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Spherical BN supported Au-Cu catalysts for the low temperature   

selective oxidation of ethanol 

Yang Wang,[a] Lei Shi,[a] Wenduo Lu,[a] Qiang Sun,[a] Zifeng Wang,[b] Chunyi Zhi*[b] and An-Hui Lu*[a] 

Abstract: Oxidation of ethanol to acetaldehyde in the fine chemical 

industry is a burgeoning process requiring leading-edge technology. 

The major challenge faced today is to find a catalyst with high 

ethanol conversion and high acetaldehyde selectivity at a high gas 

hourly space velocity (GHSV) and low operation temperature. Herein, 

we report that boron nitride nanospheres supported Au-Cu 

nanoparticles offer much opportunity for low temperature ethanol 

oxidation. A catalytic conversion of 77% and selectivity of 94% 

towards acetaldehyde has been achieved at a temperature of 180 

C and a high GHSV of 100,000 mL gcat
-1 h-1, far exceeding Au-

Cu/SiO2. The immobilized Au-Cu nanoparticles have average size of 

~ 3 nm and the majority of Au species are assigned Auδ-. The weak 

interaction of acetaldehyde with both Au-Cu active phases and 

boron nitride support facilitates the adsorption-desorption behavior of 

acetaldehyde. As a result, the progression of secondary reactions is 

slowed and the degree of coverage of the active sites can be 

minimized. 

Ethanol is a renewable resource of high value in the 

production of acetaldehyde,1 1-butanol,2 1,3-butadiene,3 and 

other chemicals,4 thus reducing our strong dependence on fossil 

fuels.5 Producing acetaldehyde from ethanol is especially 

promising due to its low cost, high atom economy, and easy 

separation of products. This also fits with the developing trend of 

green chemistry. Two synthesis options available are 

dehydrogenation and oxidation.6 The oxidation method is more 

attractive due to the lower reaction temperature and no limitation 

of thermodynamic equilibrium. Therein, molecular oxygen is now 

used as an inexpensive and clean oxidant, replacing previous 

toxic and expensive ones.7 

Supported Au catalysts have been widely studied for the 

aerobic oxidation of ethanol owing to their ability to activate C-H 

bonds. Further addition of Cu can improve the conversion and 

selectivity of the catalyst, as Cu can activate O2 and facilitate O-

H bond cleavage.8 Traditionally, oxides such as SiO2, CeO2, and 

TiO2 have been used for the immobilization of Au-Cu active 

phases.9 The catalytic performance of these oxide supported 

catalysts however are still far from practicality due to very low 

ethanol concentrations (<1 vol%) and low gas hourly space 

velocities (GHSV < 10,000 mL gcat
-1 h-1), even at high reaction 

temperatures (>200 ˚C). In general, Au nanoparticles interact 

strongly with the oxide supports forming Au0 and Auδ+ species.10 

Acetaldehyde with electron-rich O can potentially adsorb and 

block the Au0 and Auδ+ sites. Furthermore, when considering the 

exothermic nature of the ethanol oxidation reaction, the use of 

poor thermal conductive oxide supports may form hot reaction 

spots.11 As a consequence, oxidation of acetaldehyde and 

agglomeration of the active species may occur. Hence, the 

overwhelming challenge is to develop a catalyst that can oxidize 

ethanol but have a weak adsorption capability for acetaldehyde, 

thus suppressing any secondary reactions.  

Based on the abovementioned consideration, we select boron 

nitride (BN) with its relatively weak metal-support interactions 

and superior thermal conductivity,12 as the catalyst support. 

Compared to bulk BN, nanosized BN has a larger exposed 

surface that allows the high dispersion of metal particles on 

external surface defects so facilitating fast kinetic transfer. 

Herein, we report for the first time a Au-Cu bimetallic catalyst 

supported on BN nanospheres with Cu and then Au loading 

sequence showing a high activity for the ethanol oxidation 

reaction, owing to its unique geometric and electronic structure.  

We investigated the catalytic performance of Au-Cu/BN-

Sphere catalyst in the gas-phase aerobic oxidation of ethanol 

under atmospheric pressure with a feed of 1.5 vol% ethanol at a 

GHSV of ∼100,000 mL gcat
-1 h-1. Fig. 1a shows the temperature 

dependence of ethanol conversion over the representative 

catalysts in the presence of oxygen. Au-Cu catalyst supported 

on BN nanospheres shows a greater ethanol conversion rate. As 

a controlled experiment, when using SiO2 (SBET= 247 m2/g, Vtotal= 

0.52 cm3/g) as the support, the ethanol conversion with Au-

Cu/SiO2 catalyst (180˚C, ~47%) is considerably lower than Au-

Cu/BN-Sphere catalyst (180 ˚C, ~77%). In order to establish the 

roles of Au and Cu species, the catalytic performance of the 

monometallic Cu/BN-Sphere and Au/BN-Sphere catalysts was 

also investigated. Among them, Cu/BN-Sphere shows negligible 

ethanol oxidation while Au/BN-Sphere exhibits a poor catalytic 

performance.  

