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Abstract  

In the present study, for the first time, CuAlO2 delafossite phase was successfully obtained 

through a one-step solution combustion synthesis (SCS) process. Moreover, in order to 

accelerate CuAlO2 crystallization, two-step process, i.e. SCS followed by heat-treatment 

(different thermal regimes: continuous and discontinuous) without controlling the 

atmospheric oxygen, was applied. In the two-step process, heating time duration needed for 

the crystallization of CuAlO2 was lowered to 30 minutes at 1100ºC by exerting SCS on the 

mixture of starting materials. It was found that different thermal regimes can highly affect the 

formation of CuAlO2 phase. Furthermore, according to the SEM and TEM studies, it was 

revealed that the resultant powders have a flaky-shape morphology with lamellar structure.  
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1- Introduction 

In order to satisfy the world’s fast-growing energy demand, developing inexpensive materials 

for energy conversion and storage is a vital need. Accordingly, significant efforts have been 

devoted in developing different n- and p-type oxide semiconductors. Since the P-type oxides 

with strong conductivity as well as transparency across the visible spectrum are scant, special 

attention is paid to their production [1]. A few p-type oxides have been interested, including 

CuAlO2 [1], SrCu2O2 [2], LaCuOSe [3] and As-doped ZnO [4]. Among the mentioned 

oxides, cuprous aluminate delafossite (CuAlO2) is a good candidate because of its p-type 

conductivity without intentional doping as well as the abundance of the constituent elements 

[5]. Delafossite CuAlO2 belongs to a family of transparent conducting oxides (TCOs), 

possessing low electrical resistivity and high visual light transparency which shows 

promising properties in various applications such as liquid crystal displays, thermoelectric 

devices, light-emitting diodes and so on [6, 7]. 

Different techniques have been utilized to produce CuAlO2 nanoparticles including sol-gel 

[8,9], mechanical alloying [10], hydrothermal [11], solid-state routes [12], sputtering [13], 

solution combustion synthesis (SCS) [14] and electro-spinning method [15]. Among them, 

SCS is a time- as well as energy-saving strategy, especially, in the preparation of complex 

oxides when compared with other techniques and can be highly used for scale-up 

applications [16–19]. Nano-crystalline oxides can be produced via the redox reaction 

between an oxidizer containing the metal precursor/precursors and an organic fuel at a 

moderately low initiation temperature of about 300–600ºC within a few minutes [16]. 

Producing powder particles with a high shape homogeneity of final products could be 

considered as another advantage of SCS route [20]. In addition, Li et al. reported that 

molecular level homogeneity can be obtained during production of metal oxide 

nanomaterials via SCS [16]. According to another study [21], nanostructured ZnCo2O4 was 

successfully produced through SCS from Zn(NO3)2.6H2O, Co(NO3)2.6H2O and glycine. It 

was also reported that the final sintered sample has the most promising performance due to 

the excellent diffusion obtained by additional gas generation during the combustion process.  

CuAlO2 delafossite phase was also produced by SCS followed by heat-treatment at 1000ºC 

for a long holding time of around 5 hours which is really time-consuming, and unfortunately, 
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annihilate the rapid nature of SCS[14]. However, to the best of our knowledge, CuAlO2 

single-phase has not yet been produced by using just SCS.  

Delafossite CuAlO2 is normally prepared by solid-state synthesis technique from CuO/Cu2O 

and Al2O3 powder mixtures [12]. However, the presence of secondary phases as well as low 

relative densities have been highly reported for delafossite CuAlO2, which was produced 

through solid-state synthesis, drastically affecting the properties of the resultant material 

[12,19]. Furthermore, high processing temperature as well as extremely long processing 

durations (from several hours up to several days) have been reported in the literatures [6,7]. 

