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CO oxidation over ceria-supported Au22 nanoclusters shows strong dependence on the support shape: the lattice oxygen in CeO2 

rods is more reactive than in the cubes and thus make rods a superior support for Au nanoclusters in catalyzing low temperature 

CO oxidation 
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Supported gold nanocatalysts have attracted probably the most attention in recent decades in metal-support systems due to the 

intriguing particle size effect on the catalytic behaviors [1-5]. In revealing this effect in catalysis, tremendous efforts have been devoted 

to control the particle size and uniformity of Au nanoparticles among which ligand-protected Au nanoclusters clearly stand out as the 

ideal model system [3, 4, 6]. This is attributed to the atomic precision, uniform molecular size, and unique electronic and geometric 

structure of the Au nanoclusters [3, 4]. Au nanoclusters, supported or unsupported, have shown promising catalytic performances in 

hydrogenation, oxidation, and coupling reactions, offering precise analysis of the underlying reaction mechanism when the 

nanoclusters are kept intact [3, 6, 7]. 

Although the organic ligands can serve to maintain the atomic precision and uniform size of Au nanoclusters, they can also impact 

the catalysis of Au via electronic or geometric effects [3, 6]. It has been mostly accepted [8-15] that for gas phase reactions, the ligands 

play a negative role due to their geometric blockage of the active Au sites though a few studies [16-18] suggested otherwise. Removing 

the organic ligands generally opens up more Au sites and thus enhances the catalytic conversion or altered selectivity [8, 14]. During 

this ligand-stripping-off process, the coordination environment of Au nanoclusters switches from organic to inorganic ligands, i.e., the 

support, introducing the so-called complex metal–support interaction [5, 19, 20]. Revealing the interaction between Au nanoclusters 

and the support is of significance for the understanding of Au catalysis through size-selected nanocluster model systems.  

One of the approaches to the reveal the metal – support interaction is the use of shape-controlled supports as demonstrated for Au 

nanoparticles on nanoshaped oxides such as CeO2, TiO2 and Fe2O3 [20-23]. These nanoshaped oxides offer defined surface facets that 

simplify the factors contributing to the Au–support interaction. Currently, various supports including oxides and carbon have been used 

to anchor Au nanoclusters [8, 11, 14, 16, 24] and it has been shown that the nature of the support can play a big role in determining the 

activity of supported Au nanoclusters [11, 24]. However, the effect of support morphologies on the interaction with Au nanoclusters 

and the consequences for catalysis have not been studied. In this work, we make use of CeO2 nanoshapes with defined surface facets 

[25], including rods and cubes, to support Au22(L
8)6 (L = 1,8-bis(diphenylphosphino) octane) nanoclusters. The removal of organic 

ligands, the evolution of Au surface sites upon interacting with CeO2, and the reactivity in gas phase CO oxidation were carefully 

studied. We show that the surface facet of the CeO2 support plays an important role in catalysis over Au nanoclusters via affecting the 

efficiency of the organic ligand removal, determining the nature and quantity of surface Au sites, and most importantly contributing 

reactive lattice oxygen for CO oxidation.  

The synthesis of the two ceria nanoshapes has been described in detail in our recent work [25-28] while the Au22(L
8)6 (L = 1,8-

bis(diphenylphosphino) octane) nanoclusters were synthesized using the method reported previously.[11, 29]  For details, please refer 

to the supporting information. The successful synthesis of the free-standing Au22(L
8)6 nanoclusters was confirmed in our previous work 

via UV-vis-NIR absorption spectroscopy and electrospray ionization mass spectrometry (ESI-MS) [11, 29]. The CeO2 rods and cubes 

supported Au22(L
8)6 nanoclusters are designated as Au22/CeO2-r and Au22/CeO2-c, respectively. The as-synthesized Au22(L

