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 The redox properties of ceria make it suitable as a catalyst or support in oxidation reactions. Ce-ria-supported transition metal nanoparticles or isolated single atoms provide a metal-support in-terface that reduces the energy cost to remove interfacial oxygen atoms, providing active oxygen species that can participate in Mars van Krevelen oxidation processes. CO oxidation is a key probe reaction to test the reducibility of ceria-supported catalysts and is also practically important in the elimination of CO at relatively low temperatures in various applications. Preferential oxidation of CO (PROX) in excess H2 controls the CO concentration to ultra-low levels to prevent poisoning of hy-drogen oxidation electrocatalysts. The reactivity of catalysts in CO oxidation and selectivity towards CO over H2 in PROX is dependent on the type and dispersion of metal species, the structural and chemical properties of CeO2, and the synthetic preparation methods of the catalysts. In this review, we summarize recently published works on catalytic CO oxidation and PROX reactions on ce-ria-supported metal nanoparticles and single atoms. We summarize the reactivity on different sup-ported metals, and on different CeO2 surfaces with the same metal. We summarize the most likely reaction mechanisms as suggested by density functional theory calculations. The factors contrib-uting to selectivity towards CO oxidation in PROX reactions on various supported metals are also discussed. © 2020, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.Published by Elsevier B.V. All rights reserved.
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1.  Introduction CeO2 is a versatile catalytic material which has generated considerable interest in both academia and industry. Since CeO2 was first employed by the Ford Motor Company as an oxygen storage component in car converters in 1976, the inclu-sion of CeO2 as a key component in three-way catalysts (TWCs) has escalated dramatically in the automobile industry [1]. Be-yond commercial applications, ceria-based catalysis has been 

extensively studied for numerous reactions, including CO oxi-dation, preferential oxidation of CO (PROX) over H2, water-gas shift (WGS), methane combustion, selective hydrogenations, oxidation of light organic compounds, and C‒C coupling reac-tions [2–6].  Ceria is a yellow or white powder that crystallizes in the fluorite structure with a Fm3m space group and a face-centered cubic (fcc) unit cell. Cerium has a 4f25s25p66s2 electron config-uration and exhibits both +3 and +4 oxidation states, leading to 
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the formation of both Ce2O3 and CeO2 in the presence of oxygen at high temperatures [7]. A variety of metastable intermediate states (CeO2‒x) of near-fluorite structure exist with oxygen va-cancies randomly distributed [8]. The vacancy concentration and distribution depends on temperature and oxygen pressure, endowing CeO2 with reducibility and wide applicability as an oxygen storage material within a multi-component oxidation catalyst [9].   Carbon monoxide (CO) is the product of incomplete com-bustion of carbon-based fuels. CO emissions must be avoided since the lethal gas binds strongly to hemoglobin, disabling it from delivering oxygen to bodily tissues. Further oxidation of CO to CO2 is a highly exothermic reaction with a remarkably high ignition temperature at 609 °C. CO + 1/2O2 → CO2     ∆H = ‒283 kJ/mol The oxidation of CO is a useful probe reaction of the reduci-bility of CeO2-based catalysts, a key property impacting the activity of catalysts. CeO2 is a good candidate for CO oxidation at non-UHV pressures due to active surface oxygen (both su-peroxo and peroxo) that react with the CO on the surface of ceria. During the oxidation process, CO initially reacts with active surface oxygen to form CO3 [2–8] which then reacts with O2 to yield CO2 and regenerate active surface oxygen. These reactive oxygen intermediates arise from the Ce4+-Ce3+ redox couple, and their formation is dependent on the ease of oxygen vacancy formation [10]. Atmospheric oxygen does not directly adsorb and dissociate at the vacant sites, but the redox process involving the formation and replenishing of oxygen vacancies on CeO2 is described as a Mars van Krevelen (MvK) mechanism [11]. PROX over H2 is an important reaction in proton-exchange membrane fuel cells (PEMFC), which exploit hydrogen as an energy source. The concentration of CO in the feed must be kept at an ultra-low level (<50 ppm) to prevent poisoning of the hydrogen oxidation electrode, typically made from noble metals [12,13]. Thus, elimination of the trace amount of CO from H2 is required. One strategy to reduce the concentration of CO is via the water-gas shift reaction, where CO is oxidized by H2O to CO2 while producing H2, but this reaction often requires high(er) temperatures than an alternate approach.  CO + H2O → CO2 + H2   ΔH = –41 kJ/mol The other approach is preferential oxidation using O2 (PROX): CO + 1/2O2 → CO2  ∆H = ‒283 kJ/mol  desired reaction H2 + 1/2O2 → H2O  ∆H = ‒286 kJ/mol  undesired reaction Selective adsorption of CO and suppression of hydrogen dissociation on the catalyst surface are essential to achieve PROX, which requires prudent selection of supported metals as binding sites because ceria itself is active towards both CO and hydrogen oxidation [14,15].  The surface properties of ceria can be modified by the depo-sition of noble metals. Common synthetic methods to deposit metals as nanoparticles on oxide supports include direct metal deposition on the surface of as-synthesized CeO2, or co-precipitation of the metal dopant with CeO2 in a single step. The supported metal forms a strong interaction with the ceria 

