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a b s t r a c t 

Au nanostructures were prepared on uniform Cu 2 O octahedra and rhombic dodecahedra via the galvanic 

replacement reaction between HAuCl 4 and Cu 2 O. The compositions and structures were studied by Scan- 

ning Electron Microscope (SEM), Transmission Electron Microscope (TEM), High-Resolution Transmission 

Electron Microscope (HRTEM), X-Ray Diffraction (XRD), X-Ray Absorption Spectroscopy (XAS), X-ray Pho- 

toelectron Spectroscopy (XPS) and in-situ DRIFTS spectroscopy of CO adsorption. Different from the for- 

mation of Au –Cu alloys on Cu 2 O cubes by the galvanic replacement reaction (ChemNanoMat 2 (2016) 

861-865), metallic Au particles and positively-charged Au clusters form on Cu 2 O octahedra and rhombic 

dodecahedra at very small Au loadings and only metallic Au particles form at large Au loadings. Metallic 

Au particles on Cu 2 O octahedra and rhombic dodecahedra are more active in catalyzing the liquid phase 

aerobic oxidation reaction of benzyl alcohol than positively-charged Au clusters. These results demon- 

strate an obvious morphology effect of Cu 2 O nanocrystals on the liquid –solid interfacial reactions and 

prove oxide morphology as an effective strategy to tune the surface reactivity and catalytic performance. 

© 2016 Published by Elsevier B.V. and Science Press. 

1. Introduction 1 

Metal alloys generally exhibit advantageous properties com- 2 

pared to their monometallic counterparts [1] and thus great ef- 3 

fects have been devoted in the synthesis of catalytic metal alloys. 4 

Conventional methods mostly involve complex procedures or harsh 5 

preparation conditions [2–6] , and galvanic replacement reactions 6 

employing metal nanoparticles have recently emerged as a relative 7 

mild method to fabricate metal alloy nanoparticles [7–9] . Differ- 8 

ent from the metallic bond, the ionic bond will get much weak- 9 

ened in water with a large dielectric constant and thus galvanic 10 

replacement reactions employing metal oxide particles should oc- 11 

cur more facilely than those employing metal particles. On the ba- 12 

sis of such considerations, we successfully developed a very mild 13 

method to fabricate Au –Cu alloys on Cu 2 O cubes via the galvanic 14 
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replacement reaction between HAuCl 4 and Cu 2 O at ambient tem- 15 

perature in which the formed Au–Cu alloy nanoparticles exhibited 16 

high catalytic activity in liquid phase aerobic oxidation reaction of 17 

benzyl alcohol [10] . 18 

Rich morphologies of uniform Cu 2 O nanocrystals, including 19 

uniform cubes [11,12] , octahedra [13,14] and rhombic dodecahe- 20 

dra [15] , were successfully synthesized. Employing various Cu 2 O 21 

nanocrystals as models, we have demonstrated strong crystal plane 22 

effect of Cu 2 O nanocrystals on their surface reactivity [16–20] and 23 

catalytic performance [21–23] , and then generalized a concept 24 

of crystal plane-controlled surface reactivity and catalytic perfor- 25 

mance of oxide catalysts [24,25] . The galvanic replacement reac- 26 

tion between HAuCl 4 and Cu 2 O involves surface reactions on Cu 2 O 27 

surface and the morphology of Cu 2 O particles and exposed crys- 28 

tal planes should be expected to affect the galvanic replacement 29 

reaction and the resulting nanostructures. In this paper we stud- 30 

ied the galvanic replacement reactions between HAuCl 4 and uni- 31 

form Cu 2 O octahedra and rhombic dodecahedra, whose results 32 

were compared with the previous results of the galvanic replace- 33 

ment reaction between HAuCl 4 and uniform Cu 2 O cubes [10] . The 34 

morphology/crystal plane of Cu 2 O nanocrystals were observed to 35 

strongly affect the galvanic replacement reaction and subsequently 36 

the structures and catalytic performances of resulting Au nanos- 37 

tructures. 38 
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2. Experimental 39 

