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Abstract 

Anodized aluminum oxide films on aluminum substrates 1050 (99.5% Al) was impregnated with nickel by 
electrodeposition technique. In these paper, we report the synthesis of Ni using the galvanostat mode, and also some 
experimental modification in the frequency and voltage values, in order to optimize the amount content of Ni on 
aluminum substrate The data values of the total reflectance were analyzed in the visible solar spectrum and near 
infrared as a function of voltage, frequency and time of the impregnation process. Several experiments were 
performed in order to correlate these parameters with the nickel content in the bottom of the pores of the film and its 
reflectance properties. By morphological analysis found that samples with average nickel content of 10% of the total 
pore volume not exhibit good properties of a selective absorber, however the samples containing 60% of the total 
pore volume, present in the reflectance spectrum visible solar 5% and 90% in the infrared solar spectrum so it can be 
considered a good selective absorber films makes these coatings are prospects for implementation in solar collectors. 
 
 
 
 
 
 
© 2013 The Authors. Published by Elsevier Ltd.  
Selection and/or peer-review under responsibility of ISES 
 
Key words: anodizing aluminum, porous anodic films of aluminum oxide, impregnation of nickel, Alternate current (AC), total 
reflectance 

 

* Corresponding author. Tel.: +52-55-56229705; fax: +52-55-56229742 
E-mail address: afm@ier.unam.mx. 

© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and/or peer-review under responsibility of ISES.

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 

https://core.ac.uk/display/82547008?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2014.10.305&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2014.10.305&domain=pdf


2734   Samuel Santiago and A.M. Fernandez  /  Energy Procedia   57  ( 2014 )  2733– 2742 

1. Introduction  

An alternative to harness solar energy is to convert part of the electromagnetic radiation to thermal energy 
(photothermal conversion). To accomplish this goal requires developing coatings and known as spectrally 
selective surfaces. 

The possibility of practical development of selective absorbing surfaces was first demonstrated of Tabor 
(1955, 1961) and Gier and Dunkle(1955) [1-3] and others [4-5] who defined the basic concept of using 
spectral selectivity for efficient photothermal conversion of solar radiation. The concept was, and remains 
today, very simple produce a material that has a high absorbance α (> 90%) in the range of solar radiation 
(mainly in the visible) low emittance ε(T) (<20 %) in the range of thermal radiation (IR radiation). 
Spectral selective absorbing surfaces can be obtained by developing composite metal-dielectric coatings 
which are also referred to as cermet films. The reflectance spectrum of an ideal selective absorbing 
surface is shown in Figure 1.  
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Figure 1. The reflectance spectrum of an ideal selective absorbing surface 

From the Figure 1 it is possible to note that the reflectance increase the values in a point call wavelength 
λc that correspond to near infrared. Selective absorbing surfaces can be developed by chemical methods 
[6], physical [7] and electrochemical [8] used on steel substrates, zinc, copper and aluminium anodized. 
Aluminium anodized is frequently used as an encapsulating matrix of metal particles for producing 
absorbers materials solar radiation [9-10].  
The process of developing a selective absorbing surface using electrochemical methods is performed in 
two stages, in the first step, the aluminium substrates are oxidized anodically where a porous film is 
created using Direct Current Voltage (DC) and in the second step, metallic nickel particles precipitated at 
the bottom of the pores, which serve as focal light scattering [11], in a vessel containing nickel electrolyte 
by alternating current (AC) or periodic reverse current (PRC) that influences the morphology and 
composition of electrodeposited nanocrystalline scale of the coatings deposited. [12–15].  The 
morphology and physical and chemical characteristics of the porous anodic films on aluminium oxide 
substrates aluminium depend on the type of electrolyte, the concentration, applied voltage, temperature, 
and anodizing time [16].  The electrolytic nickel impregnation has been studied quite extensively in the 
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metal salt solutions for electrolytic of anodized aluminium which gives the films optical properties of 
porous aluminium oxide conversion coating for solar collectors [17-20].   
Nickel impregnation of the porous anodic films are produced from a threshold voltage alternating current 
(5 V AC 50 Hz) and the nickel content in the bottom of the pores increases when the voltage increases, 
also the negative half cycle is responsible for the action of reduction of Ni2+, so the AC voltage plays a 
very important role during the deposition of nickel in porous anodic films [21].   
Our aim was to study the impact of the AC voltage frequency (60 Hz, 180Hz, 360 and 480 Hz) voltage 
magnitude (10, 11 and 12 Volts), at the times of impregnation constant (2 minutes) and filling fraction of 
pore volume on the optical properties of the films, specifically in total reflectance, so that these 
parameters can be correlated with the optical properties coatings. 
 
