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ABSTRACT: Bimetallic Au–Pd alloy nanoparticles (NPs) dispersed on nanohybrid 

three-dimensionally ordered macroporous (3DOM) La0.6Sr0.4MnO3 (LSMO) perovskite catalysts were 

fabricated via the L-lysine-mediated colloidal crystal-templating and reduction routes. The obtained 

AuPd/3DOM LSMO samples possess a nanovoid-like 3DOM construction with well-dispersed Au–Pd 

alloy NPs (2.05–2.35 nm in size) on the internal walls of the macropores. The Au-Pd alloy presence 

favored catalytic activity for methane combustion. The 3DOM LSMO support exhibits three key 

attributes: (i) a large surface area (32.0–33.8 m2/g) which aids high dispersion of the noble metal NPs 

on the support surface; (ii) abundant Brønsted acid sites which facilitate reactant adsorption and 

activation; and (iii) thermal stability. The AuPd/3DOM LSMO has been synthesized with the 

beneficial properties, including a richness of adsorbed oxygen species, increased oxidized noble metal 

species, low-temperature reducibility, and strong noble metal–3DOM LSMO interaction, all 

contributing to provide enhanced activity and a structure with high thermal and hydrothermal stability. 

In-situ diffuse reflectance infrared Fourier transform spectroscopy studies revealed that including Au 

in the bimetallic system accelerated the reaction rate and altered the reaction pathway for methane 

oxidation by enriching the adsorbed oxygen species and decreasing the bonding strength between the 

reaction intermediates and the Pd atoms.  

 

KEYWORDS: strontium-substituted lanthanum manganite; bimetallic gold-palladium catalyst; 

three-dimensionally ordered macroporous perovskite; methane combustion; synergism. 
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1. INTRODUCTION 

There is a great interest in using methane as an alternative to coal and oil, given its low carbon 

emissions.1 However, due to incomplete combustion, un-burnt methane always exists in the exhaust. 

Methane removal is needed because of its strong greenhouse effect with a global warming potential 23 

times higher than that of CO2.
2-4 Catalytic combustion of methane is regarded as an efficient way to 

conventional thermal combustion for energy production.5 The temperature of exhaust gases from 

natural gas vehicles (NGVs) 6 is relatively low (typically varying between 300 and 500 °C), therefore 

the abatement of methane emissions in the NGV exhaust requires catalysts that combine high activity 

with great resistance to thermal coarsening so as to maintain high combustion rates.5 Au as a catalyst 

has drawn little attention due to its sluggish nature and low melting point (1063 °C). Nevertheless, 

since Hutchings et al. 7 first reported in 1985 that some Au catalysts were active for the 

hydrochlorination of acetylene, Au catalysts have gained increasing attention due to their unique 

physicochemical properties, and numerous reactions can be catalyzed by Au catalysts with high 

performance. Recently, it has been shown that Pt or Pd alloyed with Au displayed high catalytic 

activities for H2O2 synthesis, N2O decomposition, toluene oxidation as well as methane combustion.8 

For instance, Hutchings et al. 9 investigated the oxidation of toluene over Au–Pd/TiO2 catalysts and 

found that the Au performed as an electron donor for Pd and the active catalyst had a Pd-enriched 

surface where the surface-bound oxygen-centered radicals played a crucial role in toluene activation. 

Chen et al. 5 reviewed a study on the catalytic oxidation of CH4, and pointed out that the addition of Au 

to Pd can boost the overall activity, stability, and selectivity of the supported Pd catalysts. Chen and 

co-workers 10 investigated the mechanism of the promotional effect of Pd–Au alloy catalyst for the 

synthesis of vinyl acetate and found that the main role of Au in the bimetallic system was to isolate Pd 

atoms which facilitated the desirable coupling of critical surface species and hindered the formation of 
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unfavorable reaction by-products. Additionally, many efforts have been made to study the physical 

properties of perovskite-type oxides (ABO3) which exhibit promising catalytic activity. Levasseur et al. 

11 synthesized a series of LaBO3 (B = Co, Fe, and Mn) catalysts by applying a strategy called “reactive 

grinding” and found that the catalytic activity for methanol oxidation followed the order of LaMnO3 > 

LaCoO3 > LaFeO3. Due to its outstanding low-temperature reducibility and large number of oxygen 

vacancies, the perovskite-type oxide (e.g., LaMnO3) exhibited better catalytic performance than TiO2 

and Co3O4 for the low-temperature oxidation of volatile organic compounds (VOCs).9 Considering the 

advantages of noble metals (Au and Pd) and ABO3, a catalyst system coupling noble metals and ABO3 

is anticipated to deliver good catalytic activity for methane combustion. 

Three-dimensionally ordered macroporous (3DOM) materials have been previously employed to 

catalyze the oxidation of VOCs 12-14 due to their good transportation and diffusion properties induced 

by their interconnected pore network. Using differently sized polymethyl methacrylate (PMMA) 

microspheres as a template and metal nitrates as the precursor, Arandiyan et al.15 synthesized 

3DOM-structured La1–xCexCoO3 (0 > x > 0.9) with a mesopore diameter of 10 nm and surface areas of 

16.5–35.4 m2/g, where the 3D highly ordered macro/mesoporous La0.7Ce0.3CoO3 sample exhibited 

high catalytic activity (T90% = 555 °C) for CH4 oxidation. Earlier, Dai’s research group adopted the 

PMMA-templating and polyvinyl alcohol (PVA)- or polyvinyl pyrrolidone (PVP)-assisted reduction 

approaches to successfully generate a range of 3DOM material-supported Au NPs, for example, 

Au/3DOM Mn2O3 (surface area = 34–38 m2/g) 16, Au/3DOM La0.6Sr0.4MnO3 (surface area = 31–32 

m2/g) 17, Au/3DOM LaCoO3 (surface area = 24–29 m2/g) 18, and Au/3DOM Co3O4 (surface area = 33–

