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ABSTRACT 

Because of their many uses in energy storage, environmental remediation, catalysis, and structural materials, porous metal 

oxides have garnered a lot of interest.  In this work, ammonium hydrogen carbonate was used as the space holder in the space 

holding sintering procedure to create porous copper and aluminium oxides.  To create macroporous structures and promote space 

holder breakdown, the samples were sintered at 750 °C and pressed at 115 MPa.  Aluminium oxides showed more porosity than 

copper oxides for the same amount of space holder content, according to optical microscopy, which confirmed non-uniform pore 

morphologies. Aluminium oxides produced bigger and more interconnected pores, with pore size distributions ranging from sub-

millimeter to several millimetres, according to ImageJ analysis.  Porosity rose as space holder content increased, reaching 66.9% 

for aluminium oxides and 56.7% for copper oxides at 70 weight percent.  According to ASTM C365-05 crushing load testing, 

copper oxides have a higher crushing load than aluminium oxides while having less porosity.  These findings support the strong 

relationship between porosity, pore shape, and mechanical strength and point to a trade-off between structural strength and 

porous structure in metal oxide foams. 
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1. Introduction 

Porous metal oxides have gained increasing attention due 

to a wide range of applications, including catalysis, 

separations, microelectronics, optics, environmental 

remediation, energy storage materials, and drug delivery [1-

9]. In addition, it has large surface areas and pore volumes, 

elevated catalytic activity, and good thermal stability, which 

is due to the ability to interact with molecules not only at 

their exterior surface but also within the large interior surface 

of the materials [9].  

Aluminum oxide (Al-oxide) foam is low density, 

permeable material with numerous applications. The 

defining characteristic of these foams is a very high porosity, 

typically 75-95% of the volume consisting of void spaces [2, 

5]. Ceramic foam is often used for thermal insulation, 

acoustic insulation, adsorption of environmental pollutants, 

filtration of molten metal alloys, and as a substrate for 

catalysts requiring a large internal surface area [6]. Copper 

oxides (Cu-oxides) are promising materials for gas sensors, 

heterogeneous catalysts, photovoltaics, infrared detectors, 

field emission emitters and lithium-ion electrodes 

applications due to their unique properties such as direct 

band gap (1.2–1.7 eV), non-toxicity, chemical stability, 

abundant availability, and low production cost [7,8]. 

It is noted that porous foamed metals or metal oxides all 

suffer from deteriorating mechanical properties, such as 

strength, stiffness, and fatigue due to the inhomogeneous 

distribution and pore size [10]. However, these materials 

must exhibit mechanical functional property for successful 

applications [11]. Herein, we report the synthesis and 

characterization procedure of porous metal oxides, including 

Al- and Cu-oxides. To the best of our knowledge, this is the 

first report on the correlation between porosity and crushing 

loads of Al- and Cu-oxides. 

 

2. Experimental Set-Up 

The Cu- and Al-oxide foam fabrication process starts 

with the mixing of pure Cu and Al powders (Taj Scientific, 

Chittagong) with space holder of ammonium hydrogen 

carbonate (NH4HCO3). High purity Cu- and Al-powder 

(purity 99.5%) with average particle size of 5µm were used. 

70 wt% of Cu- or Al-powder and 30 wt% of ammonium 

hydrogen carbonates were taken and ball milled at 100 rpm 

for 30 minutes. Similarly, 50 wt% and 70 wt% of the space 

holder were mixed with respective metal powders. Then, 

these mixtures of metal powder and space holder were 

subjected to green compaction. A die punch assembly was 

used for compaction to fabricate cylindrical samples (Height 

= 1.80 cm and Diameter = 1.40 cm). Compaction pressure 

was 115 MPa and was generated by the universal testing 

machine. Thereafter, the green compacted sample was 

sintered in an electric furnace (Nabertherm, Germany) at 

750 °C for 2 h. At this temperature, the space holder 

(ammonium hydrogen carbonate) was decomposed and left 

pores in the Cu- and Al-matrix. It is noted that sintering was 

not carried out in an inert atmosphere; an oxide film was 

formed on the upper surface of the Cu- and Al-foam. The 

experimental setup is depicted in Figure 1. 