As an instance, poly-crystalline CuAlO2 was prepared through heating the stoichiometric 

powder mixture of Al2O3 and Cu2O at 1100ºC for 4 days in Ar atmosphere [6]. In another 

study, Ahmed et al. [7] synthesized delafossite CuAlO2 nanoparticles via sol-gel process. In 

the mentioned study, an aqueous solution of Cu(NO3)22.5H2O together with Al(NO3)3.9H2O 

were mixed and then transferred to a crucible containing citric acid and ethylene glycol. 

After that, the solution was allowed to gel for a long time (3 days) at room temperature. In 

order to remove the organic chelating agents, a thermal treatment was done at a temperature 

of 350ºC for 6 hours in air, and finally, copper (II) oxide powder and an amorphous Al-based 

compound were produced. The powders were then fired at 775ºC for 12 h in the air leading 

to the formation of CuO and CuAl2O4. The resultant powder was also treated at 800ºC in 

ultrapure N2 for 48 h, to get pure CuAlO2 nanoparticles. The applied methods are so complex 

and time-consuming, and therefore, it is of interest to adopt a simple and rapid technique.  

On the other hand, selecting an appropriate temperature and time as well as a proper 

atmosphere of the solid-state reaction are really important. Especially, in the powder mixture, 

the valence state of Cu ions should be controlled during heating and cooling regimes. 

Oxidation of Cu+ to Cu2+ ions could occur during air-heating at relatively low temperatures 

ranging from 200 to 500ºC. Then, CuO compound starts to react with Al2O3, forming 

CuAl2O4 at temperatures below 1100ºC as follows: 

Cu2O + 1/2O2 → 2CuO              (1) 

CuO + Al2O3 → CuAl2O4                (2) 

 

It is reported that with further heating of the material, CuAlO2 could be formed based on the 

following reaction: 
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CuO + CuAl2O4 → 2CuAlO2 + 1/2O2     (3) 

Moreover, CuO decomposes moderately and will evaporate by heating above 1100ºC. 

However, the mentioned reason in addition to the presence of oxygen causes the above 

reaction shift backward, re-forming CuAl2O4. Other studies [20-22], showed that the 

reduction of CuO and CuAl2O4 can be occurred above 1020ºC, as follows: 

2CuO → Cu2O + 1/2 O2         (4) 

4CuAl2O4 → 4CuAlO2 + 2Al2O3 + O2    (5) 

The other possible mechanism for the formation of CuAlO2 can be shown as follows: 

Cu2O + Al2O3 → 2CuAlO2        (6) 

Beside the above-mentioned mechanisms, it was also reported that CuAlO2 could be directly 

achieved by reacting Cu2O and Al2O3 at temperatures above 800ºC [24]. The formation of 

CuAlO2 through the reaction of 6 agrees with the previous research by Jacob and Alcock on 

the formation and decomposition kinetics of CuAlO2 [23]. It is worth noting that the reaction 

through which the delafossite CuAlO2 can be formed is highly dependent on precursors. A 

summary of the above-mentioned reactions including reactants, intermediate phases as well 

as final products is provided in Table 1. 

Table 1.  

As mentioned before, crystallization of CuAlO2 was a complex process requiring high 

temperatures as well as long durations. Accordingly, the applied techniques could not impart 

the benefit of rapid nature of SCS. Although SCS provides high temperatures, its rapid nature 

is a main challenge for producing CuAlO2. For this reason, after applying SCS, heat-

treatment is usually used in order to get the pure phase [16,17,23]. In this regard, in the 

present study, the possibility of the formation of pure delafossite phase through a one-step 

SCS process as well as SCS process followed by heat-treatment was evaluated. In order to 

examine the effect of temperature and oxygen partial pressure (OPP) on the resultant phase 

of the combustion-synthesized precursors, three different conditions were applied at the SCS 

stage as follows: preparing the precursors (i) on a hot-plate (300ºC, opened-system), (ii) on a 

hot-plate (300ºC, closed-system) and (iii) in a furnace (500ºC). In order to decrease the OPP, 

closed-system was used to evaluate its effect on the phase composition of the precursors. 