Meanwhile, the acetaldehyde selectivity for Au-Cu/BN-Sphere 

is far higher than that of Au-Cu/SiO2 catalyst for the same 

amount of ethanol conversion. Fig. 1b shows that when ethanol 

conversion reaches 80%, acetaldehyde selectivity is 92% on Au-

Cu/BN-Sphere but only 61% on Au-Cu/SiO2. The main by-

products include ethyl acetate, acetic acid and carbon dioxide 

(Fig. S1), which are generally produced in the presence of 

adsorbed acetaldehyde.1a,6b,13 

The space-time-yield (STY) of acetaldehyde on the Au-

Cu/BN-nanosphere catalysts was compared to other reported 

catalysts in the literature as a function of reaction temperature 

(Fig. 1c). A highest STY for Au-Cu/BN-Sphere catalyst was 

observed even at low reaction temperatures, clearly 

demonstrating the superior activity of the Au-Cu/BN-Sphere 

catalyst for ethanol oxidation. 
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Fig.1 a) Effect of temperature on the aerobic oxidation of ethanol, b) 

Acetaldehyde selectivity at the same ethanol conversion (80%) over 

different catalysts, c) Space-time-yield of acetaldehyde versus 

temperature for the catalysts described in this work and in the literature 

(1-6, see Table S1)1a,9a,9d,14, d) Ethanol conversion and acetaldehyde 

selectivity versus time on stream using Au-Cu/BN-Sphere catalyst. 

 

The stability test of the Au-Cu/BN-Sphere catalyst was run at a 

constant temperature of 180 °C for 80 h. As shown in Fig. 1d, 

the acetaldehyde selectivity was maintained at ~93% with 

ethanol conversion decreasing slightly from 80% to 74%. 

To identify the origin of the superior catalytic activity, we 

conducted a series of structural analyses. The morphology of 

the BN-Sphere support was observed by TEM. As shown in Fig. 

2a, the support exhibits a spherical shape with a diameter of 

~150 nm, and a distinct surface roughness. Nitrogen physical 

adsorption measurement showed that the adsorption isotherm of 

the BN spheres is of type IV in shape, representing a 

mesoporous structure, with a surface area of 53 m2/g and pore 

size distribution centered at ca. 2.3 nm (Fig. S2). XRD patterns 

of the BN-Sphere and Au-Cu/BN-Sphere catalyst are shown in 

Fig. 2b. For BN-Sphere, several peaks namely (002), (100), 

(110) were indexed as hexagonal BN. After loading Au-Cu 

species, the hexagonal structure remains. For fresh Au-Cu/BN-

Sphere catalyst, in-situ XRD was conducted under a hydrogen 

atmosphere at elevated temperatures to determine the structure 

evolution of the Au-Cu (Fig. S3). Two peaks at 38.2˚ and 44.4˚ 

can be identified, corresponding to the specific (111) and (002) 

crystal planes of Au and no Cu species were detected, 

suggesting that the Cu species, most probably are too small in 

size to be detected by XRD. As a controlled support, the SiO2 

material shows amorphous features with a surface area of 247 

m2/g and pore size distribution centered below 2 nm (Fig. S4, 

S5). After loading Au-Cu particles, the signal of Au was observed. 

(Fig. S6) The TEM image of Au-Cu/BN-Sphere catalyst shows 

small discrete particles, homogenously distributed on the 

surface of the BN-Sphere (Fig. 2c), with sizes ranging from 1.5-

5.5 nm and a mean diameter of ~3 nm, the same with Au-

Cu/SiO2 (Fig. S7). For Au/BN-Sphere catalyst, Au particles 

distributed heterogeneously (Fig. S8), while for Cu/BN-Sphere 

catalyst, Cu particles were hardly observed (Fig. S9). TEM 

images of the used Au-Cu/BN-Sphere catalyst after 80 h on-

stream are shown in Fig. S10. The support retains its spherical 

morphology and the average particle size of Au-Cu is 

unchanged at 3 nm. The remaining high dispersion of the 

active species after 80 hours reaction strongly indicates that the 

BN-sphere support can interact and anchor the Au-Cu species, 

and is responsible for the stability.  

