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ABSTRACT
Selective activation of the C-O 

bond of glycerol is a considerable 

challenge in current academic 

research. Herein, we fabricate an 

efficient AuPd/ZnO-CuO catalyst 

by a simple precipitation method 

and use it in the selective oxidation 

of glycerol (GLY) to produce 

dihydroxyacetone (DHA). Under the base free condition, AuPd/ZnO-CuO catalyst 

exhibits the preferable catalytic performance compared with AuPd/ZnO and AuPd/CuO. 

The turnover frequency (TOF) of AuPd/ZnO-CuO reaches 687.1 h-1, which is 25 times 

that of AuPd/CuO and 6 times that of AuPd/ZnO. AuPd/ZnO-CuO catalyst also shows 

good selectivity towards DHA and the highest DHA yield is 65.3 %, which is at the top 

level among the reported results. Through the STEM-EDS, XRD and Raman analysis, 

we find that ZnO-CuO is a composite oxide and Zn and Cu elements in the ZnO-CuO 

support are uniformly distributed. Furthermore, HRTEM, EPR and XPS results show 

that AuPd/ZnO-CuO has smaller AuPd alloy nanoparticles (NPs) but higher 

concentration of surface defect sites compared with AuPd/ZnO and AuPd/CuO. 

Together with the catalytic performance and feasible mechanism, we consider that the 

enhanced performance of AuPd/ZnO-CuO catalyst could be mainly ascribed to the rich 

surface defect sites, which facilitate the adsorption and activation for the secondary 

hydroxyl groups of glycerol.
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1. Introduction

Selective activation of carbon-oxygen bonds is a huge challenge of current 

academic research and industrial application. GLY, a major by-product produced 

during the production of biodiesel, has received intense attention due to its highly 

functional group. Selective oxidation of glycerol is an effective method for producing 

high value-added chemicals [1-3]. However, the selective oxidation of glycerol is 

extremely difficult and complex, involving the issues of selective activation of C-O 

bond (primary hydroxyl group or secondary hydroxyl group), the degree of oxidation 

as well as the C-C bond cleavage [4,5]. Therefore, much attention should be paid to 

fabricate a catalyst to achieve the goal of high selectivity in the oxidation of glycerol 

reaction.

In all the glycerol oxidation product, Dihydroxyacetone (DHA) produced by the 

oxidation of glycerol secondary alcohol group can be widely used in medicine, biology, 

cosmetics and other organic synthesis industry. Researchers around the world have 

been working hard to prepare suitable catalysts for this process [6-8]. Bimetallic 

catalysts based on Pt or Pd showed promising catalytic performance, but the oxidation 

reaction mainly happened over primary hydroxyl groups [9-13]. In the selective 

oxidation of secondary hydroxyl groups of glycerol, Au exhibited higher selectivity 

than Pt or Pd catalysts [14-19]. For example, Xu and his partners prepared a sequence 

of Au/MOx catalysts and proved that they were viable catalysts for the oxidation of 

glycerol to DHA [20]. Moreover, the catalytic performance was directly related to the 

amount of the oxygen vacancies and the state of the Au species. In our previous research, 

it was found that oxygen vacancies in Au/ZnO interface could specifically adsorb 

glycerol secondary hydroxyl groups and then selectively oxidize glycerol to DHA 

[21,22]. Even progress in the oxidation of secondary glycerol alcohol has been made. 

Further study is still imperative to enhance the efficiency in this process to meet the 

needs of industrialization.
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In the oxidation of alcohol, alloying is generally considered to modify the Au 

based active sites to improve the activation of oxygen. For example, AuPd NPs 

prepared by colloidal methods exhibited better performance than the corresponding 

single metal catalysts in the liquid phase oxidation of glycerol with the addition of base 

[23]. Moreover, the nature of the support also affected catalytic performance [24]. For 

AuPd catalysts, when a basic oxide was used as the support, the catalyst had enhanced 

activity in the oxidation of glycerol. However, the C-C bond was severely broken and 

the selectivity of the target C3 product was limited. When an acidic oxide was employed, 

the chain scission was significantly reduced, but the activation of glycerol was seriously 

insufficient [25,26]. It is reported that the number of oxygen vacancies was closely 

connected to the support component. Wang et al. showed that doping Cu into CeO could 

cause more defects on the surface of CeO, which provided more reaction sites for the 

adsorption and activation of CO2 to improve the efficiency of methane production [27]. 