36 m2/g) 19. Compared to the bulk material-supported Au catalysts, the 3DOM-structured counterparts 

exhibited better catalytic activity for oxidizing VOCs and/or CO.16-19 Nevertheless, one weakness of 

these noble metal-loaded porous catalysts is their poor hydrothermal stability.  
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For the first time, 3DOM La0.6Sr0.4MnO3 with 1−3 wt% Au−Pd alloy NPs dispersed on the 

interconnected skeletons was prepared and the reaction mechanism of methane oxidation was studied 

by in-situ DRIFTS over the obtained bimetallic catalysts. The research demonstrates that 

3AuPd/3DOM LSMO exhibits a low complete methane conversion temperature (350 °C) and high 

thermal and hydrothermal stability. Catalyst characterization confirms the formation of bimetallic sites 

and shows that the structures and chemical states remain almost unchanged during reaction at 350 °C 

and in the presence of 1−5 vol% water vapor. The blending of surface chemistry (rich adsorbed oxygen, 

activated noble metal species, acidic sites), structure (distinct 3DOM architecture and high surface 

area), and strong electronic interaction between the Au and Pd as well as the noble metal alloy with the 

3DOM support contributes to the promotion of catalytic activity and stability for methane combustion. 

In addition, the nature of the key reaction intermediates, mechanism and active ensembles are 

examined by in-situ DRIFTS under simulated reaction conditions for methane oxidation. By 

understanding the reaction mechanism of methane oxidation and the manner by which bimetallic 

catalysts assist in the reaction, we can pave a new synthetic route to design hybrid bimetallic catalysts. 

2. EXPERIMENTAL 

2.1 Synthesis of 3DOM LSMO and Au–Pd supported catalysts 

Well-arrayed colloidal crystal template PMMA microspheres with an average diameter of ca. 218 nm 

(estimated according to the SEM images (Figure S1A) and supported by particle size distribution 

analysis (Zetasizer Nano Z, Figure S1B) were synthesized according to a procedure described 

elsewhere 20. The zAu1Pd2/3DOM LSMO (z = 1, 2, and 3 wt%) catalysts were prepared by a 

L-lysine-assisted PMMA microsphere hard-templating method with La(NO3)3·6H2O, Sr(NO3)2, and 

Mn(NO3)2 as the metal precursors. The Au−Pd NPs were loaded on the surface of the perovskite 

support using an N2-bubbled reduction method, involving the reduction of HAuCl4 and NaPdCl4 
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solutions under an N2 atmosphere with methanol, ethylene glycol (EG), and PVA as the capping agent 

(Scheme 1 and Figure S2). The typical procedures for synthesizing 1AuxPdy/1DDN LSMO (Au/Pd 

molar ratio (x : y) = 1 : 1, 1 : 2, and 1 : 3) and zAu1Pd2/3DOM LSMO catalysts (z = 1, 2, and 3 wt%) 

are described in the Supporting Information.  

2.2 Catalyst characterization and activity measurements 

Each of the as-obtained samples was characterized by X–ray diffraction (XRD) spectroscopy, 

high-resolution scanning electron microscopy (HRSEM), energy dispersive spectroscopy (EDS), 

high-resolution transmission electron microscopy (HRTEM), high-angle annular dark-field scanning 

transmission electron microscopy and energy-dispersive X-ray spectroscopy (HAADF–STEM–EDS), 

N2 physisorption (Brunauer–Emmett–Teller, BET), 3D environmental atomic force microscope (3D–

eAFM), inductively coupled plasma atomic emission spectroscopy (ICP–AES), H2 

temperature-programmed reduction (H2-TPR), NH3 temperature-programmed desorption (NH3-TPD), 

X-ray photoelectron spectroscopy (XPS) and in-situ diffuse reflectance infrared Fourier transform 

spectroscopy (in-situ DRIFTS). Details on the characterization procedures can be found in Supporting 

Information. Methane oxidation over the obtained catalysts was conducted according to the process 

described in Supporting Information (Figure S3) 

3. RESULTS AND DISCUSSION 

3.1 Crystal structure and textural properties of 3DOM LSMO and Au–Pd NPs 

XRD patterns of the 3DOM LSMO support (Figure S4) confirm formation of the cubic ABO3 phase 

which is in good agreement with the standard La0.6Sr0.4MnO3 sample (JCPDS PDF No. 04-016-6114)13. 

The calcination conditions are appropriate for generating single-phase ABO3, as illustrated by the XRD 

results of 3DOM LSMO with well-defined crystallinity. In the case of the supported Au, Pd, and 

bimetallic Au–Pd catalysts, loading the noble metal NPs does not alter the ABO3 structure. The 
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average crystallite sizes (Dsupport) of the zAu1Pd2/3DOM LSMO samples were estimated using the 

Scherrer equation, as summarized in Table 1. The average crystallite size of 3DOM LSMO is ca. 32.9 

nm, which is close to those (32.0–33.8 nm) of the zAu1Pd2/3DOM LSMO samples. No significant 

diffraction signals assignable to Au and/or Pd are observed, possibly due to the low Au and Pd 

loadings (1–3 wt%) and high dispersion of Au and Pd NPs on the 3DOM LSMO surface.17 The actual 

loadings of Au and Pd on the 3DOM LSMO-supported noble metal samples are summarized in Table 1. 

It is found that the actual Au and Pd loadings are slightly lower than their nominal values, indicating 

that most of the Au and Pd is deposited on the 3DOM LSMO support. The small difference between 

the nominal and actual loadings indicates that the N2 gas-bubble-assisted reduction strategy is a 

feasible approach for synthesizing supported Au–Pd catalysts.  

