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ABSTRACT: The insertion of copper into the gold lattice forming gold-copper (AuCu) 

nanoalloys enhances the gold catalytic performance in reactions such as CO oxidation. Here, we 

compared the catalytic performance of 6 nm AuCu nanoparticles (NPs) supported on SiO2 

(AuCu_SiO2), a non-reducible oxide, and CeO2 (AuCu_CeO2), a reducible one, under 

preferential oxidation of CO (CO-PROX). Under reaction conditions, the support nature 

impacted in the stabilization of different species on the catalyst surface. The AuCu_CeO2 was 

both more active and more stable, which was associated with the ability of CeO2 to stabilize the 

AuCu alloy phase under reaction conditions.  
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1. Introduction 

The control of the size and shape of the noble metal nanoparticles (NPs) dispersed on high 

surface area supports has a clear impact on the catalytic performance of the system since it 

determines the facets and the low-coordinated sites that are exposed and can lead to the 

formation of unique interfacial sites, tuning the reactivity of the catalyst.1–7 In addition, its 

combination with a second non-noble metal forming bimetallic NPs has attracted much attention 

and examples of superior performance have been found in several reactions. Bimetallic NPs can 

be synthesized with tunable chemical ordering, such as alloy (random or chemically ordered), 

core-shell and Janus8,9 NPs. The final chemical ordering depends on the thermodynamics10 as 

well as on the synthetic parameters.11 In bimetallic catalysts, it is important to consider ensemble 

(geometric) and ligand effects.12–15 The first effect is related to the particular 

arrangement/composition of an ensemble of metal atoms on the surface, in which the reactants 

will be adsorbed.13,14 The second effect is related to the changes in the chemical properties due to 

the electronic perturbations caused by strain and/or a direct charge transfer between the 

metals.13,14,17 These variations lead to changes in the adsorption energies, and consequently in the 

reaction rate.16–18 

The Au-based nanoalloys have presented promising results in several catalytic reactions.19 In 

the case of CO oxidation (OX-CO), for example, density functional theory (DFT) calculations 

showed that in AuCu alloys, CO activation takes place on Au atoms while the O2 species are 

activated on Cu-rich sites.19 This bifunctional mechanism enhances the catalytic activity of the 

alloy in comparison with monometallic Au.19 The increase of Cu content in AuCu alloys lead to 

an upper shift of the d-band center compared to monometallic Au, increasing the binding 

strength of intermediates, such as COOH and CO on CO2 reduction, for example.20 These 
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changes in the electronic structure, combined with the geometric effects, in which Au-Cu 

neighbor atoms can better stabilize the intermediates, determines the optimum Au:Cu ratio for a 

given reaction. In other words, the presence of an M metal in the host N lattice forming M-N 

nanoalloys changes the chemisorption properties, impacting on the surface properties by 

affecting the adsorption sites that may improve the catalytic performance.21  

In nanoalloys, it is also important to consider that unique structures can be energetically 

favored. Guisbiers et al.22 reported their theoretical and experimental results of various AuCu 

polyhedra in the range of 4 and 10 nm size indicating that enrichment of Au at the surface is 

energetically favored. However, it is important to note that the presence of ligands in the NPs 

surface and the interaction with supports impact the surface energy balance, and can modify the 

trend of metal segregation in nanoalloys.22,23 In addition, the reaction conditions can provide a 

strong driving force for metal segregation.  In the case of Au-Me alloys in which “Me” is a 

transition metal such as Ni and Cu, an oxidative treatment leads to the enrichment of these 

metals on the catalysts surface forming MeOx species.23,24 The segregation of the AuCu alloy 

forming Au-rich NPs and CuOx species under oxidative conditions was previously reported in 

the literature.25–32 Liu et al. 27 showed that the formation of an Au-CuOx-SiO2 interface improved 

the sintering resistance of the Au NPs on SiO2 and enhanced the catalyst performance in OX-CO 

through a bifunctional mechanism. Zhan et al.31 showed that chemical ordering (random alloy vs. 

chemically ordered alloy) also affected the dealloy process, in which the chemically ordered 

alloy was more stable under similar conditions.  Najafishirtari et al.25,29 evaluated the impact of 

redox pretreatments on AuCu NPs supported on Al2O3 and AuCu@Fe2O3 dumbbells and showed 

that a reducing pretreatment reduced the CuOx species and favored the partial AuCu re-alloying, 

in agreement with other reports in literature.27,28,31–34  Destro et al.30 compared in detail 
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AuCu/SiO2 and AuCu/Al2O3 catalysts, showing that the support nature played a crucial role in 

the Cu alloy/de-alloy process and in stabilizing different species under reactional atmosphere.30 

While the CuOx species formed under the oxidative atmosphere remained mostly in the vicinity 

of the Au NPs when supported on SiO2, in Al2O3 they spread all over the support surface. This 

impacts the final Cu distribution in the alloy NPs after the reducing pretreatment.30  

In the case of reducible oxides, such as CeO2, the scenario is more complex: besides the 

indirect role in the stabilization of different catalytic species on the surface, these oxides may 

also participate in the reaction through a bifunctional mechanism, according to the reaction.35–40 

CeO2 is widely used as support in catalysis due to its well-known oxygen storage capacity.  