8)6/CeO2 

samples were characterized with high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) and the 

images are shown in Fig.1 with different magnifications. These images clearly show that the Au22(L
8)6 nanoclusters are highly 

dispersed on both CeO2 surfaces without obvious agglomeration. The Au nanoclusters show a uniform size of ~1.4 nm, consistent with 

what is expected from the theoretical value of the Au22(L
8)6 nanoclusters as our previous work [11] showed the nanoclusters are kept 

intact in the as-synthesized supported samples.  
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Gold (Au) nanoclusters have recently emerged as ideal models for understanding Au catalysis, 

because the nanosized Au particles have precise atomic numbers and uniform size. In this work, 

we studied for the first time the support shape effect on the catalysis of Au nanoclusters by using 

CO oxidation as a model reaction. Au22(L8)6 (L = 1,8-bis(diphenylphosphino) octane) 

nanoclusters were supported on CeO2 rods or cubes, then pretreated at different temperatures (up 

to 673 K), allowing the gradual removal of the organic phosphine ligands. CO oxidation test 

over these differently pretreated samples shows that CeO2 rods are much better supports than 

cubes for Au22 nanoclusters in enhancing the reaction rate. In situ IR spectroscopy coupled with 

CO adsorption indicates that the shape of CeO2 support can impact the nature and quantity of 

exposed Au sites, as well as the efficiency of organic ligand removal. Although CeO2 rods are 

helpful in exposing a greater percentage of total Au sites upon ligands removal, the percentage 

of active Au sites (denoted by Au+, 0 <  < 1) is lower than that on CeO2 cubes. The in situ 

extended X-ray absorption spectroscopy (EXAFS) and high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) results show that the Au nanoclusters bound 

more strongly to the CeO2 rods than to the cubes where the Au nanoclusters show more 

sintering. Considering the typical redox mechanism for CO oxidation over supported Au 

nanoclusters and nanoparticles, it is concluded that the reactivity of the lattice oxygen of CeO2 is 

the determining factor for CO oxidation over Au22/CeO2. CeO2 rods offer more reactive lattice 

oxygen and abundant oxygen vacancies than the cubes and thus make the rods a superior support 

for Au nanoclusters in catalyzing low temperature CO oxidation. 
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Fig. 1. HAADF-STEM images of as-synthesized Au22(L

8)6 /CeO2-r (A) and (B) and Au22(L
8)6 /CeO2-c (C) and (D) at different magnifications. 
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Fig. 2. CO oxidation light-off curves for different temperature pretreated (A) Au22 /CeO2-r and (B) Au22 /CeO2-c samples. O2:CO = 2.5:1, space velocity: 

28,800 mL g-1 h-1. 

 

The different temperature pretreated Au22/CeO2 samples were tested for CO oxidation in the temperature range of 295–450 K and 

the CO oxidation light-off curves are shown in Fig.2. The samples pretreated at different temperatures were denoted as Au22/CeO2-r(c)-

x where x represents the O2-treatment temperatures. For example, Au22/CeO2-r-423 refers to Au22(L
8)6/CeO2-r sample pretreated at 423 

K in O2 for 1 h. Similar to what has been demonstrated in our recent work for supported Au22(L
8)6 nanoclusters [11], the as-synthesized 

Au22/CeO2-r and Au22/CeO2-c samples already show activity at different levels for low temperature CO oxidation, again suggesting that 

the in situ coordination unsaturated (cus) Au sites in the Au22 nanoclusters are active for low temperature CO oxidation. The support 

morphology of the CeO2 results in a drastic difference in CO oxidation activity: the as-synthesized Au22/CeO2-r shows >80% 

conversion at 380 K while the as-synthesized Au22/CeO2-c converts less than 20% CO at the same temperature. Upon high temperature 

pretreatments, the support shape effect is also evident on the activity of Au22 nanoclusters for CO oxidation. For Au22/CeO2-r, the 

activity in CO oxidation keeps increasing as the pretreatment temperature is elevated, due to the removal of the phosphine ligands and 

the introduction of Au–CeO2 interaction.[11] 100% conversion is obtained at a temperature below 350 K for the Au22/CeO2-r samples 

pretreated at 473 K and above. A slight decrease in the reactivity is observed after 673 K pretreatment in comparison to Au22/CeO2-r 

treated at 573 K. For Au22/CeO2-c, pretreatment at 423 K and 473 K resulted in activity similar to the as-synthesized sample. A 

dramatic increase in CO oxidation activity is observed for samples pretreated at 523 K and above. The 573 K-pretreated sample gives 

the highest conversion and the 673 K-pretreated one shows some decrease in CO conversion. 100% conversion of CO was not 

achieved on the Au22/CeO2-c samples in the tested temperature range up to 430 K.  