Typical N2 adsorption–desorption isotherms and pore size distributions of the 3DOM LSMO and 

zAu1Pd2/3DOM LSMO samples are shown in Figure S5. The N2 isotherm observed for each sample is 

classified as a type II isotherm, indicating the formation of a 3DOM structure (Figure S5(A)). The 

low-pressure portion of the almost linear middle section of the isotherm, which is attributed to 

multilayer adsorption, suggests that the sample is macroporous. A H3-type hysteresis loop is observed 

in the high relative pressure (p/p0) range of 0.9–1.0, which is associated with capillary condensation 

taking place in the mesopores, and confirms the presence of mesopores within the wall structure.21 

Figure S5(B) illustrates the BJH pore size distributions of the samples, each of which includes two 

obvious peaks: one sharp peak at around 3–5 nm and one broad peak in the range of 40–100 nm. The 

results indicate the co-existence of macropores and textural mesopores within the skeletons of 

zAu1Pd2/3DOM LSMO, which is verified by the HRSEM and HRTEM analyses (see below) and pore 

size distributions (2.05–2.35 nm). The BET surface areas and pore volumes of the zAu1Pd2/3DOM 

LSMO samples are in the ranges of 32.0–33.8 m2/g and 0.106–0.130 cm3/g, respectively (Table 1), 
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which are close to those (32.4 m2/g and 0.123 cm3/g) of the 3DOM LSMO support and much higher 

than those (4.32 m2/g and 0.017 cm3/g) of the 1AuPd/1DDN LSMO sample. The 3AuPd/3DOM 

LSMO sample possesses a large BET surface area (33.8 m2/g) due to its thinner walls and nanovoid 

generation. Hence, in contrast to the 1AuPd/1DDN LSMO sample, the zAu1Pd2/3DOM LSMO 

samples containing mesopores within a macroporous skeleton possess higher surface areas that can 

provide more active sites, with the highly developed pore structure also facilitating diffusion and 

adsorption of the reactant molecules.14 Such unique properties are anticipated to be beneficial for 

promoting the catalytic activity of the sample. 

3.2 HRSEM and HAADF–STEM 

Figures 1 and 2 show the HRSEM and HRTEM images of 3DOM LSMO, single Au, Pd and bimetallic 

Au-Pd on 3DOM LSMO samples as well as the 3D–eAFM image of the PMMA template. As shown in 

Figures 1a and 1b, the HRSEM and 3D–eAFM reconstruction displays a hexagonal array of 

well-calibrated circular microspheres. The one-dimensionally disordered nonporous 1AuPd/1DDN 

LSMO sample shows an irregular morphology with a particle size range of 200–600 nm (Figure 1c). 

The formation of monolithic nanohybrid ABO3 with a 3D hierarchical porosity in the 3DOM LSMO 

support (Figure 1d–f) is observed, exhibiting a pore diameter of about 140 nm. The average pore 

diameter of the noble metal supported 3DOM LSMO samples (Figure 1g–l) is smaller by 10–35 %, 

when compared with the initial microsphere size of the PMMA template (pore size = 218 nm) as 

shown in Figure S6. The shrinkage is caused by the melting of the PMMA template and the sintering 

of the produced ABO3. Introducing organics, including L-lysine (1.00 g), methanol (3.0 mL), and EG 

(3.0 mL) improves the quality of the AuPd/3DOM LSMO pore structure (Figures S7 and S8). Upon 

adding PVA, high-quality 3DOM architectures with interconnected pore channels were generated in all 

of the 3DOM LSMO samples under different fabrication conditions (Figure 1f, h, j and l). From the 
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HRTEM images, it is clear that a large number of noble metal NPs are highly dispersed on the surface 

of the 3DOM LSMO framework with a mean NP size of 2.05–2.35 nm (Figure 2). Additionally, the 

intraplanar spacing (d value) of the obtained 3DOM LSMO samples was found to be 0.260–0.262 nm, 

in good agreement with that of the (110) crystal plane of the standard La0.6Sr0.4MnO3 sample (0.263 

nm, JCPDS PDF No. 04–016–6114). To examine the morphology and composition of the Au–Pd NPs, 

the HAADF–STEM–EDS technique was used to map the distribution of Au, Pd, and other elements in 

the 1AuPd/3DOM LSMO sample, as shown in Figures 3 and S9. The EDS phase maps and line 

profiles of the as-obtained Pd and Au NPs show a homogeneous distribution of the two elements over 

the entire particle (Figure 3a–c). Furthermore, the 3D visualization of Pd and Au as well as the EDS 

intensity line profiles of the 1AuPd/3DOM LSMO sample eliminates any structural variations such as 

core-shell and/or separate phases with the Au–Pd alloy NPs being highly dispersed on the surface of 

the 3DOM LSMO skeleton structure (Figure 3d–f). An estimation of Au–Pd alloy NP sizes from the 

HRTEM images (Figures S10–12) indicates that the mean NP sizes in AuPd/3DOM LSMO (2.05-2.20 

nm) are uniform and slightly smaller than those for 1Au/3DOM LSMO (2.3 nm) and 1Pd/3DOM 

LSMO (2.2 nm). The noble metal NPs seen in the high magnification TEM images (Figures S10b, 11b, 

and 12b) imply there is a strong interfacial interaction with 3DOM LSMO as seen by the partial 

incorporation of oxidized NP species into the bulk structure of the 3DOM LSMO support (i.e. a strong 

metal–support interaction (SMSI) effect is present).22 The interaction between the Au–Pd NPs and 

3DOM LSMO might be conducive to lattice oxygen mobility and making it favorable for producing 

oxygen vacancies on the AuPd/3DOM LSMO surface as will be discussed in more detail in the XPS 

section. 

3.3 Surface elemental composition, metal oxidation state, and adsorbed oxygen 

Profiles of the Mn 2p, Au 4f, and Pd 3d regions of the XPS spectra are provided in Figure 4 with key 
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data extracted from the profiles given in Table S1. For each sample, there is an asymmetrical Mn 2p3/2 

XPS signal that can be deconvoluted into three components at binding energy (BE) values = 641.2, 

642.4, and 643.8 eV (Figure 4A), assignable to surface Mn3+
, Mn4+, and satellite species,13 respectively. 