After preparing the precursors, different thermal regimes were applied at heat-treatment stage 

to evaluate their effects on the formation of delafossite phase. The phase purity and the 
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morphology of the resultant powders were studied by X-ray diffraction (XRD) technique, in-

situ XRD as well as scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM). Finally, CuAlO2 single-phase was successfully produced via both 

applied approaches, namely one-step SCS and SCS followed by heat-treatment 

2- Experimental procedure 

In order to synthesize CuAlO2 powder sample via solution combustion method, copper (II) 

nitrate hexahydrate (Sigma Aldrich; Cu(NO3)2.3H2O, purity˃ 99.9%) and aluminum nitrate 

nonahydrate (Merck; Al(NO3)3.9H2O, purity˃ 99.9%) as well as hexamine (Merck; C6H12N4, 

purity˃ 99.9%) were used as oxidizers and fuel, respectively. The following reactions were 

utilized to get one mole of CuAlO2: 

Cu(NO3)2.3H2O+0.305C6H12N4→0.5Cu2O+4.833H2O+1.833CO2+1.611N2                                                                       

(7) 

Al(NO3)3.9H2O+0.416C6H12N4→0.5Al2O3+11.5H2O+2.5CO2+2.333N2                                                                        

(8) 

Al(NO3)3.9H2O+Cu(NO3)2.3H2O+0.7215C6H12N4→CuAlO2+16.33H2O+4.329CO2+3.944N2                 

(9) 

It is worth mentioning that Eq. (9) is obtained by sum of Eq. (7) and Eq. (8). Calculated 

amounts of nitrates and fuel together with 4 cc deionized water were mixed through a 

magnetic stirrer for around 5 minutes.  Two different approaches were adopted to synthesize 

the delafossite phase; one-step process (SCS) and SCS followed by heat-treatment (two-

step). In the two-step method, solution combustion synthesis of CuAlO2 was developed at 

three different conditions. First, the combustion synthesis process was conducted on a 

hotplate at 300ºC in air atmosphere (referred as H). In the second condition, the applied 

method was the same as before, but the used alumina crucible was closed by a lid 

immediately after observing the combustion flame and this condition was kept till the system 

got cold. The samples produced at this condition were referred to as CH. In the third 

condition, combustion was carried out in a furnace at 500ºC and the crucible was air-

quenched just after the combustion (referred as F). After preparing the precursors, different 

thermal regimes were applied in order to investigate their effects on the possible formation of 

delafossite phase in the as-combustion synthesized samples. In this regard, continuous and 

discontinuous heating were adopted. As a continuous regime, the precursors were heat-
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treated from ambient temperature to 1100°C in furnace with a heating rate of 5°C/min and 

were held for 1, 3 and 5 hours and finally air-quenched. It is worth noting that the used 

ceramic crucible was not covered by a lid in the furnace. From now on, H1, H3, H5 and 

CH1, CH3, CH5 as well as F1, F3 and F5 correspond to the before mentioned samples 

(precursors) heated for 1, 3 and 5 h, respectively. In order to better understand the 

compositional changes during continuous heat-treatment, CH samples (as representative) 

were heated and taken out from the furnace immediately after the target temperatures (400, 

600, 700, 800, 900, 1000 and 1100ºC) being reached and were cooled in air. As another 

thermal regime (discontinuous), the samples (referred to as H0.5, CH0.5 and F0.5) were 

directly placed into the furnace at 1100ºC being kept for 30 minutes and air quenched 

immediately to investigate the possible formation of delafossite phase. Again, for better 

understanding chemical composition changes, discontinuous heating was applied for CH 

sample at different temperatures (400, 600, 700, 800, 900, 1000 and 1100ºC) for 30 minutes. 