The structure of the active phase is a crucial factor that 

influences the catalytic behavior. To understand the structure of 

Au-Cu/BN-Sphere catalyst, high-sensitivity low-energy ion 

scattering (HS-LEIS) studies were performed (Fig. 2d, S11). 

This technique is a powerful tool for determining the composition 

of the outmost atomic layer of the catalyst surface.15 After 

reduction, both Cu and Au species coexist on the catalyst 

surface. With increasing sputtering time, the signal of Cu 

decreases while the Au signal increases, indicating that Cu is 

concentrated on the outer surface of an Au particle. However, 

the intensity ratio of Au/Cu after reduction is twice that before 

reduction (Fig. S12). One can conclude that the Au-Cu bimetal 

has adopted a core-patch structure, i.e., Cu species are 

supported on the surface of Au particles after calcination. Upon 

the reduction process, Cu species on the outer surface diffuse 

into the gold core to produce a Au-Cu bimetallic heterostructure, 

i.e. the amount of exposed surface Cu species decrease while 

exposed Au increases. For the Au-Cu heterostructure, the 

proportion of Cu gradually reduces from outside to inside, which 

causes the increase of Au/Cu ratio as detected by the HS-LEIS 

spectra. CuxO species play an important role in activating 

molecular oxygen,16 thus producing active oxygen species (O2- 

or O-) to facilitate O-H bond cleavage. Au species close to  

 
Fig.2 a) TEM image of BN nanosphere, b) XRD patterns of BN 
nanosphere and Au-Cu/BN-Sphere, c) TEM image of Au-Cu/BN-Sphere, 
d) HS-LEIS spectra of Au-Cu/BN-Sphere after reduction with increasing 
sputtering time. 
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Fig.3 a) Au 4f XPS spectrum, b) Cu 2p XPS spectrum and Cu LMM 
(inset) Auger spectrum, c) CO-DRIFT spectra, d) C2H4O TPD profiles 
over reduced Au-Cu/BN-Sphere and Au-Cu/SiO2. 

 

oxygen species can act as the sites for C-H cleavage. This C-H 

cleavage is considered to be the most difficult step in alcohol 

oxidation.1a Thus, such closely coupled heterostructure of Au 

and Cu allows them to work synergistically for ethanol oxidation 

efficiently.1a,8 

The electronic state of the active species is another crucial 

factor that influences catalytic behavior. XPS spectrum and 

DRIFT spectroscopy with CO as the probe were used to 

investigate the local electronic environment of Au and Cu. The 

Binding Energy (BE) peaks of Au 4f7/2 before and after reduction 

are centered at 84.1 eV and 83.7 eV, respectively. These values 

are indications of the existence of metallic gold (Fig. 3a, S13). 

The small shift to lower BE energy suggests the presence of 

negatively-charged gold species.10 The Cu 2p3/2 spectrum has 

two peaks; the higher BE peak at 935.6 eV is assigned to Cu2+, 

accompanied by the characteristic Cu2+ shake up satellite peaks. 

The lower BE peak at 932.8 eV suggests the presence of Cu+ or 

Cu0 species. Auger Cu LMM spectra were further used to 

differentiate between Cu+ and Cu0 (Fig. 3b). The two peaks at 

916.1 and 919.6 eV correspond to Cu+ and Cu0 species 

respectively. 

CO-DRIFT spectra were further measured to explore the 

electronic state of the active species (Fig. 3c). For Au/BN-

Sphere catalyst, a band centered at 2051 cm-1 is observed in 

addition to gas phase CO bands (2175 and 2120 cm-1), and is 

assigned to negatively charged gold carbonyls. For Au-Cu/BN-

Sphere bimetallic catalyst, the band shifts to higher frequencies 

(2055 cm-1) and a new band at 2067 cm-1 appears. These two 

bands are assigned to negatively charged gold carbonyls, 

implying the conversion between one type of species to 

another.10,17 However, for the Au-Cu/SiO2 catalyst, only one 

band centered at 2119 cm-1 is observed, which is assigned to 

Au0-CO species, even though SiO2 is an inert support. Although 

the ethanol oxidation reaction occurs in the presence of 

molecular oxygen, a band centered at 2058 cm-1 is observed in 

addition to the gas phase CO bands for the used catalyst (Fig. 

S14), indicating that Auδ- species exist under the reaction 

atmosphere, possibly because of the weak reducibility of ethanol. 

Auδ- is important for oxygen activation due to its ability to transfer 

electrons to dioxygen.18a 

The interaction between acetaldehyde and catalyst surface 

was characterized by temperature programmed desorption of 

acetaldehyde (C2H4O-TPD; Fig. 3d, S15, 16, 17). The 

experiments were conducted by monitoring m/z = 29 and 44. 