The surface Mn4+/Mn3+ molar ratio of the 1AuPd/1DDN LSMO sample (1.26) is lower than that of the 

3DOM LSMO sample (1.42). On introducing noble metal NPs, however, the zAu1Pd2/3DOM LSMO 

surface Mn4+/Mn3+ molar ratio decreases (1.15–0.89), prompting the Pd2+/Pd0 and Auδ+/Au0 molar 

ratios to rise (0.31–0.41 and 0.73–1.23, respectively). The 3AuPd/3DOM LSMO sample possesses the 

lowest surface Mn4+/Mn3+ molar ratio (0.89) and the highest Pd2+/Pd0 (1.23) and Auδ+/Au0 (0.42) molar 

ratios. The XPS results reveal that depositing the Au and Pd elevates the Mn3+ content, implying there 

is a strong interaction between the Au-Pd NPs and LSMO. That is, the LSMO support partially 

oxidises the Au/Pd deposits (undergoing partial reduction as a result) as described by the following 

Eqns. ((1) and (2)):  

Au� +Mn�� → Au
� +Mn��          (1) 

Pd
�
+Mn

��
→ Pd


�
+Mn

��          (2) 

The extent to which partial oxidation occurs increases with increasing Au/Pd loading (Table S1) which 

has an impact on catalyst performance as is discussed later. The Pd 3d and Au 4f XPS spectra of the 

zAu1Pd2/3DOM LSMO samples provide strong evidence to support this hypothesis.  

The Au 4f spectra of the samples can be deconvoluted into four components (Figure 4B) with the 

two peaks at BE = 83.8 and 87.5 eV representing the surface Au0 species and the two peaks at BE = 

84.7 and 88.6 eV due to the surface Auδ+ species. It is apparent that the Auδ+/Au0 molar ratio increases 

on adding Pd (Table S1). The Auδ+/Au0 molar ratios of the supported Au–Pd alloy catalysts (0.31–0.42) 

are higher than that of the supported Au catalyst (0.20) and increase with the loading of Au–Pd alloy 

NPs from 1 to 3 wt%. It has been stated by others that a higher Auδ+/Au0 molar ratio is indicative of a 
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better ability to activate oxygen molecules.22 Similar phenomena are observed in the Pd 3d XPS 

spectra (Figure 4C), in which the Pd2+/Pd0 molar ratios of the AuPd/3DOM LSMO catalysts increase 

as compared with the Pd/3DOM LSMO catalyst. The asymmetrical Pd 3d XPS spectrum of each 

sample can be deconvoluted into four components: the two peaks at BE = 335.4 and 340.8 eV are 

assigned to the surface Pd0 species, while the two peaks at BE = 337.0 and 342.2 eV are attributed to 

the surface Pd2+ species.23 The 1AuPd/3DOM LSMO sample exhibits a Pd2+/Pd0 molar ratio (0.73) 

which is slightly higher than that of the 1Pd/3DOM LSMO sample (0.71) and considerably higher than 

that of 1AuPd/1DDN LSMO (0.50), suggesting that Au addition can enhance the Pd2+ concentration on 

the surface 23-24. The result is in good agreement with Hutchings’s finding that Au could act as an 

electron promoter for Pd in bimetallic Au−Pd NPs on TiO2.
25 Additionally, it is observed that the Au 4f 

and Pd 3d XPS peaks of the 1AuPd/3DOM LSMO and 2AuPd/3DOM LSMO samples shift to lower 

and higher BEs (by ca. 0.3 and 0.5 eV), respectively, in relation to the 1Au/3DOM LSMO and 

1Pd/3DOM LSMO catalysts (Figure S13). Such a BE shift has been previously reported and reflects an 

electronic structure modification to the surface Au and Pd atoms. That is, electron transfer from the Pd 

to Au generating more oxidized Pd while simultaneously Au and Pd donate electrons to the LSMO 

support oxidizing Au and further oxidizing Pd, an effect evidenced by the decrease in Mn4+/Mn3+ 

ratio.26 From Figure 4D, a broad and asymmetrical O 1s XPS spectrum for each sample can be 

deconvoluted into three components at BE = 529.5, 531.2, 532.2 and 533.4 eV, ascribable to the 

surface lattice oxygen (Olatt), adsorbed oxygen (Oads), hydroxyl and/or carbonate species, and adsorbed 

molecular water species, respectively.27 The electrophilic species (Oads, e.g., O2
−, O2

2− or O−) can play 

a vital role in the deep oxidation of organics.28 From Table S1, the surface Oads/Olatt molar ratio follows 

the order: 3AuPd/3DOM LSMO (0.94) > 2AuPd/3DOM LSMO (0.64) > 1AuPd/3DOM LSMO (0.55) > 

1Pd/3DOM LSMO (0.49) > 1AuPd/1DDN LSMO (0.44) > 1Au/3DOM LSMO (0.43) > 3DOM 
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LSMO (0.34). The higher Oads/Olatt molar ratio for the Au-Pd alloy catalysts suggests that the 

bimetallic system has a strong capacity to activate oxygen, potentially boosting its performance for 

CH4 combustion. Burch et al. 29 reported that the Pd2+ and O2– species at the surface of PdO could 

readily activate the almost non-polar C–H bonds by a heterolytic mechanism. Hence, the actual surface 

composition of the noble metals (Pd0, Au0 or Pdδ+, Au δ+) is crucial in determining the inherent activity 

of the catalyst. 

 

3.4 Reducibility and surface acidity  

H2-TPR analysis was conducted to assess the redox properties of the as-obtained samples (Figure 5A). 

Since La3+ and Sr2+ are non-reducible under the H2-TPR conditions, the peaks observed in the LSMO 

sample can be attributed to the reduction of Mnn+ species.13 The two peaks, namely α (at ~310 °C) and 

β (at ~650 °C), are credited to the reduction of Mn4+ to Mn3+ (Eqn (3)) and Mn3+ to Mn2+ 12, 30 (Eqn 

(4)), respectively, with a shoulder at 380 °C due to the single-electron reduction of Mn3+ located in a 

co-ordinatively-unsaturated microenvironment (Eqn (5)).30 

2

III IV III
1 1 3 2 1 23

1 1
La Sr Mn Mn O H La Sr Mn O H O

2 2
xx x x x x xx x− − − −

+ → +
     (3) 

21 2 2 3 23

1 1 1
La Sr MnO H (1 )La O MnO SrO H O

2 2 2
xx x x x− −
+ → − + + +

    (4) 

 2

III IV III IV
1 1 3 2 1 1 3 2La Sr Mn Mn O H La Sr Mn Mn O H Ox x x x x x xx δ δ δ δ− − + − −+

+ → +
    (5) 