The above results show that the nature of the support plays an important role in the 

selective oxidation of glycerol, and subtle control of the catalyst should be taken to 

increase the activity without destroying the selective oxidation towards the secondary 

hydroxyl.

Herein, we prepare a ZnO-CuO composite oxide support by a single drop method 

and an AuPd/ZnO-CuO catalyst is then synthesized by the precipitation method. For 

comparison, the corresponding single metal catalysts supported on ZnO-CuO and AuPd 

bimetallic catalysts on ZnO or CuO are also prepared. The obtained catalysts are used 

in the selective oxidation of glycerol and an obvious enhancement in the activity over 

AuPd/ZnO-CuO catalyst is observed. Based on the STEM-HAADF, Raman, EPR and 

catalytic test results, the effect of the active component alloying and the nature of 

support on catalytic performance is discussed.

2. Experimental Section.

2.1. Materials.

Zn(NO3)2·6H2O, NaOH, Cu(NO3)2·3H2O, urea, HAuCl4·3H2O, Na2PdCl4, glycolic 
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acid (GCA), and DHA were A.R. grade, while glycerol and acetonitrile were HPLC 

grade. Deionized water was made in the laboratory and its conductivity was below 10-

6 S/cm. 

2.2. Preparation of ZnO-CuO supports.

6.04 g of Cu(NO3)2·3H2O and 7.44 g of Zn(NO3)2·6H2O were added to 150 ml of 

deionized water and sonicated to obtain a light blue transparent solution. Then, 100 ml 

of NaOH solution (1 mol/L) was added dropwise to the transparent solution at a rate of 

100 ml/h, followed by vigorous stirring for 2 h at 25 oC. The reaction solution was 

centrifuged and the precipitate was washed with deionized water five times. After 

drying at 75 °C for 12 h, the solids were ground to 40-70 mesh. The powder was 

calcined in air at 600 °C for another 6 h with a heating rate of 5 °C/min to obtain ZnO-

CuO oxide support. CuO and ZnO oxides are also prepared by the same method.

2.3 Preparation of AuPd catalysts.

The AuPd/ZnO-CuO catalyst was prepared by the deposition-precipitation (DP) 

method. ZnO-CuO support (0.60 g) was added to the solution containing Na2PdCl4 and 

HAuCl4 necessary to obtain the theoretical loading of 2 wt.% Au (Au:Pd = 10:1). Then 

a certain mass of urea (urea/Au = 500:1 mol/mol) was added to the solution. After the 

mixed solution was sonicated for 5 min, it was transferred to a 90 °C water bath and 

stirred for 4 h. The reaction solution was centrifuged and the precipitate was washed 

with deionized water three times. We grind the solids to 40-70 mesh after being dried 

at 80 °C for 10 h in an oven. The powder was calcined in air at 300 °C for 3 h with the 

heating rate of 2 °C/min to obtain the AuPd/ZnO-CuO catalyst. AuPd/CuO, AuPd/ZnO 

catalysts and single metal catalysts are also prepared by the same method.

2.4 Characterization

The crystal structures of ZnO-CuO was identified by XRD (Shimadzu XRD-600). 

Cu Kα radiation source wavelength was 0.154 nm. The sample morphology was 

observed by scanning electron microscopy (Zeiss Supra 55). The BET data of the 

samples were tested with the Gemini VII 2390 instrument. The element content and 
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distribution was tested by STEM-EDS (JEOL-2100F) and ICP-AES (Shimadzu ICPS-

7500). Fourier transform infrared (FTIR) spectra were recorded by Bruker Vector 22 

spectrometer. Raman spectroscopy (Renishaw, inVia-Reflex, 633 nm) was used to 

obtain Raman signals for the three samples. Active component state and particle size of 

three catalysts were characterized by high angle annular dark field image (STEM-

HAADF, JEOL-2100F). X-ray photoelectron spectroscopy (XPS) spectra were 

obtained using a Thermo VG ESCALAB 250 spectrometer with a C 1s peak at 284.6 

eV and Al Kα as the anode. Electron paramagnetic resonance (EPR) spectra were 

obtained using a Bruker EMX-500 10/12 spectrometer at 100K. FTIR of glycerol was 

collected using subtraction spectrum mode. First, 0.50 g of the catalysts were placed in 

5 ml of 0.1 M glycerol and stirred for 0.5 h. After centrifugation, the catalysts were 

placed in freeze-drying to remove excess water. The spectra of the catalysts and the 

pure catalysts were collected in a high vacuum. The spectra of the catalysts and the pure 

catalysts are subtracted to obtain the infrared spectrum of glycerol adsorbed on the 

catalysts.

