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ABSTRACT: The preferential CO oxidation (CO-PROX) reaction is paramount for the

purification of reformate H,-rich streams, where CuO/CeO, catalysts show promising

opportunities. This work sheds light on the lattice oxygen recovery mechanism on

CuO/CeO;, catalysts during CO-PROX reaction, which is critical to guarantee both good

activity and selectivity, but that is yet to be well understood. Particularly, in situ Raman

spectroscopy reveals that oxygen vacancies in the ceria lattice do not form in significant

amounts until advanced reaction degrees, whereas pulse O, isotopic tests confirm the
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involvement of catalyst oxygen in the CO and H, oxidation processes occurring at all

stages of the CO-PROX reaction (Mars—van Krevelen). Further mechanistic insights are

provided by operando near-ambient pressure X-ray photoelectron spectroscopy (NAP-

XPS) and near edge X-ray absorption fine structure (NEXAFS) experiments, which prove

the gradual CuO reduction and steady oxidized state of Ce ions until the very surface

reduction of CeO, at the point of selectivity loss. Experiments are complemented by

density functional theory (DFT) calculations, which reveal a more facile oxygen refill

according to the trend CuO > CeO, > Cu,0. Overall, this work concludes that the oxygen

recovery mechanism in CO-PROX switches from a direct mechanism, wherein oxygen

restores vacancy sites in the partially reduced CuO particles, to a synergistic mechanism

with the participation of ceria once Cu,O particles reach a critical reduction state. This

mechanistic switch ultimately results in a decrease in CO conversion in favor of the

undesired H, oxidation, which opens-up future research on potential strategies to improve

oXygen recovery.
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1. Introduction

The preferential CO oxidation (CO-PROX) involves the selective oxidation of the low-

content CO impurities (0.5-2% vol.) present in reformate streams after processing in

water—gas shift reactors.! This catalytic strategy efficiently allows for exhaustive CO

removal from H,-rich streams below the 10-100 ppm CO-tolerance level accepted for

proton exchange membrane fuel cells, whose performance and durability are strongly

affected by CO poisoning.?2# In particular, CO-PROX brings promising opportunities in

the implementation of on-board and portable H,-dependent technologies, where lightness

is a requirement.®

In the search of active and cost-effective catalysts, copper oxide and cerium oxide binary

mixtures have demonstrated noteworthy activity and near-optimal features.5° The

catalytic performance of CuO/CeO, materials relies on the synergistic metal

oxide/support interactions arising from complex redox effects induced between the CuO

and CeO, phases at the interfacial contact points.%1% These redox features include labile

electron exchange between the Cu?*/Cu* and Ce**/Ce?* redox pairs, ease of formation of
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surface oxygen vacancies in ceria, and the promotion and stabilization of Cu* sites.''-15

Notably, many precedent studies based on in situ and operando advanced spectroscopic

studies have pinpointed the stable surface Cu* species as active sites for CO oxidation,

whereas the reduced metal Cu entities would favor the undesired H, oxidation.!".16-18 |n

turn, the oxidation state of copper species is deemed to determine CO selectivity, while

the eventual reduction of CuO leads to selectivity losses by virtue of boosting the

competing H, oxidation at high temperatures.'®-2! Since cationic Cu* species are the

result of the interfacial redox interactions between the CuO and CeO, phases,??23 many

studies have been devoted to promoting the formation of Cu* by means of a rational

catalyst nanodesign.141524-28 Accordingly, highly-dispersed CuO, particles provide the

highest reducibility to copper oxide/cerium oxide mixtures. Conversely, larger CuOy bulk-

like clusters with a weaker interfacial interaction and a kinetically limited interaction help

to prevent further reduction to Cu® and improve the maintenance of the CO selectivity.?°:30

Therefore, the catalytic performance is influenced by the balance of small Cu®* particles
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and disperse bulk CuO microstructures, which is tunable by means of catalyst nanodesign

controlling size, shape, composition and electronic effects.

Recent studies based on advanced in situ transient techniques have presented valuable

mechanistic insights in the copper-catalyzed CO-PROX reaction3'-3% and it is a general

consensus that reaction takes place mainly following a Mars-van Krevelen (MvK)

mechanism.32:3435 Since MvK mechanism involves the direct participation of lattice

oxygen species in the reaction, oxygen vacancies created in the neighborhood of active

sites, which must be replenished by molecular O, from the gas phase. Thus, the catalyst

reoxidation capacity given by the surface oxygen exchange ability and oxygen mobility

has a direct impact in the catalytic performance.36:3” However, in contrast with the current

deep knowledge in molecular CO and H, oxidation reactions, the mechanism of

reoxidation steps is not yet well understood.32383% |n copper oxide—cerium oxide

catalysts, two complementary mechanisms of O vacancy filling have been proposed.

Namely, the direct mechanism where O, replenishes oxygen vacancies directly in the

CuOy sites, and the synergistic mechanism, where O, uptake takes place via the CeO,

6
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support and subsequent transfer to the active O-deficient CuO, phase.*° Although the

prevalence of each mechanism is known to be dependent on the oxygen storage capacity

and catalyst interfacial interactions, the assessment of their specific contributions during

CO-PROX conditions remains unclear.

Herein we report a detailed mechanistic insight on the CuO/CeO,, activity towards the CO-

PROX reaction with a particular focus on the redox processes occurring at the individual

catalytic phases in reduction and reoxidation steps. With this aim, CO-PROX operando

near-ambient pressure X-ray photoelectronic spectroscopy (NAP-XPS) and near edge

X-ray absorption fine structure (NEXAFS) experiments with tunable incident soft X-ray

photon energies were conducted, obtaining XPS spectra which allow to discern with high

sensitivity small variations in the redox processes at different catalyst depths. Particularly,

while Cu ions are gradually reduced along with CO-PROX reaction course, Ce ions

remain in a steady oxidized state up to a critical point where the finest surface of ceria

shows an incipient reduction. In addition, DFT calculations indicate that ceria facilitates

oxygen to the surrounding Cu species at the triple phase boundary, assisting in the
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oxygen recovery process once Cu reaches a certain reduced state. In situ Raman

spectroscopy in CO-PROX mixture confirms that ceria reduction becomes very significant

when further increasing the temperature above such point, assigned to the total

conversion of inlet O,. On the contrary, O, pulse isotopic experiments demonstrate the

involvement of catalyst oxygen in the CO and H, oxidations along the entire CO-PROX

reaction range, which overall suggests the participation of lattice oxygen from different

sources, from CuO in first instance, and secondly, from ceria. In summary, this work

presents evidences of the transition from a direct O vacancy filling mechanism on CuO,

to a synergistic O, uptake via ceria, which determines the CO-PROX selectivity of the

CuO/CeO, catalyst.