When Au, Pd or Au–Pd NPs are loaded on the surface of 3DOM LSMO, the reduction peaks shift to 

lower temperatures, indicating that the noble metal NPs facilitate reducibility of the sample. Improving 

the low-temperature reducibility is beneficial for catalytic performance.12-14, 20 

In the case of the monometallic Au and Pd catalysts, the α peak moved significantly (to 160 °C) for the 

1Pd/3DOM LSMO whereas it moved slightly (to 305 °C) for the 1Au/3DOM LSMO, suggesting that 
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the PdOx species are more readily reducible than the AuOx species. The reduction temperatures (200 

and 162 °C) of the α peaks of the bimetallic catalysts are between those of the Au and Pd catalysts and 

lower than that of the supported Pd sample when the loading was 3 wt% (125 °C), implying the Au–Pd 

catalyst is in an alloyed state and strongly interacts with the 3DOM LSMO support, rather than 

existing as a physical mixture of the Au and Pd catalysts.  

Variations in the surface acidity/basicity between 3DOM LSMO and 1DDN LSMO were identified 

using NH3-TPD analysis. Two peaks are observed in the NH3-TPD profile for 3DOM LSMO (Figure 

5B), which leads to the presumption that weak acidic sites (665 °C) and Brønsted acidic sites (860 °C), 

exist on the surface, in good agreement with the results described by Lu and co-workers.31 In contrast, 

the 1DDN LSMO sample shows one small weak acidic site peak at a temperature of 680 °C. Brønsted 

acidic sites have been reported to invoke catalytic enhancement with supported Pd and Pt NPs, helping 

to adsorb and activate reactant molecules during the catalytic process.32 

3.5 Catalytic performance 

Figure 6 depicts the catalytic performance of the AuPd/3DOM LSMO samples for CH4 combustion. 

It is apparent from Figure 6A that Au or Pd alone only gives a mildly enhanced activity, whereas 

alloying the Au and Pd invokes a substantial improvement in catalytic performance, illustrating a clear 

synergism between the two metals. With the rise in overall bimetallic metal loading to 3 wt% the 

activity also increases. The synergism between the Au−Pd alloy is further demonstrated on comparison 

with a physical mixture of the neat 1Au/3DOM LSMO and 1Pd/3DOM LSMO (same overall metal 

loading, Figure S14(A)). Comparing the catalytic performance of the samples on the basis of T10%, 

T50%, and T90% (Table S1, the temperatures at which CH4 conversion are 10, 50, and 90 %, 

respectively), it is apparent that the activity of the bimetallic Au–Pd catalysts increases with increasing 

loading. The 1AuPd/3DOM LSMO gives T10%, T50%, and T90% values of 304, 350, and 382 °C which 
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are lower than the 1AuPd/1DDN LSMO sample and considerably lower than the neat 3DOM LSMO 

sample (Figure S14(B)). Figure 6A illustrates the relationship between catalytic activity and molar 

ratios of the surface species (i.e. Oads/Olatt, Pd2+/Pd0, and Auδ+/Au0). The comparison reveals that each 

of these attributes has a clear influence on catalytic performance.7 Appraisal of the 

zAu1Pd2/3DOMLSMO catalysts on the basis of turnover frequencies (TOFs) and the reaction rate at 

270 °C is provided in Table 2. The TOFAu–Pd of the samples decrease in the order of 3AuPd/3DOM 

LSMO > 2AuPd/3DOM LSMO > 1AuPd/3DOM LSMO > 1Pd/3DOM LSMO >1AuPd/1DDN LSMO > 

1Au/3DOM LSMO.  

Figure 6B illustrates the change in TOF with the amount of H2 consumed during H2-TPR analysis 

for the neat and bimetallic catalyst compositions and loadings. The change in TOF with deposit 

make-up (mono- and bimetallic) and bimetallic loading indicates the perovskite support is having an 

impact on the catalyst activity associated with the bimetallic deposits. That is, the catalytic 

performance is not solely governed by the additional active sites introduced by the greater number of 

Au/Pd atoms on the surface. The roughly linear relationship between the TOF and the reducibility of 

the perovskite support (i.e. H2 consumed during the H2-TPR) as the bimetallic loading increases 

implies an effect of the support is responsible for embellishing the activity of the Au/Pd deposits. A 

potential explanation for the contribution of the support in enhancing the Au/Pd activity can be found 

in the XPS results (Table S1), in particular the decreasing Mn4+/Mn3+ ratio (reflecting a partial 

reduction in the support) and increasing Pd2+/Pd0 and Auδ+/Au0 (reflecting a partial oxidation of the 

deposits) with increasing bimetallic loading. The support acts to withdraw electrons from the 

bimetallic deposits, which amplifies their activity beyond just the simple catalyst loading effect. The 

result ties in with the findings from Figure S15B which show pre-treating the catalyst in oxygen is 

beneficial for activity. 
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It is interesting also to note that earlier work12 indicated an increased presence of Mn4+ on the neat 

LSMO perovskite correspondingly promoted its catalytic activity for methane oxidation. Here, the 

effect is opposite with there being an increase in activity as the Mn4+ presence decreases (Table S1). 

The contradictory effect can be explained on the basis of the catalytic activity is being dominated by 

the bimetallic deposits (and the concerted oxidising effect of the support) which supercedes any loss in 

active sites and activity by the associated reduction of Mn4+ in the perovskite support. 

To assess the impacts of the Au/Pd molar ratio and catalyst pretreatment on performance, a range of 

1AuxPdy/1DDN LSMO (x/y = 1 : 1, 1 : 2, and 1 : 3) samples were synthesized with the 1Au1Pd2/1DDN 

LSMO sample being pretreated in O2 or H2 at 300 °C for 2 h prior to activity assessment. In Figure 

S15(A) the Pd-rich catalysts (1Au1Pd2/1DDN LSMO, 1Au1Pd3/1DDN LSMO, and 1Pd/1DDN LSMO) 

exhibit higher low-temperature activity (below 400 °C), as compared with the Au-rich catalyst. On 

adding Pd, the catalytic activity significantly increases with the rise in Au/Pd molar ratio to 1:2, but 

further increasing the Au/Pd molar ratio results in a decrease in activity. Hence, the best Au/Pd molar 

ratio is 1:2 with the sample providing the highest TOFAu-Pd (0.0102 s−1) and the lowest apparent 

activation energy (Ea = 72.4 kJ/mol). There remains debate in the literature on the Pd oxidation state 

that is most active for CH4 oxidation. For instance, Cullis et al. 33 found that Pd0 showed better activity 

on a γ-Al2O3 support for CH4 oxidation, whereas Burch et al. 34 and Farrauto et al. 35 pointed out that 

the Pd0 species over 4 wt% PdO/Al2O3 were less active or completely inactive toward CH4 oxidation. 

