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ABSTRACT 

Bimetallic Ni-Cu containing SBA-15 materials were successfully synthesized by direct and impregnation methods. The samples were 

characterized by XRD, FTIR, TEM, EDX, BET, H2-TPR and XPS. From TEM images, it showed that the Ni-Cu-SBA-15 by direct 

synthesis had the very small size of Ni and Cu particles (1-2 nm), existed as isolated atoms while the Ni-Cu/SBA-15 by impregnation 

method had the particle size of 50-100 nm., but metal particles existed as aggregated form. In the hydrodeoxygenation(HDO)of guaiacol 

over two catalysts it revealedthat theNi-Cu-SBA-15 by direct synthesis exhibited much higher catalytic performance as compared to that 

of Ni-Cu/SBA-15 by impregnation method, especially HDO efficiency of this catalyst was two times higher than that of Ni-

Cu/SBA15.From this result, it clearly demonstrated the effectiveness of isolated atoms as highly active sites in catalytic conversion of 

organic compounds. 

Keywords:Ni-Cu bimetallic catalysts, SBA-15 nanopore-size materials, direct methods, wet impregnation. 

1. INTRODUCTION 

 The depletion of fossil fuels and environmental concerns 

have prompted the research to look for alternative sources of 

energy and chemicals. Lignocellulosic biomass is one of the 

important sources of renewable feedstock and by fast pyrolysis 

technology, bio-oil can be produced at the industrial scale [1]. 

However, this bio-oil can not be directly used as fuel due to high 

oxygen content, low heating value, high viscosity, incomplete 

volatility and thermal instability. In order to upgrade the bio-oil, 

hydrodeoxygenation process of bio-oil is the most promising route 

for producing liquid transportation fuel. 

 Currently, catalysts for the hydrogenation of organic 

compounds, hydrodeoxygenation of oxygen-containing organic 

compounds, especially for oil and bio-oil upgrading have attracted 

great attention in the field of catalysis. The catalysts for this 

process are usually noble metals (Pt, Pd, Ru, Rh,..) on the SiO2-

Al2O3, CeO2-ZnO2, SiO2, MgO, ZrO2 and activated carbon support 

[1]. The noble metal catalysts have high catalytic activity, but they 

are expensive and fast poisoned leading to their limited application 

potential. Currently, studies focused on the non-noble metal 

catalysts with low cost. Nickel based catalyst is one of best 

alternates to be used as active metal in hydrogenation reaction of 

organic compounds. Ni- based catalysts exhibit quite high activity 

for hydrogenation, hydro deoxygenation [2, 3]. Nickel is often 

associated with some other metals such as Cu, Mo, Fe, which can 

decrease the reduction temperature of nickel oxide and the coke 

formation rate on surface of catalysts [3, 4]. In preparation of 

nickel-based catalyst, oxides like SiO2, ZrO2, CeO2-ZnO, MgO 

are widely used as supports. However, most these oxides have low 

surface area, limiting the dispersion of nickel particles on the 

surface. To increase the dispersion, nickel is deposited on the 

mesoporous materials which have very high surface area such as 

MCM41,MCM48,SBA15. Thus, in the most studies reported in 

the literature showed that the catalytic activity in the bio-oil hydro 

deoxygenation was improved by using mesoporous materials as 

supports [5]. Nickel based catalysts have been synthesized by 

methods including precipitation, impregnation and ion exchange. 

Recently, investigations on nickel supported MCM-41, MCM-48, 

SBA-15 mesoporous materials have been reported [6 -10]. In these 

papers, they revealed that Ni supported on mesoporous materials 

exhibited relative high catalytic activity and ability to replace the 

traditional catalysts containing metals Pt, Ru. However, bimetallic 

supported on mesoporous materials like Ni with Cu, Co, Mn, etc 

were still rarely investigated. 

 In this paper, we report the synthesis bimetallic Ni - Cu 

containing SBA-15 using impregnation and direct synthesis 

(incorporating Ni, Cu into SBA-15 structure) method. Catalytic 

performance of these samples were evaluated and discussed. 

 

2. EXPERIMENTAL SECTION 

2.1. Materials synthesis. Synthesis of SBA-15 material: 1g of 

surfactant P123 was dissolved in 60ml of HCl solution (2M 

concentration) and stirred for few hours until to get a clear 

solution. Sodium silicate solution containing 2g of SiO2 equivalent 

was added drop-wise into surfactant solution under vigorous 

stirring for 2 hours at room temperature and then the mixture was 
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further stirred for 24 hours at 45oC. Finally, the obtained mixture 

was poured into Teflon-lined autoclave and hydrothermally treated 

at 100oC for 24 hours. The solid product was washed, dried at 

80oC overnight, and calcined in an oven at 550oC for 6 hours to 

remove surfactant. 