Apparently, CeO2 rods are much better supports for the de-ligated Au22 nanoclusters than the cubes. The T50, or the temperature at 

which CO conversion is 50%, for the Au22/CeO2-r and Au22/CeO2-c samples is compared in Table S1 (Supporting information) and has 

often been used for comparison of different catalysts for low temperature CO oxidation [30]. The T50 for the Au22/CeO2-r samples is 

almost 60 K lower than Au22/CeO2-c, indicating higher reactivity of the Au nanoclusters on CeO2 rods. As shown below (EXAFS and 

STEM study of Au nanoclusters), the organic ligands are completely removed from the Au22 nanoclusters after 573 K pretreatment and 

thus the Au nanoclusters interact completely with the ceria support after this temperature treatment. So we compare the turnover 

frequency (TOF) for CO oxidation over the samples at CO conversion less than 20% at differential condition. At a reaction temperature 

of 310 K, the TOF is 0.023 and 0.007 s-1 for Au22/CeO2-r-573 and Au22/CeO2-c-573, respectively. CeO2 rods-supported Au 

nanoclusters are about 3 times more reactive than those supported on the cubes. These TOFs are on par with those obtained for Au22 

nanoclusters supported on TiO2 [11] and other supported Au nanoparticles [31, 32], The TOF was calculated based on the number of 

surface Au sites, which was estimated from the size (d) of the Au particles after 573 K-pretreatment using 1/d as the dispersion. As 

shown in the following STEM 573 and Au22/CeO2-c-573 are 1-1.5 nm and 1.5–2 nm, respectively. An average of 1.3 nm and 1.8 nm 

was used for the calculation of the surface Au sites of Au22/CeO2-r-573 and Au22/CeO2-c-573, respectively. 
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Fig. 3. IR spectra of CO adsorption at room temperature on (A) Au22 /CeO2-r and (B) Au22 /CeO2-c samples pretreated in O2 at different temperatures. 

 

The significant support shape effect is investigated in the following sections via in situ IR spectroscopy to probe the nature of 

surface Au sites, and in situ EXAFS and STEM to probe the coordination environment and size evolution of the Au nanoclusters. 

IR spectra from CO adsorption on the Au22/CeO2 samples after pretreatment at different temperatures are shown in Fig.3. For the 

two as-synthesized samples, a weak band at ~2100 cm-1 is observed and can be ascribed to CO adsorbed on metallic Au sites [33-35] , 

i.e., the cus Au sites within the intact Au22 nanoclusters. In general, with the increase of pretreatment temperatures of the Au22/CeO2 

samples, the IR bands from adsorbed CO increase in intensity and simultaneously shift from 2107 cm-1 on the as-synthesized samples 

to higher wavenumbers. These changes are due to the gradual removal of the phosphine ligands and the increased Au – CeO2 

interaction [8, 11]. But the Au22/CeO2-r and Au22/CeO2-c samples show some differences in the spectral evolution.  For the Au22/CeO2-

r samples (Fig.3A), a slight increase in the intensity of the CO bands is observed for the sample treated < 423 K or > 523 K, while a 

considerable increase is observed for those treated between 423 K and 523 K. For the Au22/CeO2-c samples (Fig.3B), a significant 

increase in the intensity of the bands is seen for samples treated between 473 K and 573 K, while insignificant change is observed for 

treatment < 473 K and > 573 K. Three types of Au sites are probed from CO adsorption on the samples pretreated at 573 K and above: 