support at their interface, often decreasing the energy penalty for the formation of an oxygen vacancy. Therefore, tuning the interaction between metal and CeO2 is vital to catalytic perfor-mance in oxidation reactions. Ceria-based catalysts are well-studied and reviews on the surface chemistry [8], redox properties [3] and industrial ap-plication of bare ceria have been published [2,5]. Ce-ria-supported metal catalysts and other heterogeneous cata-lysts have been summarized in a number of reviews where the focus has been on the stability [16], surface chemistry [17,18] and catalysis of ceria-supported metal catalysts [6,19]. In addi-tion, with the strong interest in single-atom catalysis, single atoms supported on ceria have been discussed and compared with other supports for small molecule catalytic chemistries [6,20–22]. Herein, the focus of this review is on topics related to oxidation of CO on CeO2-supported metal catalysts, with an emphasis on the difference in catalytic performance as an out-come of the different synthetic methods, structural/chemical properties of the ceria support, and choice of supported metal species. The catalyst’s performance is mainly demonstrated by its reactivity and selectivity towards CO (rather than H2) oxida-tion, while the reaction mechanism is either studied by DFT calculations or inferred from kinetic studies and/or experi-mental characterization of reaction intermediates. 
2.  CO oxidation on CeO2-supported nanoparticles 

2.1.  CO oxidation Although bulk metallic gold is considered chemically inert, it shows great catalytic activity when deposited on an active CeO2 support and dispersed as nanoparticles [23,24]. Low-temperature performance for CO oxidation has been widely reported on Au/CeO2. The activity of these catalysts, however, depends on the preparation method, the properties of the CeO2 support, the size of the Au nanoparticles and the presence of moisture [24]. For example, Han et al. [25] pre-pared Au/CeO2 following two synthetic routes – either via deposition of HAuCl4 on a hydrothermally synthesized ceria support, or via co-precipitation of HAuCl4 and Ce(NO3)3. The samples prepared via the first route showed a much higher activity and greater performance at lower temperature [25]. XPS analysis on the most active Au/CeO2 demonstrated Au predominantly as Au+, which they proposed as the active spe-cies [25]. Guzman et al. [26] applied FTIR with CO as a probe molecule to quantify the concentration of Au3+, Au+ and Au0 on Au/CeO2 catalysts made by a deposition-precipitation method, and found the specific activity in CO oxidation (molCO gAu‒1 h‒1) almost linearly correlated with the concentration of Au3+, while no correlation was found between the activity and the concen-tration of Au+ and Au0. Carrettin et al. [27] found Au nanoparti-cles deposited on nanocrystalline CeO2 demonstrated reactivity two orders of magnitude higher than Au/CeO2 catalysts pre-pared by coprecipitation or deposition of Au on bulk CeO2.   Accounting for such differences in the details of the ceria support must consider size effects as it has been shown that although larger Au NPs can dissociate O2 [28], their lower dis-
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persions lead to lower specific activity. Very small Au clusters, by virtue of a decreased d-band occupancy, adsorb both CO and H2 very strongly, and so become inactive for CO oxidation [29]. The zero-valent metal is not active for CO oxidation, even though it is almost always present, especially at PROX condi-tions [30]. Au+ at the CeO2 interface, often formed under reac-tion conditions from Au3+, is a likely active site for selective CO oxidation at low temperatures, and these findings are in agreement with those on related catalysts such as Au/TiO2 and Au/Fe2O3 [30].   The effect of humidity in the feed has been studied by Zhang et al. [31], who observed a reduced induction period and en-hanced initial activity under humid conditions (Fig. 1 top). 
In-situ DRIFTS detected the presence of a surface COOH inter-mediate under both wet and dry conditions, which formed up-on the interaction between adsorbed CO and surface hydroxyl groups [31]. The authors attributed the shorter induction time under humid conditions to the rapid formation of abundant COOH, since water readily dissociated in the vicinity of gold nanoparticles, whereas there was a limited amount of hydroxyl species available under dry conditions (Fig. 1, bottom) [31]. 

After the induction period, however, the reaction quickly trans-ited into a fast deactivation phase under humid conditions due to the blockage of active sites by water molecules, while such deactivation was absent under dry conditions (Fig. 1, top) [31]. A subsequent deactivation stage, at a slower rate, was observed in both wet and dry conditions, due to the gradual accumula-tion of surface carbonate species, as identified by DRIFT meas-urements, which blocked the active Au sites [31].  Ceria-supported Pd nanoparticles also oxidize CO at ambi-ent temperatures. Tereshchenko et al. [32] reported high cata-lytic activity on supported Pd/CeO2 (111) at a loading of 5 wt% Pd and a dispersion of 50%‒75% (1.5‒2 nm), where the CO conversion reached 100% at 50 °C. Yang et al. [33] prepared Pd/CeO2 via a laser vaporization at the same Pd weight loading (5 wt%) but with larger Pd nanoparticle sizes (5‒10 nm), and reported 100% conversion at 108 °C. The difference in catalytic activity could be attributed to higher Pd dispersion in Teresh-chenko’s work, and higher activity on the CeO2 (111) nanostructures [32].   The shape-dependent activity of Pd/CeO2 nanocrystals has been compared by Hu et al. [34], who deposited 1.0 wt% Pd on different ceria nanocrystals and found Pd/CeO2-rods (consist-ing of primarily (110) and (100) facets) were more reactive with a lower activation energy than Pd/CeO2-cubes (only (100) facets) and Pd/CeO2-octahedra ((111) and (100) facets). An XPS study conducted by the same group revealed the formation of Pd2+-O2‒-Ce4+ linkages on both CeO2-rods and CeO2-cubes but with a higher stability on the rods exposing (110) facets (Fig. 2) [34]. This linkage readily provided nucleophilic oxygen and created oxygen vacancies. In contrast, PdOx nanoparticles are the dominant form of Pd species on the CeO2-octahedra expos-ing (111) surfaces (Fig. 2), which have a decreased tendency to form oxygen vacancies [34].  Pt/CeO2 catalysts show low-temperature reactivity for CO oxidation from 20‒80 °C [35−38]. A consensus is interfacial Pt-O-Ce moieties are the sites for the activation of CO 