On the other hand, in the one-step process, the magnetic-stirred solutions were directly 

placed in the preheated-furnace with temperatures of 1000, 1100, 1200 and 1250ºC and then 

were taken out from the furnace immediately after the SCS process was done and were 

cooled in air. Schematic illustration of all the applied processes is depicted in Fig. 1. The 

resultant phases were identified by X-ray diffraction (XRD) with CuKα radiation through 

Phillips X'Pert Pro X-ray diffractometer. In addition, in-situ XRD was also performed with a 

heating rate of 5ºC/min to study phase composition changes in CH sample from room 

temperatures up to 1100ºC at the target temperatures of 400, 600, 700, 800, 900, 1000 and 

1100ºC. It should be mentioned that the time required to get XRD pattern at each temperature 

was around 30 minutes. It is worth noting that a strip heater chamber (Anton Paar HTK 16N) 

was used for in-situ powder X-ray diffraction at temperatures up to 1100ºC in air. Moreover, 

two thermocouples were utilized for accurate temperature measurement and control. 

Furthermore, the morphology of the produced samples was investigated with a SEM using 

field-emission gun (FESEM, MIRA3, TESCAN, CZ) and a transmission electron microscope 

(TEM, Philips, EM208S) at an accelerating voltage of 100 keV. In addition, differential 

thermal analysis (DTA, LINSEIS) as well as thermogravimetric analysis (TG, LINSEIS) 

were carried out on the samples in air condition with a heating rate of 5ºC/min in the 

temperature range of 25-1100ºC.  
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Fig. 1.  

 

3- Results and discussion 

3-1- Precursor characterization 

3-1-1- Compositional and morphological characterization 

In order to evaluate the resultant phases of the solution combustion synthesized samples, 

XRD analysis was used. The XRD patterns of the precursors prepared at different conditions 

(H, CH and F) are provided in Fig. 2a. As can be seen, the pattern of H sample mainly 

contains of Cu2O (ICDD 01-078-2076, 2θ=36.441) as well as a few Cu (ICDD 01-085-1326, 

2θ=43.317) peaks. The presence of Cu2O is confirmed by the dominant peaks located at 

36.44º, 42.329º and 61.408º corresponding to the (111), (200) and (220) planes of the oxide, 

respectively. Furthermore, according to CH sample, CuAlO2 (ICDD 01-076-2398, 

2θ=37.854), Cu2O and Cu peaks can be observed in the corresponding pattern. It should be 

mentioned that the dominant peaks located at 43.317º, 50.449º and 74.126º corresponding to 

the (111), (200) and (220) planes of Cu element, respectively. However, the intensity of Cu 

and Cu2O peaks are, respectively, higher and lower than that of H pattern. Furthermore, 

Al2O3 (ICDD 01-071-1124, 2θ=35.197) peaks can also be seen in CH and F patterns, which 

was produced from Al(NO3)3.9H2O through Eq. (8). It is worth mentioning that the dominant 

peaks in the XRD pattern of sample F belong to Cu2O and Cu, as indexed before. Comparing 

XRD curves of Fig. 2a, it is revealed that the intensity of Cu characteristic peaks is higher in 

F and CH samples in comparison with H. It should be mentioned that during combustion 

process the decrease of oxygen partial pressure (OPP) is occurred [24,25]. Moreover, based 

on Fig. 2b, decreasing OPP as well as increasing temperature change the stability area, 

promoting the reduction of CuO to Cu2O and Cu. Therefore, at a constant combustion 

temperature, since the OPP is lower in the closed-system comparing with the open one (H 

sample), the intensity of copper peaks is higher in CH sample. Furthermore, based on Fig. 2c, 

it should be said that the adiabatic temperatures theoretically increase from 1775ºC to 1801ºC 

and then to 1844ºC with increasing initial temperatures from 25ºC to 300ºC and to 500ºC, 

respectively. For this reason, higher adiabatic temperature of F sample at a constant OPP 

caused more amount of Cu to be formed in F sample in comparison with H. In addition, 

comparing closed-system (CH) with the open one (H), it can be deduced that being at 
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combustion temperature for longer time caused a slow cooling rate for the samples, and 

therefore, kinetically facilitate the formation of delafossite phase (CuAlO2). Furthermore, in 

the F sample, some peaks are denoted as CuAlO2 which could reveal the formation of 

delafossite phase. Higher processing temperature of F sample provides longer time for the 

powder being cooled, and therefore, may promote the formation of CuAlO2.  