2163 cm-1 due to CO-Au+, 2130 cm-1 due to CO-Au+ (0 <  < 1) and 2076 cm-1 due to CO-Au- [8, 11]. The band at 2181 cm-1 is due to 

CO adsorption on cus Ce cations sites.[8] The majority Au sites, Au+, are the active centers for low temperature CO oxidation as 

demonstrated in our previous work on Au nanoclusters.[8, 11] For the Au22/CeO2-c sample (Fig.3B), pretreatment at 423 and 473 K 

results in a slight increase in CO band intensity. 523 K pretreatment leads to a moderate increase in CO bands with the strongest 

increase for the 573 K pretreated sample. Two types of Au sites are revealed by CO adsorption on high temperature pretreated 

Au22/CeO2-c samples: 2141 cm-1 due to CO-Au+ (0 <  < 1) and 2076 cm-1 due to CO-Au-. The lack of Au+ sites on CeO2 cubes as 

compared to rods implies a support shape effect in determining the type of surface Au sites in the Au nanoclusters. 

For both Au22/CeO2 samples, 573 K pretreatment leads to the largest amount of exposed Au sites as demonstrated by the 

integrated area of the CO bands. The Au site exposures for the different temperature pretreated samples were obtained by integrating 

the CO bands and taking the ratio to that of the 573 K sample. Even though our previous work on Au25/CeO2-rods and Au/SiO2 [8, 33] 

showed that the IR absorption coefficient for CO on metallic Au is larger than on cationic Au (no more than 50%), we did not consider 

the influence of the absorption coefficient difference on the IR intensity for CO adsorbed on differently treated Au22/CeO2 because 

majority of the Au sites is cationic. The result is shown in Fig.S1 (Supporting information). A clear difference is the exposure of Au 

sites after moderate temperature pretreatment for Au22/CeO2-r and Au22/CeO2-c samples: much less exposure of Au sites for CeO2 

cube-supported Au nanoclusters after 473 K and 523 K pretreatment, indicating more difficult removal of the phosphine ligands on the 

Au22 nanoclusters when supported on CeO2 cubes than on the rods. It appears that the removal of the ligands is facilitated by the higher 

reactivity of lattice oxygen in CeO2 rods than in cubes [28]. 
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Fig. 4. EXAFS spectra of (A) Au22 /CeO2-r and (B) Au22 /CeO2-c samples pretreated at different temperatures in O2. Spectra from unsupported Au22(L

8)6, Au 

foil and Mintek Au/TiO2 catalyst are also shown as references. 
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The state of the phosphine ligands and the size of the supported Au22/CeO2 were followed by in situ EXAFS after pretreatment at 

different temperatures and the spectra are shown in Fig. 4. The spectra from an unsupported Au22(L
8)6 nanocluster sample, the Mintek 

Au/TiO2 standard and gold foil are also shown for comparison. The Au-P single scattering peak has an apparent, non-phase-shift 

corrected position at 1.91 Å for the unsupported Au22 nanoclusters. The Au-P coordination number (CN) was determined to be 0.5 

which is in excellent agreement with actual value of 0.55. The Au-P peak appears to shift slightly to a shorter distance when the 

Au22(L
8)6 is supported on both CeO2 nanoshapes, possibly due to the interaction of the nanoclusters with the CeO2 support. The fit to 

the data indicated that both the Au-P distance and CN are unchanged. The structure of the Au22 core in the as-synthesized 

Au22(L
8)6/TiO2 also largely resembles that of the unsupported nanoclusters as evident from the similar features of the Au-Au peaks in 

the 2~3 Å range. These observations suggest that the Au22 nanoclusters dispersed on the two different shapes of CeO2 surfaces are 

similarly coordinated with the diphosphine ligands as in the unsupported case and are structurally intact. This confirms that the in situ 

cus Au sites in the as-synthesized Au22/CeO2 samples are responsible for the low temperature CO oxidation (Fig.2).  