 Synthesis of Ni-Cu-SBA-15 (direct synthesis): 1g of 

surfactant P123 was dissolved in 60ml of HCl solution(2M 

concentration) and stirred for few hours until to get a clearly 

surfactant solution. Sodium silicate solution containing 2g of SiO2 

equivalent was added drop-wise into surfactant solution. To this 

surfactant solution, 1.337g Ni(NO)2.6H2O and 0.375 g 

Cu(NO)2.3H2O were added to the surfactant solution and stirred 

for an hour until the solution become clear.Then the next steps 

were similar to those of0SBA-15 synthesis. The obtained sample 

was denoted Ni-Cu-SBA-15(di). 

 Ni-Cu/SBA-15 (post synthesis) was prepared by the 

impregnation of Ni and Cu salts on SBA-15 material. 1.377g 

Ni(NO)2.6H2O and 0.375g Cu(NO)2.3H2O were dissolved in 10 

ml of distilled water. Then 2g SBA-15 (calcined form) were added 

into this salt solution. The mixture was stirred for 2 hours, dried at 

80oC for 10 hours and calcined at 500oC for 3 hours. The resulting 

sample was denoted Ni-Cu/SBA-15(im). 

2.2. Characterization of catalyst. X -ray diffraction (XRD) 

patterns of the samples determined by X -ray diffraction technique 

on a Bruker D8 ADVANCE in the 2θ angle in the range of 0.5–

100 and 10-900. Adsorption-desorption experiments using N2 

(BET) were carried out at 77K on a Micromeritic Tristar 3000 

equipment. The N2 isotherms were used to determine the specific 

surface areas and pore volumes, diameters of the samples using 

the BET equation and BJH theory. Transmission electron 

microscopy (TEM) images of materials were obtained on a JEM 

1010. Energy diffraction X-ray (EDX) pattern measured on a 

Station Analysis JED-2300 to determine elemental concentrations. 

UV-vis diffuse reflectance spectra of the samples were obtained 

on a Lambda 35- PerkinElmer spectrometer with BaSO4 used as 

standard measurements. The XPS spectra was carried out on 

thermo VG scientific (UK), multilab 2000. H2-TPR was carried 

out in a AutoChem 2920 of Micromeritics (USA). 

2.4. Catalytic activity test. The HDO reaction of guaiacol was 

carried out in a 300ml stainless steel batch autoclave equipped 

with a magnetic stirring. The reaction system was heated with an 

automatic temperature control device and magnetic stirring speed 

was kept at 700 rpm. Before the reaction, the Ni based catalysts 

were reduced in the reactor by in a flow of the mixture of 35%H2 

and 65%Ar (100ml/min) at 4000C for 4 hours. For each run, 2g 

catalyst and 30ml of guaiacol were used. After displacing air in 

the autoclave the reactor was pressurized with the mixture of 

35%H2 and 65%Ar to 50bar and sealed. The reaction temperature 

was heated to 3200C and the time reaction was 3h. The liquid 

products were identified by GC-MS with column RTX Wax (30m 

x 0.25mm id x 0.25m df). 

 

3. RESULTS SECTION 

3.1. Catalyst characterization 

3.1.1. X-ray diffraction (XRD). Figure 1 showed the low-angle X-

ray diffraction patterns of SBA-15, Ni-Cu-SBA-15(di) and Ni-

Cu/SBA-15(im)samples. As observed in fig.1, one peak with 

strong intensity at the 2θ of ~1.02o and two peaks with weak 

intensity at 2θ of ~1.6o and ~1.8o, correspond to the diffraction of 

(100), (110) and (200) reflection, respectively. These are 

characteristic for the structure of 2D hexagonal p6mm symmetry 

of mesoporous SBA-15 structure [7, 11].  

 
Figure 1. The low angle XRD patterns and of SBA-15, Ni-Cu-SBA-

15(di) and Ni-Cu/SBA-15(im). 

In the wide angle XRD patterns of the Ni-Cu-SBA-15(di) 

(not shown here), no diffraction lines of Ni and Cu phase 

appeared. This may be due to the low metal contents in the Ni-Cu-

SBA-15 sample which cannot be detected by XRD. In the case of 

Ni-Cu/SBA-15(im) the diffraction peaks at 2θ of 37.36, 43.32 and 

64.840 appeared which are characteristic for the cubic crystalline 

of NiO, and two peaks at 2θ of 35.4 and 38.70 attributed for copper 

crystalline phase. This result can be explained by the fact that high 

Ni and Cu content in the sample (see EDX result below) which 

enabled to be detected by XRD. 

3.1.2. N2 adsorption and desorption (BET). The N2 adsorption 

and desorption data for Ni-Cu-SBA-15(di) and Ni-Cu/SBA-15(im) 

were summarized in table 1. 