Fig. 1. (top) CO conversion versus time on stream over Au/CeO2 cata-lysts under humid and dry conditions at 20 °C. (bottom) Schematicdiagram of proposed mechanism for the induction period, where thehydroxyl groups migrate to and/or from the gold nanoparticles in (A)dry and (B) humid condition. Reprinted with permission from Ref. [31], copyright 2014, ACS Catalysis. 
Fig. 2. XPS spectra of Pd 3d on Pd/CeO2-rods, Pd/CeO2-cubes and Pd/CeO2-octahedra catalysts. The deconvoluted peaks at 336.8 eV (pinkand 337.7 eV (green) were assigned to Pd2+ and PdOx species, respec-tively. Reprinted with permission from Ref. [34] copyright 2016, ACS 
Catalysis. 
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[35,36,38–40]. However, the charge state of the interfacial Pt during CO oxidation is still debated. Morfin et al. [41] applied DRIFTS measurements and identified Ptδ+ and PtO species on Pt/CeO2 catalysts synthesized from platinum tetraamine ni-trate (Pt(NH3)4(NO3)2) and chloroplatinic acid (H2PtCl6) pre-cursors, respectively. The latter catalysts showed poor reactiv-ity towards CO adsorption and they claimed Ptδ+ (0 < δ < 2) species interacting with the CeO2 support are more active than the deposited PtO species for CO oxidation. Similarly, Gao et al. [38] found the catalytic performance followed the order of Pt/CeO2-rods > Pt/CeO2-cubes > Pt/CeO2-octahedra. However, as they increased the Pt weight loading on CeO2-rods and CeO2-cubes, the fraction of metallic Pt0 increased (Fig. 3) as well as the specific reaction rates (Table 1), which supported the conclusion that Pt0-CeO2 ensembles are more active than Pt2+. Apparent disagreements in the literature may be related to the effect of metal particle size, since distributions can sel-dom be kept constant in comparative experiments.  Theoretical DFT studies have also investigated the oxidation of CO over metal nanoclusters supported on ceria surfaces. Au-based catalysts have received the most attention with DFT calculations. Song et al. [42] modeled three different CO oxida-tion mechanisms over a 32 atom-Au nanorod supported on CeO2(110) (Au32/CeO2(110), Fig. 4). The first mechanism was a 

Mars-van Krevelen (MvK) mechanism in which CO adsorbed at the Au nanorod-CeO2 interface, followed by reaction with a ceria lattice oxygen. The generated oxygen vacancy is refilled by adsorption of gas phase O2 and its facile dissociation (56 kJ/mol barrier) into a lattice O atom and a reactive O atom. The other two reaction paths start with O2 adsorption at the Au32/CeO2(110) interface enabling the adsorbed O2 to either directly react with adsorbed CO in a Langmuir-Hinshelwood mechanism (co-adsorption mechanism) or dissociate first into O atoms that then react with CO (step-wise mechanism).   All three candidate mechanisms were reported to be rele-vant to CO oxidation catalysis due to very similar overall reac-tion barriers, with the CeO2(110) surface facilitating O2 adsorp-tion as well as dissociation in the stepwise mechanism. The proposed MvK mechanism is consistent with experimentally determined involvement of lattice O atoms in CO oxidation 

 
Fig. 3. XPS spectra of Pt 4f of (A) Pt/CeO2-cubes, (B) Pt/CeO2-rods and (C) Pt/CeO2-octahedra catalysts. The deconvoluted peaks correspond to (blue) Pt0 and (red) Pt2+ species, respectively. Only Pt2+ species were observed on Pt/CeO2-cubes and Pt/CeO2-rods when the Pt weight loading was lower than 1%. Reprinted with permission from Ref. [38], copyright 2013, ChemCatChem. 

 

Table 1 Pt loading, Pt0/Pt2+ ratio, and specific reaction rate of various Pt/CeO2catalysts. Reproduced with permission from Ref. [38], copyright 2013, ChemCatChem. 
Catalysts Pt loading (wt%) Pt0/Pt2+ Specific reaction rate of CO oxidation (40 °C) (mmolCO molPt‒1 s‒1) 0.2%Pt/CeO2-rod 0.12 0 68 0.5%Pt/CeO2-rod 0.33 0 118 1%Pt/CeO2-rod 0.87 0.53 147 0.2%Pt/CeO2-cube 0.14 0 Very low 0.5%Pt/CeO2-cube 0.39 0 23 1%Pt/CeO2-cube 0.88 0.22 40 0.2%Pt/CeO2-octahedra 0.14 0.35 Very low 0.5%Pt/CeO2-octahedra 0.32 0.4 18 1%Pt/CeO2-octahedra 0.72 1.58 8  