Depending on the reaction conditions, the lattice oxygen of CeO2 can be released and oxidize 

species, forming oxygen vacancies that can also act as adsorption sites, leading to the 

dissociation of adsorbed species.41–44 The surface vacancies can also help to stabilize the metallic 

phase against sintering.45 CeO2 is common to support in Au-based catalysts since the CeO2 

vacancies allow the activation of O2 species which are not easily activated on the metallic 

surface. Regarding the CO oxidation (especially under H2-rich atmosphere – CO-PROX), 

CuOx/CeO2 system has been also widely studied due to its high activity and selectivity toward 

CO2 in comparison with non-reducible supports (i.e. CuOx/SiO2).40 It has been proposed that Cu-

CeO2 interaction in CuOx/CeO2 system leads to the formation of the Cu2+
 ↔ Cu+ and Ce3+ ↔ 

Ce4+ redox pairs, associating the Cu+ as the active site to CO adsorption.46,47 Nevertheless, 

Caputo et al.48 demonstrated via temperature-programmed experiments that the presence of small 

amounts of Cu shifted the reduction events of CeO2 to lower temperatures compared to the bare 

support, promoting the oxidation of CO by the oxygen from the support at a lower temperature. 

By increasing the temperature, Cu0 was formed decreasing the catalytic performance of 
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CuOx/CeO2 catalysts in CO-PROX reaction, since the reduced Cu favors the undesired and 

parallel H2 oxidation. These results agree with other reports in literature.49–51 

Although the effect of the reducible oxides in the catalytic performance and stabilization 

of different species under reaction conditions have been extensively studied, there is limited and 

apparently conflicting information about their impact in the stabilization of AuCu NPs and in the 

catalytic performance of this system in CO-PROX reaction. For example, Barroso-Martín et al. 52 

studied the role of light irradiation in enhancing the CO-PROX reaction; the best results were 

obtained with AuCu alloy supported on Ti-SBA under irradiation but the formation of AuCu 

alloy increased the catalytic performance in comparison with the non-reduced catalysts, even in 

dark or in the absence of Ti. Li et al.26
, on the other hand, studied an Au/CuO/SBA-15 catalyst 

and proposed that the formation of the AuCu alloy under reaction conditions led to catalyst 

deactivation; however, they mentioned that the Au/CuO/SBA-15 system was complicated and 

further studies would be required. Kandoi et al.53 presented an interesting theoretical study by 

periodic density functional theory (DFT) calculations and micro-kinetic modeling of CO-PROX 

reaction, comparing the selectivity towards CO2 on Au(111), Cu(111) and Pt(111). The 

selectivity towards CO2 was dependent on the CO and H2 oxidation reaction rates and the surface 

coverage. In the case of Au and Cu, the authors found similar selectivity (100 %) for both metals 

at 423 K, despite the differences in the ratio of the coverage of adsorbed CO and H and the 

constant rates of the forward reactions for CO and H2 oxidation. At 823 K, the surface CO/H 

coverage ratio on both metals decreased, but it was more significant on Au(111) leading to a 

lower selectivity towards CO2 in comparison with Cu(111). This compensating effect, between 

surface coverage and reaction rates, will probably take place on the AuCu alloy, although this 

was not addressed in their work. Fiorenza et al.54 prepared an Au-Cu/CeO2 catalyst and the 
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monometallic counterparts by deposition-precipitation and applied to CO-PROX reaction: the 

Au-Cu/CeO2 catalyst presented a slightly better performance than Au/CeO2, while the Cu/CeO2 

catalyst presented lower activity at lower temperature but higher CO conversion and selectivity 

at higher temperature than Au-Cu/CeO2. The authors were not able to associate the catalytic 

performance with the formation of the AuCu alloy; the lack of XRD peaks corresponding to the 

metallic phase indicated the occurrence of highly dispersed species. Jing et al.55 prepared 

Aux/CeO2-CuO catalysts with different Au/Cu atomic ratio by coprecipitation method and 

showed that the Au promoted the CO adsorption and enhanced the activity and stability of the 

CeO2-CuO catalyst. Different results were shown by Laguna et al.56; the presence of Au did not 

impact significantly the activity in CO-PROX reaction and, in fact, slightly decreased the CO 

conversion at higher temperatures. Liao et al.57  evaluated the impact of the Cu/Au ratio (1:3, 1:1 

and 3:1) and pretreatment in AuCu/CeO2 catalysts prepared by Cu impregnation on Au-CeO2; the 

reduced catalysts presented better catalytic activity than the calcined catalysts and were stable on 

stream. Liu et al.58 reported that the catalytic performance of AuCu supported on silica gel was 

dependent on the Au:Cu ratio and these catalysts were more active than the monometallic 

counterparts. Potemkin et al.59 found that, at low temperatures, the CO conversion of 

AuCu/CeO2 was similar to the physical mixture of Au/CeO2 and Cu/CeO2 and slightly lower 

than Au/CeO2; above 150 °C, the AuCu/CeO2 performed better with increased selectivity toward 

CO2 compared to Au.  Fonseca et al.60, on the other hand, proposed that the Au-CuOx/CeO2 was 

the stable phase in their system under CO-PROX and presented good activity (comparable to 

Au/CeO2) and good selectivity (comparable to Cu/CeO2). Other works showed that CuOx/CeO2 

was active in CO-PROX, but is deactivated by the formation of metallic Cu that favored the H2 

oxidation.49–51,61 Scirè et al.62 highlighted the impact of the preparation method and pretreatments 
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in the performance of Au/CeO2 and Cu/CeO2 in CO-PROX. It is very likely that the complexity 

of the AuCu system is related to the synthesis method and the difficulties to characterize the 

catalysts, in particular, the presence of atomically dispersed species on the supports and the co-

existence of monometallic nanoparticles. 