2. Experimental methods

2.1. Catalysts preparation and characterization

The CeO, support was prepared by thermal decomposition of cerium(lll) nitrate following

flash calcination procedure, introducing the precursor in a preheated muffle furnace at

200 °C and then heating up to 500 °C in a ramp of 10 °C/min. The CuO/CeQO, catalyst
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was synthesized via incipient wetness impregnation of copper(ll) nitrate aqueous solution

into the ceria support, followed by #flash calcination with the same protocol as for the

support preparation. The target nominal composition was set to 5% w/w Cu.

The general physicochemical characterization results, including N, adsorption at —196 °C

(Figure S1, Table S1), XRD (Figure S2, Table S2), Raman spectroscopy (Figure S3),

temperature programmed reduction with H, (Figure S4) and transmission electron

microscopy (Figure S5), are described in the Supporting Information.

2.2. CO-PROX catalytic tests

Fixed-bed CO-PROX catalytic tests were conducted with 150 mg of catalyst placed in a

U-shaped quartz reactor (16 mm inner diameter) and 100 mL/min (GHSV: 30000 h") of

the flowing reactant mixture, i.e., 2% CO, 30% H, and 2% O, balance N,, leading to a

stoichiometric O,:CO excess (A) of 2. To test the effect of the oxygen partial pressure,

experiments in O,:CO stoichiometric conditions with A= 1 were also carried out. Catalytic

tests were performed with a heating rate of 2 °C/min up to 250 °C and the exhaust gases

were analyzed using a gas chromatograph (HP model 6890 Plus Series) equipped with

9
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two columns: Porapak Q 80/100 for CO, and H,O separation and Molecular Sieve 13X

for O, and CO separation, coupled to a thermal conductivity detector (TCD). The effect of

CO; and H,0 inhibitors in the catalytic activity was studied by adding 10% CO,, 5% H,O

and 10% CO; + 5% H,0O to the reactant CO-PROX gas mixture in 2 °C/min ramp

experiments with A = 2 (Figure S9).

2.3. Isotopic experiments with 360,

Isotopic experiments were performed with 360, using an injection valve with a loop (100

ML) and two high sensitivity pressure transducers. These experiments were carried out in

a fixed-bed tubular quartz reactor with 80 mg of catalyst in a constant feeding mixture

consisting of 20 mL/min of 1% CO, 30% H, and He balance. The outlet gas composition

was monitored with a mass spectrometer (MS) Pfeiffer Vacuum (model OmniStar). The

reactor was heated using a furnace controlled by a temperature regulator at selected

temperatures representative for different CO selectivity regimes along the CO-PROX

reaction, namely 75, 100 and 150 °C. Once MS signals were stabilized at the desired

temperature under the flowing mixture, three 360, pulses (Isotec, 99%; 100 pL and 620

10
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mbar) were injected. The results obtained were reproducible at all temperatures, and the

reproducibility of the method was further confirmed by the injection of Ar pulses (100 uL

and 620 mbar) prior to the 360, pulses.

2.4. In situ Raman spectroscopy experiments

In situ Raman spectra were recorded in a LabRam Jobin Ivon Horiba instrument with a

laser excitation source of He:Ne (632.8 nm). Experiments were performed in a high

temperature chamber fed with a regular flow of 100 mL/min of He or CO-PROX gas

mixture (i.e., 2% CO, 2% O,, 30% H, and He balance). Raman spectra were recorded in

both atmospheres at selected temperatures (i.e., 50, 75, 100, 150, 200 and 250 °C) to

study structural changes upon exposure to the CO-PROX reactant mixture. A

monocrystalline Si reference (521 cm~') was used to calibrate the position of the bands.

2.5. NAP-XPS and NEXAFS experiments under CO-PROX operando conditions

NAP-XPS spectra were recorded under CO-PROX reaction conditions at the NAPP

branch of the CIRCE beamline at the ALBA Synchrotron Light Source.*' For each

analysis, two different set of photon energies were used, namely 1082 and 1372 eV for

11
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the Ce 3d and Cu 2p regions, and 972 and 722 eV for the O 1s and C 1s regions. These

energies provide a variability in the surface sensitivity according to the estimations of the

mean free paths (MFP) in the Cu and Ce oxide structures (see Table S3 for details).

The CuO/CeO;, catalyst was pelletized with a gold mesh to prevent surface charging while

providing a Au 4f reference for the peak position during XPS analysis. Catalytic activity of

the gold mesh was experimentally ruled out. A Puregas gas inlet system (SPECS) was

used to keep the total pressure in the XPS chamber constant at 1 mbar and to control the

gas feed. The pelletized catalyst was pretreated in O,/He atmosphere at 250 °C for 1 hour

and then cooled down to 50 °C. Subsequently, the CO-PROX reacting mixture containing

1% CO, 1% O, 30% H, and balance N, was dosed at 30 mL/min, and exhaust gases

were monitored with a MS installed in the second stage of the differential pumping system

of the XPS electron energy analyzer. The CO-PROX reaction progress was controlled at

temperature intervals of 50 °C with corresponding stabilization at each point up to total

O, conversion until reaching the final temperature of 450 °C. For each temperature, XPS

12
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spectra were recorded once stationary state was achieved based on MS signals

stabilization.

CO-PROX operando NEXAFS measurements at the Cu L-edge (930-950 eV) were

performed in total electron yield mode measuring the sample current at each temperature

after the series of NAP-XPS scans using the same experimental conditions.

2.6. Computational methods

Theoretical calculations reported in this work were conducted by means of periodic

density functional theory (DFT) using the Perdew-Burke-Ernzenhof (PBE) exchange-

correlation functional,*? as implemented in the Vienna ab initio simulation package

(VASP) code, version 5.4.1.4344 The core electrons of Ce, Cu and O ions were described

using projector augmented wave (PAW) potentials,*® while their valence states were

represented by plane-waves with a kinetic cut-off energy of 500 eV. In the case of Ce

ions, an effective Hubbard Uterm (U, of 4.5 eV was also added to the DFT calculated

energies (DFT+{) as an on-site correction for the electrons localized in the 47 orbital,

following Dudarev’s approach.#® The choice of this U,zvalue is based on the satisfactory

13
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results obtained for a wide range of reactions catalyzed by ceria.4’-50 In the case of Cu?*,

the analogue treatment of the ¢ electron was conducted using an U.s of 7, as

recommended in literature.>?

