels and CO–M is the most abundant
surface intermediate, the CO order of CO oxidation approaches 0.
The same logic can be applied for all the participating species,
and Table 6 contains all the expected order ranges. Fig. 18 shows
the CO and H2 oxidation reaction rate dependence on CO, H2 and
O2 over CuCeOx–UG 4.0 and the resultant reaction orders. All reac-
tion orders measured are within the bounds expected from the
model. Therefore, the data are consistent with those of both the
proposed and simplified models.

The kinetic results and proposed mechanism show that both the
oxidation of CO and H2 over CuOx–CeO2 catalysts must occur by a
Mars and van Krevelen pathway utilizing catalyst redox cycles.
Also, two main factors contributing to the high selectivity of these
catalysts are preferential adsorption of CO and inhibition of H2

dissociation by oxidized sites, yielding two useful parameters
for PROX catalyst design. An optimally selective catalyst would



Table 6
List of all possible reaction order ranges for both CO and H2 oxidation.

Component Possible reaction order ranges derived from the proposed mechanism

CO oxidation H2 oxidation

CO 0 to 1 �1 to 0
CO2 �1 to 0 �1 to 0
H2 �1 to 0 0 to 1
H2O �1 to 0 �1 to 0
O2 0 0

Fig. 18. CO and H2 oxidation orders over CuCeOx–UG 4.0 for (a) H2, (b) CO

Fig. 17. Lumped parameter fit (K
0
= 1.1 � 10�4) of selectivity data vs.: (a) H2 pressure for (N) 100 ppm CO and (d) 200 ppm CO, (b) CO pressure for (j) 25% H2. Oxygen

concentration for all experiments is stoichiometric with respect to CO. CO conversion for all data is <10%. Model (Eq. 15) is shown by the solid lines.
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therefore contain adsorption sites which prefer CO to H2 (Cu+ acts
as a good site in this respect), and can remain oxidized under
highly reducing conditions. As high CO oxidation rates are desir-
able, catalysts with high surface densities of adsorption sites are
needed, since CO rates correlate directly to adsorbed CO. However,
increased surface densities of adsorption sites must not be at the
expense of active redox sites, thus a highly incorporated Cu–Ce
mixed oxide (as opposed to supported CuOx) with a high Cu con-
centration seems to be the optimal configuration providing high
rates.
and (c) O2 where rCO2 ¼ k½H2�a½CO�b½O2�c and rH2 O ¼ k0 ½H2�a
0
½CO�b

0
½O2�c

0
.
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4. Conclusions

A detailed study of CO and H2 oxidation over CuOx–CeO2 cata-
lysts with variable Cu content and incorporation was performed
with the following major conclusions:

� Both CO and H2 oxidation pathways occur via a Mars and van
Krevelen mechanism involving the reduction and oxidation of
active oxygen sites. CO oxidation proceeds through linearly
adsorbed CO on Cu+ sites, while H2 oxidation requires a dissocia-
tive adsorption step. The proposed mechanism-based kinetic
model is in good agreement with the experimental data.

� Catalyst deactivation is directly related to the degree of surface
hydration, likely due to blocking of sites by molecular water.

� Redox sites can be accurately quantified by the anaerobic titra-
tion technique (using either CO, H2 or both), and an intrinsic rate
can be measured that does not depend on copper loading or cat-
alyst synthesis technique.

� The surface density of copper atoms directly relates to the sur-
face density of active oxygen sites on the catalyst in the absence
of highly crystalline CuOx species, suggesting that the presence
of active oxygen species in the form of Cu–O–Ce.

� The high selectivity of CuOx–CeO2 catalysts can be attributed to
both preferential adsorption of CO on Cu+ and a hindered H2 dis-
sociation on oxidized sites.
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