After studying the active sites on Pd/Al2O3 for CH4 oxidation, Matamet et al. 36 reported that Pd2+ 

species were the active sites especially at temperatures below 676 °C, but above this temperature the 

reduced Pd could also catalyze the reaction. In the present study (Figure S15(B)), pretreating the 

1Au1Pd2/ 1DDN LSMO catalyst in an O2 atmosphere considerably improves catalyst performance, as 

compared with its untreated counterpart or subsequent pretreatment in a H2 atmosphere. In contrast, 
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the activity is marginally better when the catalyst is pretreated in H2. The result indicates that the 

oxidized noble metal (Auδ+ and Pd2+) species appear to be more active than the metallic (Au0 and Pd0) 

species toward CH4 oxidation. The performance of alternative catalysts for methane oxidation from the 

literature is summarized in Table S2. Although being influenced by variations in the individual reaction 

environments, our best-performing 3AuPd/3DOM LSMO catalyst exhibits an improved activity 

compared to the selected catalysts. 

3.6 Catalyst stability and impact of water vapor 

Evidence of good catalytic stability can be seen in Figure 6C for the 3AuPd/3DOM LSMO sample 

run for 50-h at 350 °C and a GHSV = 50,000 mL/(g h). As moisture is a component of feedstock and 

reaction products, it is important to assess its impact on catalytic performance, particularly in terms of 

catalyst stability. Figure 6D illustrates the influence of water vapor (1.0, 3.0 or 5.0 vol%) on 

performance of the 3AuPd/3DOM LSMO, 1Pd/3DOM LSMO, 1Au/3DOM LSMO, and LSMO 

samples when it is introduced into the feed stream at 380 °C for 1 h. Over the 3DOM LSMO and 

3AuPd/3DOM LSMO samples, the loss in activity arising from 3 and 5 vol% water vapor presence is 

completely reversible when the water vapor is removed. Catalytic activity over the 3DOM LSMO and 

3AuPd/3DOM LSMO samples is not significantly influenced by 1.0 vol% H2O vapor. The temporary 

loss in activity in the presence of water may be due to the competitive adsorption of H2O, CH4, and O2 

on the 3DOM LSMO and zAu1Pd2/3DOM LSMO catalysts. At a higher temperature (550 °C, Figure 

S16), the adsorption of oxygen may be stronger than that of H2O on the samples, which is in 

agreement with others.37 In contrast to the neat support and bimetallic catalyst, introducing water to the 

feed stream imposes both temporary and permanent losses to the performance of the 1Pd/3DOM 

LSMO and 1Au/3DOM LSMO samples, with the degree increasing as the water content rises. Again, 

the temporary loss in activity may be attributable to the competitive adsorption; however, the activity 
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is not completely recoverable after introducing the water, whereby a second deactivation process may 

be in effect. HRTEM images of the 1AuPd/3DOM LSMO, 1Au/3DOM LSMO, and 1Pd/3DOM 

LSMO samples after exposure to water vapor (Figures S10–12) explain the irreversible deactivation of 

the monometallic catalysts. The sizes of the noble metal NPs in the monometallic catalysts increase 

from 2.25–2.35 to 8.43–13.48 nm upon exposure to water, whereas that of the noble metal NPs in the 

bimetallic Au–Pd catalyst increase from 2.15 to 3.76 nm. It appears that the water vapor promotes 

sintering of the Au and Pd NPs with the ensuing loss in dispersion, leading to a permanent loss in 

activity.  

3.7 In-situ reaction mechanism  

To probe the mechanism of methane oxidation over the bimetallic catalysts and understand the role of 

Au in the bimetallic system, in situ DRIFTS experiments were conducted with the spectra for 

1Pd/3DOM LSMO and 1AuPd/3DOM LSMO provided in Figure 7. The IR absorption bands of 

Pd/3DOM LSMO (Figure 7A) can be separated into three spectral zones. The first spectral zone 

displays the adsorption bands mainly corresponding to gaseous methane and CH3
– species, giving a 

sharp peak assignable to the C–H antisymmetric stretching vibration in a free molecule at 3014 cm–1 

associated with the deformation vibration of C–H bonds at 1300 cm–1.38-39 The absorption band 

centered at C–H 1450 cm–1 represents the asymmetric stretching in CH3
–. The second spectral zone 

encompasses absorption bands at 2330 and 2360 cm–1 ascribable to the C=O stretching mode of 

gaseous carbon dioxide.40 The third spectral zone accounts for other vibrations by different species. 

The peaks at 1060 and 1155 cm–1 are assigned to the oxygen-oxygen stretching frequency of 

chemisorbed oxygen species (O–) on LSMO.41-42 Intense peaks at 1250 and 1415 cm–1 belong to the 

ω(CH2) in formaldehyde (H2CO), while peaks associated with formate (HCOO–) due to strong 

asymmetric stretching, υas (C–O), are at 1550 and 1690 cm–1 and the absorption peak at 1840 cm–1 
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representing the υ (C=O) stretching vibration.43-45 Similar DRIFTS spectra are observed for the 

1AuPd/3DOM LSMO sample (Figure 7B), with the exception of variations to the intermediate species 

from the third spectral zone. Specifically, there is no ω (CH2) in formate (at 1250 and 1415 cm–1) 

whereas a bidentate carbonate species appears at 1170 cm–1. Additionally, the oxygen species at 1130 

cm–1 is adsorbed on Au according to the spectra of 1Au/3DOM LSMO in Figure S17. No CO is 

detected with increasing reaction temperature, indicating complete methane combustion over the 