When the Au22/CeO2 samples were treated in O2 at higher temperatures, the Au-P and Au-Au peaks in the EXAFS spectra do not 

show significant changes in intensity up to 473 K, implying minimal change in the coordination situation of the Au22 nanoclusters on 

both CeO2 rods and cubes. The position and contour of the peaks in these two regions show some variations in these samples, possibly 

a result of the structural rearrangement of the Au nanoclusters on the CeO2 supports upon thermal treatment. After 573 K treatment, the 

Au-P peak disappears for both samples, indicating the complete removal of the phosphine ligands at this temperature. At the same 

time, the Au-Au peak increases in intensity with more of an increase for the Au22/CeO2-c-573 (Fig.4B) sample than Au22/CeO2-r-573 

(Fig.4A). The increase is a sign of greater Au-Au coordination and thus particle growth. The growth of Au nanoclusters at 573 K is 

likely associated with the removal of the diphosphine ligands at this temperature, which is consistent with previous observations for 

Au22 on a TiO2 surface and the TGA results [11]. The coordination number for Au from fitting for the Au22/CeO2-c-573 and 

Au22/CeO2-r-573 samples are 8.6 and 6.8, corresponding to particle size of 1.5-2 nm and 1–1.5 nm, respectively [36]. The Au-Au 

coordination for the Mintek Au/TiO2 standard is fitted as 9.2, corresponding to Au particle size of 2–2.5 nm, slightly smaller than the 

average size of 3.2 nm as determined by TEM [37].   

The size evolution of the Au nanoclusters was also visually followed by the dark-field HAADF-STEM imaging after the two 

Au22/CeO2 samples were treated at 423, 473 and 573 K (Fig.S2 in Supporting information). The size of the Au nanoclusters does not 

show obvious change after 423 and 473 K treatment as compared to those of the as-synthesized nanoclusters (Fig.1), consistent with 

the EXAFS result. The growth of Au nanoclusters is observed for both Au22/CeO2 samples after 573 K treatment, with more growth on 

the Au22/CeO2-c-573 sample, also in good agreement with the EXAFS data. Although the size of Au nanoclusters appears larger than 

what was estimated from the EXAFS result, the trend of Au particle size is consistent: Mintek Au/TiO2 > Au22/CeO2-c-573 > 

Au22/CeO2-r-573. It is evident that the Au nanoclusters are better stabilized by ceria rods than cubes. This is similar to what has been 

observed for Au nanoparticles when supported on ceria rods and cubes: better stabilization of Au nanoparticles on rods than on cubes, 

which was attributed to the strong interfacial interaction between Au particles and rods’ surface [20, 21, 38].  

The catalytic consequence of the CeO2 shape effect on Au22 nanoclusters is that the CO oxidation activity is always much lower on 

Au22/CeO2-c than Au22/CeO2-r after the same pretreatment temperature (Fig.2). Several other consequences from the support shape 

effect were also observed: a) the nature of exposed Au sites upon thermal treatment is different for Au22 nanoclusters supported on 

CeO2 rods vs cubes. There are more positively charged Au sites, i.e., Au+, on CeO2 rods than cubes after the complete removal of the 

phosphine ligands (IR results in Fig.3); b) the removal of phosphine ligands in the Au22 nanoclusters is more facile on the CeO2 rods 

than on cubes (IR results in Fig.3); c) the interaction between Au nanoclusters and CeO2 support is stronger on rods than on cubes as 

evidenced by the smaller Au size after treatment at 573 K (EXAFS and STEM in Figs. 4 and 5). To explain the catalytic consequence 

of support shape effect, one needs to consider the reaction mechanism of CO oxidation over supported Au nanoclusters. Our previous 

work [8, 11] clearly suggests that a redox mechanism dominates the CO oxidation pathways over Au nanoclusters supported on 

reducible oxides such as CeO2 and TiO2, where the lattice oxygen of the support oxidizes CO adsorbed on the Au sites to CO2. 