Optical microscopy combined with a USB digital camera 

was used to characterize the morphologies (MTI, USA). 

Crushing load testing was performed to determine the 
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mechanical properties of the samples. The applied load was 

at a constant rate during the testing. 

 

 
 

Fig. 1 Schematic diagram of experimental set-up. 

 

3. Results and Discussion 

Figure 2 depicts the plane-view optical images of porous 

Al- and Cu-Oxides, prepared via sintering of green samples 

at 750°C. The elemental analysis of the green compacted 

samples and those oxidized in air at 750 °C could not be 

conducted. However, it was reported that the formation of 

Cu2O and CuO was exhibited, due to oxidation of pure Cu at 

350 to 1050 °C in air [12, 13]. In addition, -Al2O3 was 

formed due to the oxidation of pure Al at 650 to 900 °C in 

air [14-16]. It is noted that the non-uniform porous Al- 

(Figure 2a,c,e) and Cu-oxides (Figure 2b,d,f) were clearly 

observed.  

As shown in Figure 2a,c,e, the sintered Al-oxides 

exhibited well-developed macropores of sizes, ranging a few 

millimeters with patch-like regions (Figure 2e) due to the 

formation of a compact thin oxide film of aluminum.      

Aluminum forms a native Al₂O₃ layer in air at ambient 

temperature; however, the oxidation rate significantly 

increases at approximately 500–600 °C.   Between about 700 

and 800 °C, continuous and observable scale formation 

becomes significant, and the oxide undergoes polymorphic 

transitions as the temperature increases.   The predominant 

oxidation product is γ-Al₂O₃ within the temperature range of 

approximately 350 to 600°C.  It transitions to δ/θ-Al₂O₃ 

between approximately 800 and 1000 °C, ultimately 

reaching thermodynamically stable α-Al₂O₃ above 

approximately 1100 and 1200 °C.  The precise temperatures 

at which these transformations occur are contingent upon the 

contaminants, particle size, and dwell duration. In addition, 

the compact thin oxide film is the intrinsic property of valve 

materials [17]. In contrast, the sintered Cu-oxides exhibited 

undeveloped pores in the sizes of a few millimeters and a 

smaller number of macropores and patch-like regions 

compared to Al-oxides, as shown in Figure 2b,d,f. It is 

worthy to mention that Cu reacted with space holding 

material and transformed to blue color even after sintering. 

In addition, porous Cu-oxides (Figure 2d,f) exhibited more 

cracked surface as compared to porous Al-oxides samples 

(Figure 2c,e). It is probably due to the lower stability of 

porous Cu-oxides at high temperature of 750 °C as compared 

to porous Al-oxides. 

 

 

 

 
 

Fig. 2 Optical images of 30 wt%, 50 wt%, 70 wt% (a, c, 

e) Al-oxides foam and (b,d,f) Cu-oxides foam. 

 

Figure 3 shows the frequency distribution of inner pore 

diameter (di) of macroporous Al- and Cu-oxides. It should 

be noted that the pore distribution graphs were generated 

from the measurements of di of optical images by using 

ImageJ software. The mean di of porous Al-oxides was 

found to be 1.20 ± 10.65 mm (Figure 3a), 5.25 ± 30.45 mm 

(Figure 3c), and 2.25 ± 11.50 mm (Figure 3e) from samples 

containing 30 wt%, 50 wt%, 70 wt% of space holding 

material after sintering in air at 750 °C. In contrast, the mean 

di of porous Cu-oxides was found to be 0.75 ± 3.85 mm 

(Figure 3b), 8.20 ± 60.85 mm (Figure 3d), and 2.45 ± 14.25 

mm (Figure 3f) from samples containing 30 wt%, 50 wt%, 

70 wt% of space holding material after sintering in air at 

750 °C. It is noted that the di of porous Au-oxides ranged 

from 0.2 mm to 10 mm while the di of porous Cu-oxides was 

in a narrower range of 0.2 mm to 4.0 mm fabricated from 

samples contains 30 wt% space holding material. It is 

believed that the highly ordered pore domain of porous Cu-

oxides is due to the more uniformly distributed stresses 

among Cu atoms due to sintering compared with Al atoms 

[18]. 
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Fig. 3 Frequency distribution of optical images of 