1Pd/3DOM LSMO and 1AuPd/3DOM LSMO catalysts. It is apparent that the intensity of the CH4 

absorption bands (at 3014 and 1300 cm–1) decrease with the rise in reaction temperature, while the 

intensity of the CO2 absorption bands (at 2330 and 2360 cm–1) simultaneously increases. The 

rate-determining step for the catalytic combustion of methane is often considered to be cleavage of the 

first C–H bond.46 According to the DRIFTS spectra, CH3
– species at 1300 cm–1 emerge at 200 °C over 

1AuPd/3DOM LSMO while CH3
– species are formed over Pd/ 3DOM LSMO at 300 °C. Moreover, 

nearly all the methane (at 1300 and 3014 cm–1) is converted into CO2 (2330 and 2360 cm–1) at 550 °C 

for 1AuPd/3DOM LSMO, indicating an enhanced low-temperature conversion ability on adding Au, as 

compared with 1Pd/3DOM LSMO.  

Based on the provided DRIFTS spectra and literature,40-41, 47-48 the methane oxidation mechanism over 

the 1Pd/3DOM LSMO and 1AuPd/3DOM LSMO catalysts can be summarized as two separate 

sequences of elementary steps. The mechanism proposed for the 1Pd/3DOM LSMO catalyst involves 

electron transfer from the PdO to LSMO, as was evidenced by XPS where the Mn4+/Mn3+ ratio 

decreased in the catalyst. The O2 is activated by electrons on the LSMO to form O– species, with the 

resulting O– sites activating C-H bonds in CH4 promoting dehydrogenation into CH3
– and OH–. The 

CH3
– and OH– subsequently bond to unsaturated sites on the PdO and undergo further H-abstraction to 

form H+ and H2CO. The H+ interacts with O– to generate H2O while H2CO is oxidized first to form 
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HCOO– and then to generate CO2 which completes a catalytic turnover. The mechanism coincides with 

other mechanistic assessments for Pd catalysts reported previously 49 which are based on kinetic and 

isotopic methods combined with density functional theory (DFT) calculations.  

The presence of Au in the bimetallic 1AuPd/3DOM LSMO accelerated the reaction rate and altered 

several aspects of the reaction pathway (as shown in Scheme 2). According to XPS, the Au attracts 

electrons from the Pd making it more electronegative. Concurrently, electrons are also transferred from 

Au and Pd to the LSMO as evidenced by the additional decrease in the Mn4+/Mn3+ ratio for the 

bimetallic system. Thus, O2 can be activated by electrons from both the Au and LSMO surface to 

generate O– species which can be verified by the oxygen species ratio from XPS (step i). When CH4 is 

dehydrogenated to form CH3
– and OH– (step ii), the additional active oxygen species promote CH3

– 

dissociation into HCOO– which is subsequently oxidized to give bidentate carbonate, bonded to Pd via 

two oxygens (step iv). CO2 is then generated (step v) to complete the turnover cycle.  

To further appreciate the role of Au in the bimetallic system, the ease of desorption of adsorbed species 

at 500 °C was examined using DRIFTS. Spectra from 0 min (which corresponds to when the reactant 

gas stream is ceased (i.e. reaction end)) to 10 min under Ar purging for the 3DOM LSMO, 1Pd/3DOM 

LSMO and 1AuPd/3DOM LSMO samples are shown in Figure S18. The strength by which the 

adsorbed species are attached to the catalyst differs significantly depending on the presence of Pd and 

Au-Pd. Most of the species do not bond strongly to the neat 3DOM LSMO, while the bonding strength 

when Pd is present increases substantially. After 10 min under the Ar flow, the intermediates remain on 

the Pd deposits, agreeing with other reports on the strong bonding strength of Pd.50 However, the 

presence of Au weakens the bonding strength between the Pd and the intermediate species. According 

to the literature,51-52 on adding copper or gold to an active metal like Pd, the Pd atoms are isolated and 

diluted in an Au–matrix (which behaves like supported, highly–dispersed Pd catalysts), leading to an 
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electronic “ligand effect”. Thus, the strength of the bond between the reactant or intermediate molecule 

and the surface atoms can be modified by the electronic interaction between the surface atom and its 

neighbor. From our observations, we conclude that the Au has at least two different roles in our 

catalytic system: (1) to modify the electronic structure of the catalyst surface and (2) promote the 

presence of adsorbed oxygen species which, in turn, impact on the reaction mechanism. Firstly, the 

additional activated oxygen species on the Au and LSMO surfaces accelerates the reaction such that 

either the CH3
– species are oxidized to CH2O which then rapidly dissociates into HCOO– species or 

the CH3
– species are oxidized directly into HCOO– species (explaining the lack of CH2O species 

observed in the DRIFTS spectra). It has been reported that the electrophilicity of adsorbed oxygen can 

enhance the dissociation of CH3
–.53-54 Under the elevated activated oxygen environment, the HCOO– 

species also tend to be oxidized to carbonates rather than associate into CO2. This corresponds to 

literature 41 reports whereby when the O2/CH4 > 2 adsorbed HCOO– species are prone to convert to 

carbonates. Secondly, the weaker species (e.g. CH3
–) bond strength invoked by the Au–Pd alloy may 

improve intermediate mobility. This demonstrated by the spectra in Figure S18 where CH3
– is desorbed 

rapidly under an Ar flow. That is, CH3
– can move freely from Pd to Au and/or the LSMO surface 

where it can more readily interact with the additional O– species which accelerates the oxidation 

reaction. Consequently, the weakened intermediate bonding strength invoked by the Au can also 

facilitate the oxidation process. 