2.5. Glycerol Oxidation Test

10 ml of GLY (0.05 M) and catalyst (glycerol/Au=100 molar ratio) were added to a 

50 ml quartz bottle and the air in the reaction system was replaced with oxygen for 2 

min. Then we placed it on a parallel reactor to start the reaction (reaction conditions: 

temperature 80 °C, speed 900 r/min, pressure 0.1 MPa). After the reaction was 

completed, the reactor was quickly put into the cold water bath and cool to room 

temperature. The reaction solution was filtered with the disposable organic filter (0.22 

μm) to obtain transparent liquid. We used HPLC to quantify the type and content of 

substances in our reaction solution. Our mobile phase is H3PO4 (0.1 wt.%, 0.2 mL/min) 

and acetonitrile (0.4 mL/min). The column type is Zorbax SAX column and the test 

temperature is 30 °C. Ultraviolet detector (210 nm) and refractive index detector are 

our detectors. The contents of glycerol and liquid products were measured by the 

external calibration method. The Glycerol (GLY) conversion, product selectivity, DHA 
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yield, and TOF for different catalysts were calculated as follows:

GLY conversion (%) = Mconverted GLY/MGLY in feed × 100,

Product selectivity (%) = Mproduct/Mconverted GLY × 100,

DHA yield % = GLY conversion (%) × DHA selectivity (%)/100,

TOF = Mconverted GLY/[Msurface Au atoms × time(h)],

Surface Au atom number is calculated by particle size formula,

Surface Au atoms = 0.90d-0.7,where d is the Au particle size measured by HRTEM 

[28,29].

The TOF of the catalysts were calculated under 15 % glycerol conversion.

3. Results and discussion

3.1 Catalytic Performance

Aerobic oxidation of glycerol was carried out using the AuPd/CuO, AuPd/ZnO, 

AuPd/CuO-ZnO catalysts. As shown in Figure 1(A), glycerol conversion increases 

with time, and AuPd/CuO-ZnO catalyst always exhibits higher glycerol conversion. 

Specifically, the conversion of glycerol on the AuPd/CuO-ZnO catalyst is 92.7 % at 4 

h, while the conversion on AuPd/CuO and AuPd/ZnO catalyst is only 16.0 % and 48.0 

%. In our research system, DHA is the target product. In Figure 1(B), when the reaction 

time reaches 2 hours, the maximum yield (65.3 %) of DHA over the AuPd/ZnO-CuO 

catalyst is achieved. The maximum DHA yield over AuPd/CuO and AuPd/ZnO is 

observed at 4h, and the value is only 12.6 % and 35.8 %. The above results show that 

AuPd/ZnO-CuO catalysts are more capable of oxidizing glycerol to DHA.
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Figure 1. Glycerol conversion versus time curve (A), and DHA yield versus time curve 
(B). Reaction conditions: glycerol/Au = 100 mol/mol, 80 ℃, 1 bar O2, 900 rpm stirrer 
speed.

The TOF value of AuPd/CuO, AuPd/ZnO, AuPd/ZnO-CuO catalysts are 

calculated and listed in Table 1. The TOF value of the AuPd/ZnO-CuO catalyst is 25 

times and 6 times than that of AuPd/CuO and AuPd/ZnO. For comparison, we prepare 

monometallic Pd and Au catalyst on ZnO-CuO support. It can be seen that the DHA 

yield and TOF value of the bimetallic catalyst are significantly higher than those of the 

single metal catalyst. Furthermore, we change the ratio of Zn: Cu in AuPd/ZnO-CuO 

catalysts and find that the catalyst with 1:1 of Zn: Cu shows the highest catalytic 

performance. It is also noted that the carbon balance over AuPd/ZnO-CuO catalysts is 

always more than 97 %. In the selective oxidation of glycerol towards DHA, Pt-based 

catalysts also showed good performance and some excellent performance data are listed 

in Table 1 [30,31]. Compared with the reported Pt-based catalyst, a noticeable increase 

in both TOF and DHA yield over AuPd/ZnO-CuO is seen. We also examine the 

oxidation product distribution for different catalysts. The by-products over the Pt-based 

catalyst is mainly glyceric acid (GLYA) and glyceraldehyde (GLD), which are oxidized 

from the primary hydroxyl of glycerol. However, in the case of AuPd/ZnO-CuO, we 

detect CO2 and glycolic acid as the main by-products and no glyceric acid as a by-

product that is often found in the literature. Specifically, at 75 % glycerol conversion, 

the selectivity of DHA over AuPd/ZnO-CuO is 86 %, and gas-phase products account 

for about 7.3 %. The DHA selectivity of Pt-based catalysts is less than 55 %, and the 

by-products are mainly glyceraldehyde and glyceric acid, which account for about 30 %. 