In this work, the main goal was to shed light on the impact of the support nature (reducible vs. 

non-reducible) and the conditions (reducing and oxidizing) in the stability of the AuCu alloy and 

how these parameters were related to the catalytic performance in CO-PROX. This reaction takes 

place under reducing conditions and favors the stabilization of the alloy phase. To achieve this 

goal, we used colloidal AuCu NPs with well-defined size and shape as a strategy to produce 

comparable CeO2 and SiO2 supported catalysts by eliminating the role of the support on the 

initial nucleation and growth of the metallic phase that could lead to the formation of different 

populations of atomically-disperse species and co-existence of monometallic NPs.  Structural 

changes under oxidative and reductive pretreatments were followed by in situ X-ray diffraction 

(XRD) and XAFS (X-ray absorption fine structure spectroscopy). The catalysts were evaluated 

for CO-PROX reaction after being submitted to different pretreatments, aiming to understand in 

detail the role of the supports in the stabilization of the active species under reaction conditions. 

 

2. Experimental Section 

Schema 1 summarizes the catalyst preparation, from the colloidal synthesis of the AuCu NPs 

(Step 1) to the catalyst preparation, which includes the impregnation of the AuCu NPs on the 

supports and pretreatments (Step 2). More detailed information about the synthesis, 

characterization and catalytic tests are included as Supporting Information (SI, section 1). 
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Briefly, the Au-seeds and AuCu colloidal NPs were synthesized by adapting the protocols 

described by Peng et al.63 and Najafishirtari et al.25, respectively. After purification, AuCu NPs 

were analyzed by X-ray diffraction (XRD), Transmission Electron Microscopy (TEM), UV-Vis 

(ultraviolet-visible) spectroscopy and Inductively Coupled Plasma Optical Emission 

Spectrometry (ICP-OES), to identify the crystalline structure, size, morphology, and 

composition. To produce the catalysts, the same batch of AuCu NPs were impregnated on 

commercial SiO2 (SBET: 380 m².g-1) and CeO2 (SBET: 60 m².g-1), with metal loading around 3 

% (w/w). 500 mg of the support was added to a round-bottom flask containing hexane. The 

mixture was magnetically stirred for 5 min, ultrasonicated for 10 min and stirred again for more 

5 min. After that, 6 mL of colloidal NPs were slowly dropped, and the mixture was magnetically 

stirred for 1h. The hexane was removed under vacuum and the solid was dried at 70 °C during 

1h. The as-prepared samples (fresh catalysts) were labeled as AuCu_SiO2 and AuCu_CeO2, 

respectively. The catalysts were characterized by XRD, TEM/STEM/EDS (STEM - scanning 

transmission electron microscopy; EDS - energy dispersed spectroscopy), and ICP-OES. 

Besides, the catalysts were analyzed by in situ XAFS, at Au-L3 and Cu-K edges, and by in situ 

XRD using the facilities at the Brazilian Synchrotron Light Laboratory, LNLS.  The protocol 

used for these experiments is presented in Figure S1. 

For CO-PROX reaction, 50 mg of catalyst were diluted with the ground quartz, 100 Mesh 

(catalyst:quartz 1:3 w/w) and placed in a quartz fixed bed tubular reactor. The reaction was 

carried out with 1 % CO, 1 % O2, 70 % H2 and He for balance, with a total flow of 100 mL.min-

1. The reaction was carried out from room temperature (~30 °C) up to 300 °C, with a rate of 2 

°C.min-1. The CO conversion was measured using a 7890A Gas Chromatograph (Agilent 

Technologies) with a TCD detector. Three catalytic cycles were carried out with calcined, 
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reduced and oxidized catalyst, respectively. The stability of the catalysts was evaluated at 200 °C 

after these cycles. Figure S2 shows the detailed protocol of the CO-PROX reaction.  

 

 

Schema 1. Protocol for catalyst preparation. Step 1: colloidal synthesis of AuCu NPs by the two-

pot approach. Step 2: wet impregnation of purified AuCu NPs on SiO2 and CeO2 supports, 

producing fresh AuCu_SiO2 and AuCu_CeO2 catalysts, respectively. The catalysts were 

submitted to different pretreatments and used in the CO-PROX reaction. 

 

3. Results and discussion 

3.1 Characterization of the AuCu NPs and the AuCu-based catalysts 

AuCu NPs were synthesized by a two-pot approach using Au-seeds with an average size of 6.2 

± 1.0 nm (Fig. S3a). During the synthesis, Cu is reduced and incorporated into the Au lattice, 

forming the AuCu alloy. The final Au:Cu molar ratio obtained by ICP-OES was 1.02 ± 0.06 and 
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the formation of AuCu nanoalloy NPs was confirmed by UV-Vis spectroscopy, by the red shift 

of the original Au NPs surface plasmon resonance from 520 nm to 545 nm (Fig. S3b). Au and Cu 

monometallic NPs present surface plasmon resonance at around 520 and 570 nm, 

respectively.64,65 In heterostructures, the bands related to the plasmon resonances of each metal 

can be identified in the spectra, while in the case of a nanoalloy, an intermediary absorption band 

is formed66. 