2.1. Sample preparation 40 

All chemicals were purchased from Sinopharm Chemical 41 

Reagent Co., Ltd. and used without further purification. 42 

2.1.1. Surfactant-free Cu 2 O nanocrystals 43 

Cu 2 O octahedra were synthesized with the procedure re- 44 

ported by Zhang et al. [14] . Typically, NaOH aqueous solution 45 

(2.0 mol/L; 10 mL) was added dropwise into CuCl 2 aqueous so- 46 

lution (0.01 mol/L; 100 mL) containing 4.44 g PVP ( M w 

= 30,0 0 0) 47 

at 55 °C. After stirring for 0.5 h, ascorbic acid solution (0.6 mol/L; 48 

10 mL) was added dropwise into the solution. The resulting so- 49 

lution was stirred at 55 °C for 3 h. The resulting precipitate was 50 

collected by centrifugation and decantation and was then washed 51 

with distilled water and absolute ethanol and finally dried under 52 

vacuum at room temperature for 12 h (denoted as o-Cu 2 O-PVP). 53 

The synthesis of Cu 2 O rhombic dodecahedra followed the proce- 54 

dure reported by Liang et al . [15] . Typically, CuSO 4 (1 mmol) was 55 

dissolved in water (40 mL) to form a clear solution, into which 56 

OA (4 mL) and absolute ethanol (20 mL) were added successively 57 

with vigorous stirring. When the mixture was heated to 100 °C, 58 

an aqueous solution of NaOH (10 mL; 8 mmol) was added. Af- 59 

ter 5 min, an aqueous solution (30 mL) containing d -( + )-glucose 60 

(3.42 g) was added under constant stirring. The mixture reacted 61 

for another 60 min and a brick-red color gradually appeared. The 62 

resulting precipitate was collected by centrifugation and decant- 63 

ing, then washed with distilled water and absolute ethanol, and 64 

finally dried in vacuum at room temperature for 12 h (denoted 65 

as d -Cu 2 O –OA). A controlled oxidation process carried out under 66 

an atmosphere consisting of 4% O 2 and 8% C 3 H 6 balanced with 67 

N 2 was developed to remove the capping ligands on o-Cu 2 O-PVP 68 

and d -Cu 2 O 

–OA according to our previous literatures [22,23,26] . 69 

Typically, Cu 2 O nanocrystals (200 mg) were placed in a U-shaped 70 

quartz microreactor and purged in the stream of C 3 H 6 +O 2 +N 2 71 

gas mixture (C 3 H 6 :O 2 : N 2 = 2:1:22, flow rate: 50 mL/min) at room 72 

temperature for 30 min, and then heated to the desirable tem- 73 

perature (o-Cu 2 O-PVP: 200 °C; d -Cu 2 O 

–OA: 215 °C) at a rate of 74 

5 °C/min and kept for 30 min, then the stream was switched to 75 

pure Ar (flow rate: 30 mL/min) in which the sample was cooled 76 

down to room temperature. The acquired octahedral and dodec- 77 

ahedral Cu 2 O nanocrystals were denoted as o-Cu 2 O and d -Cu 2 O, 78 

respectively. 79 

2.1.2. Au/Cu 2 O nanocomposites 80 

Au/Cu 2 O nanocomposites were synthesized with our reported 81 

procedure [10] . Typically, 50 mg o-Cu 2 O or d -Cu 2 O nanocrystals 82 

were placed in a 250 mL conical flask containing 40 mL absolute 83 

ethanol and 4.2 mL water. The mixture was adequately dispersed 84 

under ultrasonication for 10 min and then magnetically stirred at 85 

room temperature. Then 5.8 mL HAuCl 4 aqueous solution of cal- 86 

culated concentrations was added dropwise to the above mix- 87 

ture. After an additional reaction for 30 min, the solid product 88 

was collected by rinse centrifugation cycles with water and ab- 89 

solute ethanol and then dried in vacuum for 12 h at room tem- 90 

perature. The acquired Au/Cu 2 O nanocomposites were denoted as 91 

Au/o-Cu 2 O- x and Au/d-Cu 2 O- x ( x is the calculated Au:Cu 2 O weight 92 

ratios). 93 

2.2. Structural characterization 94 

Composite compositions were analyzed on an Optima 7300 DV 95 

inductively coupled plasma atomic emission spectrometer (ICP- 96 

AES). Power X-ray diffraction (XRD) patterns were acquired on 97 

a Philips X’Pert PROS diffractometer using a nickel-filtered Cu 98 

K α (wavelength: 0.15418 nm) radiation source with the operation 99 

voltage and operation current being 40 kV and 50 mA, respec- 100 

tively. X-ray photoelectron spectroscopy (XPS) were performed on 101 