The equilibrium lattice constant for the Cu and Ce bulk oxides was optimized with a I'-

centered k-point grid of 5 [1 5 [ 5and 7 O 7 0 7, respectively, and using the Birch-

Murnaghan equation of state. Starting from the optimized bulk structures, the most

abundant facets were modelled by their corresponding surface slabs, namely CuO(111),

Cu,0(111) and CeO, (111) displaying different periodicities in order to expose equal

number of surface oxygens. These slabs were built thick enough to ensure there is

minimal interaction between the top and the bottom (3 metal layers for CeO,, 4 for CuO

and Cu,0 slabs), and with a sufficiently large vacuum gap (ca. 15 A) perpendicular to the

surface to minimize the interaction between periodic slabs in that direction. The geometry

of the surface slabs was optimized using a '-centered k-point grid mesh of 3 [0 3 [ 1.

Oxygen vacancy formation energies, E 0.4, On the various slabs were calculated as:

E O-vac™ E vac-slab— [E stab T 1/2 E 02]

14
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Where Eg . is the energy of the stoichiometric slab, Ey is the energy of an oxygen gas

molecule, and E ,..sz»is the energy of the slab with a lattice oxygen vacancy with the two

electrons left behind in the most favorable configuration. All the Eo.,.. values featuring

different electron distributions are presented in Table S4.

3. Results and discussion

3.1. CO-PROX catalytic tests in fixed-bed reactor

Figure 1 shows the CO-PROX activity profile of the prepared CuO/CeO, catalyst in a first

reaction cycle at two different oxygen partial pressures. Regardless the oxygen inlet,

CuO/CeO, exhibits an exceptional behavior in terms of CO conversion and CO selectivity,

in agreement with previous studies.52-54 Because of the competitive H, oxidation reaction,

two different regions must be discerned in Figure 1, namely the CO selective (ca. <110

°C) and non-selective regime (ca. >110 °C). Such critical temperature is defined by the

H, oxidation onset, process which becomes more predominant as temperature increases

because of its higher activation energy compared to CO oxidation.%® In consequence, the

selectivity regime transition is relevant since it dictates the optimum operating

15
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temperature in for the optimum CO activity and selectivity for a given experimental CO-

PROX reaction conditions. According to Figures 1a and 1b, neither CO oxidation nor H,

oxidation onset are significantly affected by the inlet O, pressure as the transition between

both regimes remains unaltered.

However, as H, gains relevance, CO oxidation is hampered due to the limited O, supply,

as illustrated in the selectivity profile. When Xp.is total, CO conversion decreases in favor

of H, oxidation, which occurs near the regime transition point in /=1 conditions, while at

higher temperatures when A=2. Besides, the O,:CO excess (4=2) allows to reach higher

CO conversions compared to the stoichiometric conditions (4=1) since H, oxidation onset

is lower than the temperature required for total X;o. Hence, setting A>1 is beneficial in

CO-PROX, though only moderate values are practicable in order to avoid an excessive

residual H, oxidation.%6:57 Therefore A=2 will be set as the default CO-PROX conditions

for the operando analyses presented henceforward in this study. Overall, these results

confirm that CO-PROX is a competitive process where selectivity is determined by the

16
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remaining partial pressure of O,, although CO and H, oxidation reactions are not affected

independently.

& Xo2
-+ Sel

I I I I I I
100 - P o e e o

) Region 1 Region 2
25 50 75 100 125 150 175 200 225 250
Temperature (°C)

Figure 1. CO-PROX catalytic performance of CuO/CeQO, in terms of CO conversion (Xco,

diamonds), O, conversion (Xpz, circles), and CO selectivity (Se/, triangles) profiles for a)

A=2 and b) A=1. Region 1 refers to the CO selective regime, whereas Region 2

corresponds to the non-selective regime.
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Catalytic tests using the CeO, and CuO bare phases were carried out as control

experiments and both showed negligible individual activity within the CO-PROX

temperature window (Figure S6) in contrast to the binary CuO/CeO, catalyst. These

experiments point out to the synergistic Cu-Ce interactions at the CuO/CeO;, interface as

the main responsible for the improved performance of the combined catalyst, as well

reported.?7-28.58.59 |n this regard, characterization by Raman spectroscopy (Figure S3) and

H,-TPR (Figure S4) prove the existing strong interaction between CuO and CeO; in the

CuO/CeO, catalyst. Altogether, the general characterization results indicate that the 5%

w/w Cu catalyst prepared by flash calcination is composed of both finely disperse CuO,

particles and bigger CuO bulk-like clusters in weaker interaction with the ceria carrier. A

minor portion of 0.56% Cu is estimated to be inserted in the ceria lattice (Table S2),

presumably concentrated on the outer surface layers.

The robustness and recyclability of the CuO/CeO, catalyst was confirmed by running four

consecutive CO-PROX reaction cycles (Figure S7) followed by a fifth 10 hours’ time-on-

stream isothermal experiment (Figure S8). Finally, the suitability of the CuO/CeO,, catalyst

18
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in the presence of CO, and H;O inhibitors was demonstrated, whose resulting impact in

the catalytic activity followed the trend: CO, < H,O < CO, + H,O (see Figure S9), in

agreement with previous studies. 5760 Qverall, the CO-PROX activity results demonstrate

excellent performance of the CuO/CeO, catalyst.

3.2. 360, pulse isotopic experiments

To investigate the participation of lattice oxygen from the CuO/CeO, catalyst in the CO-

PROX reaction mechanism, a series of 360, pulse isotopic experiments were next

performed at different temperatures. According to the gas profiles measured after the 360,

pulses (Figure 2), only CO, and H,O species were detected with no sign of O, being

released. This observation can be rationalized with the strongly reducing conditions of

these experiments, leading to a highly O-deficient CuO/CeO, catalyst that captures the

incoming 3%0, molecules to restore the O vacant sites. In addition, Figure 2 shows that

the area of the '8H,0 peak increases with temperature due to the promoted H, oxidation

reaction, while the area of the CO, peaks decreases due to the selectivity loss in the CO-

PROX reaction (Figure S10), in agreement with the catalytic experiments described in the

19
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previous section. The effect of the temperature is also reflected in the sharpening of the

profiles of the evolved products, which can be attributed to a faster desorption. The most

relevant insight, however, is the evident delay in H,O release compared to CO,, as well

as the large broadening of the H,O signal. This is consistent with an increased retention

of water molecules at the surface compared to CO,. The potential accumulation of H,O

on the catalyst surface also relates with the stronger inhibition by H,O than by CO,, as

the corresponding catalytic results show (Figure S9).57:80 In addition, complementary

temperature programmed experiments (TPD) from Figure S10 in the Supplementary

Information evidence a significant H,O and CO, retention capacity in the CuO/CeO,

catalyst. Interestingly, H,O surface saturation leads to important CO, co-release, and vice

versa. In fact, CO, and H,O co-addition maximizes chemisorption capacity, which also

relates with the much stronger inhibition by CO, + H,O co-presence (Figure S9).