Fig. 4. DFT calculated reaction energy diagram with intermediate structures for Mars-van Krevelen (MvK) mechanism on Au32/CeO2(110)Color code: green (reduced cerium, Ce3+), blue (adsorbed O2 molecule). The energies are relative to Au32/CeO2 + 2CO(g) + O2(g). Reprinted with permission from Ref. [42], copyright 2013, Catalysis Science & Technol-
ogy. 
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[43]. The dominant mechanism may, however, vary on the dif-ferent terminated ceria surfaces. For metal clusters supported on CeO2(111), the MvK mechanism is not operative because of a less favorable oxygen vacancy formation energy than on the other CeO2 facets. Kim et al. [44] concluded the MvK mecha-nism may only dominate at high temperatures on Au/CeO2(111) catalysts, and this appears true even at Au-defective CeO2(111) interface [42]. In the co-adsorption mechanism, the structure of the intact CeO2(111) surface would hinder O2 adsorption at the interface, therefore, O2 can only adsorb on the Au cluster [42]. The stepwise mechanism, requiring O2 dissociation at the interface, may also be difficult at the CeO2(111) surface due to hindered O2 adsorption at the interface [44]. MvK-facilitated CO oxidation with O2 adsorption and activation occurring at O vacancies was also inferred over CeO2(100) surface from a combined DFT and experimental work over ceria cubes modeled as Au/CeO2(100) [45].    In related work, Song et al. [46] examined the oxidation of CO over Pd/CeO2 catalysts over a 32 atom-Pd nanorod model supported on a reactive surface termination of ceria, CeO2(110). The entire MvK reaction mechanism for CO oxida-tion is similar to that over Au32/CeO2(110) as described above, but the energetics of individual steps vary significantly. For Pd32/CeO2, the reaction of adsorbed CO with a lattice O atom proceeds with a barrier of 122 kJ/mol and an exothermicity of 20 kJ/mol, in sharp contrast to the negligible reaction barrier and high exothermicity during CO oxidation over Au32/CeO2(110) reported by the same group. The difference arises from a much stronger Pd−CO bond. The barrier for O2 dissociation occurring at the metal/ceria interface is similar for Au32 and Pd32. Additionally, the latter half of the reaction cycle (CO reaction with dissociated O atoms) is different than on ceria-supported Au NPs. Dissociated O atoms migrate to the Pd NPs and adsorb more strongly than the O adsorbed at the Au/ceria interface. The barrier for the CO + O reaction is very close to the reported barrier for CO oxidation on the Pd (111) surface [47]. The study also concluded the co-adsorption and stepwise mechanisms, operable on Au32/CeO2(110), could be ruled out on the Pd32/CeO2 due to a stronger CO adsorption on Pd32, ultimately resulting in CO poisoning. 
2.2.  Preferential oxidation of CO in the presence of H2 For CeO2-supported metal catalysts, the selectivity towards CO in the presence of excess H2 requires selective CO adsorp-tion and suppression of H2 adsorption. Pd/CeO2 catalysts are remarkably active for CO oxidation, but the reactivity decreases drastically in the presence of H2 [48]. For example, under PROX conditions, the formation of Pd β-hydride was identified by Pozdnyakova et al. [49] using in situ XPS, and the hydride re-acts rapidly with oxygen which suppressed CO oxidation. In-creasing temperature led to higher CO2 selectivity on Pd/CeO2 catalysts due to decomposition of the hydride.   Pt/CeO2 catalysts are good candidates for CO PROX reac-tions in excess hydrogen. The key for CO2 selectivity was as-sumed to be the suppression of H2 adsorption, due to water accumulation on the catalyst surface and blockage of the oxida-