The diffraction pattern of the AuCu NPs (Fig. 1a) matches the tetragonal structure of the AuCu 

intermetallic (Au0.50Cu0.50), characterized by the peaks at 2 = 31.9°, 49.6 and 52.4° (110, 002 

and 201 planes, respectively) that appears due to the chemical order. These peaks, however, have 

attenuated intensity, suggesting the coexistence of random AuCu alloy domains. The final AuCu 

NPs presented a narrow size distribution with an average size of 6.0 ± 0.5 nm (Fig. 1b). It is 

interesting to note that the expected diameter of a Au0.50Cu0.50 NP derived from a 6.0 nm Au NP 

is 7.4 nm, considering the 2-fold increase in the number of atoms and the contraction of the 

lattice parameter.67 Therefore, the final average size of the AuCu NPs suggests that the Au–seeds 

were partially etched during the synthesis by the presence of Cu2+, residual Cl- and dissolved O2 

in the reaction medium, as indicated by the detection of Au on the supernatant by ICP-OES and 

reports in the literature.68–70  The modification of the unoccupied projected-density of states 

identified by X-ray absorption near-edge structure (XANES) at Au-L3 (Fig. 1c) and Cu-K (Fig. 

1d) edges (dark red lines) is in agreement with the formation of an AuCu alloy.71 The increase of 

the absorption intensity around 11930 eV in the Au-L3 XANES spectrum is originated in the 

charge transfer of d electrons from Au to Cu while the increase of the absorption intensity at 

8980 eV in Cu-K XANES spectrum corresponds to the transfer of s-p electrons from Cu to Au.28 

The electron redistribution leads to charge neutrality and respects the electronegativity of the 
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elements.71 This trend was also found by Destro et al.34 which followed the synthesis of AuCu 

NPs by one-pot approach by in situ XAFS.  

 

Figure 1. (a) XRD pattern of the AuCu NPs (dark red line) compared with ordered tetragonal 

AuCu phase (black line, JCPDS 25-1220); *, # and $ indicate, respectively, 110, 002 and 201 

reflections, related to the chemically ordered AuCu alloy; (b) TEM image of the AuCu NPs and 

the corresponding histogram of size distribution, scale bar: 20 nm.; (c,d) XANES spectra of the 

AuCu colloidal NPs at Au-L3 and Cu-K edges, respectively. The black arrows indicate the 

direction of the changes in absorption intensity compared to the monometallic standards. 

 

Extended X-ray Absorption Fine Structure (EXAFS) data (Fig. S4, S5 and Tables S1, S2) are 

consistent with the formation of an AuCu alloy. However, the shorter Cu-Cu bond length (RCu-Cu 

of AuCu NPs = 2.60 Å; expected RCu-Cu for ordered AuCu alloy = 2.80 Å) and the presence of a 

Cu-O scattering contribution indicates a Cu-enriched surface, partially oxidized. The presence of 

a Cu-enriched surface could be related to the exposure to air and the synthesis method, in which 
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the Cu diffuses into the pre-formed Au lattice.72 Therefore, taking together the TEM, XRD, and 

EXAFS data, the results indicate that the 6.0 nm AuCu NPs consist of an ordered alloy core and 

a Cu-enriched random alloy surface, partially oxidized by the contact with air. This partial 

oxidation and enrichment of the second metal at the surface was also found in other Au-based 

alloys and is driven by the high electronegativity of the Au.24,27,73  

The AuCu NPs were impregnated on SiO2 and CeO2, with metal loading of ~2.8 % w/w 

confirmed by ICP-OES. The fresh catalysts (as-prepared) were analyzed by XRD and HAADF-

STEM just after the preparation and compared to the colloidal AuCu NPs (Figure S6). No 

agglomeration was detected and the minor shift of the XRD peaks to smaller angles compared to 

the colloidal AuCu NPs were associated with slight oxidation and segregation of Cu by air 

exposure and interaction with the supports. We found that while no apparent modifications 

occurred in the fresh AuCu_SiO2 with storage time at room temperature, the dealloy process 

progresses in the fresh AuCu_CeO2, detected by the significant shift of the (111) XRD peak to 

lower angle after about 2 weeks (Fig. 2a,b, estimated composition base on Vegard’s Law for a 

random fcc AuCu alloy67
 of Au0.90Cu0.10). Zhang et al.19 reported theoretical calculations of Au-

X/CeO2 (X = Ag, Cu, Pd, Pt, Rh, and Ru) in which they confirmed that some metals prefer to 

bind to CeO2 than to Au and spontaneously segregate, which was the case of Cu. Other reports in 

literature also mention the charge transfer from Cu0 to CeO2, resulting in the reduction of Ce4+ to 

Ce3+ and oxidation of the metal.74,75 

The fresh catalysts were submitted to calcination under synthetic air and analyzed by in situ 

XRD (Fig. 2 a,b). This step is performed to remove the organic ligands that cap the NPs and is 

particularly important for catalytic applications, to expose the active sites to the reactants.32  
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 Figure 2. (a, b) In situ XRD patterns of fresh* (a) AuCu_SiO2 and (b) AuCu_CeO2 collected 

during calcination. The gray lines indicate the XRD pattern of the colloidal AuCu NPs. The 

degree from black to orange indicates the increase in temperature. The vertical yellow and green 

lines indicate the position of the (111) peak of Au (2 = 38.2° - JCPDS 04-0784) and Cu (2 = 

43.3° - JCPDS 04-0836), respectively. (c,d) XANES spectra of AuCu_SiO2 (blue lines) and 

AuCu_CeO2 (red lines) after calcination and standards: (c) Au-L3 and (d) Cu-K edges.* storage 

time for about 2 weeks. 