The different product distribution indicates that the oxidation pathway of glycerol is 

different between Au-based catalyst and Pt-based catalyst and AuPd/ZnO-CuO catalyst 

can be directed to activate the secondary hydroxyl group. Moreover, we obtain time-

conversion curves at different temperatures and calculate the apparent activation energy 

(Ea) of the three catalysts, according to the Arrhenius equation (Figure 2). It is noted 

that Ea is calculated when the glycerol conversion is less than 15 %. The Ea value for 

AuPd/ZnO-CuO (26.0 kJ·mol-1) is lower than that for AuPd/ZnO (32.4 kJ·mol-1) and 
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AuPd/CuO (40.0 kJ·mol-1), confirming that the AuPd/ZnO-CuO catalyst could 

effectively lower the reaction energy barrier.

Table 1 Performance comparison table of different catalysts
Selectivity (%)g

Catalysts
TOF

(h-1) DHA GCO GLD GLYA others

Max 

Yield(%)

Cbalance

（%）

AuPd/CuO 26.7 - - - - - 9.84 100

AuPd/ZnO 100.0 - - - - - 36.4 99.1

Au/ZnO-CuO 194.3 76.1 10.2 1.2 0 12.5 54.2 98.2

Pd/ZnO-CuO 0 - - - - - - 100

AuPd/ZnO-CuOa 644.8 76.1 6.6 0 0 17.3 56.6 98.8

AuPd/ZnO-CuOb 623.5 65.3 9.2 2.4 0 23.1 48.4 99.4

AuPd/ZnO-CuOc 687.1 86.0 6.4 0.3 0 7.3 65.5 97.5

Pt-Bi/MCM-41d 260.4 62.6 - 10.6 26.6 0.2 52 -

Pt-Sb/CNTse - 70.0 - 10.0 18.0 2.0 52 -

Pt-Bi/Acd 426.0 61.0 - 8.0 16.0 15.0 42 -

Pt/MgO/SBA-15f 403.8 - - - - - 5.5 -

aAu:Pd=10:1,Zn:Cu=10:1
bAu:Pd=10:1,Zn:Cu=1:10
cAu:Pd=10:1,Zn:Cu=1:1
dReaction conditions: 5.0 g catalyst, 175 mL 1.0 M glycerol solution , 75 ℃ and 
P=2.1bar, 400 mL/min of O2.
eReaction conditions: 30 mL, 0.1 g/mL glycerol aqueous solution, glycerol/Pt molar 
ratio=890, 60 ℃ and 150 mL/min of O2.
fReaction conditions: 0.2 catalyst, 25  mL aqueous solution of glycerol (0.22  M), 
glycerol/Pt molar ration 530, 60  °C, 1 MPa O2, 8  h.
gSelectivity at glycerol conversion of 75 %.
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Figure 2. Time-conversion plots for AuPd/CuO catalyst (A), AuPd/ZnO catalyst (B), 

AuPd/ZnO-CuO catalyst (C), and Arrhenius plots for glycerol oxidation (D). 

3.2 Geometric structure and vacancies in supports and catalysts

From the powder XRD pattern (Figure 3(A)), it is proved that our synthesized CuO 

is a monoclinic crystal structure [32]. The CuO phase has lattice parameters of a=4.685 

Å, b=3.426 Å, c=5.130 Å (JCPDS No. 45-0937). XRD pattern of ZnO displays a 

wurtzite structural phase [33,34], and the lattice parameter is a=3.250 Å, b=3.250 Å, 

c=5.207 Å (JCPDS No.36-1451). The XRD pattern of ZnO-CuO shows space group 

symmetry of ZnO and CuO. Any hydroxide phases such as Zn(OH)2 and Cu(OH)2 or 

any other impurity phases are absent. Figure 3(B) is the local amplification at 30-40° 

and shows that the characteristic peaks of ZnO and CuO in the ZnO-CuO sample shift, 

suggesting that the prepared support is not a simple physical mixture. In detail, the 

characteristic peaks representing CuO shifts to a low angle (0.063°), and ZnO shifts to 

a high angle (0.069°), indicating the lattice expansion and lattice shrinkage happens 

over CuO and ZnO respectively. According to the literature, the close radius of Zn2+ 