M/z = 29 is the main fragment of acetaldehyde and 44 

corresponds to the molecular ion of acetaldehyde. Several 

observed TPD peaks imply that the catalysts have different 

adsorption sites. Both curves of mass 29 and 44 were detected 

simultaneously, signifying that acetaldehyde molecules are 

desorbed in this case. The first desorption peak at ~140 ˚C for 

both catalysts correspond to weak adsorption on the supports 

surface. As shown in Fig. S16 and Fig. S17, the stronger 

intensity of SiO2 as compared with that of BN-Sphere indicates 

acetaldehyde is more easily adsorbed on SiO2 than on BN-

Sphere. The peaks at 285 ˚C for Au-Cu/BN-Sphere and 356 ˚C 

for Au-Cu/SiO2 (Fig. 3d, Fig. S15) are attributed to acetaldehyde 

adsorbed on the metal sites. The higher desorption temperature 

and stronger intensity of Au-Cu/SiO2 than that of Au-Cu/BN-

Sphere indicates the interaction between acetaldehyde and 

metal sites is weaker for Au-Cu/BN-Sphere than for Au-Cu/SiO2. 

This inference is supported by the electron repulsion between 

electron-rich O in CH3CHO and Au species containing part of the 

negative charge on the Au-Cu/BN-Sphere surfaces. Such weak 

interactions minimize the coverage of active sites and secondary 

reactions caused by CH3CHO adsorbed on the metal sites of the 

Au-Cu/BN-Sphere. Thus, a high C2H5OH conversion and 

CH3CHO selectivity at a high GHSV, especially at low reaction 

temperatures, can be achieved. Ethanol oxidation is an 

exothermic reaction, which may cause temperature increases of 

local sites of the catalyst. BN with excellent thermal conductivity 

(125 W/m·K),18 can efficiently transfer the heat rapidly, thus 

reducing the sintering of metal sites and over oxidation of 

acetaldehyde. 

In summary, we have prepared a BN nanosphere supported 

Au-Cu catalyst for the selective aerobic oxidation of ethanol. 

This catalyst showed improved lower temperature catalytic 

performance than conventional Au-Cu/SiO2. The closely coupled 

heterostructure of Au and Cu species allows the two to work 

cooperatively to convert ethanol into acetaldehyde. The Au 

species containing part of the negative charge on the catalyst 

surface contributes to oxygen activation and desorption of 

acetaldehyde, leading to a decrease in active sites coverage 

and secondary reactions. We therefore believe that such a novel 

catalyst has potential for acetaldehyde production from ethanol. 

Experimental Section 

BN nanospheres were synthesized by a chemical vapor 

deposition reaction between B(OMe)3 and ammonia, followed by 

high-temperature annealing. The detailed synthesis procedure 

has been previously reported.19 Before use, BN nanospheres 
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were hydrophilicly treated with H2O2 at 100 ˚C for 2 h in a 

Teflon-lined stainless autoclave.  

Au/BN-Sphere was prepared by a deposition- precipitation 

method using HAuCl4 solution of pH 8-9 (adjusted by a 0.5 M 

(NH4)2CO3 solution) at 60 ˚C for 2 h, and a theoretical Au loading 

of 2 wt%. The products were then washed three times with 

deionized water and once with alcohol followed by centrifugal 

separation and drying under vacuum. Finally, the powder was 

annealed under a flow of air at 250 ˚C for 2 h. Cu/BN-Sphere 

was prepared using the incipient wetness impregnation method 

using Cu(NO3)2 3H2O as the precursor, and a theoretical Cu 

loading of 1 wt%. Typical procedures are as follows: a calculated 

amount of Cu(NO3)2 was dissolved in deionized H2O. 

Subsequently, the solution was incipiently impregnated into 1.0 

g of the BN-Sphere support. After impregnation, the sample was 

maintained at room temperature for 2 h and then dried at 50 ˚C 

for 12 h. This was followed by calcination in 20% O2/N2 at 400 

˚C for 2 h. Afterwards, Au was loaded on the Cu/BN-Sphere by a 

deposition-precipitation method using the same procedure as 

the preparation of Au/BN-Sphere to obtain Au-Cu/BN-Sphere. 

For comparison, a commercial SiO2 support was chosen on 

which to load the Au-Cu particles using the same preparation 

procedure as for the Au-Cu/BN-Sphere catalyst. Before catalytic 

test, all catalysts were reduced in 10% H2/N2 atmosphere at 250 

˚C for 1 h. Catalyst test and characterization was provided in the 

Supporting Information. 
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