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Abstract 

Nanostructured catalysts based on porous aluminum oxide (PAO) and some 3d metals, such as: nickel, 

cobalt, and molybdenum, have been obtained by anodic oxidation and impregnation. The synthesis of 

porous aluminum oxide with a highly ordered pore structure with pore sizes of 50 nm and a thickness 

of 50 µm is carried out by the method of two-stage anodic oxidation. The catalysts are obtained by im-

pregnation of 3d metals into nanosized pores of aluminum oxide. The obtained catalysts based on nick-

el and porous Al2O3 are studied by scanning electron microscopy (SEM-EDX). The results of SEM-EDX 

analysis shows that a spongy structure with filament sizes of 100 nanometers containing particles of 

3d metals formed on the surface of the aluminum oxide matrix. The results are presented on the activi-

ty of nickel and heterogenic cobalt and molybdenum nanoparticles in the reaction of hydrogenation of 

hexene to hexane. The results show that the yield temperature of the hexane is decreased and the yield 

of hexane is observed at 200 °C with Ni/Al2O3 catalysts, and a similar yield of hexane mass is achieved 

at temperatures higher than 250 °C with Co-Mo/Al2O3 and traditional nickel catalysts on kieselguhr. 
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1. Introduction 

In the hydrogenation reactions of unsaturat-

ed compounds, homogeneous and heterogeneous 
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catalysts are mainly used, where transition 

metal nanoparticles, such as: nickel, platinum, 

and gold are used as an active element [1−3]. 

Gold nanoparticles immobilized on metal oxides 

and platinum group metals: Pt, Pd, Rh stabi-

lized by dendrimers, are used in olefin hydro-

genation reactions [4−6]. Despite the high selec-

tivity of hydrogenation, the use of catalysts con-
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taining noble metals increases the cost of the 

process [7]. Many works indicates that the het-

erogeneous catalysts are stable and easily sepa-

rated from the reaction products, but they have 

low activity and selectivity; reactions in their 

presence occur at high pressure and tempera-

ture. Homogeneous catalysts are difficult to 

separate from the reaction products and to re-

use them. Therefore, it is important to create 

catalysts with the properties of both homogene-

ous and heterogeneous, namely with high activ-

ity, selectivity, and stability [8]. 

The catalytic activity and selectivity of cata-

lysts containing nanoparticles depend on their 

size, texture, structural properties, and elec-

tronic state of atoms [9,10]. During the hydro-

genation of substituted double bonds of unsatu-

rated alcohols, a strong dependence of selectivi-

ty on the size of nanoparticles has been found 

out [11]. The higher the particle size is the 

higher the selectivity of hydrogenation of disub-

stituted unsaturated bonds compared to mono-

substituted ones, and, conversely, monosubsti-

tuted double bonds are more easily hydrogenat-

ed at the smallest particle sizes. In most cases, 

catalytic activity increases when particle size 

decreases. However, manifestations of the in-

verse size effect also exist when catalytic activi-

ty decreases with the reduction of particle size. 

For instance, the study [12] presents that the 

activity of nickel oxide catalysts in the oxida-

tion of carbon dioxide (CO2) increases with the 

rise of specific surface. At the same time, the 

best catalytic activity is exhibited by the larg-

est nickel oxide nanoparticles in the propane 

oxidation reaction. Finally, there are some ex-

amples of the maximum increase of catalytic 

activity in a certain particle size [13]. 

The main disadvantage of the catalysts 

based on nickel nanoparticles is the rapid deac-

tivation of the catalyst due to various factors, 

for example, coke deposits. To prevent agglom-

eration and sintering, the active phase is ap-

plied to various inorganic substrates - Al2O3, 

SiO2, and CaCO3 [14]. The use of films, for ex-

ample, Al2O3 as a matrix, allows combining the 

flexibility of the electrochemical method for ob-

taining catalysts and stabilizing nanoparticles 

in the inert matrix of porous aluminum oxide.  

Most activity on the porous aluminum oxide 

was carried out on rather thick layers of alumi-

num. The formation of porous anodic oxides on 

thin Al films (thin plates or foil) has been much 

less studied, but the thin-film structures with 

porous aluminum oxide are of great interest for 

microelectronics, sensor and catalytic devices. 

Catalysts on substrates have several ad-

vantages, but they have low thermal conductiv-

ity. In this regard, it is relevant to create and 

study of nickel catalysts on metal substrates, 

to identify patterns of influence of synthesis 

conditions on the surface structure and to es-

tablish the relationship among synthesis condi-

tions, surface structure, and such catalytic 

properties as an activity, stability of activity 

and resistance to carbonization of catalysts in 

the hydrogenation of olefins. Also, it is very im-

portant to have a developed surface for all met-

al catalysts, i.e. to search the ways to increase 

their specific surface area. 