Fig.2.  

In order to better understand the microstructure of the powders synthesized by SCS process, 

SEM was used and the corresponding micrographs of H, CH and F precursors are presented 

in Fig. 3a-h. Featureless morphologies of the powders in Fig. 3b, f and g could be attributed 

to non-fully crystallized CuxAl yOz phases (see EDS analysis results as an inset). However, 

after applying heat-treatment, the mentioned phases were fully crystallized possessing 

lamellar structures which will be discussed later. Nevertheless, an almost lamellar structure is 

observed in CH precursor (Fig. 3d) which may be attributed to the delafossite phase as was 

confirmed by the corresponding XRD pattern of Fig. 2a. It is worth mentioning that the 

dispersed nanoparticles in Fig. 3c could be Al2O3 phases. Based on the EDS result (inset of 

Fig. 3c), the intensity of Al element is higher for the area containing the mentioned 

nanoparticles. In addition, according to the literatures [26-28], the semi-spherical lumps 

presented in all three samples (marked by dashed-circles in Fig. 3a, e and h) correspond to 

Cu2O phase. It is worth mentioning that the EDS analysis taken from the marked area in Fig. 

3e shows higher amounts of copper. Moreover, some fine nanoparticles/plates in F sample 

can be observed on the Cu2O lumps (marked by an arrow in Fig. 3e) being referred to CuO 

phases. It was also reported that CuO (ICDD 01-074-1021, 2θ=36.837) phase could be 

formed on the surface of Cu2O, after absorbing oxygen from environment through superficial 

microcracks of Cu2O [26-28]. Schematic illustration of Cu2O oxidation is provided in Fig. 3i. 

Since F precursor experienced higher temperatures, the sample needed more time to be 

cooled, therefore, oxygen atoms could penetrate through the microcracks and formed CuO 

phase. The presence of CuO was confirmed earlier by XRD results of F sample in Fig. 2a. 

Fig. 3.  

3-1-2- Thermal stability 

Figure 4a, b and c show the results of DTA and TG measurements conducted on H, F and 

CH powder samples, respectively. The first weight loss in TG results could be due to the 
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absorbed moisture removal. As can be seen in the DTA curves, there are exothermic peaks 

(1) located at 250ºC, accompanied with the weight loss which could be attributed to the 

released gases from the residual fuel. It should be also said that the following weight gains in 

TG results could be due to the oxidation of Cu and Cu2O to CuO [31]. It has been reported 

that the oxidation of Cu+ to Cu2+ ions could occur during heating in air at temperatures 

ranging from 200 to 500ºC, which is consistent with the present results. Moreover, there is 

also an endothermic peak at 620ºC (marked by 2 in Fig. 4) which may be attributed to 

residual nitrates decomposition. It was confirmed that the decomposition of pure 

Cu(NO3)2.3H2O is terminated at around 300ºC [31]. In addition, thermal decomposition of 

aluminum nitrate took place and extended to around 400ºC based on the literature [32]. 

However, the literature results were achieved for pure nitrates possessing thermodynamic 

activity equal 1. Since decreasing the activity increases the decomposition temperature, 

therefore, residual nitrate decomposition was occurred at around 600ºC, in the present study. 

Another observed exothermic peak (number 3) is located at around 950ºC, accompanied with 

a small weight loss, which may correspond to the oxidation of residual carbon doped in the 

powder mixture structure. In the powder mixture, the surrounded materials around the 

residual carbon may postpone the oxidation temperature to above 900ºC. The final 

endothermic peak (4) with a sharp weight reduction can be seen at 1020ºC corresponding to 

the formation of CuAlO2 delafossite phase which is consistent with the results of other 

researches [22, 29]. As the transformation temperature of CuO to Cu2O is 1020ºC [12], it 

may be deduced that the reduction of CuO as well as the formation of delafossite phase could 

take place simultaneously at around 1000ºC [16,19,22].  