 

During the heating process, both materials presented a progressive shift of the (111) peak to 

lower angles up to 230 °C. The final peak position for both materials was 2 = 38.2°, 

corresponding to the fcc Au lattice parameter (a = 4.08 Å). The complete AuCu dealloy was 
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corroborated by XAFS data. XANES spectra after calcination at Au-L3 edge (Fig. 2c) matched 

the Au foil standard, while the EXAFS data analysis gave an Au-Au bond length of 2.85 Å, close 

to the Au bulk one (2.88 Å), see Figs. S4, S5 and Table S1. At Cu-K edge (Fig. 2d), the final 

XANES spectra are comparable to the CuO standard, and EXAFS revealed the presence of Cu-O 

and Cu-Cu scattering paths, indicating the presence of partially ordered CuOx species for both 

materials (Figs. S4, S5 and Table S2). 

The main difference among the XRD patterns during the calcination is the evolution of the full 

width at half maximum (FWHM) from 230 up to 350 °C. After the complete dealloy, that 

occurred at ~ 230 °C, the FWHM of Au NPs supported on SiO2 presented subtle changes, 

whereas the CeO2-supported NPs decreased. Ex situ XRD patterns obtained for the catalysts 

calcined at the laboratory (Fig. S6a,b)  were more similar and suggest that the temperature 

reached during the in situ experiments were higher. By TEM analysis (Fig. 3), the average sizes 

of AuCu_SiO2 (Fig. 3a) and AuCu_CeO2 (Fig. 3b) catalysts calcined at the laboratory were 6.0 ± 

1.1 and 6.6 ± 1.8 nm, respectively. The main difference is a slightly broader size distribution in 

the case of the AuCu_CeO2 catalyst, with Au NPs in the size range of 3 to 11 nm (Fig. 3 b). 

These results indicate that the AuCu NPs on CeO2 were more prone to sinter under similar 

calcination conditions. While it has been demonstrated that a strong interaction between Au NPs 

and CeO2 enhances their stability against sintering45, in the case of AuCu alloy NPs, it has been 

shown that the formation of Au-CuOx-SiO2 interface during calcination improves the NPs 

sintering resistance on SiO2.19,27,76–78EDS analysis (Figs. 3 and S7) showed that the dispersion of 

CuOx species was dependent on the support; while on SiO2, the CuOx species remain in the 

vicinity of the Au NPs, on CeO2 the CuOx species migrate away from the Au NPs spreading on 
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the support surface, comparable to the effect found in Al2O3 surface.25,30  These results may 

explain the differences in the final size distribution of Au NPs after calcination.  

 

 

Figure 3. Size distribution histograms, TEM images, and EDS maps of calcined (a) 

AuCu_SiO2 and (b) AuCu_CeO2. Blue, red, yellow and cyan indicate, respectively, Si, Ce, Au 

and Cu signals. Scale bars are indicated in each image.  

 

After the calcination, both catalysts were analyzed under redox conditions, by alternating 

oxidative and reductive atmospheres, to better understand the reversibility of dealloy/realloy 

process (Fig. 4). The realloy process takes place by the reincorporation of Cu into the Au NPs, 

shifting the peak positions toward higher angles. Under the H2 atmosphere (pink lines), this takes 

place at 300 °C for AuCu_SiO2 (Fig. 4a) and at 200 °C for AuCu_CeO2 (Fig. 4b). The impact of 

the Cu-CeO2 interaction in the reducibility of CuO is widely discussed in literature.79–81 For 

example, Lykaki et al.81 reported that the Cu2+ is reduced to Cu0 at a lower temperature when 

CuO is supported on CeO2, in comparison with bare CuO and the morphology of the CeO2 

particles affected the reducibility of CuO. On the other hand, the Cu-CeO2 interaction also 
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impacts on the reducibility of CeO2, which presents a lower temperature of reduction in the 

presence of Cu (even for small amounts).82  

 

Figure 4. In situ XRD of (a) AuCu_SiO2 and (b) AuCu_CeO2 during the redox cycles from 

room temperature up to 500 °C, alternating synthetic air (green lines) and H2 flows (pink lines).  

 

The in situ XRD and XANES during reductive pretreatment (Fig. 5 a-d) showed that the 

realloy process occurs gradually up to 400 °C. The AuCu_CeO2 catalyst (Fig. 5 b,d) presented 

Cu reincorporation at a lower temperature than AuCu_SiO2 (Fig. 5 a,c), as expected based on the 

in situ XRD redox cycles (Figure 4). EXAFS of the AuCu_SiO2 catalyst after reduction shows, 

however, that a small contribution of Cu-O scattering remains at the end of the reduction process 

(Figs. S4, S5 and Table S2). Unfortunately, it was not possible to obtain satisfactory EXAFS 

data of the AuCu_CeO2 catalyst to confirm whether a residual Cu-O contribution remained in 

this catalyst after the reductive pre-treatment. Nevertheless, it is important to remark that the in 

situ experiments showed (Figures 2, 4 and 5) that although CeO2 favored the AuCu dealloy 
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process and formation of CuOx species under oxidizing conditions at lower temperature than 

SiO2, it also favored the reduction and Cu reincorporation into the Au lattice at lower 

temperatures when the catalysts were exposed to reducing conditions. This effect could be 

expected due to the oxygen storage capacity of CeO2 and it was nicely demonstrated by these in 

situ measurements. 