tion sites for adsorbed H species [49,50]. As depicted by Pozdnyakova-Tellinger et al. [49,51], hydrogen spillover from Pt to the ceria support leads to formation of oxygen vacancies and surface water stabilized at the vacancies. The adsorbed water blocked subsequent adsorption of hydrogen at the va-cant sites, while CO mainly adsorbed to metallic platinum. Gao et al. [38] compared the activity of Pt supported on different CeO2 nanostructures for CO PROX and found the activity in-creases in the order octahedra < cubes < rods, which is con-sistent with the order of oxygen vacancy concentration as characterized by the intensity of the corresponding Raman bands. This result further emphasizes the role of oxygen vacan-cies in the oxidation of CO. In the above work, Pt/CeO2 reaches CO2 selectivity of 50%‒80% below 50 °C when CO makes up ~1% of the feed stream. However, Polster et al. [39] found the selectivity decreases to 20% as the CO fraction drops to ~100 ppm, which indicates Pt/CeO2 catalysts are inadequate for the PROX reaction with trace quantities of CO. The poor behavior at ultra-low CO concentration was explained by a change in reac-tion regime, as the reaction order of O2 was 0.58 at low CO cov-erage (25 ppm) and ~0.02 at higher concentration (1%). This reaction order change indicates a change of rate limiting step, coverage regime, or a different reaction mechanism as the CO partial pressure varies. The authors proposed CO oxidation occurs on the Pt nanoparticles through a Lang-muir-Hinshelwood (L-H) mechanism at low CO concentrations, whereas CO oxidation at higher concentrations occurred at the Pt-O-Ce interface through a Mars van Krevelen (MvK) mecha-nism [39]. In-situ DRIFTS demonstrate the adsorbed CO peak saturated at 650 ppm CO, and was unaffected by the presence of O2. This suggests the Pt surface becomes completely covered by CO at rather low CO pressures and reaction only occurs through MvK mechanism at the interface once the Pt surface is CO saturated. At low CO pressures where a L-H mechanism dominates, the rate of H2 oxidation is significant as open Pt surface sites can also activate H2 to react with bound O atoms [39].   The performance of Au/CeO2 catalysts towards CO-PROX is highly dependent on the catalyst preparation method, and re-ported performance also varies among catalysts prepared by the same method. Luengnaruemitchai et al. [52] synthesized 1% Au/CeO2 by co-precipitation, impregnation and sol-gel methods and the catalysts prepared by co-precipitation pos-sessed both the highest CO conversion and selectivity as well as long-term stability. A temperature-programmed reduction (TPR) study by Arena et al. [53] indicated Au/CeO2 synthesized by deposition-precipitation or combustion (urea ignition) showed higher activity than those synthesized by co-precipitation or incipient wetness. Scirè et al. [54] also found synthesis by deposition-precipitation resulted in more active and stable catalysts compared to co-precipitation. These con-flicting results can be traced back to differences in Au disper-sion, support surface area and removal of poisons, especially chloride, which arises from the common Au precursor, HAuCl4. High Au dispersions are clearly desirable, while co-precipitation can result in too much Au buried beneath the surface. Support surface area is important because higher sur-
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face area suggests a greater number of adsorption sites for small NPs. Chloride removal down to a few ppm is critical be-cause Au chlorides are resistant to reduction except at higher temperatures. Deposition-precipitation can sometimes result in easier chloride removal because the chlorides can be replaced by other ligands prior to surface deposition. Many of these competing effects can be delineated through XPS or even chemisorption techniques.   Deng et al. [55] synthesized low-content (Au < 0.6 at%) Au/CeO2 via urea gelation/co-precipitation and deposi-tion-precipitation followed by NaCN leaching for the removal of weakly bound gold. These catalysts possessed activity for CO-PROX, good redox cyclability, and stability over a wide range of temperatures. An XPS study showed all strong-ly-bound gold was cationic, and these cationic sites were in-volved in catalyzing the PROX reaction. Beyond conventional synthesis methods, Cargnello et al. [56] introduced carboxylic groups on the surface of monolayer-protected gold nanoparti-cles to direct ceria growth through covalent bonding between ceria and the carboxylic group (Fig. 5). They reported higher dispersion of Au nanoparticles and activity in the CO-PROX reaction, but lower accessibility of Au nanoparticle than the Au/CeO2 catalyst synthesized by deposition-precipitation. The Au nanoparticles were at least partly encapsulated, with a por-tion completely buried in the nanostructured porous ceria [56].  The application of CuO/CeO2 in CO PROX reactions was firstly reported by Avgouropoulos et al. [57], who prepared catalysts showing remarkable selectivity, activity, stability and tolerance to CO2. There is significant synergy between CuO and CeO2 since CuO/CeO2 shows much higher CO oxidation activity than either CuO or CeO2 [13]. Comparison of CuO/CeO2 cata-lysts with Au/CeO2 demonstrate they can possess better CO2 selectivity in spite of lower activity [54,57,58]. Similar to Au/CeO2, the activity of CuO/CeO2 catalysts is highly dependent on the synthetic approach and parameters such as calcination temperature and loading, as summarized in a previous review [59]. For example, Chung et al. [60] prepared CuO/CeO2 cata-lysts by co-precipitation at various pH values, and found higher pH led to a greater rate of CeO2 nucleation, and increased con-centration of interfacial Cu sites, reducibility of CuO and CO oxidation activity. Jung et al. [61] studied the influence of calci-nation temperature (500‒900 °C) of CuO/CeO2 prepared by co-precipitation. They found a volcano relationship between activity and calcination temperature with an optimum at 700 °C. Above 800 °C, phase separation between CuO and CeO2 was 

detected by XRD and H2-TPR. This demixing decreased the quantity of active Cu-Ce-O species and decreased the activity for CO PROX. Maciel et al. [62] compared the activity of CuO/CeO2 synthesized by a hydrothermal or precipitation ap-proach with observation of higher activity and selectivity on the former catalysts. They attributed this to a smaller crystallite size of the hydrothermally-prepared catalysts, leading to better reducibility of the CuO nanoparticles, as characterized by SEM and H2-TPR.   Martinez-Arias and co-workers [63,64] studied various synthetic approaches to alter the interfacial area between CuOx and CeO2, and thereby demonstrated, using multiple character-ization techniques, that selective CO oxidation takes place at interfacial sites between CeO2 and dispersed CuOx. A correla-tion was established between PROX activity and the extent of reduction of the CuOx entities. The H2 oxidation was also shown to proceed immediately (thereby lowering CO oxidation) after onset of a major copper reduction to Cu+, indicating the active species for H2 oxidation include partially reduced and dis-persed copper oxide NPs, as well as fully reduced Cu(0). XANES results (Fig. 6) illustrate how the onset of measurable interfa-cial Cu+ corresponds to the onset of CO oxidation, while the bulk evolution of (first) Cu+ and (second) Cu(0) correlates with the oxidation of H2.  Guo et al. [65] followed up on this work, preparing ceria nanoparticles with rod, cube, plate and polyhedral morphology by hydrothermal methods to support CuOx. The CuO/CeO2-rod and CuO/CeO2-polyhedra catalysts displayed better low-temperature activity for CO PROX and a broader tempera-ture range for high CO conversion. XPS revealed a higher con-