(0.74 Å) and Cu2+ (0.73 Å) ions results in the easy of Zn2+ and Cu2+ to enter the lattice 

of each other [35-37]. Moreover, the XRD pattern of the catalysts was also obtained. It 

could be seen that Au or Pd species are not detected in Figure S1(A), indicating the 
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NPs are in a small and uniform state. In Figure S1(B), the ZnO-CuO also shows peak 

shift compared with the pure sample. Therefore, it could be known that the ZnO-CuO 

could maintain its stable structure after the deposition of AuPd species.

Figure 3. Powder XRD patterns of CuO, ZnO and ZnO-CuO supports (A), partially 
enlarged views (B).

It can be seen from Figure 4(A) that the support has a nanosheet structure, and the 

average size is less than 300 nm. In Figure 4(C-F), Zn and Cu in the support are evenly 

distributed and there is no agglomeration. Further, we exam the Zn/Cu ratio on the 

surface and in the bulk phase. From STEM-EDS pictures, the atom ratio of Zn/Cu on 

the surface of ZnO-CuO is 0.90 [38]. The ICP results show that the molar ratio of Zn/Cu 

in the support is 0.93, which is close to the STEM-EDS result and the theoretical ratio 

[39]. Hence, it can be considered that the elements in the ZnO-CuO support are evenly 

distributed. The specific surface area and pore size of the three supports are obtained 

by BET analysis, and similar results are seen (Table 2).
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Figure 4. SEM (A) and STEM-EDS (B-F) mapping images of ZnO-CuO.

Table 2. Support specific surface, pore capacity and element distribution

Supports
Specific surface 

area (m2/g)

Average pore 

diameter (nm)

Zn/Cu 

molar ratioa

Zn/Cu  

molar ratiob

CuO 3.3 7.67 -- --

ZnO 4.0 8.60 -- --

ZnO-CuO 5.4 7.41 0.93:1 0.90:1
a based on ICP result
b based on EDS

It is known that the vibration wave number of M-O bond in metal compounds 

usually locates at 400-600 cm-1 in FTIR. In Figure 5, the stretching vibration peak of 

Cu-O bond is seen at 528.5 cm-1, and the wavenumber of Zn-O bond is at 439.7 cm-

1[40]. In the case of the ZnO-CuO sample, the stretching vibration of both ZnO and 
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CuO is observed. Moreover, the Cu-O bond in ZnO-CuO is red-shifted by 13 cm-1, and 

the Zn-O bond is blue-shifted by 7 cm-1. According to the XRD results, this shift is due 

to the doping of Zn ions into the CuO crystal lattice, which causes the expansion of 

CuO crystal lattice. On the contrary, the shrinkage of ZnO lattice leads to the blue-shift 

[41].

Figure 5. FTIR spectra of CuO, ZnO and ZnO-CuO supports.

In Raman spectroscopy, CuO has nine regional central optical phonon modes and 

only one Ag and two Bg modes have Raman activity. In Figure 6(A), the peak of CuO 

at 274.9 cm-1 could be attributed to the Ag mode, and the peak of 322.2 cm-1 and 606.3 

cm-1 corresponds to the Bg modes [42]. Irwin reported that the three Raman peaks in 

CuO only arise from the vibrations of the oxygen atoms [43]. ZnO shows characteristic 

peaks at 328.1 cm-1 and 434.7.cm-1, which is corresponding to the 2E2 (low) and 2E2 

(high) modes of ZnO. 2E2 (low) is due to the vibration of Zn atoms and 2E2 (high) is 

due to the oxygen sublattice vibration. The existence of these two modes reflects ZnO 

possesses a wurtzite structure with good crystallinity [44]. Moreover, the signal 

observed at 579.8 cm-1 could be attributed to the characteristic peak of oxygen vacancy 

in ZnO. For ZnO-CuO sample, the characteristic peaks reflecting the good crystallinity 

of ZnO disappear and similar and we observe red-shift spectra of CuO. It can be 

presumed that the presence of Cu-O destroys the regular Zn-O bond. The red shift could 

be ascribed to the reduction of grain size or the generation of defects. According to 