20
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41 284 Figure 2. Normalized MS signals measured after 360, pulses in H, + CO flow with the
45 285 CuO/CeO, catalyst at different temperatures: a) 75 °C, b) 100 °C and c) 150 °C. The zero-

48 286  time was set after 360, was pulsed.
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The signals detected after the 360, pulses correspond to 44CO,, 46CO, and '®H,0, where

most oxygen atoms come from CO and the catalyst O atoms ('60); the only '80-

containing molecule was 46CO,, and neither “CO, nor 2°H,O were detected. Notably, the

formation of 44CO, ('*0OC'60; non-isotopic) involves catalyst 8O abstraction and anionic

vacancy formation, which is indicative of CO oxidation taking place via a Mars-van

Krevelen (MvK) mechanism. On the other hand, 46CO, formation ('*OC'60; scramble of

non-isotopic and isotopic) may involve an adsorbed 80 species in the vicinity of CO or

occur via direct oxidation of adsorbed CO by 360,. The relative areas of the 44CO, and

46CO, peaks, however, indicate that the former reaction pathway is much more relevant

than the latter regardless of the temperature. Analogously, H, oxidation involves a

catalyst oxygen ('60) to yield '8H,0 via a MvK mechanism. In contrast with CO oxidation,

other alternative H, oxidation mechanisms involving pulsed 3¢0, can be ruled out since

20H,0 is not detected. In summary, isotopic pulse experiments allow to unequivocally

confirm that both CO and H, oxidation reactions on the CuO/CeO, catalyst in a CO-PROX

environment occur via a MvK mechanism all along the temperature profile. Besides,
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global isotopic yield of products shown in Figure S11 demonstrate there is not significant

effect of temperature in the oxygen exchange capacity of the catalyst within the 75-150

°C tested range.

3.3. In situ Raman spectroscopy experiments

Figure 3 compiles the Raman spectra of the CuO/CeO, catalyst recorded under flowing

He and CO-PROX gas mixture atmospheres at different temperatures, which relate with

ceria crystalline changes. The spectra show a main band centered around 464 cm™',

attributed to the F,3 symmetric vibration mode of oxide anions around their equilibrium

positions in tetrahedral sites within the cubic crystal structure of ceria.”6'.62 The position

of the F,4 band is highly sensitive to small changes in the crystalline features of CeO, and

it is well reported to respond upon lattice dilation with a proportional lower frequency (red)

shift.62 Additionally, Raman spectra of ceria-based materials typically display minor bands

around 540 cm~' and 600 cm™', so-called D bands, D; and D, respectively, which are

ascribed to the presence of lattice defects.®'.62 Hence, the area band ratio D/F,g4 is widely

used a measure of oxygen defect concentration in ceria, though the discernment between
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the D;y and D, band modes is stil a matter of debate.f* Recent

experimental/computational Raman studies in ceria-doped materials have assigned D

bands to the presence of oxygen vacancy defects, whereas D, is attributed to the

presence of defective elements in solid solution within the ceria crystal.63-65
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Figure 3. In situ Raman spectra for the CuO/CeO, catalyst recorded at different

temperatures in 100 mL/min of He (dotted lines) and CO-PROX mixture (solid lines). We

note that spectra have been normalized to the maximum intensity of the F,4 band.

Since pulse isotopic experiments confirm a MvK mechanism in CO-PROX for both CO

and H, oxidation reactions, it is expected an increased population of oxygen vacancies in

the catalyst alongside reaction course. The formation of an O vacancy results in a charge

imbalance in the CeO, lattice that must be compensated by the reduction of two Ce**

cations to Ce3*. The distribution of the reduced Ce3* ions is determined by the most

favorable arrangement around the vacancy site, which has been established as the

nearest neighbor (MNV) and next nearest neighbor (MVA) positions relative to the defect

position.%¢ As a result, the Ce3*~NNN cation formed upon oxygen vacancy formation

would remain in an 8-fold coordination contributing to the D, mode, as a sign of incipient

reduction of ceria with highly dispersed surface oxygen vacancies. Assuming this

hypothesis, the D, band at 600 cm-" attributed to isolated vacancies, cannot be formed in

independence of the D4 band at 540 cm~" in non-doped ceria materials, as is the case of
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this study. For this reason, the in situ Raman spectra presented herein show near-equal

D4 and D, contributions, which are gathered together as a broad D band that acquires a

flat profile in the 540-600 cm~' range. The influence of temperature on the D and Fyq

Raman bands in He and CO-PROX atmospheres is compiled in Figures 4a and 4b.
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Figure 4. Data extracted from Raman spectra at different temperatures in He (triangles)

and CO-PROX (diamonds) conditions. a) D (540-600 cm~") / F,4 (460 cm™') band intensity

ratios and b) F,4 band Raman shift.

The comparison between the trends observed under He and CO-PROX conditions allows

to discern the effect of reactant gases from the inherent lattice thermal expansion in the

CuO/CeO;, catalyst. According to the He-recorded Raman spectra shown in Figure 3, the

ceria lattice is expanded by the effect of temperature above 150 °C resulting in a

proportional F,4 red shift. Another contribution to such expansion is the presence of Ce3*

cations, with larger radii than Ce#**, that balance the charge deficit left upon the formation

of oxygen vacancies in ceria induced by temperature. However, the associated defect D

band barely increases within 50-250 °C, so this contribution is modest.