 

Figure 5. In situ XRD of (a) AuCu_SiO2 and (b) AuCu_CeO2 during the reductive pretreatment 

under H2 flow from 80 °C (black line) up to 400 °C (orange line). In situ XANES at Cu-K edge 

of (c) AuCu_SiO2 and (d) AuCu_CeO2 during the reductive pretreatment under H2 flow from 25 

°C (black line) up to 400 °C (orange line); the cyan arrows indicate the evolution of the 

absorption intensity as a function of temperature. 
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The composition of AuCu_SiO2 and AuCu_CeO2 catalysts after the reductive pretreatment 

was Au0.75Cu0.25 for both catalysts. The Cu contents in both catalysts were around two times 

higher than those found for 14 nm AuCu NPs supported on SiO2 submitted to similar conditions 

and more homogeneous when compared to AuCu/Al2O3 catalyst.30 The main reason for this 

difference is likely the size of the AuCu NPs since smaller NPs should facilitate the Cu diffusion 

into the Au lattice.  Based on the in situ XRD and XAFS results, we established the H2 reduction 

at 400 °C to induce in situ the Au1-xCux realloy, leading to similar Cu content in both catalysts. It 

is worth to note that the catalytic reactions took place at lower temperatures. EDS mapping 

confirmed that Cu is found in the same region as Au after reduction, corroborating the realloy 

process shown by in situ XRD and XANES experiments (Figure S8). Schema 2 summarizes the 

evolution of the catalysts under different pretreatments.  
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Schema 2. Evolution of the catalysts: (a) as-prepared AuCu NPs supported on SiO2 (gray) and 

CeO2 (yellow). The black wavy lines indicate the organic ligands on the AuCu NPs surface. (b) 

AuCu NPs go through spontaneous dealloy once supported on CeO2 at room temperature, 

forming Au0.90Cu0.10 and CuOx (tiny green spheres) on the support surface, while no modification 

takes place in the fresh AuCu_SiO2 catalyst. (c) During calcination, the organic ligands are 

removed and both catalysts are formed by Au NPs and CuOx species in contact with the support; 

these CuOx species remain in the vicinity of the Au NPs on SiO2 and spread on the CeO2 surface. 

(d) After reductive pretreatment, a partial realloy process takes place leading to the final 

composition of Au0.75Cu0.25. 

 

3.2 Catalytic activity 

The catalytic performance of AuCu_SiO2 and AuCu_CeO2 catalysts in the CO-PROX 

reaction are shown in Fig. 6 and Table 1. During the heating step, the calcined AuCu_SiO2 

catalyst presented maximum CO conversion (MC) lower than 20 % at 291 °C (temperature of 

MC, TMC) (Fig. 6a, 1st cycle). The O2 conversion, however, achieved 100 % conversion, 

indicating the high consumption of this reactant by parallel reactions, such as H2 oxidation. 

During the cooling process, the activity of AuCu_SiO2 increased, achieving an MC of 42 % at a 

much lower temperature (TMC = 214 °C).  Cu sites in the AuCu alloy are known to activate the 

reactional species in PROX-CO reaction and the highly reductive atmosphere of this reaction 

could promote the formation of Au1-xCux alloy at the end of the heating step. Both bare SiO2 and 

CeO2 have a low catalytic activity to CO-PROX up to 300 °C.83,84. 
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The comparison of the performance of AuCu_SiO2 with the monometallic catalysts 

confirmed that the AuCu alloy is more active than isolated Au or Cu (Fig. S9). The in situ XRD 

data showed that 300 °C was enough to favor the realloy process for AuCu_SiO2, under diluted 

H2. Therefore, it is plausible to associate the increase of activity during the cooling step to the 

reduction of CuOx species that could block the most active sites and in situ formation of Au1-

xCux. However, the higher activity achieved below 100 °C indicated that the reductive 

pretreatment favored the reincorporation of higher contents of Cu compared to the soak time at 

300 °C under CO-PROX atmosphere. This was confirmed by the similar reaction profile 

obtained after reductive pretreatment (Fig. 6a, 2nd cycle; reduced AuCu_SiO2 catalyst).  After the 

2nd cycle, the catalyst was oxidized and a 3rd catalytic test was carried out (Fig. 6a, 3rd cycle). 

The catalytic activity significantly decreased, presenting an overall behavior similar to the 

calcined sample.  These results clearly showed the reversibility of the dealloy/realloy process and 

the better catalytic activity of Au1-xCux alloy in comparison with Au-CuOx species when 

supported on SiO2. This is in agreement with the work by Liu et al.58, that reported that the 

catalytic performance of AuCu supported on silica gel was dependent on the Au:Cu ratio, but in 

all cases, the AuCu was more active than the monometallic counterparts.  

 
Table 1 – Maximum CO conversion % (MC) and temperature of MC (TMC) of AuCu_SiO2 and 
AuCu_CeO2 during heating and cooling steps under CO-PROX reaction. 

Catalyst 
Heating Cooling  

MC (%) TMC (°C) MC (%) TMC (°C) 

AuCu_SiO2 
calcined 

18 291 42 214 

AuCu_SiO2 
reduced 

43 213 48 197 

AuCu_SiO2 
oxidized 

24 250 41 210 

AuCu_CeO2 74 210 75 205 
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calcined 
AuCu_CeO2 

reduced 
73 220 74 200 

AuCu_CeO2 
oxidized 

76 210 74 207 

 

 

 

Figure 6. CO conversion (blue and red lines) and O2 conversion (gray lines) of (a) AuCu_SiO2 

and (b) AuCu_CeO2 catalysts in CO-PROX reaction. Filled and empty symbols indicate, 

respectively, heating and cooling processes. Reaction conditions: 1 % CO, 1 % O2, 70 % H2, He 

balance, total flow: 100 mL.min-1, from room temperature up to 300 °C, heating rate: 2 °C.min-1. 
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Under the same CO-PROX conditions, the AuCu_CeO2 catalyst was always more active 

than the AuCu_SiO2 catalyst (Fig. 6b and Table 1), with MC of about 75 %. Considering a 

similar conversion of about 50%, it was achieved at 197 °C for the AuCu_SiO2 catalyst under the 

best condition (during cooling after reduction) and of 165 °C for the AuCu_CeO2 catalyst. 