Table1. The structural parameters of the SBA-15 and Ni - Cu - SBA-15 

and Ni-Cu/SBA-15 materials. 

Sample 
SBET 

(m
2
/g) 

Smeso 

(m
2
/g) 

Smicro 

(m
2
/g) 

Vpore 

(cm
3
/g) 

DBJH 

(nm) 

SBA-15 622 429 193 0,878 7,1 

Ni-Cu-SBA-

15(di) 
583 466 117 1,117 9,0 

Ni-Cu/SBA-

15(im)  

470 365 104 0,762 5.6 

Smeso: surface area of the mesopore, Smicro: surface area of the micropore, DBJH: pore 

diameter, Vpore: pore volume 

As seen in table 1, Ni-Cu/SBA-15 sample has lower surface area, 

pore volume and pore diameter, as compared to those of SBA-15. 

This can be explained by the fact that the deposition of Ni and Cu 

nano particles on Sba-15 surface caused the decrease of N2 

adsorption sites and consequently decreased the surface area. 

Location of Ni and Cu nano particles within the pore system also 
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caused the decrease of pore volume and pore diameter. By 

contrast, Ni-Cu-SBA-15 has larger volume pore and pore diameter 

as compared to those of Ni-Cu/SBA-15. This may be due to the 

very low deposition Ni, Cu amount which well dispersed and 

inserted into pore walls of SBA-15 and new meso-pores formed 

by space created between Ni,Cu small particles. 

3.1.3. Trainsmission electron microscopy (TEM). TEM images show two 

dimensional hexagonal structures of all samples. No individual metal 

oxide particles were observed in the TEM image of Ni-Cu-SBA-15 direct 

synthesis sample (Fig.2a), indicating high dispersion of the metal in the 

mesoporous material. The TEM of Ni-Cu/SBA-15(im) shows the 

presence of clear dark metal oxide crystallites with large size of about 50-

100nm at the external surface of SBA-15 material (Fig.2c), which can 

block the pores  partially. 

 

 
Figure 2. TEM images of SBA-15 silica (b), Ni-Cu-SBA-15(di) (a), Ni-

Cu/SBA-15(im) (c). 

3.1.4. Energy X-ray diffraction (EDX). The results chemical 

compositions of Ni, Cu, Si and O elements for Ni-Cu/SBA-15 and 

Ni-Cu-SBA-15 samples determined by EDX are given in the table 

2. 

Table 2. Element contents of O, Si, Ni, Cu for Ni-Cu/SBA-15 and Ni-Cu-

SBA-15. 

Sample 
Elementcontent(wt.%) 

O Si Ni Cu 

Ni-Cu-SBA-15(di) 62.85 36.21 0.48 0.46 

Ni-Cu/SBA-15(im) 48.31 33.08 13.75 4.86 

 As observed in table 2, the Ni and Cu amounts 0.48 wt.% 

and 0.46 wt% of the Ni-Cu-SBA-15 (di) sample were are much 

lower in comparison to those introduced in the gel (14 and 5% 

respectively). This may be due to the fact that synthesis was 

performed in strong acidic condition (pH<1), Ni and Cu salts 

dissolved in the solution, only very small amount of Ni, Cu could 

be inserted into SBA-15 frameworks. Ni and Cu content in the 

case of Ni-Cu/SBA-15 (im) was not differentiated between 

synthesis gel and soil products and ca.20 times higher than that of 

Ni-Cu-SBA15. 

3.1.5. UV-vis diffuse reflectance spectroscopy.The UV-vis spectra 

of samples were presented in Figure 3. In general, the intensity of 

adsorption band increases with the increase ofNi and Cu content in 

the samples, while the silica SBA-15 almost has no this adsorption 

band. The band appears at 220nm, corresponding to isolated metal 

sites (metal ions incorporated into silica matrix or ion- exchanged 

with Si-OH groups. The band at 320nm observed on the Ni-Cu-

SBA-15(di) and Ni-Cu/SBA-15(im) coresponded to the presence 

of  very low-polymeric Me-O-Me species and the band at 450 nm    

attributed to the high polymeric Me-O-Me ones[12, 13]. 

 
Figure 3. UV-vis spectra of SBA-15silica, and Ni-Cu supported SBA-15 

samples. 

3.1.6. H2- TPR of the catalysts. The H2-TPR profiles of Ni-Cu-

SBA-15(di) and Ni-Cu/SBA-15(im) samples were given in Fig.4. 

In the case of Ni-Cu/SBA-15(im), there are two main peaks, the 

first peak centered at 2100C, and other one centered at 2500C. 

These peaks can be attributed to reduction peaks of CuO and NiO 

on SBA-15 support. According to [1, 2] the reduction peak of 

well-crystallized NiO and CuO are centered at 4000C, and at 230-

3000C, respectively. 