On the other hand, the recorded CO-PROX Raman spectra is more complex and

responds to the different CO-PROX reaction regimes. In particular, the evolution of the D

band in the CO-PROX mixture (Figure 4a) encompasses that recorded in He up to 100

°C. Beyond this temperature, the CuO/CeO, catalyst presents a gradually higher
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population of oxygen vacancy defects under CO-PROX conditions, which experiences a

sharp increase at 250 °C. Considering that the Raman spectra for CuO/CeO, merely

relate to the crystalline properties of ceria since the CuO Raman bands are weak,%” we

can conclude that ceria remains essentially oxidized below 100 °C. After this temperature,

there is a moderate reduction of ceria under CO-PROX conditions up to 200 °C, after

which a critically reduced state is suddenly observed. This is in agreement with the fixed-

bed catalytic tests (Figure 1) and O, isotopic pulse experiments (Figure 2) which suggest

that the MvK mechanism is eventually disrupted in low O, partial pressure conditions

when H; oxidation becomes more relevant, and consequently, CO selectivity drops.

Interestingly, the analysis of the F,4 band presented in Figure 4b and its comparison with

the evolution of the D band leads to the striking observation that lattice expansion and

oxygen vacancy formation are not coupled along the CO-PROX reaction. For instance,

at 100 °C, the F,4 band exhibits a large red shift that is not encompassed by an increase

of the D band. One possible explanation could be that oxygen vacancies created upon

the reduction of Ce** ions by CO are rapidly refilled by O atoms from O,, forming transient
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surface oxygen species that do not transfer negative charge density to the neighboring

Ce?* cations, which remain reduced. This scenario typically entails reactive oxygen

species such as peroxides (0,27) and superoxides (O%) that are characterized by the

presence of weak bands centered at 830 and 1130 cm™', respectively.®86% However,

these bands were not detected in the CO-PROX Raman spectra, and therefore, the

participation of these oxygen species is questionable. Besides, this hypothesis would

involve a major contribution from the D, component in the D band region, which could not

be observed either. An alternative and more likely explanation is that the chemisorption

of H, and subsequent surface hydroxylation may lead to the reduction of Ce** ions at

these low temperatures, where lattice oxygen abstraction by water release is still not

favorable. This possibility is supported by previous experimental and theoretical studies

which show that the dissociative H, chemisorption can indeed promote the reduction of

surface Ce** ions leaving a large coverage of Ce3*-OH groups.*®’% The low energy

activated H would remain on surface as hydroxyl groups or reversibly recombine to

release back H; unless sufficient energy is provided by higher temperatures to produce
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water molecules at expense of the formation of an O vacancy. In turn, under H,

atmosphere and low temperatures (ca. <100 °C), CeO, surface presents one-electron

(i.e., punctual Ce?* sites) formed upon a reversible process not related to oxygen vacancy

formation. However, the magnitude of the red-shift of the F,4 band suggests that there

may be other factors at play at these low temperatures. Another unexpected observation

arises at higher temperatures, where the F,4 band shows a gradual compression of the

ceria until it overlaps with the He-recorded spectrum at 200 °C. Finally, the Fy4 red-shift

at 250 °C is accompanied by a steep increase of the D band (Figure 4a), which indicates

that ceria lattice expansion is directly related to oxygen vacancy formation at this

temperature, as one would expect.

Overall, the Raman spectra presented in Figure 4 prove the existence of dynamic redox

processes in ceria under CO-PROX reaction conditions, which cannot be explained

without the knowledge of the state of Cu particles in the combined CuO/CeO, catalyst.
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3.5. CO-PROX operando NAP-XPS and NEXAFS experiments

CO-PROX conditions using the CuO/CeO, catalyst were reproduced in a NAP-XPS

analysis chamber, and the XPS spectra were recorded at different temperatures up to

100% O, conversion. Before these experiments, spectra were also recorded during the

oxidizing pretreatment in O,/N, at 200 °C, as an indicator of the initial oxidation state of

the catalyst. The O, conversion profile obtained in the NAP-XPS experiments is

presented in Figure 5 along with the profile obtained in the fixed-bed reactor (Figure 1a)

for comparison. The CO-PROX spectrum recorded at 50 °C does not show good

resolution because of the moderate conductivity of the sample at this low temperature,

which resulted in severe surface charging and eventually difficult deconvolution fitting due

to the broadening of the peaks. We also note that the observed catalytic activity

dependence with temperature is very different in the operando NAP-XPS experiment

when compared to the fixed-bed reactor (Figure 5). Notably, much higher temperatures

were needed in the CO-PROX operando NAP-XPS experiment to achieve total O,

consumption.
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Figure 5. O, conversion (Xpy) profiles as a function of temperature for the CuO/CeO,

catalyst under CO-PROX reaction conditions (with A= 2): 100 mL/min, 1 bar in the fixed-

bed reactor tests (dashed line), and 30 mL/min, 1 mbar in the NAP-XPS experiment (solid

line).

As previously described, the double S-shaped curve observed in Figure 5 is a

consequence of the separate onsets for CO and H, oxidation reactions and the chosen

stoichiometric O,:CO excess of A= 2. However, in the case of the NAP-XPS experiment,

the onset for H, oxidation is much more delayed probably due to the large difference in

the total working pressure and measurement conditions, which causes the CO oxidation

to remain selective for a wider temperature window. The C 1s and O 1s XPS regions
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recorded at 722 eV (Figure S13) reveal surface chemistry changes in the CuO/CeO,

catalyst rather than redox processes directly involved in the CO-PROX mechanism.

Briefly, the high binding energy O contribution (ca. 531.5 eV) in O 1s XPS region assigned

to loosely bound O surface species was found to gain considerable importance, while

carbonaceous species coverage (C 1s XPS signal) tend to disappear. This observation

can be related with the hypothesized H,O accumulation predicted by the delay in H,O

release during isotopic experiments, and at the same time, to the shift in H, oxidation

onset seen in the NAP-XPS experiments. However, standalone analysis of C 1s and O

1s XPS spectra cannot provide conclusive insights in this regard. Conversely, the proper

catalyst surface analysis under CO-PROX conditions by means of operando DRIFTS-

MS experiments reveals hydroxyl depletion rather than accumulation (see Figure S12).

Furthermore, it has been reported a relation between hydroxyl consumption and

bicarbonate-type intermediates formation,5? which results positive to favor the desorption

of C-species (bicarbonates compared to carbonates). Therefore, hydroxyl groups arising

presumably from the low-temperature H, activation on the copper and cerium oxides
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phases turn out to be beneficial for the CO oxidation reaction kinetics.”! The effect of H,

is only positive below the H, oxidation reaction onset, point above which OH groups would

be instead released form water via MvK mechanism, in a process competing with CO

oxidation. Noticeably, taking into account the important pressure difference between the NAP—

XPS and DRIFTS analysis chambers (i.e., 0.001 bar vs 1 bar) it should be considered that

the surface chemistry might present different behaviors in terms of hydroxyl and C-

species coverage. Alternatively, O, peak can be attributed to weakly-bounded surface O

species present in an O-defective CeO, surface, e.g., peroxide or superoxide reactive

species. However, since the assignation of O, is ambiguous, we cannot confirm neither

rule out any of both explanations.