Fig. 5. Schematic representation of Au/CeO2 catalysts prepared bydirected growth of ceria around carboxyl-grafted Au nanoparticles, asdescribed by Cargnello et al. Reprinted with permission from Ref. [56], copyright 2010, Chemistry of Materials. 
Fig. 6. Evolution of principal components detected by XANES during a CO-PROX over Cu0.2Ce0.8O2 and evolved gases during the same run. Reprinted with permission from Ref. [63], copyright 2007, Journal of 
the American Chemical Society. 
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tent of Cu+ species in the more active catalysts, while Raman spectroscopy showed a higher concentration of oxygen vacan-cies, many of which would be located at interface sites. They also performed in situ DRIFTS measurements and inferred stronger metal-support interactions based on a weaker C-O bond in Cu+-CO species [65]. These results are consistent with those of Martinez-Arias and represent another example of the influence of CeO2 morphology on catalytic activity [63,64].  Preferential CO oxidation over H2 has also been studied with DFT methods over ceria supported copper catalysts. The DFT calculations using CuO/CeO2 models demonstrate CuOx clusters on CeO2(111) were easily reduced to Cu+, improving the cata-lytic reactivity relative to CuOx/CeO2(001) which maintained Cu in a +2 oxidation state [66]. The facet-dependent reducibil-ity during the PROX reaction has also been substantiated by DFT calculations on a Ce60O120 cluster model [67]. DFT results show enrichment of oxygen vacancies at the sites located at the intersection of (111) and (002) facets. A high concentration of Ce3+ species (Table 2) at the (111)/(002) intersection induces the formation of Cu+ (Cu2+ + Ce3+ → Cu1+ + Ce4+). For CuO/CeO2(spheres) and CuO/CeO2(spindles), such intersec-tions are exposed, with positive effects on PROX activity. These two catalysts possessed a wider temperature window for com-plete CO conversion than other Cu/CeO2-based catalysts (rods, octahedra) comprised primarily of less reducible facets [68]. The higher temperature window for PROX was further ex-plained by DFT calculations demonstrating CuOx nanoparticles interacted more strongly with the CeO2 surface, thereby making them highly resistant towards reduction to Cu(0). Cu(0) is re-sponsible for H2 activation and thus its presence contributes to CO2 selectivity loss. The catalytic synergy for PROX on Cu/CeO2 therefore arises from a combination of high surface area, a sta-ble (Cu+ or Cu(2‒)+ in the oxidized form) oxidation state of cop-per, high concentration of oxygen vacancies, as well as a strong interaction between CuOx and CeO2-x [67].  Jing et al. [69] reported improved catalytic performance for PROX, including an expanded temperature window, with Au/CeO2-CuO compared to CuO/CeO2 catalysts. On the basis of DFT calculations, Au clusters were expected to be mainly lo-cated on the CeO2(111) surfaces. The better performance was attributed to these Au species both stabilizing CuOx against reduction and promoting the reduction of ceria to supply active lattice oxygen. Prevention of the reduction of copper species hindered H2 oxidation. DFT results demonstrated an increase in Au content led to an increase in the number of active interfacial sites and thus decreases the activation barrier for CO oxidation, consistent with experimental observations. 

3.  CO oxidation on CeO2-supported single atom catalysts CO oxidation represents a good probe reaction of ce-ria-supported single-atom catalysts since work on supported nanoparticle catalysts demonstrate the influence of support properties and the identity of the metal on the observed per-formance. Single atoms are less effective for the dissociative adsorption of H2, which contributes to the selectivity towards CO2 during PROX [70]. Due to a limited number of reported work on the application of CeO2-supported single atom cata-lysts in the CO PROX reaction, CO PROX will be discussed along with CO oxidation. Pt1/CeO2 has been extensively studied, but it is unclear whether single atoms are more (or less) active than Pt clusters. We also compare to studies considering Pt1/TiO2 catalysts, since TiO2 can similarly serve as a redox-active support. Ding et al. [71] claimed Pt single atoms on active supports showed little low-temperature activity due to their strong binding of CO. They intentionally synthesized Pt/TiO2 with different Pt weight loadings to guarantee the coexistence of Pt nanoparticles and single atoms, and performed in situ FTIR to compare the bind-ing strength of CO on both Pt species. After saturation of both Pt sites with CO, and a He purge, the band related to Pt nano-particles decreased quickly while the band associated with CO bound to single Pt atoms remained (Fig. 7) [71]. However, DeRita et al. [72] suggested the Pt species binding CO strongly may actually be small oxidized Pt clusters formed at elevated temperatures under oxidative conditions, whereas Pt single atoms pre-reduced in H2 bind CO weakly [73]. In situ FTIR spectra revealed CO adsorbed on Pt single atoms quickly di-minished upon Helium purge at room temperature (Fig. 8(A)), whereas CO adsorbed on Pt nanoparticles and oxidized Pt clusters desorbed under temperature-programmed oxidation conditions (Fig. 8(B) and 8(C)). The reduced Pt1/TiO2 catalysts showed 2-fold greater turnover frequency than 1 nm Pt clus-ters, but poorer stability [73]. The effect of hydrogen reduction was also studied by Li et al. [74] on Pt1/CeO2 catalysts, who applied in-situ DRIFTS, XAS and XPS techniques on Pt1/CeO2 catalysts pre-reduced in 5% H2/Ar at 350 °C. They identified 

Table 2 Calculated GGA and GGA+U (U = 5 eV) energies for oxygen vacancy formation energy (Evac) on different CeO2 surfaces. Reproduced with permission from Ref. [67], Copyright 2018, Applied Catalysis B: Envi-ronmental. Elsevier. CeO2 facet GGA (eV) GGA+U (eV) (111) 1.69 3.23 (002) 0.67 2.81 (111)/(002) 0.59 2.39  
Fig. 7. IR spectra of CO adsorbed Pt single atoms and nanoparticles onwet-impregnated Pt/TiO2 and Pt/ZrO2 upon O2 exposure at 100 °C. Reprinted with permission from Ref. [71], copyright 2015, Science. 
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the dynamic formation of bimetallic Pt-Ce sites as a new type of active species during hydrogen reduction, which was critical for the subsequent oxidation reaction.  Water was reported to improve the reactivity of the atomi-cally dispersed ionic Pt2+ in CO oxidation. The promoting effect of water was first studied by Wang et al. [75] by pulsing CO and 16O2 with isotopically-labeled H218O. They detected nearly half the amount of CO2 product in the form of C16O18O and the for-mation of H216O at 98 °C, which indicated water was directly involved in the reaction. The DFT results suggested formation of a carboxyl intermediate as water dissociated into H and hy-droxyl groups, the latter of which interacted with adsorbed CO on Pt single sites (Fig. 9) [75]. Nie et al. [76] treated Pt1/CeO2 with steam at 750 °C to improve the CO oxidation activity, which was sustained even in the absence of further water for over 300 h. H2-TPR results showed steam treatment created a 