samples containing 30 wt%, 50 wt%, 70 wt% space holding 

materials: (a, c, e) Al-oxides foam and (b,d,f) Cu-oxides 

foam. Note: the pore size measurements were performed by 

ImageJ software. 

 

and Cu-oxides. It is probably due to the fatigue crack 

gradually linking between pores and following a torturous 

path, apparently due to localized micro/macrostructural 

inhomogeneities [19, 20].  

Figure 4 shows the comparison of experimental porosity 

of as-fabricated Al- and Cu-oxides foam. It is observed that 

Al-oxides foam exhibited a more porous structure compared 

to Cu-oxides foam for samples containing 30, 50, and 70 

wt% space holding material. It is probably due to the Cu 

reacting with space space-holding material and removing the 

activity of the space holder. It is noted that Cu-oxides foam 

fabricated through the sample contained 30, 50, and 70 wt% 

space holding material exhibited 7.20 ± 5.60, 17.40 ± 5.60, 

and 56.70 ± 2.35 % experimental porosity, respectively. 

However, Al-oxides foam fabricated through sample 

contained 30, 50, and 70 wt% space holding material 

exhibited 21.60 ± 2.50, 41.90 ± 3.70, and 66.90± 1.95 % 

experimental porosity, respectively, which is high compared 

with Cu-oxides foam. This phenomenon can be attributed to 

the lower reactivity of space space-holding material with Al-

metal powder, which was observed in other similar studies 

[21-23]. 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 4 Comparison of experimental porosity of porous 

Al- and Cu- oxides. 

 

Uni-axial compression test was carried out in order to 

study the crushing load (Figure 5) of the Al- and Cu-oxides 

foam. The minimum dimension of the specimen was at least 

seven times the cell size to avoid size effects. In addition, all 

compression tests were conducted according to ASTM 

C365-05 standard [24]. 

 

 
 

Fig. 5 Comparison of crushing load of (a) Al- and (b) 

Cu- oxides foam. 
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It was found that crushing loads of samples prepared with 

30%, 50%, and 70% space holding material of Al-oxides 

foam are 63.70 ± 16.20 N, 40.50 ± 4.80 N, and 32.50 ± 3.95 

N, respectively, which are much lower than Cu-oxides 

foams’ crushing loads of 190.00 ± 11.70 N, 159.25 ± 18.25 

N, and 41.25 ± 4.50 N, respectively. It is noted that the 

presence of surface defects, such as cracks and pores, both 

quantitatively and qualitatively changes the internal stress 

distributions of porous materials [25, 26]. Here, the tendency 

of pore formation in Al-oxides foam is very much augmented 

in comparison to that of the Cu-oxides, which leads to the 

Al-oxides foam being more vulnerable to crushing loads. 

 

4. Conclusion  

     To summarize, porous Al- and Cu-oxides were 

successfully synthesized by space holding material, and their 

physical characteristics were systematically analyzed. It was 

observed that the pore formation tendency of Al-/Al-oxides 

was as high as that of Cu-/Cu-oxides with the same 

percentage of space holding material in green compacted 

samples. It is noted that the crushing load of porous Al-

oxides was about 50% reduced due to the doubled pore 

formation, whereas Cu-oxides did not follow a similar trend. 

At present, the primary drawback of these materials is 

excessive brittleness due to ceramic properties, which leads 

to hindrance in the application in energy storage systems, 

such as electrodes of lithium-ion batteries (LIBs). The 

introduction of a string property with porous metal oxides 

could solve this problem. A significant number of studies are 

being carried out in pursuit of the exploration of this 

particular prospective segment.   
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