 
2.- Experimental 
 
Preparation process of selective absorber films requires three consecutive steps: 1) surface pre-treatment  
2) anodized  aluminium and 3) nickel electrodeposition. 
 
2.1) Surface pre-treatment 
Aluminium sheet alloy (99.5%) manufactured by Haomei aluminum (Zhengzhou China) were cut into 
pieces of 22 x 30 x 0.5 mm and hydraulically pressed at 5000 psi, then were annealed in static air at 
480°C for 1 hour and slowly cooled to room temperature, were polished mechanically with sandpaper and 
alumina powders. The samples were degreased and stripped in a solution of sodium carbonate (J.T Baker) 
0.25 M at 80oC for three minutes and neutralized in 35% vol. of nitric acid. Finally electropolished at 18 
V for 1 minute in a solution of ethanol-per HCl in a ratio 5:1, in every step the samples were washed with 
deionized water and dried with hot air.  

 
2.2).- Anodized sluminium  
Anodic oxidation is performed in a solution of 2 M phosphoric acid (J.T. Baker) aluminium samples of 
22 x 30 x 0.05 mm. are used as the anode, such as graphite plate counter electrode in an electrochemical 
cell. There are many variables involved in the anodic oxidation of aluminium, the electrolyte 
concentration, voltage, temperature, time, etc. In order to optimize the appropriate parameters to the 
application is performed a detailed investigation of the effects of these variables on the film parameters of 
porous anodic aluminium oxide (film thickness, barrier layer thickness, pore diameter, distance inter-pore 
and wall thickness) with constant electrolyte concentration to 2 M (pH=.4), the anodization voltage is 
varied from 10 to 40 V DC  and the time of 10 min to 40 min. Anodizing temperature was 18 °C and the 
distance between electrodes was 2 cm, the current density during the anodization process was 32 mA/cm2 
a 20 V DC at 20 min. After anodizing the samples were washed with deionized water and dried with hot 
air for 3 min. 
 
2.3).- Electrodeposition of Nickel  
The electrodeposition of Nickel was carried out in a two-electrode electrochemical cell build with a glass 
jacket (Dewar vessel) where a nickel plate (99.9%) of 30 x 50 x 1 mm is the counter electrode placed 
parallel with anodized aluminium plate working electrode. The distance between electrodes was 1.5 cm. 
and the deposition temperature was 22o C±1.  The applied voltages were 10, 11 and 12 V AC and each 
voltage was used at different frequencies (60 Hz, 180Hz, 360 and 480 Hz). The deposition time was kept 
constant at 2 minutes. The electrolytic composition for the Nickel deposition was: NiSO4 (30 g/l), H3BO3 
(20 g/l) (NH4) 2SO4 (20 g/l) and MgSO4 (20 g/l) and pH = 3.9-4.2 which was previously suggested by J. 
Salmi [17, 22]. All chemical reagents were of analytical grade (J.T. Baker) and aqueous electrolyte 
solutions were prepared using deionized water (18 Ω/□). 
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2.4) Structural and morphology characterization  
The images of the samples before and after the impregnation of nickel were acquired by Scanning 
Electronic Microscopy SEM (SEM) field emission SEM Hitachi S-5500. Compositional-chemical 
characterization was made by Energy Dispersive Spectroscopy (EDS) use a scanning electron microscope 
SU1510 Hitachi equipped with detectors for compositional analysis of the samples. 
The structure of the porous anodic film impregnated with nickel were analyzed using X-ray Diffraction 
(XRD) and recorded on a Rigaku D-Max 2200 using Cu-Kα radiation (λ =0.154056 Å) at angles between 
30° and 90°. Diffraction patterns were obtain from Nickel and aluminium substrate, so that the structure 
of the porous anodic film is considered amorphous with a distribution of nickel particles.  
 
2.5).- Optical characterization  
The optical measurement of total reflectance spectra in a range of 250-2500 nm wavelength were 
measured using a Shimadzu spectrophotometer (Marca y modelo ) equipped with an integration sphere. 
The reflectance diffuse was measured relative to a BaSO4 reference. For the measurement of the specular 
reflectance was measured between 250 and 2500 nm, an evaporated aluminium mirror was used as 
reference. 
 