Although the increase of the particle size is associated with catalyst deactivation, the 

AuCu_CeO2 catalyst was more active than the AuCu_SiO2, showing that the participation of the 

support on the activation of reactional species can offset the slightly larger particle sizes. More 

interesting, in the case of the AuCu_CeO2 catalyst, however, the reductive and oxidative 

pretreatments had no impact on the performance. The comparison with the monometallic 

catalysts sheds more light on these results. Figure S10a shows that the Au_CeO2 has similar 

activity compared to AuCu_CeO2 below TMC. Above it, the Au_CeO2 became less selective to 

CO2 with temperature. Since the Au and AuCu NPs have roughly similar sizes these results 

showed than on CeO2, the main impact of Cu insertion in the Au lattice was to improve the 

selectivity toward CO2 at high temperature, in agreement with the decrease of CO/H surface 

coverage on Au at high temperature.53 In comparison, Figure S10b shows that the Cu_CeO2 

catalyst was much less active under similar conditions.  We also evaluated the catalytic activity 

of the Au_CeO2 catalyst in “poor H2” CO-PROX conditions (1 % CO, 1 % O2, 15 % H2, and He 

balance), see Figure S11.  It can be seen that the oxidized AuCu_CeO2 catalyst responded 

similarly at low temperatures, independently to the H2 concentration in the feed (15 or 70%). 

There was, however, a significant increase in the TMC from 210 °C to 252 °C by decreasing the 

H2 that agrees with the competitive adsorption of CO and H2 on the metallic surface.  These 

results, combined with the in situ experiments that showed that AuCu alloy was stabilized on 

CeO2 under reduction conditions, strongly indicate that under CO-PROX the AuCu is stabilized 
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(see the CO conversion of Au_CeO2 and AuCu_CeO2 above TMC in Fig. S10). However, 

AuCu_CeO2 and Au_CeO2 showed similar activities at low temperatures (below TMC) 

corroborating the important participation of the CeO2 on the reaction mechanism.  

Comparing again the impact of the supports, besides the higher activity, the AuCu_CeO2 was 

also more selective than AuCu_SiO2 (Fig. S12). Nevertheless, it is important to note that SCO2 

decreased at higher temperatures in both cases due to the excessive consumption of O2 by 

parallel reactions, in agreement with previous results.85 Looking in more detail, the CO:O2 

conversion ratios can be used as an indicator of the economic viability of a catalyst.84 Points 

between the stoichiometric 2:1 ratio of CO:O2 and upper limit of 1:1 indicate the predominance 

of CO oxidation against parallel reactions such as methanation (high CO conversion with low O2 

conversion) or H2 oxidation (low CO conversion with high O2 conversion). The AuCu_SiO2 

catalyst presented, in all cycles, most of the points below the upper limit, indicating low 

selectivity to CO2 and enhancement of H2 oxidation. The AuCu_CeO2, on the other hand, 

presented points between the two limits up to 200 °C, close to the maximum conversion (Fig. 

S13).  

 Stability tests were carried out at 200 °C for the reduced catalysts (Fig. 7). While the 

AuCu_CeO2 (Fig 7a, red line) did not deactivate during the stability test, the AuCu_SiO2 catalyst 

presented a gradual decrease of CO conversion with time on stream (Fig 7a, blue line). After 7 h, 

the CO conversion decreased from 40 % to 33 % in the case of AuCu_SiO2. In general, the 

deactivation of catalysts is associated with the presence of carbonates and/or coke, due to the 

sintering of metallic NPs or structural changes of catalytic sites. We did not identify other 

products besides CO2 and the carbon balance was close to 100 % (small differences only related 

to the fluctuations in the baseline), indicating coke and/or carbonates were not the origin of 
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deactivation. The formation of coke is not expected in Au and Cu catalysts in this reaction but 

carbonates are known to be formed extensively on the CeO2 surface and can, in fact, contribute 

to catalyst deactivation, as in the case of CuOx/CeO2 catalysts.50  The similar catalytic activity of 

the AuCu_CeO2 catalyst between cycles and its higher stability compared to the AuCu_SiO2  one 

indicate that extensive carbon deposition was not a crucial issue in this system.   