Therefore, the reactivity of supported Au nanoclusters depends on the activation and reactivity of both CO (on the Au sites) and 

oxygen (on the oxide support), which is impacted by the shape of the CeO2 support from our current work along with previous studies. 

The contribution from CO on Au sites and O on the oxide support are discussed in detail below:  

Activation and reactivity of CO: It is known that both the quantity and nature of exposed Au sites are important in determining the 

reactivity of adsorbed CO. For Au22/CeO2-r, the higher CO oxidation activity after moderate temperature pretreatment (473–523 K) can 

be partially attributed to the more available Au sites exposed after facile removal of phosphine ligands than the Au22/CeO2-c sample. 

After the complete ligand removal at a temperature of 573 K and above, both the amount and nature of exposed Au sites are different 

on CeO2 rods and cubes. The smaller size of Au nanoclusters on CeO2 rods than on cubes affords more surface Au sites (by ~20% from 

as the EXAFS-estimated average Au size). However, this effect is countered by a smaller percentage of active Au sites (Au0 + Au+ (0 

<  < 1)) on Au22/CeO2-r as shown in Fig.3. For supported Au nanoclusters,[8, 11] it was shown that metallic Au and cationic Au+ (0 

<  < 1) are active for low temperature CO oxidation while negatively charged Au and Au+ are only active at higher temperatures. 

After pretreatment at 573 K and 673 K, the Au22/CeO2-r sample possesses about 60% (from peak fitting of the IR spectra) Au+ (0 <  

< 1), less than the ~85% of active Au sites in Au22/CeO2-c. However, the reactivity of Au nanoclusters on CeO2 rods is much higher 

(3~4 times) for CO oxidation than on cubes. Therefore, it appears that the difference in the amount of active Au sites (~20%) is far 

from compensating the large difference in the catalytic activity of the two types of catalysts. The reactivity of the lattice oxygen of the 

different CeO2 nanoshapes must be accounted for. 

Activation and reactivity of O: It has been demonstrated that CO oxidation proceeds predominantly via a redox mechanism on 

both CeO2 and Au/CeO2 catalysts [8, 11, 28, 38]. Therefore, the reactivity of the lattice oxygen largely determines the activity for CO 
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oxidation. Through temperature programmed reduction (TPR) with CO and oxygen isotope exchange experiments [28], the lattice 

oxygen in CeO2 rods was found to be much more reactive and mobile than in cubes. This was attributed to the lower oxygen vacancy 

formation energy for (110) facets and larger number of defects in rods than in cubes (terminated with (100) facets) [25, 28]. When Au22 

nanoclusters are supported on CeO2, the active Au sites are in close proximity to the oxide surface[11] regardless of the presence of 

phosphine ligands. Therefore, it is anticipated that more reactive lattice oxygen in CeO2 rods will result in higher reactivity to oxidize 

the CO molecules adsorbed on the Au sites than the cubes. 

In summary, the shape effect of the ceria support on the catalytic CO oxidation by Au22 nanoclusters has been studied in this work. 

CeO2 rod-supported Au nanoclusters are always several times more active for low temperature CO oxidation than cube-supported 

nanoclusters at different stages of organic ligand removal. The support effect was investigated through a combination of techniques 

including in situ IR spectroscopy, EXAFS and STEM. It was shown that during the de-ligation process, the shape of the CeO2 support 

controls a) the nature and amount of exposed Au sites; b) the ease of organic ligand removal; and c) the interaction strength between 

Au and CeO2 and thus the particle size of Au. The smaller Au particles and the easier removal of organic ligands for Au nanoclusters 

supported on CeO2 rods is part of the reason for observing better CO oxidation activity than on CeO2 cubes. But the major support 

shape effect is found to be the different reactivity of the lattice oxygen of the CeO2 nanoshapes where the rods offer highly reactive 

lattice oxygen to oxidize adsorbed CO on the Au sites to produce CO2. This work provides a fundamental understanding of support 

shape in Au nanocluster catalysis and points to a design strategy of more active Au nanocluster catalysts by using shape-controlled 

oxide supports.    
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