Indeed, the establishment of their structure 

and nature of interaction with reagent mole-

cules provides valuable information on the 

mechanisms of catalytic processes. It is the 

substrate that largely determines the size, 

shape, and the electronic state of the deposited 

particle [15−17]. 

There is very little information about the 

studies of the hydrogenation of unsaturated 

hydrocarbons with nanosized metal particles: 

nickel, cobalt, molybdenum, manganese, chro-

mium and copper. Therefore, the purpose of 

this article is to obtain nanosized nickel, cobalt 

and molybdenum catalysts deposited in porous 

aluminum oxide and to study their activity in 

olefin hydrogenation reactions as compared to 

nickel impregnated kieselguhr catalysts. For 

the first time, as a catalyst we have used the 

nickel nanoparticles stabilized on the surface of 

a substrate of porous aluminum oxide (PAO). 

Aluminum oxide films as the substrates of na-

noparticles have several advantages than other 

substrates (zeolites, silica gel, activated car-

bon): the ability to stabilize nanoparticles due 

to charged functional groups and porosity; com-

mercial availability; satisfactory chemical, me-

chanical and thermal resistance; convenience 

for transportation and regeneration. 

In this paper, porous structures of alumi-

num oxide have been obtained by anodic oxida-

tion. Ni/Al2O3 and Co-Mo/Al2O3 catalysts was 

prepared by impregnation into nanosized pores 

of aluminum oxide with pore sizes of 50 nm 

and a thickness of 50 µm. The activity of nickel 

nanoparticles and heterogeneous cobalt and 

molybdenum nanoparticles in the reaction of 

hydrogenation of hexene to hexane have been 

studied at various temperatures. 

 

2. Materials and Methods 

We used aluminum films (99.8%) from Sig-

ma-Aldrich to prepare the porous aluminum 

oxide. Ni(NO3)2, Co(NO3)2 and Mo(NO3)2 rea-
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gents, oxalic and orthophosphoric acids used in 

the experiments, were purchased from Reachim 

Company (Russia). 

The steps for obtaining porous aluminum 

oxide with an ordered pore structure include 

annealing, polishing, primary anodizing, re-

moval of the first oxide layer, secondary anodiz-

ing, broadening of the pores, fabrication of the 

membrane: removal of Al and dissolution of the 

barrier layer. The advantages of PAO for prac-

tical applications are the simplicity and cheap-

ness of its obtaining, the possibility of for-

mation of homogeneous pores in a wide range 

of sizes - from one to hundreds of nanometers, 

the ability to control pore sizes by managing 

the anodic oxidation conditions. Besides, PAO 

has several unique chemical, mechanical, elec-

trical, and optical characteristics that are im-

portant for catalytic applications, including 

high hardness, thermal stability, and chemical 

stability in the various environments. 

The structure of PAO is described as follows: 

pore size, simple cell size, barrier layer thick-

ness, and pore length. Depending on the condi-

tions for the formation of PAO, pore sizes can 

vary from one to hundreds nanometers and the 

thickness of the porous layer can range from 

ten nanometers to ten microns. Aluminum 

plates with a thickness of 50 µm are used as a 

starting material. To increase the size of alu-

minum crystallites, relieve microstresses, and 

subsequently achieve better ordering of Al 

pores, the substrates are annealed in the air 

for 10 hours at 550 °C in a muffle furnace. The 

surface of the aluminum is leveled with sand-

paper. 

Anodizing of Al-plates is carried out in a 

two-electrode chemical cell which is a Teflon 

glass with 4 cm opening in diameter in this ar-

ea and mounted on a brass stand (Figure 1). 

Samples (Al-plate) are located on a brass stand 

which is served as the current lead of the an-

ode simultaneously with the function of the 

mechanical clamp. Using an annular rubber 

seal and metal mounts, Al-anode is clamped 

between the brass current lead and the teflon 

glass which is the body of the electrochemical 

cell. A carbon rod is used as a cathode. Device 

B 5-31 is used as a voltage source and it allows 

conducting the anodization process in a poten-

tiostatic mode. The conditions of anodic oxida-

tion depending on the selected electrolyte is 

given in Table 1. 

It should be noted that a barrier layer is the 

problem while films of porous aluminum oxide 

are used as the matrices for the electrochemi-

cal production of filamentary nanoparticles. 