Fig. 4.  

3-2- Two-step process: SCS followed by heat-treatment 

3-2-1- Continuous heating 

As mentioned in the experimental section, among the precursors, CH sample was selected as 

a representative for detailed investigations. The reason can be attributed to the distinct 

lamellar microstructure of CH precursor (Fig. 3d) as well as sharper CuAlO2 peaks in the 

corresponding XRD pattern (Fig. 2a). In this regard, continuous heating was performed from 

room temperature up to 1100ºC with a heating rate of 5ºC/min, as shown in Fig. 5a. It is 

worth noting that the samples were taken out from the furnace immediately after the target 
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temperatures (400, 600, 700, 800, 900, 1000 and 1100ºC) being reached and were cooled in 

air. Furthermore, Fig. 5b shows the XRD results of CH sample after continuous heat-

treatment. Furthermore, XRD pattern of the corresponding precursor is also provided in the 

figure as an indicator. As can be seen, the high intensity peaks of Cu phase are also observed 

at 400ºC together with CuO and Cu2O phases. It can be said that Cu element had not enough 

time to be fully oxidized at this thermal regime. Moreover, CuAlO2 phase also present in the 

pattern (400ºC) as a result of probable reaction between Cu2O and Al2O3 in the powder 

mixture. Since Cu2O phase is oxidized with increasing temperature from 400 to 800ºC, the 

delafossite and CuO peaks are decreased and increased, respectively. In addition, the peaks 

of CuAl2O4 spinel phase (ICDD 01-076-2295) are appeared at 900ºC and are stable up to 

1000ºC (Eq. (2)) at this thermal regime. As is obvious from the XRD patterns, the delafossite 

phase is formed at 1100ºC. However, some small peaks corresponding to CuAlO2 phase are 

also can be seen in the pattern of 1000ºC. According to the thermodynamic stability phase 

diagram of Cu-Cu2O-CuO system (Fig. 2a), Cu2O phase is thermodynamically stable at 

1100ºC and air oxygen pressure. On the other hand, DTA analysis confirmed the formation 

of Cu2O at around 1020ºC which is consistent with the results presented in other studies [12]. 

For these reasons, the formed Cu2O can react with Al2O3 forming CuAlO2 phase. Another 

possible reaction through which the delafossite phase can be produced is Eq. (3). 

Fig. 5.  

As mentioned before, in-situ XRD was carried out with heating rate of 5ºC/min and 30 

minutes stop at some specific temperatures (400, 600, 700, 800, 900, 1000 and 1100ºC) for 

getting XRD curves (see Fig. 6a). Furthermore, corresponding in-situ XRD curves of CH 

sample as well as XRD pattern of the precursor are provided in Fig. 6b. As can be seen, with 

increasing temperature up to 400ºC, Cu2O peaks are disappeared and the delafossite peaks 

are intensified. It can be said that at 400ºC, Cu2O reacted with alumina and formed CuAlO2 

phase, increasing the intensity of the delafossite peaks. It is worth mentioning that with 

increasing temperature from 400ºC to 800ºC, CuAlO2 phase peaks are getting smaller, and 

then after, CuAl2O4 phase is appeared at 900ºC, revealing the decomposition of delafossite 

and formation of spinel phase through Eq. (3). The same results can be find elsewhere 

[30,31]. In addition, from 900 to 1100ºC, the amount of spinel phase is increased which can 

be attributed to the formation of CuAl2O4 by Eq. (2) [22]. It is worth noting that with 
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increasing temperature from 1000 to 1100ºC, a peak located at 2-Theta of around 37.5º 

become larger being attributed to CuAlO2. For better understanding the peak variation of 

XRD curves, Fig. 6c demonstrates the patterns of 1000 and 1100ºC in the range of 36-38º. 