The Ce 3d and Cu 2p XPS regions were scanned using two different photon energies:

1082 and 1372 eV (E4 and E,, respectively) to probe different surface depths in the

CuO/Ce0, catalyst according to inelastic mean free path (IMFP) calculations,’>75 as

presented in Table S3 for Cu and Ce oxides. While differences in depth are moderate

(ca. 4 A), it is well-known that the lower the X-ray energy, the lower the IMFP, and
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therefore, the probing depth. The XPS spectra recorded at 1082 eV are illustrated in

Figures 6a-b, whereas the main results obtained with both energies are summarized in

Table 1.

Figure 6a shows the deconvoluted Ce 3d XPS region (taken at 1082 eV) for the

CuO/CeO;, catalyst under different conditions and the fitting assignment based on the

standard nomenclature provided by Burroughs et al.”® Results of the estimated Ce3*

content’’-"9obtained from the spectra taken at 1082 and 1372 eV for the CuO/CeO,

catalyst are presented in Table 1. According to these data, the Ce3* content remains

constant at around 20% until 450 °C, where partial reduction of ceria occurs, increasing

Ce?®* up to 33%. Comparing both incident X-ray energies, we also observe that the lower

energy allows to discern much better the partial reduction of ceria, which highlights the

very superficial degree of the reduction as the target depth difference between both

energies is within 4 A (see Table S3).
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Figure 6. a) Ce 3d and b) Cu 2p XPS region analyses of the CuO/CeO, catalyst in O,

(blue) and CO-PROX reaction conditions (black) at different temperatures taken at 1082

eV photon energy. Dotted lines in Figure 6a correspond to the contribution of Ce3*

species. ¢) Normalized Cu L-edge NEXAFS spectra of the CuO/CeO, catalyst under

different experimental conditions.

The Cu 2p XPS spectra presented in Figure 6b show the Cu 2p3,, and Cu 2p4/, peaks and

the well-reported shake-up satellite characteristic of the presence of Cu?* ions.8%81 Each

of the Cu 2p peaks could be theoretically deconvoluted into three components, which can

be attributed to Cu® Cu* and Cu?* contributions.8283 Unfortunately, the statistical
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separation between the peak contributions from Cu® and Cu* is too small to discern

between both reduced states. For this reason, we opted to perform a two-peak fitting

using precise constraints on BE, FWHM and peak-shape parameters, as representative

for oxidized copper (CuO) and the undistinguishable reduced copper species (Cu and

Cu,0)

Table 1. Semi-quantitative determination from the Ce 3d and Cu 2p XPS spectra and Cu

L-edge XAS data from the NEXAFS analysis.

XPS Ce3* (%) XPS Cu?* (%) Cu*(%)
Conditions
E, E, E, E, NEXAFS

0O, 200 °C 20 22 66 75 88
CO-PROX, 50°C 21 18 58 57 80
250 °C 22 18 38 37 76
300 °C 22 19 30 28 66
350 °C 24 20 21 20 58
450 °C 33 24 0 0 40

Note: E1 and E; stand for 1082 and 1372 €V incident energies, respectively.

37

ACS Paragon Plus Environment



oNOYTULT D WN =

487

488

489

490

491

492

493

494

495

496

497

498

499

500

ACS Catalysis

The semi-quantitative estimation of the average oxidation state of surface copper species

is presented in Table 1. According to our data, copper is gradually reduced under CO-

PROX conditions until reaching a total reduced state (Cu* and/or Cu®) at the highest

temperature, with no significant difference between the two X-ray energies employed.

Interestingly, even in O, atmosphere during the initial oxidation pretreatment, a significant

Cu* contribution is observed, which can be attributed to a promoted reduction arising from

the redox interplay between the Ce**/Ce3* and Cu?*/Cu* ions. In this case, however,

evident discrepancies were observed in the O,/N, mixture with the 1082 (E4) and 1372

eV (E2) photon energies, being Cu noticeably more reduced in the most external profile.

We acknowledge that the presence of that large amount of reduced Cu in the CuO/CeO,

catalyst is very questionable in such oxidizing conditions, even considering the well-

known facile oxidation of copper. Consequently, we ascribe those differences to Cu-Ce

synergistic interactions and a labile Cu?*/Cu* equilibrium upon Ce**/Ce3* redox exchange

at the most external interfacial layers.
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To complement the NAP-XPS characterization during CO-PROX, we next set out to

measure the Cu L-edge NEXAFS spectra of the CuO/CeO, catalyst under different

experimental conditions. These spectra are presented in Figure 6¢ and feature the L;and

L, absorption peaks centered at ca. 930 and 950 eV, respectively, which correspond to

the electric dipole allowed 2p - 3dtransition. 8485 The L-edge spectrum for the CuO/CeO,

catalyst is composed of proportional contributions of characteristic spectral features from

CuO, Cu,0 and Cu. Particularly, both CuO and Cu,O have well-resolved strong L;

absorption edges, which were assigned to the peaks centered at 930.8 and 933.7 eV,

respectively, in agreement with values reported in the literature.®6:87 On the other hand,

Cu metal develops an unambiguous fingerprint that allows to identify traces of this

material, although its L3 absorption edge typically appears at around 933.5 eV,

overlapping with the Cu,O spectral features. Hence, herein we used the intensity ratios

between the Lz components with centers at ca. 930.7 and 933.7 eV as a qualitative

indicator of the copper reduction degree and the results are compiled in Table 1.