This barrier layer is an insulator and it pre-

vents the nucleation and further growth of 

metal particles inside the pores. Chemical etch-

ing is used, as a rule, in solutions based on or-

thophosphoric acid to expand the PAO pores 

and etch the barrier layer, as well as to etch 

the “sacrificial” layer during two-stage anodiz-

ing [20]. After anodization, the first porous lay-

er is etched to the aluminum surface by etch-

ing the film at 5 vol% solution of H3PO4 at 60 

°C for 10 minutes and then the second anodiza-

tion is carried out. It should be noted that 

there is a slight increase in pore diameter over 

their entire depth along with the dissolution of 

the barrier layer in acid. Depending on the du-

ration of pore etching, it is possible to obtain 

films of porous aluminum oxide with different 

pore diameters. 

During the anodization, the electrolyte solu-

tion is thoroughly mixed at a temperature of 5 

°C. As a result, Al substrates with ordered sur-

face roughness are obtained and undertaken 

Figure 1. Diagram of a two-electrode electro-

chemical cell used for anodic oxidation of alu-

minum: (1) Teflon glass; (2) rubber seal; (3)  

sample (Al plate); (4) brass base; (5) voltage 

source. 

Oxidation steps Electrolyte 
Anodizing voltage and 

current, В; A 

The duration of oxidation, 

hours 

The first oxidation 0.3 M (COOH)2   

The second oxidation 0.3 М (COOH)2   

Table 1. The conditions of anodic oxidation of aluminum. 
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the repeated anodic oxidation under the same 

conditions. The duration of the second oxida-

tion cycle determines the thickness of the oxide 

film. The film growth rate under the above ano-

dizing conditions is nearly 2 µm/h with oxalic 

acid. 

During the anodization, the pore diameter of 

aluminum oxide is determined only by the elec-

trolyte use and the anodizing voltage, and it de-

pends very weakly on the oxidation time. This 

is due to the low dissolution rate of the oxide in 

acid. Self-ordering of pores occurs during the 

prolonged anodic oxidation, where the driving 

force is the mechanical stress caused by repul-

sive forces among the adjacent pores.  

The formation of PAO is carried out in a 

two-electrode electrochemical cell with temper-

ature stabilization and mixing electrolyte. Tra-

ditional electrolytes for the formation of PAO 

with a regular porous structure are aqueous so-

lutions of dibasic and tribasic acids (sulfuric, 

oxalic, malonic, phosphoric, etc.) [18−20]. PAO 

formation is carried out in a direct current and 

a voltage mode with oxalic acid (Table 1).  

Morphological studies of the obtained cata-

lysts are carried out on a scanning electron mi-

croscope of CARL ZEISS (Germany). Electron 

micrographs are processed with SIAMS600 

computer image analysis program. Here we 

used standard samples made in the form of flat 

polished disks (diameter 13 mm, thickness 4.5 

mm) containing Ni. Their spectra were meas-

ured on a “Spectroscan Max-G” high-aperture 

sequential RF spectrometer with wave disper-

sion (“Spektron”, Russia). We used a hydrogen 

generator from the "Chromatek" Company to 

obtain hydrogen. The reaction kinetics was 

studied by gas chromatography on GC with an 

HP-5MS column using a library of reference 

mass spectra with data from the computer soft-

ware for natural compounds "NIST" (National 

Institute of Standardization & Technology 

(NIST) data for GC – MS systems). 

 

3. Results and Discussion 

3.1 Preparation of Nanostructured Nickel Cat-

alysts Based on a Porous Aluminum Oxide 

The study of the process of anodic oxidation 

of aluminum showed that an ordered pore 

structure is formed only under certain condi-

tions. For example, aluminum oxide with a dis-

tance between pores equal to 50, 65, 100, 420, 

and 500 nm is formed at a voltage of 19 and 25 

Volts (V) in sulfuric acid, at 40 V in oxalic acid, 

at 160 and 195 V in phosphoric acid [21−25]. 

The synthesis of nickel, cobalt and molyb-

denum nanoparticles into a matrix is carried 

out by the method of periodic dipping with se-

quential drying. Precipitation is possible due to 

the molecular structure of porous Al2O3. A ma-

trix of porous aluminum oxide with pore sizes 

of 50 nm and a thickness of 50 µm is used to 

obtain nickel oxide nanocatalysts based on 

nickel, cobalt and molybdenum. Figure 2 repre-

sents a schematic image of a membrane ready 

for impregnation of nanoparticles into pores. 