new type of activated oxygen species, which according to DFT calculations was a surface hydroxyl (Olattice[H]) [76]. From DFT calculations, an oxygen vacancy migrated to the vicinity of a Pt single atom, a water molecule filled the vacancy with an oxygen atom, and the hydrogen atoms reacted with lattice oxygen at-oms in CeO2 to form Olattice[H] (Fig. 9). The catalyst was stable up to 800 °C in an oxidizing environment [76].  Au1/CeO2 also showed good reactivity and stability for CO oxidation, as well as CO2 selectivity in CO PROX. Wang et al. [77] reported 0.12 wt% Au1/CeO2 showed 90% CO conversion at 90 °C, and stability over 1000 min. time-on-stream, which they attributed to strong metal-support interactions between Au1 and CeO2. Qiao et al. [70] reported Au1/CeO2 was highly active, CO2-selective with greater stability than supported Au nanoparticles; single atoms supported on CeO2 displayed >99.5% CO conversion over a wide temperature range with 

 
Fig. 8. DRIFTS spectra of (A) CO adsorbed at room temperature and saturation coverage on a pre-reduced 0.05 wt% Pt1/TiO2 single-atom catalysts, (BCO adsorbed to a reduced 1 wt% Pt/TiO2 catalyst during He purge and TPO ramp, (C) CO adsorbed to an oxidized 1 wt% Pt/TiO2 catalyst during He purge and TPO ramp. Reprinted with permission from Ref. [73], copyright 2017, Journal of the American Chemical Society. 

 

  
Fig. 9. Left: DFT simulated reaction mechanism for CO oxidation on steam-treated Pt1/CeO2 (111) surface. Right: illustration of steam-treatment ef-fects on the atomically dispersed Pt1/CeO2 catalysts. Reprinted with permission from Ref. [76], copyright 2017, Science. 
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almost zero H2 conversion. DFT calculations for H2 oxidation on Au1/CeO2 suggested an Eley-Rideal mechanism with a much higher activation barrier than CO oxidation, indicating single atoms of Au cannot effectively dissociate H2 [70].  CO oxidation on single Pd atoms supported on rod- and cu-be-shaped ceria nanostructures was investigated by Spezzati et al. [78,79]. A 1 wt% Pd1/CeO2(111) catalyst showed reactivity at temperatures as low as 50 °C, and DFT calculations revealed the reaction proceeded through a catalytic redox cycle with PdO and PdO2 as the active species [78]. Pd1/CeO2(100) was less active than Pd1/CeO2(111) due to a lower fraction of active Pd species, i.e. single Pd atoms in the oxidized form [79]. DFT calculations of CO oxidation on Pd1/CeO2(100) indicate the catalytic cycle requires the participation of lattice oxygen from CeO2 [79]. Pd1/CeO2(111), however, is reported to follow a Langmuir Hinshelwood mechanism (co-adsorbing CO and O2) to generate active species PdO and PdO2. Consequently, the activation barrier for CO oxidation for Pd/CeO2(111) was much lower (29 kJ/mol) compared to the barrier on CeO2(100) (highest barrier 63 kJ/mol), consistent with the higher CO oxi-dation activity at Pd/CeO2(111) observed experimentally. Based on the above results, PdOx species on CeO2(111) should be more active for CO oxidation than Pd adatom species on ceria which was supported by DFT studies and microkinetic simulations at 27 °C [80]. However, Pd doped into CeO2 (square planar) should be less active due to weaker adsorption of CO, no matter the surface facet. For Pd-doped CeO2(110), Song et al. [46] reported CO adsorption occurs on the stoichiometrical-ly-doped surface only. After the lattice oxygen is removed to form CO2 via a MvK mechanism, the doped Pd relocates to a subsurface position such that O atoms repel CO and inhibit its adsorption. They also reported DFT studies for CO oxidation over Pd single atoms on CeO2(110) surfaces (Fig. 10) in parallel with the studies over Pd nanorod clusters supported on the same ceria facet (cited in the CO oxidation over NP section). The Pd2+ single atom sits in a 4-fold hollow site resulting in two 