 
3.- Results and discussion  
 
The porous anodic films were synthesized at 20V during 20 min, using a solution of 2M H3PO4, the 
temperature was controlled by recirculate bath and it was fixed 18 ± 2 °C. Figure 2 shows the current 
versus time, which can be divided in four parts (a) correspond to formation of the barrier layer, and 
during this period the oxide film growth, (b) formation of individual paths in the barrier layer cause for 
the pore growth, (c) breakdown of individual paths and initiation of pore formation, (d) widening pore 
and growth of porous oxide layer [25] 
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Fig. 2. Current vs. time for the anodized process  

 
The diameter of the pore increase as a function of the applied anodizes potential as it can see in Figure 3. 
These increments occur for a range potential of 15-30 V and constant time of 20 min. (23). Further 
studies have reported that the pore diameter depends on the potential or current density according with 
O'Sullivan [24]. The barrier layer is formed on the basis of the pores and has the same nature as the oxide 
layer naturally formed on the atmosphere and allows the passage of electric field lines (current). Due to 
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defects existing only in its structure, the thickness of the barrier layer depends directly of anodizing 
potential Wernick et al (25) which were corroborated by our experiments. An inspection of Figure 3 
indicates that the parameters that are most affected by the anodizing potential are the pore diameter, inter-
pore distance, and film thickness on the other hand the wall thickness and the thickness of the barrier 
layer grown on a small proportion. 
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Figure 3 (a) Parameters of porous anodic aluminium films at as function with applied voltage during 20 

min. (b) film thickness as function of applied voltage 
 
Figure 4 shows the Grazing Incidence X-ray Diffraction (GIXD) pattern of Al sample before and after 
anodized at 30 V CD during 40 min. The main effect of the anodized process was observer in the 
intensity of the diffraction peaks. Before the anodized process the main diffraction peaks correspond to 
(220) plane, however after process the previous plane reduce the intensity and increase the (111) plane. 
This change is probably attributed that during the process the Al atoms in (220) and (200) planes are 
reduce and the Al atoms in the (111) plane keep almost constant. The highly crystalline is also observer 
due the formation of the double diffraction peak at 78.39°. 
 
Table 1 shows the results of atomic composition for the aluminium substrate before and after applied the 
anodized process (20 volts, 20 min, 2M H3PO4 at 18° C). The main atomic composition before the 
process is aluminium, in more than 93 at. % that is similar with the reported by the supplier. However, 
after the anodized process it observer the increment of oxygen content, it is due to the formation of 
aluminium` oxide in the top substrate. [23].  
 

Table 1 Analysis of the atomic composition of aluminum substrate before and after anodized process at 
20V during 20 minutes in a solution of 2 M of H3PO4 at 18°C 

 
 

Al substrate   
Elements (Atomic %) 

    O            Mg           Ti            Al           Mn            Ag               P              C  
Total 

Before anod. 
process  

 
6.52 

 
0.1 

 
0.02 

 
93.22 

 
0.1 

 
0.13 

 
 

 
 

 
100 

After anod. 
process  

 
65.65 

 
- 

 
- 

 
28.71 

 
- 

 
- 

 
0.96 

 
4.68 

 
100 
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Figure 4. Grazing Incidence X-ray Diffraction (GIXD) pattern of Al 1050 (a) with pre-treatment with 

sand paper, (b) anodized in 2M phosphoric acid at 30V during 40 min, (c) PDF card # 04-0787 
Aluminium 

 
The microphotograph of the anodized aluminium films are show in Figure 5, in Figure 5(a) it can see a 
top view of the pores build during the anodized process. The average diameter of these pores is 40 nm. A 
cross section of the alumina layer is in the Figure 5(b) and the estimate thickness is approximately of 700 
nm, also from the same figure is possible see the barrier compact layer that has 30 nm of thick, with wall 
thickness of 8 nm and the inter-pore distance of 60 nm. The compact layer plays an important role in the 
formation of selective absorber because the right through this layer verifies the heat transfer.  
 