To shed light on the deactivation mechanism of AuCu_SiO2 we modified the protocol of 

stability test. First, we oxidized the AuCu_SiO2 and performed a new stability test at 200 °C 

(Fig. S14). The initial CO conversion decreased to 19 % due to Cu oxidation, but no significant 

deactivation was detected. This result suggests that the Au1-xCux alloy in the reduced AuCu_SiO2 

catalyst was gradually oxidized under CO-PROX reaction conditions, decreasing the activity 

reaching the condition observed for the oxidized catalyst. To confirm this interpretation, we 

reduced again the AuCu_SiO2 catalyst and cycle the temperature: the temperature was increased 

to 300 °C under reaction conditions for 30 min and decreased to 20 °C and this cycle was 

performed twice (Fig. 7b). The catalytic activity increased to about 40 % after exposing the 

catalysts at 300 °C, the same value obtained after the reductive pretreatment. However, the 

deactivation pattern was resumed at 200 °C. These results corroborate that the deactivation was 

caused by the oxidation of Cu0 by the O2 at 200 °C, and the catalytic activity can be recovered by 

Cu reincorporation forming the Au1-xCux alloy by heating at 300 °C. They also agree with the in 

situ XRD data (Fig. 4a, 5a), which showed that Au1-xCux alloy is formed at a higher temperature 

in AuCu_SiO2 compared to AuCu_CeO2. We can conclude, therefore, that the temperature 

employed in the stability test was enough to prevent Cu oxidation in AuCu_CeO2 but not on 

AuCu_SiO2, making AuCu_CeO2 stable under the tested conditions. 
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It is worth to mention that a slight increase in the average size of the metallic NPs in 

AuCu_SiO2 (Fig 7 c,d) after the stability tests occurred, as shown in Fig. 7b.  We associate this 

change with a faster deactivation rate compared to the original test (Figure 7a). Cu diffusion into 

the Au lattice is more difficult in larger NPs and likely leads to higher Cu-enrichment on the 

surface compared with the initial NPs. The higher Cu-enrichment would favor the oxidation of 

the Cu and deactivation under the reaction conditions of the AuCu_SiO2 catalyst. The 

AuCu_CeO2 also presented a similar increase in the average particle size (7.6 ± 2.6 nm) but 

considering that this support favors the stabilization of the Au1-xCux alloy on the surface, 

deactivation was not observed (data not shown).  

 

Figure 7. Stability test under CO-PROX condition. (a) CO conversion (%) of AuCu_SiO2 (blue 

filled symbols) and AuCu_CeO2 (red filled symbols). (b) Variation of CO conversion (%) for 

AuCu_SiO2 (blue curve) as a function of time and temperature (two heating cycles, from 200 °C 

up to 300 °C and down to 200 °C under CO-PROX, green curve). Size distributions of the AuCu 

NPs in the AuCu_SiO2 catalyst (c) before the catalytic tests (just calcined) and (d) after the 

catalytic tests. Reaction conditions: 1 % CO, 1 % O2, 70 % H2, He balance, total flow: 100 

mL.min-1.  
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The catalytic cycles and stability tests in the CO-PROX reaction clearly indicates the impact of 

CeO2 on the catalytic performance in comparison with the SiO2-supported AuCu NPs. The CeO2 

has an important role not only in providing oxygen from its lattice to oxidize the CO to CO2 at a 

lower temperature but also in stabilizing the more active species on the catalyst surface. 

Although we were not able to perform in situ measurements of our catalyst under CO-PROX 

condition due to the setup limitation in using pure H2, the redox cycles and reducing experiments 

followed by in situ XANES and XRD probed the evolution of the oxidation state and structural 

properties of the AuCu alloy in contact with SiO2 or CeO2 under oxidizing and reducing 

conditions. The easier oxidation of Cu and dealloying from the AuCu NPs in contact with the 

CeO2 under an oxidative atmosphere and Cu reduction and realloy at a lower temperature probed 

the indirect but important effect of the CeO2 as support in bimetallic catalysts. 

  

4. Conclusion 

 Bimetallic catalysts can lead to the formation of unique catalytic sites that depends on 

several parameters. Here, we explored the AuCu-based catalysts, using pre-formed AuCu NPs, to 

probe the impact of the support, pretreatments and reaction conditions under CO-PROX. More 

specifically, AuCu NPs with narrow size distribution (6.0 ± 0.5 nm, i.e., < 10%) allowed us 

clearly probing the stability and evolution of these bimetallic NPs in contact with SiO2 (non-

reducible) and CeO2 (reducible) supports when submitted to similar conditions. This strategy 

hindered the nucleation of monometallic NPs and minimized the initial presence of atomically 

disperse species which are common by other preparation methods and could significantly affect 

the catalytic results. In situ measurements and redox cycles associated with the catalytic tests 

helped to get a clearer picture of the influence of different atmospheres in the changes of the 
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AuCu alloy NPs depending on the support and their correlation with the catalytic performance. 

After the calcination process, isolated Au NPs and CuOx species on both SiO2 and CeO2 were 

formed, but after reduction or exposure to the CO-PROX atmosphere at high temperatures, a 

partial realloy took place leading to Au-enriched AuCu alloy NPs and Cu species interacting 

with CeO2 or SiO2.  In the case of SiO2, these residual Cu species stayed in the vicinity of the 

AuCu NPs whereas in the case of CeO2 they spread on the support.  We clearly showed that the 

Au1-xCux nanoalloy provides the active sites for CO-PROX and that CeO2 support stabilizes this 

phase under the reducing conditions of this reaction. In fact, under the oxidative atmosphere, 

CeO2 favored a partial dealloy of AuCu NPs even at room temperature. A similar process only 

took place at high temperatures in the case of SiO2 support. On the other hand, under reducing 

conditions, Cu reduction and realloy took place at a lower temperature in the case of CeO2. The 

stabilization of the Au1-xCux alloy in AuCu_CeO2 under CO-PROX improved the activity and 

stability of the catalyst in comparison to the non-reductive SiO2 support.  Although the protocol 

we used in this work does not have a direct correlation to the catalyst pretreatments that take 

place at the industrial scale, this simpler approach is general and provided fundamental insights 

that could be extended to other reactions than CO-PROX.  
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