Scherrer formula, the crystal phase size in single CuO is 0.606 nm, while the CuO 

crystal phase size in ZnO-CuO increases to 0.727 nm. Therefore, we consider this red 
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shift is caused by the increase of defective sites [45]. After the deposition of AuPd 

species, the red shift could also be found in AuPd/ZnO-CuO catalyst. Noticeably, a new 

peak appears in AuPd/ZnO and AuPd/ZnO-CuO catalysts around 569 cm-1 (Figure 

6(B)). This peak could be attributed to the oxygen vacancies near the AuPd NPs due to 

the insert of AuPd nanoparticles into the lattice of ZnO, indicating the doping of AuPd 

NPs has a positive effect on increasing the oxygen vacancies of the catalysts [46].

Figure 6. Raman spectra of CuO, ZnO and ZnO-CuO supports (A); AuPd/CuO, 
AuPd/ZnO and AuPd/ZnO-CuO supports.

The amount of oxygen defects on the surface of the support is detected by XPS 

analysis. As shown in Figure 7, there are three types of oxygen species attributed to 

lattice oxygen (L-O), oxygen vacancies (V-O), and chemically adsorbed oxygen (A-O) 

from the low binding energy (B.E) to high B.E [47]. We calculate the proportion of 

each oxygen species and find that the lattice oxygen content of ZnO-CuO is 15.6 %, 

which is lower than that of CuO (30.4 %) and ZnO (22.9 %). The content of oxygen 

defects on the surface of ZnO-CuO is 75.7 %, which is higher than that of CuO (62.5 %) 

and ZnO (62.1 %). Theoretically, the ratio of the metal ion to the lattice oxygen in the 

three supports is 1 and this ratio indicates the content of oxygen vacancies on the surface 

[48]. We then calculate the ratio of meta/lattice oxygen (Table 3) and find that the ratio 

in CuO, ZnO, and ZnO-CuO supports are 1.05, 1.38, and 2.04, respectively. The highest 

ratio in ZnO-CuO confirms that more oxygen defects are generated on the surface of 

ZnO-CuO. Furthermore, we investigate the oxygen species of AuPd/ZnO-CuO 

catalysts with different Zn/Cu ratio. The XPS results show (Figure S2) that the different 
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proportions Zn/Cu results in different oxygen vacancy content and AuPd/ZnO-CuO (Zn: 

Cu= 1: 1) catalyst has the highest content of oxygen vacancies (79.7 %). It could be 

inferred that due to the similar atomic radius 1: 1 of Zn/Cu is the most beneficial ratio 

for Zn and Cu to enter the lattice of each other to create oxygen vacancies. As a result, 

AuPd/ZnO-CuO (Zn: Cu= 1: 1) with high concentration of oxygen vacancies exhibits 

the preferred catalytic performance.

Figure 7. O1S XPS spectra of CuO (A), ZnO (B), ZnO-CuO (C).

Table 3. Atomic Concentration Calculated from XPS. 

Oxygen 

species(%)Support M(%) O(%)

L-O V-O A-O

M/L-O

CuO 24.3 75.7 30.4 62.5 7.1 1.05

ZnO 24.1 75.9 22.9 62.1 15.0 1.38

ZnO-CuO
Cu 

10.3

Zn 

13.8
75.9 15.6 75.7 8.7 2.04

Electron paramagnetic resonance (EPR) is a sensitive technique for detecting 

unpaired electron oxygen vacancies. In Figure 8(A), due to the characteristics of CuO 

itself, the signal related to its oxygen vacancy cannot be observed in EPR [49]. As for 

ZnO and ZnO-CuO, we can see that there are obvious characteristic peaks around g= 

1.96. According to the reported literature, the characteristic peak intensity could 

represent the level of oxygen vacancies [50]. It can be seen that the characteristic peak 

intensity of ZnO-CuO is significantly higher than that of ZnO, indicating more oxygen 

vacancies exist in the ZnO-CuO support. In quantitative analysis, the content of oxygen 
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vacancies per milligram of the sample is performed. The content of oxygen vacancies 

in the ZnO-CuO is 2.73 × 1013 mg-1, which is 2.5 times higher than that in ZnO. 