 

      
 

Fig. 5 SEM micrographs of anodized synthesized at 20V /20 min 2M H3PO4  at 18±2 °C, (a)   surface 
image to 100K and 30K, (b) cross-section to 100K, (c) cross-seccion, barrier layer and the bottom of the 

pores to 350K. 
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In order to build the selective surfaces with the anodized Al oxide layer it was impregnated with Nickel, 
using the electrodeposited technique. By use the GIXD technique it can obtained a diffractograph for the 
sample prepared at 10 V AC with a 60Hz of frequency. Figure 6 shows the X-ray pattern, from this figure 
it can observer that the (200) and (220) of the Al disappear keeping only the (111) plane, also it is 
possible to identify the peaks that correspond nickel, in particular (200) and (220) planes. It is an 
indication that the Nickel was electrodeposited into the oxide aluminium pores.  
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Figure 6. Grazing Incidence X-ray Diffraction (GIXD) pattern of  (a)Al2O3-Ni,  (b) JPG Nickel (c) PDF 

card # 04-0787 Aluminum 
 
Table 2 shows the atomic composition of the aluminum anodized layer impregnated with nickel. The 
presence of Nickel  therein is seen that there is the presence of aluminum (substrate) oxygen, carbon, 
phosphorus and nickel, shows the presence of Nickel apparently is related to the intensity of the voltage 
and this process time is as long as a higher voltage and the presence of nickel increases. 
 

Table 2. Analysis of atomic composition of anodic films of aluminium oxide after impregnation with 
Nickel at 9 V and 10 V de CA (60Hz) during 2 min. 

Applied 
Potential  

(V) 

  Atomic composition  
(%) 

        O                      Al                     C                      P                      Ni                   Total  
9 42.70 50.05 5.75 0.28 1.22 100 

10 44.55 44.59 6.38 0.29 3.74 100 
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Figure 7 SEM micrographs of cross section of Al2O3 pores synthesized at 20 V during 20 minutes filled 

with Ni during 2 minutes at (a) 10 V AC (60 Hz ) and (b) 11V AC (60 Hz) 
 
Figure 7 shows the cross-sections of a porous anodic film with impregnated nickel. The experimental 
conditions were described above. From this figure it is possible to observe the deposition of nickel into 
the bottom of the pores. The particles size is smaller than the wavelength of incident radiation. The 
thickness of nickel into the pore is 69 nm which corresponds to 10% of the total pore volume, however if 
increase the applied voltage to 11 V AC (60 Hz). 
 
Total reflectance spectra for Al2O3-Ni films are shown in Figure 8 (a),(b), and (c). The Nickel deposit 
films were prepared at three different AC voltages (10, 11 and 12 V), and in every voltage use different 
frequency (60, 180, 360 and 480 Hz). The deposition time in all cases was 2 min.. Figure 10(a) shows the 
total reflectance spectrum for Al2O3-Nickel films prepared at 10 V. It can observer that the total 
reflectance into the visible range is almost similar, however λc is around 750 nm of wavelength, but when 
the voltage increase to 11 V, λc is close to 1000 nm of wavelength, and if the applied voltage is 12 V this 
value now is more or less 1250 nm. How, it was describe before [1-3], the spectral selectivity of ideal 
selective surfaces is define in most of the cases at 1000 nm, for the samples prepared at 11 V are more 
close to the ideal value. Also, it is important to mention that the frequency has not influence in the 
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electrodeposition of Nickel, as it can see at low frequency the total reflectance curve is more close to the 
ideal behavior.   
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Fig. 8 Spectral  reflectance  total of Al2O3-Ni (20 V 20 min) at  (a) 10 V 2 min at  60, 180, 360 y 48011, 

(b) 11 V 2 min at  60, 180, 360 y 48011 y 12 V (c) 12 V 2 min at  60, 180, 360 y 480 Hz . 
 
 
5.- Conclusion 
 
This work presented the experimental conditions for growing a selective surface base on oxide aluminum 
with Nickel. The preparation of the aluminium oxide was made anodic processs of Al sheet. By using this 
process it was formed a layer of aluminium oxide with a thickness of 700 nm and the pore diameter was 
close to 40 nm. The density of the pores was 1 x1010 pore/cm2. Nickel metal was introduced into the pore 
using a pulsed electrodeposited technique with AC voltage at different voltage and frequencies. It was 
found that the influences of high frequencies during the electrodeposition of nickel affect the optical 
properties, reducing the values of the total reflectivity in the near infrared region, however at low 
frequencies the cut-off wavelength is close to ideal selective surfaces.  
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