4. CONCLUSION 

Bimetallic AuPd/3DOM LSMO catalysts with high surface areas (32.0–33.8 m2/g) for methane 

oxidation were successfully fabricated. The bimetallic catalysts, possessing a unique 3DOM structure 

and Au-Pd alloy arrangement, gave excellent catalytic activity which was found to be a combined 

effect of both the support and Au-Pd NPs including (i) the high surface area, (ii) richness in adsorbed 
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oxygen, (iii) oxidized noble metal species on the surface, (iv) modified electronic structure of the Au–

Pd alloy, (v) low-temperature reducibility, and (vi) strong interaction between the Au–Pd alloy and the 

3DOM support. The distinctive 3DOM structure, stable NP size and electron interaction within the 

bimetallic alloy allowed for optimized thermal and hydrothermal stability displayed by the 

AuPd/3DOM LSMO catalysts. In-situ DRIFTS investigations showed that including Au in the Au-Pd 

bimetallic system altered the reaction pathway and accelerated the reaction rate. The benefits were 

attributed to the Au weakening the bonding strength between the reaction intermediates and the Pd 

atoms and intensifying the adsorbed oxygen species on the surface of the catalyst.  
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Table 1. Macropore diameters, BET surface areas, crystallite sizes (Dsupport), pore volumes, noble 

metal particle sizes, and actual AuPd loadings of the samples. 

 

Sample 

Macropore 

diametera 

(nm) 

BET surface 

area 

(m2/g) 

Pore 

volume 

(cm3/g) 

Dsupport
b

 

 

(nm) 

Mean metal 

particle sizec 

(nm) 

Au 

contentd 

(wt%) 

Pd 

contentd

(wt%) 

Noble metal loadingd 

Nominal 

(wt%) 

Measured 

(wt%) 

3DOM LSMO 140-153 32.4 0.123 36 - - - - - 

1Au/3DOM LSMO 130-145 32.6 0.119 34 2.4 0.94 - 1 0.94 

1Pd/3DOM LSMO 135-150 32.0 0.130 35 2.3 - 0.85 1 0.85 

1AuPd/3DOM LSMO 126-138 33.6 0.106 34 2.2 0.44 0.48 1 0.92 

2AuPd/3DOM LSMO 130-140 33.3 0.114 35 2.0 0.95 0.98 2 1.93 

3AuPd/3DOM LSMO 128-135 33.8 0.113 35 2.2 1.42 1.50 3 2.92 

1AuPd/1DDN LSMO - 4.32 0.017 55 2.1 0.45 0.50 1 0.95 
a Data were estimated according to the SEM images. 
b Calculated based on the XRD results according to Scherrer’s equation. 
c Estimated by statistical analysis of more than 200 NPs in TEM images. 
d Determined using ICP-AES analysis. 
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Table 2. The specific reaction rates, turnover frequencies (TOFs) and activation energies (Ea) of the 

3DOM LSMO, AuPd/3DOM LSMO, and 1AuPd/1DDN LSMO samples. 

 

 

 

Sample 

Methane oxidation at 270°C  Specific reaction rate at 270°C  Kinetic parameter 

TOFAu-Pd (×10-3 s-1) TOFcat (×10-3 s-1)  µmol/(gcat s) µmol/(gAu-Pd s) µmol/(gLSMO s)  Ea (kJ/mol) 

3DOM LSMO - 0.08  0.38 - 0.38  92.8 

1Au/3DOM LSMO 9.45 0.11  0.77 76.8 0.78  76.1 

1Pd/3DOM LSMO 11.2 0.21  0.93 92.8 0.94  72.2 

1AuPd/3DOM LSMO 13.5 0.22  0.99 99.2 1.00  56.4 

2AuPd/3DOM LSMO 15.3 0.51  2.24 112 2.29  50.5 

3AuPd/3DOM LSMO 16.0 0.80  3.52 117 3.63  46.3 

1AuPd/1DDN LSMO 10.2 0.20  0.90 89.5 0.90  72.4 
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Scheme 1. Schematic illustration of the AuPd/3DOM LSMO catalyst. 
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Figure 1. HRSEM and 3D-eAFM images of PMMA, 3DOM LSMO, noble metal supported 3DOM 

LSMO and 1DDN LSMO. 
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Figure 2. HRTEM images of monometallic Au and Pd and bimetallic AuPd/3DOM LSMO catalysts. 
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Figure 3. HAADF-STEM images and EDS elemental maps for 1AuPd/3DOM LSMO sample of (a-c) 

EDS elemental maps of Pd, Au and combined of Au+Pd, (d, e) 3D visualization of Pd and Au and (f) 

EDS intensity line profiles extracted from the spectrum image along the line drawn on image (c). 
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Figure 4. (A) Mn 2p3/2, (B) Au 4f, (C) Pd 3d, and (D) O 1s XPS spectra of (a) 3DOM LSMO, (b) 

1Au/3DOM LSMO, (c) 1Pd/3DOM LSMO, (d) 1AuPd/3DOM LSMO, (e) 2AuPd/3DOM LSMO, (f) 

3AuPd/3DOM LSMO and (g) 1AuPd/1DDN LSMO. 
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Figure 5. (A) H2-TPR profiles of (a) 3DOM LSMO, (b) 1Au/3DOM LSMO, (c) 1Pd/3DOM LSMO, 

(d) 1AuPd/3DOM LSMO, (e) 2AuPd/3DOM LSMO, (f) 3AuPd/3DOM LSMO and (g) 

1AuPd/1DDN LSMO; and (B) NH3-TPD profiles of 1DDN LSMO and 3DOM LSMO samples.  
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Figure 6. (A) Dependence of methane conversion at 350 °C and ratio of Oads/Olatt, Pd2+/Pd0 and 

Auδ+/Au0, (B) correlation of the TOF at 270 °C and the H2 consumption over the obtained samples, 

(C) methane conversion over 3AuPd/3DOM LSMO at 350 °C within 50 h of on-stream reaction and 

(D) effect of water vapor concentration at 380 °C on the activity for methane combustion over (a) 

3AuPd/3DOM LSMO, (b) 1Pd/3DOM LSMO, (c) 1Au/3DOM LSMO and (d) 3DOM LSMO (The 

striped areas show when water vapor was added).  
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Figure 7. In situ DRIFT spectra of methane oxidation over (A) 1Pd/3DOM LSMO and (B) 

1AuPd/3DOM LSMO. 
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Scheme 2. Proposed elementary steps for the oxidation of methane over 1AuPd/3DOM LSMO.  
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Figure 1-Revised High Resolution  
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Figure 3-Revised High Resolution  
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