Together with XPS results, we consider that ZnO-CuO possesses the highest amount of 

oxygen defects in the three samples. We further collect the EPR spectrum of the 

catalysts (Figure S3). The results also indicate that AuPd/ZnO-CuO catalyst has the 

highest content of oxygen defects (1.6 × 1015 mg-1). It should be mentioned that the 

concentration of oxygen defects in AuPd/ZnO and AuPd/ZnO-CuO catalysts increase 

compared with the pure ZnO and ZnO-CuO. This could be explained as the doping of 

AuPd has a positive effect of the increasing concentration of the supports, and a similar 

result has also been found in the Raman spectra.

Figure 8. EPR spectra of the supports.

3.3. Investigation of AuPd species

Figure 9 shows the HRTEM images of AuPd/CuO, AuPd/ZnO, AuPd/ZnO-CuO 

catalysts. In Figure 9(A-C), most of the AuPd NPs are elliptical and uniformly 

distributed on the support without agglomeration. We randomly select more than 400 

particles starting from any of the three samples. Figure 9(G-I) has a particle size 

distribution range of 1 to 6 nm and the average particle size of AuPd/CuO, AuPd/ZnO, 

AuPd/ZnO-CuO is 4.3 nm, 4.1 nm, and 3.1 nm, respectively. It can be seen from Figure 

9(D-F) that the lattice spacing of the active components in AuPd/CuO, AuPd/ZnO, 

AuPd/ZnO-CuO is 0.230 nm, 0.228 nm, 0.232 nm, and all are between that of Pd (111) 

and Au (111) [51]. HAADF-STEM could obtain more insights into the bimetallic metal 
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particle. The line scan results (Figure 10) indicate that the concentration of Pd increases 

with that of Au, confirming the alloy structure of Au-Pd particles [52]. It can be seen 

that AuPd/ZnO-CuO catalyst has the smallest particle size in all the bimetallic catalysts, 

which is one of the reasons for its improved catalytic performance. 

Figure 9. HRTEM images of AuPd/CuO (A, D), AuPd/ZnO (B, E), AuPd/ZnO-CuO 
(C, F), histograms of the particle size distribution of AuPd/CuO (G), AuPd/ZnO (H), 
AuPd/ZnO-CuO (I).
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Figure 10. HAADF-STEM images and line scans of AuPd/CuO (A), AuPd/ZnO (B), 
AuPd/ZnO-CuO (C).

In Table 1, the AuPd/ZnO-CuO catalyst shows the best catalytic performance and 

Au/ZnO-CuO catalyst exhibits only 194.3 h-1 in TOF. Meanwhile, Pd/ZnO-CuO 

catalyst has no catalytic performance. Taking the preparation method into account, the 

catalysts were calcinated in the air to get the final catalysts and Pd in the catalysts may 

exist in an oxidized state. Therefore, we carried out the XPS analysis to investigate the 

Au and Pd species and the synergetic effect. As shown in Figure 11(A), the Pd in 

Pd/ZnO-CuO catalyst shows only Pd2+ state. Due to the high Au/Pd ratio in the 

AuPd/ZnO-CuO catalyst, the 3d orbital of Pd is covered by the Au 4d orbital (Figure 

11(B)). Through the deconvolution, we find that there is only Pd2+ in AuPd/ZnO-CuO 

catalyst, implying that Pd2+ serves as the catalyst additive. Moreover, we study the Au 

4f orbital in Au/ZnO-CuO and Pd/ZnO-CuO catalysts to get the content of Au0 and 

Au+/3+ (Figure 11(C) and (D)). The results (Table S1) show that the AuPd/ZnO-CuO 

catalyst has 23.6 % of Au+/3+ species and Au/ZnO-CuO catalyst only processes 14 % 

of Au+/3+ species. For Au species, the positive Au will enhance the H elimination of the 

secondary hydroxyl group and then increase the activity of the catalysts [53]. Moreover, 

our previous research found that glycerol and DHA competed for adsorption on the 

catalyst [54]. Therefore, the increased Au+/3+ species by the introduction of Pd element 

could inhibit the over oxidation of DHA and then improve the selectivity of the catalyst.
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Figure 11. XPS spectrum of Pd/ZnO-CuO catalyst (A), Au/ZnO-CuO catalyst (C), 
and AuPd/ZnO-CuO catalyst (B) and (D).