The aluminum oxide porous plate is alter-

nately dipped in aqueous solutions of Ni(NO3)2 

and Co(NO3)2 at room temperature, then it is 

washed in water, dried and again immersed in 

the solution. After a certain number of impreg-

nation cycles, the plate is annealed within 5 

hours in the air at 550 °С. Figure 3 shows the 

Figure 2. SEM images of PAO nanostructures synthesized by anodic oxidation. The right corner of the 

figure shows a 3-fold enlarged portion of the membrane. 
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image of the surface of the plate obtained using 

a scanning electron microscope. The figure 

shows a mesh structure with filament sizes of ~ 

100 nanometers in clusters from 1 to 1.5 mi-

crons formed on the surface of the plate. By the 

method of X-ray fluorescence analysis inhomo-

geneity of quantitative elemental composition 

in the core and the surface layer of the porous 

Al2O3 samples of the nickel containing plate 

has been shown. It was found that the surface 

layer of the Ni/Al2O3 is enriched with nickel 

(Figure 4). The presence of nickel oxide is also 

detected in the pores of the anodized aluminum 

matrix that brings to a mesh morphology of 

nickel surface on the aluminum oxide surface.  

Figure 5 shows images of the surface of the 

film of Co-Mo/Al2O3 on a scanning electron mi-

croscope. This figure represents the formation 

of a spongy structure with filament sizes with-

in few nanometers on the surface of the plate. 

Elemental analysis shows that this structure 

contains molybdenum and cobalt nanoparticles 

of 14.8% and 3.4%, respectively. One can see 

that Co-Mo/Al2O3 has a pure metallic phase 

and a more uniform morphology than Ni/Al2O3. 

One can see that Co-Mo/Al2O3 has a pure me-

tallic phase and a more uniform morphology 

than Ni/Al2O3. 

 

(a) 

(b) 

Figure 3. (a) Micrographs of Ni nanostructure 

on Al2O3 substrate synthesized by molecular 

layering. (b) Elemental analysis of the content 

of substances in the sample: aluminum – 

34.5%, oxygen – 43.7% and nickel – 21%. 

Figure 4. X-ray fluorescence analysis of the 

elemental composition of Ni on an Al2O3 sub-

strate. 

(a) 

(b) 

Figure 5. (a) Micrograph of a Co+Mo film on a 

substrate of porous aluminum oxide and (b) 

elemental analysis of a catalyst based on 

Co+Mo and Al2O3. The content of molybdenum 

and cobalt is 14.8% and 3.4%, respectively. 
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3.2 Catalytic Activity of Nickel Nanoparticles 

in the Hydrogenation of Unsaturated Hydro-

carbons 

The process of hydrogenation of unsaturated 

hydrocarbons is one of the main processes of 

petrochemicals. When fractionating crude oil, 

unsaturated hydrocarbons are practically in-

separable from alkanes having the same mass, 

and it is necessary to completely eliminate un-

saturated hydrocarbons from their composition 

to obtain the highest quality gasoline. In addi-

tion, in petrochemistry the task is to eliminate 

acetylene hydrocarbons from olefin raw materi-

als intended for the production of polymers 

[26−28]. The solutions to these two problems 

require catalysts of different selectivity. 

In the present work, the experiments are 

carried out to study the catalytic activity of na-

noparticles in the hydrogenation of olefins. Na-

noparticles obtained by impregnation of nickel 

and cobalt-molybdenum on the surface and into 

the pores of aluminum oxide are tested in the 

processing of unsaturated hydrocarbons, i.e. in 

the conversion of hexene to hexane. Nickel na-

noparticles are deposited on an inert Al2O3 sub-

strate in an amount of 21% of the mass. The ob-

tained catalyst is loaded into a flow-type reac-

tor in a wet form and dried from water in a 

stream of hydrogen at a temperature of 120 °C 

within 30 minutes. In the reactor, a catalyst 

layer (small foil pieces) is placed between the 

inert packing layers (silica glass). After drying, 

the unsaturated compound and hydrogen are 

directly dosed to the catalyst at appropriate 

temperatures from top to bottom. Hydrogena-

tion is carried out for 1 hour at temperatures of 

200, 230, 250, 280, and 300 °C at a pressure of 

30 atm. 

Reaction of hexene to hexane conversion can 

be observed as follows:    

         (1) 

with thermal formation dH298 K = 2600 kJ/mol. 

The conversion of ХА is calculated by the fol-

lowing formula: 

          (2) 

where CA0, and CA are the concentration of the 

reagents and the yield of hexene and hexane, 

respectively, and  is defined as:  

          (3) 

where Ep and Er are the number of moles and 

reagents respectively. The concentrations of 

hexene and hexane are determined on an HP-

5MS gas chromatograph. 