an ESCALAB 250 high performance electron spectrometer using 102 

monochromatized Al K α ( h ν = 1486.7 eV) as the excitation source. 103 

The likely charging of samples was corrected by setting the bind- 104 

ing energy of the adventitious carbon (C 1 s) to 284.8 eV. Scanning 105 

electron microscope (SEM) images were obtained on a JEOL JSM- 106 

6700 field emission scanning electron microscope. Transmission 107 

electron microscopy (TEM) and high-resolution transmission elec- 108 

tron microscopy (HRTEM) images were obtained on a JEM-2100F 109 

high resolution transmission electron microscope. In-situ DRIFTS 110 

measurements were performed on a Nicolet 6700 FT-IR spectrom- 111 

eter equipped with an in situ low-temperature DRIFTS reaction cell 112 

(Harrick Scientific Products, Inc.) in which the sample temperature 113 

could be controlled between 120 K and 773 K. 20 mg catalyst was 114 

loaded on the sample stage of the reaction cell and then the reac- 115 

tion cell was evacuated and the sample was cooled to 173 K whose 116 

DRIFTS spectrum was taken as the background spectrum. Then CO 117 

(1% CO/Ar) was introduced into the reaction cell by a leak valve to 118 

300 Pa and the DRIFTS spectrum was recorded after CO adsorption 119 

reached the steady state at a resolution of 4 cm 

−1 with over 256 120 

scans using a MCT/A detector. X-ray absorption spectra (XAS) were 121 

collected in the fluorescence mode at BL14W1 beamline of Shang- 122 

hai Synchrotron Radiation Facility (SSRF), China. 123 

2.3. Catalytic performance evaluation 124 

Catalytic performances of Au/Cu 2 O nanocomposites in liquid 125 

phase aerobic oxidation of benzyl alcohol (BA) were evaluated in 126 

a stainless steel autoclave with a nominal volume of 50 mL. Typi- 127 

cally, 0.5 mL BA, 20 mL deionized water and 50 mg as-synthesized 128 

Au/Cu 2 O nanocomposites were mixed with 5 mL Na 2 CO 3 –NaHCO 3 129 

buffer solution ( pH = 9). Prior to the catalytic reaction, the auto- 130 

clave was purged with pure O 2 for five times. The O 2 pressure was 131 

kept at 3 atm during the reaction and the reaction proceeded at 132 

100 °C with a stirring rate of 1200 rpm. The reaction was termi- 133 

nated after 2 h and then the system was cooled down to room 134 

temperature. The reaction products were extracted with ethylac- 135 

etate and then analyzed by a FID-equipped GC. Cu 2 O octahedra 136 

and rhombic dodecahedra were found to slightly react with BA 137 

to produce benzaldehyde (BD) but the reaction ceased within 2 h, 138 

thus this amount of BA reacting with Cu 2 O octahedra and rhom- 139 

bic dodecahedra was deducted to calculate the BA conversion cat- 140 

alyzed by Au/o-Cu 2 O and Au/d-Cu 2 O nanocomposites. 141 

3. Results and discussion 142 

Our previous results showed that supported AuCu 3 and AuCu 143 

alloy particles were selectively formed respectively in Au/c-Cu 2 O- 144 

x ( x ≤ 0.1%) and Au/c-Cu 2 O- x (0.75 % ≤ x ≤ 1%) during the galvanic 145 

replacement reaction between HAuCl 4 and uniform Cu 2 O cubes 146 

[10] . Thus in the present study, we prepared Au/(o or d)-Cu 2 O- 147 

x nanocomposites with x ≤ 1%. The actual Au loadings of various 148 

as-synthesized Au/(o or d)-Cu 2 O- x nanocomposites were measured 149 

by ICP-AES. The results ( Table 1 ) are close to the corresponding 150 

calculated values, indicating the complete reduction of HAuCl 4 by 151 

o-Cu 2 O and d -Cu 2 O nanocrystals via the galvanic replacement re- 152 

action (6H 

+ (aq) + 2AuCl 4 
−(aq) + 3Cu 2 O(s) = 6Cu 

2 + (aq) + 8Cl −(aq) + 153 

2Au(s) + 3H 2 O(l)). These results, together with our previous results 154 

on Cu 2 O cubes [10] , demonstrate that the galvanic replacement 155 

reaction between various Cu 2 O nanocrystals and HAuCl 4 can ad- 156 

equately proceed in an ethanol –water mixture solution at ambient 157 

temperature. 158 

As-Synthesized Au/o-Cu 2 O and Au/d-Cu 2 O nanocomposites 159 

were used as catalysts for the liquid phase aerobic oxidation of 160 
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