3.4. Reaction mechanism

We introduce the FTIR study of glycerol of the catalysts to investigate the effect 

of the oxygen vacancy content of the reaction. As shown in Figure 12, the adsorption 

of glycerol on metal oxide could be defined as γ (related to the adsorption of the primary 

hydroxyl group of glycerol on the surface) and β (related to the adsorption of the 

secondary hydroxyl group of glycerol on the surface) [55]. In β region, it could be seen 

that AuPd/ZnO and AuPd/CuO catalysts show inconspicuous adsorption of the 

secondary hydroxyl group of glycerol. Notably, the AuPd/ZnO-CuO catalyst shows a 

β adsorption peak around 1152 cm-1. According to our previous work [53], the increased 

concentration of oxygen vacancies of the catalysts is closely connected with the 

adsorption of the secondary hydroxyl group of glycerol. At the same time, the γ region 

of the three catalysts shows no significant difference in wavenumber, indicating that 

the adsorption of the primary hydroxyl group is not sensitive to the concentration of 

oxygen vacancies of the catalysts. It should be mentioned that the AuPd/CuO catalyst 

shows the lowest adsorption intensity of these catalysts, implying a weak adsorption 
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ability of glycerol in CuO, and this might be a reason for the low activity of the 

AuPd/CuO catalyst. Moreover, glyceraldehyde, the oxidation product of the primary 

hydroxyl group, is not detected in our reaction system. Therefore, we consider that the 

oxygen vacancies on the catalyst surface provided adsorption sites for the secondary 

hydroxyl of glycerol. 

Figure 12. FTIR of glycerol of AuPd/ZnO-CuO, AuPd/ZnO and AuPd/CuO catalysts.

In AuPd/ZnO-CuO system, a reasonable reaction mechanism is further proposed. 

As shown in Figure 13, O2 is dissociated on the AuPd NPs to form atomic oxygen 

(O*), which then combines with H2O to generate peroxides (OOH*) and hydroxyl 

(OH*) species. Meanwhile, the secondary hydroxyl group of glycerol is adsorbed on 

the oxygen vacancies adjacent to metal ions. In the second step, the hydroxyl group 

(OH*) on AuPd combines with the H in the secondary hydroxyl group of glycerol to 

form H2O. Then OOH* on AuPd cleaves the β-H of glycerol to produce DHA and 

H2O2, which is a kinetically rate-limiting step [56]. Eventually, DHA and H2O2 desorb 

from the active site and the reaction sites return to the original state. In this system, the 

small particle size could enhance the ability to dissociate oxygen. More importantly, 

the rich surface oxygen vacancies could effectively increase the activation of secondary 

hydroxyl groups of glycerol. Therefore, AuPd/ZnO-CuO with the smallest AuPd NPs 

and the most concentration of oxygen defects display the preferred catalytic 

performance.

Page 20 of 26Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 3
1 

Ju
ly

 2
02

0.
 D

ow
nl

oa
de

d 
on

 8
/1

2/
20

20
 2

:3
6:

31
 A

M
. 

View Article Online
DOI: 10.1039/D0CY00356E

https://doi.org/10.1039/d0cy00356e


21

Figure 13. Oxidation of the secondary hydroxyl group in glycerol at the AuPd/ZnO-

CuO interface

4. Conclusions
In this paper, a ZnO-CuO oxide is prepared by a simple precipitation method. This 

composite oxide is then used as support to prepare AuPd/ZnO-CuO catalysts, which 

applies in the selective oxidation of glycerol. The catalytic evaluation shows that the 

AuPd/ZnO-CuO catalyst possesses increased catalytic activity and selectivity. When 

the reaction time is 2 h, the conversion of the catalyst is 80% and the DHA yield can 

reach 65%. Moreover, The TOF value of AuPd/ZnO-CuO is as high as 687.1 h-1, which 

is 3.5 times that of Au/ZnO-CuO and 6 times that of AuPd/ZnO. HRTEM result shows 

that AuPd/ZnO-CuO has the smallest active component particles among the three alloy 

catalysts, which is an important reason for its improved catalytic activity. Raman result 

displays that the Cu atoms destroy the ordered regular structure of Zn-O in ZnO, which 

leads to the improvement in the concentration of oxygen vacancies characterized by 

XPS and EPR analysis. Therefore, we consider the increase in surface oxygen vacancies 

in AuPd/ZnO-CuO provides more adsorption activation sites for the secondary 

hydroxyl oxidation of glycerol and effectively improves the catalytic performance.
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