 

Figure 4. H2- TPR patterns of Ni-Cu/SBA-15(im) and Ni-Cu-SBA-15(di) 

samples. 

For the Ni-Cu-SBA-15(di) prepared by direct incorporation 

method, the H2-TPR profile also had two main peaks centered at 

2800C and the at 5500C, respectively.The high temperature 

required for reduction may be due to Ni and Cu in this material 

incorporated into the SBA-15 framework by the formation of the 

Si-O-Ni bonds and Si-O-Cu  and/or the interaction between Ni,Cu 

with Si of SBA15[14]. 

3.1.7. XPS study.Figure5 showed the XPS spectra of Cu2p and 

Ni2p core level regions for Ni-Cu/SBA-15 (di) and Ni-Cu-SBA-

15(im). In the spectrum of Ni-Cu-SBA-15 (im), Ni2p levels 

appeared the main peak at 858 eV and three peaks at 865 eV; 880 

eV and 858 eV while Cu2p appeared two peaks at 935 and 855 

eV. These peaks reflected the different states of Ni and Cu, similar 

to those reported in the literature [3]. In the case of Ni-Cu-SBA-15 

(di) the main peaks for Ni2p levels appeared at the same binding 

energy but much lower intensities as observed on Ni-Cu/SAB-15 

(im) . However, Cu2p levels did not show the peaks. This can may 

be due to the very low content of Cu and/or the strong interaction 

between Cu and Si-OH groups in the SBA-15 matrix. 

a) c) 
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Figure 5. The Ni2p and Cu2p core level spectra of Ni-Cu/SBA-15(im) (a, b), and Ni-Cu-SBA-15(di) samples (c, d). 

3.2. Hydrodeoxygenation of guaiacol. The hydrodeoxygenation 

of guaiacol over Ni-Cu/SBA-15(im) and Ni-Cu-SBA-15(di) 

catalysts was carried at 3200C, reaction time of 3 hours, and 

hydrogen pressure of 17.5 bar. The guaiacol conversion and 

selectivity towards the main products were presented in table 3. 

 As observed in table 3, Ni-Cu-SBA-15 (di) had higher  

conversion as compared to that of Ni-Cu/SBA-15 (im). Note that 

Ni-Cu-SBA-15 (di) with the Ni and Cu content (ca. 0.9%wt) is 

much lower (ca.20 times) than that of Ni-Cu/SBA-15 (im). This  

clearly indicated the much higher catalytic effectiveness of Ni, Cu 

sites in Ni-Cu-SBA-15 (di) sample. This may be due to the very 

small size of nano particles (at atomic scale) were created and well 

dispersed on SBA-15 surface as observed by HR-TEM images. 

Moreover, hydro-deoxygenation (HDO) efficiency of Ni-Cu-SBA-

15 (di) sample is also higher (two times) as compared to that of 

Ni-Cu/SBA-15 (im), showing much higher catalytic selectivity of 

this sample. This can be explained that Ni, Cu atoms formed on 

the large surface of SBA-15 structure promoted the reduction of 

phenol to benzene and cyclohexane, consequently HDO selectivity 

was enhanced [15, 16]. Moreover,in comparison with 1%Pt/SBA-

15 and 1%Ru/SBA15 tested under the same reation condition had 

the conversion of 38-43%,similar to that of Ni-Cu-SBA15(di) . 
Table 3. Production distribution and conversion of guaiacol over 

catalysts. 

Catalyst Ni-Cu/SBA-15(im) Ni-Cu-SBA-

15(di) 

Conversion (%) 39.92 42.04 

HDO efficiency 12.5 28.6 

Production distribution (%)   

Phenol 60.57 33.85 

Methoxybenzen 36.93 37.52 

Benzen 10.39 21.12 

Cyclohexan 2.11 7.51 
Figure 6. HDO: The Hydrodeoxygenation products include benzene and cyclohexan 

 

HDO conversion HDO eficiency
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4. CONCLUSIONS 

 Bimetallic Ni-Cu containing SBA-15 materials were 

successfully synthesized by impregnation and incorporation 

methods. From characterization results, it revealed the formation 

of nano Ni and Cu particles on SBA-15 surface. However, Ni-Cu-

SBA-15 prepared by direct synthesis (incorporation of Ni, Cu into 

SBA-15 structure) showed much lower Ni, Cu particles size of 1-2 

nm (atomic scale) and very high dispersion degree on SBA-15 

surface. In hydrodeoxygenation of guaiacol, both Ni-Cu containg 

SBA-15 exhibited high catalytic activity but Ni-Cu-SBA-15 

prepared by direct synthesis showed much higer catalytic 

effectiveness as compared to that of Ni-Cu/SBA-15 synthesized 

by impregnation method. 
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