Comparing to XPS, NEXAFS analysis in total electron yield detection mode is sensitive
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to deeper probing, estimated to be ca. 5 nm for semiconductors. 8Altogether, these

techniques provide a description of the copper oxidation state at different catalyst depths

when complemented with XPS analysis. The combination of these techniques allows to

infer that Cu reduction is partial in the bulk but complete at the outer surface of Cu

particles, as evidenced from the data collected in Table 1.
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Figure 7. Main y-axis: Distribution of surface Ce3* (circles) and reduced Cu species (i.e.,

Cu* and Cu, diamonds) present in the CuO/CeO, catalyst during CO-PROX operando

NAP-XPS experiment using 1082 eV (E;, solid symbols); and 1372 eV (E,, open
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symbols) excitation energies. NEXAFS Cu species distribution (circles). Secondary y-

axis: CO conversion (X¢o, solid line) and CO selectivity (Se/, dotted line) profiles

To correlate the XPS results with the CO-PROX catalytic activity, Xp, and X0 were

subsequently determined, which enabled the estimation of the CO selectivity along the

temperature profile. Figure 7 shows the evolution of Ce3* and reduced Cu species as

determined by NAP-XPS and NEXAFS for the CuO/CeO, catalyst plotted as a function

of Xoz. In short, gradual surface reduction of Cu species occurred along the CO-PROX

reaction course, while only moderate and very superficial Ce reduction was observed

from the ceria support at the maximum Xpz, where total X is achieved along with the

ongoing H, oxidation reaction. Our experiments also indicate that the presence of

reduced copper is closely connected to H, oxidation reaction since it coincides with the

observed CO selectivity decay, in line with previous studies.'7-%489 |n fact, because the

surface Cu* abundance is extraordinarily high at the beginning of the CO-PROX reaction,

CuO should be partially reduced on surface upon CO contact, resulting in a very

anticipated (but limited) CO oxidation activity. As temperature increases, an enhancement
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of the reaction rate is observed, which occurs via a MvK mechanism by means of lattice-O

abstraction and eventually results in a gradual reduction of the Cu,O particles, from the

surface to the bulk. At the maximum measured temperature, however, with total Xy, and

still maximum X, no trace of CuO on the surface was detected and copper particles

were found to exhibit Cu%/Cu* mixed reduced states. Importantly, the Cu® content is likely

to increase with temperature, which eventually will promote H;, oxidation leading to more

reduced Cu sites. In this scenario, it is expected that X;o would decrease at higher

temperatures at the expense of the boosted H, oxidation rate, besides an increasing inner

(NEXAFS) Cu reduction degree. Unfortunately, the experimental settings of the NAP-

XPS and NEXAFS analyses prevented us from further increasing the temperature beyond

the value at which total X, was achieved.

As far as the catalyst support is concerned, the data presented in Table 1 indicate that

CeO, remains oxidized in an equilibrium state until the CuO surface completely

disappears. Furthermore, the differences observed between the results obtained at 1082

and 1372 eV excitation energies suggest that incipient ceria reduction is strictly limited to
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the most superficial surface. CO-PROX operando NAP-XPS experiments also show that

Ce3* content remains constant while surface O, peak gradually grows up to a sharp

increase at 450 °C, which suggests that the potential hydroxylation does not have a

significant impact on ceria reduction. Hence, we conclude that the lattice expansion

observed in the CO-PROX-recorded Raman spectra up to 200 °C (Figure 4b) is not due

to the reduction of ceria. A plausible alternative explanation involves the reduction of

copper species, particularly those Cu cations partially inserted into the ceria matrix upon

the CuO loading, as revealed by XRD (Table S2). The reduction of inserted Cu?* to Cu*

would implement a yet larger lattice expansion on ceria, besides a potential breaking up

of the minor Cu-Ce solid solution stability. This effect is partially reversed between 100-

200 °C since ceria is expected to become more reduced as temperature increases at

expenses of the labile redox equilibrium Cu* + Ce** o Ce3 + Cu?", as H,-TPR

experiments show (Figure S4). However, in overall, Ce ions are likely to be in a steady

oxidized redox state while Cu is reduced by the effect of CO-PROX reaction occurring via

MvK mechanism and the imbalanced O abstraction-restorage equilibrium. Accordingly,
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the lattice oxygen from the ceria support is performing an active role when CuO are

entirely reduced on the surface, which is the point of total Xy,above which CO conversion

drops. The mobilization of oxygen from CeO, at such stage might be assigned to the O

transfer within the Cu-Ce interfaces, aiming to palliate the O-deficiency in the reduced

Cu sites. Furthermore, the activation of the mobile interfacial oxygen at that low partial O,

pressure could be related with the sharp increase seen at 450 °C for the O, peak.

Therefore, when X is critically low, CeO, should aid the oxygen vacancy filling process

over the active Cu species in a synergistic mechanism, either in complement or in

replacement of the direct O, uptake on Cu.

3.6. Density functional theory calculations

The experimental data presented above suggest that O-vacancy sites are generated in

CuO at temperatures within the selective CO-PROX regime (Region 1, Figure 1), while

lattice O atoms in CeO, are involved at higher temperatures within the non-selective

regime (Region 2, Figure 1). With the aim to shed light on this critical step, DFT+U

calculations were conducted on different surface slabs that represent the most abundant
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facets present in the CuO/CeQO, catalyst. TEM characterization (Figure S5) allowed to

elucidate the particle morphology in the heterogeneous CuO/CeQ, catalyst, which

exhibits a polycrystalline nature with irregular sizes and shapes. Accordingly, the

preferential exposed facet in CeO, phase is {111}, that is the most stable surface for

CeO, *°while CuO presents too low contrast to discern the lattice spacing. In agreement

with TEM analysis, the surface slabs modelled by DFT correspond to CeO,(111),

CuO(111) and Cu,O(111), which are the most representative surfaces for each phase

(Figure 8).91
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Figure 8. Side (above) and top (below) views of the DFT-modelled surface slabs: a)

Ce0,(111) surface with 12 Ce (pale yellow) and 24 O (red) ions; b) CuO(111) surface

with 32 Cu (brown) and 32 O ions; and c¢) Cu,O(111) surface with 64 Cu and 32 O ions.

Because the reoxidation of a given oxide material is directly linked to its oxygen

storage/release capacity, the energy required to create an O vacancy can be taken as a

good reaction descriptor for that process. Thus, we set out to compute the oxygen

vacancy formation energy (Eo...) for each of the surface slabs shown in Figure 8.

Importantly, upon removal of an O atom, two electrons are left behind leading to the

reduction of two Ce**ions to Ce3*. The localization of the excess of electrons on the oxide

surface has been extensively studied for Ce0,*%66.92 showing that it can have a

considerable effect on the calculated Eo.,.. value. Consequently, different electron

localizations were considered upon the generation of an O vacancy on the various surface

slabs (Table S4). The lowest energy configurations and electron localizations are shown

in Table 2.
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Table 2. O vacancy formation energies (Eo.,., in €V) and localization of the excess of

electrons for the CeO,(111), CuO(111), and Cu,O(111) surface slabs. NN and NNN

denote nearest neighbor and next nearest neighbor, respectively.