Ce3+ atoms, and adsorbs CO weakly. However, once CO is ad-sorbed, Pd adatoms adjacent to O atoms of the ceria surface, facilitate the formation of CO2 more so than Pd NPs. Since the dissociative adsorption of O2 is much stronger on Pd NPs than Pd adatoms (‒158 vs ‒77 kJ/mol), strong O binding also makes the oxidation step more difficult on Pd NPs. Therefore, despite the weaker CO and O adsorption, atomically dispersed Pd on CeO2(110) are more active than NPs. The mechanism of CO oxidation on Au adatoms over ceria surfaces has been studied by DFT. Song et al. [81] postulated a mechanistically similar (to adatom Pd/CeO2) MvK catalytic cycle on Au adatoms on CeO2(110). Details of the surface ter-mination of the ceria support were considered crucial. CO oxi-dation over single Au adatoms on CeO2(111) appeared to be impossible due to difficulty in O2 dissociation in the second half of the MvK cycle (healing the O-vacancy and CO removal as CO2 with the dissociated O adatom). However, on Au/CeO2(110), the more open surface allowed for the coordination of O2 be-tween the Au adatom and the vacancy site. Furthermore, Au adatoms are reported to be negatively charged on oxygen defi-cient CeO2-x(111) [82]. Considering the typical dominance of the (111) surface in larger particles, this may explain the ob-servation that sintering of Au atoms into clusters sometimes leads to an increase in the catalytic activity, as other reaction pathways become accessible as described in Section 2. Reactiv-ity of Au adatoms for CO oxidation has been reported over step sites on a CeO2(111) slab (by adding a Ce6O12 wire) [83], but again CO oxidation by lattice oxygen is found to be the rate-determining step (0.83 eV). Recently, Wang et al. postu-lated, on the basis of ab initio MD simulations at temperatures of 300 and 700 K, a new catalytic mechanism involving single atoms for CO oxidation on Au/CeO2(111) catalysts, arising from a transient Au+-CO reaction species [83,84]. During the oxida-tion of CO, the Au+ acts as a charge acceptor for CO. This Au+/CO species considerably lowers the barrier for CeO2 re-duction, thereby facilitating oxygen adsorption.   
4.  Conclusions Supporting metal species on CeO2 tremendously boosts the reactivity and increases the low-temperature performance towards CO oxidation. Metal deposition on a ceria surface cre-ates an active interface and the metal-support synergy can pro-vide a viable reaction route following a Mars van Krevelen mechanism, where the supported metals serve as adsorption sites for CO, which is oxidized by interfacial oxygen. Met-al-support interactions may lead to positively charged metal species, which show much higher reactivity and selectivity compared to CO oxidation on metallic nanoparticles, even though they may both follow Langmuir-Hinshelwood mecha-nism. Reactivity towards the oxidation of CO is dependent on the dispersion of metal species, the chemical properties of the ceria support, and the extent of metal-support interaction, all of which can be tuned by the structural and chemical properties of the ceria support. Details of the catalyst synthetic methods control such properties, for example choice of metal precur-sors, how they initially interact with the supports, and pre-

Fig. 10. Reaction mechanism of CO oxidation on the Pd1/CeO2(110) model. (color scheme: gray = C, red = O; white = Ce4+; cyan = Ce3+; blue = Pd). The electron density difference plot for CO adsorption onPd1/CeO2(110) is inserted next to the structure (state ii). The blue andyellow colors indicate respectively a decrease and an increase in theelectron density. Reprinted with permission from Ref. [46], copyright2015, Journal of Physical Chemistry C. 
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treatment conditions before reaction. Compared to supported nanoparticles, small(er) nanoclusters and single atoms have higher dispersion, are generally less active than their nanopar-ticle counterpart for the low-temperature oxidation reactions surveyed here [32,78]. A possible explanation is that on nano-particles, a bimolecular Langmuir-Hinshelwood mechanism on the surface of nanoparticles may be paired with a Mars van Krevelen mechanism at the metal-support interface, whereas the latter mechanism dominates on single atoms as the binding sites are isolated from one another. A direct comparison be-tween ceria-supported nanoparticles versus single atoms would shed light upon the difference and/or similarity in the mechanism of CO oxidation. The challenge of such comparative study is ensuring single atom catalysts contain only single at-oms, while nanoparticle-based catalysts are void of single at-oms. Confirmation of either outcome is challenging, in general, due to the lack of statistically relevant data that quantifies this type of data beyond a limited set of electron micrographs.   The competitive adsorption between CO and H2 is crucial in determining the selectivity in CO PROX reactions. According to relevant publications, Pt, Au and Cu nanoparticles are promis-ing candidates due to their stronger interaction with CO than H2. However, most of the studies evaluated the CO2 selectivity under relatively high CO concentrations (~1%) where saturat-ed adsorption of CO on all metal sites is expected, whereas high CO2 selectivity at much lower CO concentrations (< 50 ppm) is required to meet practical requirements. Single-atom catalysts show great potential for PROX of CO in the presence of H2 due to their inability to dissociatively adsorb H2, and more studies understanding the mechanism of PROX on single-atom cata-lysts are anticipated. Single-atom catalysts show great potential 

for PROX of CO in the presence of H2 due to the nature of single sites and their inability to dissociatively adsorb H2, yet few studies have been reported on CO-PROX on such catalysts. More studies on the activity and CO2-selectivity of PROX on ceria-supported single-atom catalysts, the comparison to sup-ported nanoparticles, and understanding of the mechanisms, are anticipated. 
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金属核及氧化铈的物理化学性质对一氧化碳氧化的影响 
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b宾夕法尼亚州立大学化学系, 大学园, PA 16801, 美国 
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摘要: 氧化铈独特的氧化还原性能使其适合用作氧化反应中的催化剂或载体.  氧化铈负载的过渡金属纳米粒子或孤立的

单原子提供了金属-载体界面, 从而降低了去除界面氧原子的能耗, 提供了可以参与Man Van Kulvian氧化过程的活性氧物

种.  CO氧化是测试氧化铈负载催化剂还原性的主要探针反应, 并且它常见于在相对低温下消除CO的各种应用中.  在过量

H2中优先氧化CO(PROX)反应可控制CO浓度达到超低水平, 以防止氢氧化电催化剂中毒.  催化剂在CO氧化反应中的活性

和在PROX反应中对CO和H2的选择性取决于金属物种的种类和分散性、CeO2的结构和化学性质以及催化剂的合成方法.  
在这篇综述中, 我们总结了最近发表的关于CeO2负载的金属纳米粒子和单原子催化CO氧化和PROX反应的相关工作;  以
及不同的负载金属和同种金属在普通CeO2表面上的反应性.  我们还总结了密度泛函理论计算中提出的最可能的反应机理;  
并且讨论了各种负载型金属在PROX反应中影响CO氧化选择性的因素.  
关键词: 氧化铈;  CO氧化;  金属纳米粒子;  单原子;  PROX 
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