Figure 6 shows the activity of nickel cata-

lysts impregnated in Al2O3 nanopores during 

the conversion of hexene to hexane in compari-

son with nickel-cobalt and standard nickel cat-

alysts on kieselguhr. One can see that Ni/Al2O3 

nickel catalyst represents higher activity in 

hexane conversion and yield of hexane is 15% 

at 200 °С. A similar conversion of hexene to 

hexane with cobalt-molybdenum/Al2O3 and tra-

ditional nickel catalysts on kieselguhr is 

achieved at temperatures higher than 250 °C. 

Probably, cobalt particles block micropores in 

the Co-Mo/Al2O3 sample, which led to a lower 

specific area than in the Ni/Al2O3 sample, and 

therefore this factor led to a weak activity of 

the Co-Mo/Al2O3 sample at low temperatures.  

However, the degree of hexane conversion is 

almost the same for all catalysts and increases 

up to 70% at a temperature of 300 °C. The ob-

tained catalysts were stable for 10 hours. SEM 

analysis (in Figure 3) provided information on 

the composition of the surface layer of fila-

ments covered with a highly dispersed surface 

film (clusters) of NiO1+x chemically bonded to 

the surface of the Al2O3 forming filaments, as 

well as nickel oxide localized in the pores 

formed by these alumina filaments. The sam-

ple has a gray color, and therefore, most likely, 

nickel-aluminum spinel, if formed, is in an in-

significant amount, which explains the high 

2 2 2 2 3 2

3 2 2 2 2 3

CH =CH-CH -CH -CH -CH +H

CH -CH -CH -CH -CH -CH→

100%= AO A

AO A

A

C C
X

C C

−

+

p r

r

E E

E


−
=

Figure 6. The temperature dependence of the 

activity of catalysts during the conversion of 

hexene to hexane: (1) Ni/Al2O3 catalyst (the 

blue column); (2) Co-Mo/Al2O3 catalyst (the red 

one); (3) traditional nickel catalyst on kiesel-

guhr (the green one). 
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catalytic activity of the sample with supported 

nickel. Spinel is characterized by a blue color. 

It has long been known that when heated in 

hydrogen, a highly dispersed surface film of 

NiO1+x is rather easily reduced to highly dis-

persed NiO, which is active in hydrogenation 

and does not sinter at low temperatures under 

the conditions of a hydrogenation reaction. Of 

these three nickel structures, nickel oxide in 

pores is usually reduced at a minimum temper-

ature of up to 300 °C, which is practically not 

associated with the aluminum oxide substrate. 

Clusters NiO1+x chemically bonded to alumi-

num oxide by Ni−O−Al bonds are reduced at 

higher temperatures up to 480 °C, and spinel 

structures at about 700 °C and higher. 
 

4. Conclusion  

Nanosized catalysts Ni/Al2O3 and Co-

Mo/Al2O3 using a porous aluminum oxide ma-

trix with pore sizes of about 50 nm and a thick-

ness of 50 µm, are obtained by the method of 

anodic oxidation and impregnation. Porous alu-

minum oxide is obtained by anodizing at con-

stant voltage and current in a 0.3 M aqueous 

solution of oxalic acid. 

The elemental composition of catalysts con-

taining nickel, cobalt and molybdenum metal 

particles impregnated into anodized aluminum 

oxide is determined with a scanning electron 

microscope and X-ray fluorescence method. The 

elemental analysis has showed that a spongy 

structure with filament sizes of few nanometers 

is formed on the surface of the aluminum oxide 

matrix, and this structure contains nanoparti-

cles of nickel, cobalt, and molybdenum. The  Ni, 

Co and Mo metals on aluminum oxide are char-

acterized as nanoparticles (100 nm) in clusters 

ranging from 1 to 1.5 µm, and Ni has a lower 

average crystallite size than Co and Mo during 

photomicrographs analysis. NiO particles are 

identified in the Ni/Al2O3 sample, which influ-

enced the morphology. The Co-Mo/Al2O3 sample 

has only a pure metallic phase and a more uni-

form morphology than the nickel sample. 

The reaction has shown that during conver-

sion of hexene to hexane, Ni/Al2O3 catalyst is 

active at 200 °C, but Co-Mo/Al2O3 and nickel 

catalysts on kieselguhr begin to be activated at 

temperature of about 230 °C, and an equivalent 

degree of hexane conversion is achieved at tem-

perature of 250 °C. Thus, the studies carried 

out have shown that Ni/Al2O3 catalysts are ac-

tive in the reactions of hydrocarbon conversion 

and can be used as catalysts for various oil re-

fining processes. The results of this work are of 

practical interest in the field of catalysts crea-

tion for cracking, isomerization, and aromati-

zation of n-paraffins. 
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