CeOy(111) CuO(111) Cu,0(111)
Eo-vac 2.22 2.34 1.97
e~ localization NN | NNN NN | 2*(NNI2) delocalized

The energies included in Table 2 are in very good agreement with previous theoretical

studies, although they are highly dependent on the localization of the two electrons left

upon O abstraction.6:92-%4 These values correspond to the lowest O-vacancy formation

energies calculated for the different phases and follow the trend: CuO(111) > CeO,(111)

> Cu,0(111). Hence, the calculated data indicate that the formation of oxygen vacancies

in CuO is thermodynamically less favored compared to CeO, despite experiments show

a gradual CuO reduction and steady CeO, redox state for the CuO/CeO, catalyst during

CO-PROX. The fact that CuO reduction prevails over CeO, reduction in the wide range
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of the low-temperature CO selective regime is due to the different surface interaction in

the presence of reducing gases from the gas stream (e.g. CO and H,), which is not

considered in the calculated Eo.,.. values as these only account for the oxygen

abstraction from the surface to the gas phase. Nevertheless, it is evident that the higher

the energy for the oxygen vacancy formation, the more facile lattice oxygen restorage

when the O-deficient slabs are set in contact with O, atmosphere. Therefore, attending

to the observed trend we can conclude that direct O-lattice regeneration should prevail in

CuO when present, while the reoxidation through CeO, becomes more favorable once

CuO is reduced to Cu,0.

Altogether, DFT+U calculations predict a change in the reoxidation mechanism of

CuO/CeO;, catalyst that enhances Cu* stability during CO-PROX reaction course, which

is summarized in Figure 9. At low temperature (Figures 9a-b), CuO particles are reduced

and oxidized in imbalance equilibria where CO takes lattice oxygen and vacancies are

replenished afterwards by O, from the gas feeding (i.e., direct mechanism). In this regime,

the CuOy particles solely undertake the whole cyclic reaction-oxidation processes
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bypassing the participation via CeO,. However, since ceria is closely interacting within

the active Cu-[O,]-Ce interfacial species, the surrounding CeO, matrix undergoes

dynamic processes of lattice expansion which are not related to Ce redox changes, as

well as the accumulation of surface intermediates. At higher temperatures (Figures 9c-d),

CuOy particles are reduced by H, in addition to CO, and the reduction/oxidation

equilibrium shifts even more forwards reduction, which in turn hampers the

thermodynamic O vacancy filling process. At such point, the tightly contacting CeO,

phase is more prone to undertake O accommodation than the reduced Cu,O/Cu species

according to the computed O-binding strength. Subsequently, the transfer of surface O

from CeO, to Cu,0 assists lattice O recovery in the reduced copper species at the triple-

phase boundary, as evidenced in the lower X-ray energy test from NAP-XPS experiment

(see Table 1).
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a b c d
CO oxidation O vacancy refilling: CO oxidation O vacancy refilling:
direct mechanism H, oxidation synergistic (via CeO,)
mechanism

H 0 O vacancy

Figure 9. CO-PROX reaction scheme in CuO/CeO, catalyst in (a,b) the CO-selective

regime, where CO oxidation prevails in the presence of Cu*/CuO oxidized particles, and

(c,d) in the non-CO selective regime, where H, oxidation domains over CO oxidation

when copper species are reduced on surface to Cu/Cu,O clusters. (a,c) display reaction

schemes, creating O vacancies in the copper-rich phase while (b,d) refer to the

subsequent O, uptake occurring in each regime.

The change from direct to synergistic reoxidation mechanism (via CeQO,) delays Cu

particles reoxidation and CO conversion decays at expenses of H, oxidation. Overcoming

such state leads to the gradual surface to bulk CeO; reduction that is observed in the in
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situ Raman spectra as a very important growth on D band contribution. Catalytic tests

(Figure 1) reveal that the excess of O, in A= 2 conditions targets partially reduced copper

particles, holding CO conversion in a certain extent within the Region 2, whereas in the

stoichiometric conditions (4 = 1), reaching Region 2 means a straight decay in CO

conversion. The enrolment of lattice oxygen from CeO, takes place mainly when copper

particles are reduced on surface and present a significant partially reduced bulk state,

too. Herein, the reduction of CeO, has been identified as a sign of CO selectivity loss,

which should be related to the change in the reoxidation mechanism. This conclusion

manifests that reoxidation issues should be contemplated in a CO-PROX reaction

mechanism, where it is usually taken for granted regardless the O, partial pressures and

temperature along the reaction run. Accordingly, results allow to conclude that the

efficient O restorage may enhance the CO selectivity over conventional CuO/CeO,

catalyst, which sheds some light in several decade-long debates. Namely, the

controversy on the negative effect of ceria-doping in CO-PROX application, that restricts
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Cu-Ce interaction, or the beneficial deployment of inverse CeO,/CuO catalysts, with

larger CuO particles and lowered reducibility.

4. Conclusions

This multidisciplinary study has combined an experimental and computational approach

to tackle the CO-PROX reaction mechanism at the atomic scale over CuO/CeO, catalysts

considering lattice oxygen recovery at play. First, the CO oxidation and H, oxidation

reactions in CO-PROX conditions occur via Mars—van Krevelen mechanism along the

entire range of reaction course with a gradual surface to bulk reduction of CuO particles.

Increasing the partial pressure of O, is beneficial for the CO-PROX reaction since it

maximizes the reactive surface oxygen up to the virtual limit imposed by the oxygen

storage capacity of the CuO/CeO, catalyst, although H, oxidation onset is not affected.

On the other hand, the surface of CeO, support is dynamic and experiences irregular

lattice dilations upon the ongoing processes which are not related with Ce#* reduction, but

to the side-effect of present inserted Cu. The role of ceria is secondary while copper
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particles remain partially oxidized, which undertake CO oxidation and H; oxidation

reactions, besides their direct reoxidation with molecular O,.

The reduction of CuO to Cu,O/Cu® entails not only a further selectivity loss by the

activation of H, oxidation, but also the stabilization of oxygen vacancies that hamper the

thermodynamics of direct oxygen vacancy filling. With the presence of reduced Cu

particles in the CuO/CeO, catalyst, the ceria support assists into the O uptake via a

synergistic mechanism. At such point, surface reduction of CeO, is observed and when

it is further extended, CO conversion drops in favor of H, oxidation. These results reveal

that though CeO, reduction is detrimental to CO conversion, the improved surface

reducibility of copper species plays a positive role. This knowledge will allow the rational

catalyst design of the high-performance CuO/CeO, catalysts, and derived configurations,

in pursuit of the optimum compromise in the tunable interfacial Cu-Ce redox properties.
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