The literature studies suggest that the reduction of CuO to form Cu2O phase can take place at 

temperatures above around 1020ºC [16,17,32]. For this reason, a bulge located at the left-side 

of the highest intensity peak of CuAl2O4 in the 1100º XRD pattern of Fig. 6b (marked by 1 in 

Fig. 6c) could be attributed to Cu2O phase. Since the delafossite phase can be produced by 

Eq. (6), the intensity of CuAlO2 is increased in the mentioned pattern, comparing with lower 

temperatures (marked by 2 in Fig. 6c). Similar observation was also reported by Hu et al 

[22]. It was said that the disappearance of spinel phase at high temperatures of around 

1000ºC is due to the formation of CuAlO2 through the following Eq. (5) and (6). 

Furthermore, it is also reported that if excess amount of CuO exist in the powder mixture, the 

delafossite phase could be formed by Eq. (3) with an equilibrium O2 partial pressure of 0.048 

bar [22]. In the present study, the forward reaction is favored because the applied oxygen 

pressure was around 0.21 bar. It is reported that the much slower rate of spinel 

decomposition in comparison with CuO phase is likely due to chemical kinetics rather than 

thermodynamics [22]. Finally, it should be mentioned that the Pt peaks in the XRD patterns 

of Fig. 6b came from the sample holder of the applied XRD instrument. 

Fig. 6.  

Furthermore, all the precursors were heated from room temperature to 1100ºC and kept for 

different durations. XRD patterns of the H, CH and F samples after applying heat-treatment 

at 1100ºC for duration of 1, 3 and 5 hours with corresponding temperature-time graphs are 

presented in Fig. 7a-d. As can be seen in the XRD pattern of H1, all the main peaks 

correspond to CuAlO2. Moreover, some minor peaks denote CuO phase in the pattern, while 

all the peaks in H3 and H5 samples are related to delafossite phase. In order to better 

understand the XRD results, thermodynamic stability phase diagram of Cu-Cu2O-CuO 

system is considered (Fig. 2b). As is shown in Fig. 2b, at temperatures lower than 1050ºC 

and atmospheric pressure (logPO2=-0.67), CuO is the stable phase. Since the heat-treatment 

was performed from atmosphere temperature up to 1100ºC and the samples were hold at the 

target temperature for specific durations (1, 3 and 5 hours), Cu2O and Cu phases transform to 

CuO at lower 1050ºC and upper the mentioned temperature, Cu2O is formed, immediately 
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reacting with Al2O3 to produce CuAlO2. It is worth mentioning that kinetics describes how 

fast the reaction proceeds from reactants to products. Therefore, it can be said that the 

duration of 1 hour is not enough for complete formation of delafossite and small amount of 

CuO can be detected in the corresponding XRD patterns (see Fig. 7b, c and d). Comparing 

the samples in each group, it can be said that with increasing heating duration from 1 to 5 

hours, CuO phase become disappeared. Furthermore, as can be seen in Fig. 7b and d, 

duration increment from 1 to 3 h makes CuAlO2 peaks sharper and after that the peaks get 

smaller (at heat-treatment of 5 h) for both H and F samples. In the case of CH sample (Fig. 

7c), the intensity of delafossite peaks, first decreased and then increased with increasing time 

from 1 to 5 hours. The reason for these observations could be attributed to the presence of 

two eutectic points in Cu+Cu2O and Cu2O+CuO systems [36]. Since the eutectic melting 

points of the mentioned systems are lower than 1100ºC, the eutectic phases may be locally 

formed, solving CuAlO2 during heat-treatment which results in the reduction of its 

diffraction peak intensities. However, after 5 hours heat-treatment process, CuAlO2 peaks 

become stronger again in the case of CH sample. 

Fig. 7.  

In order to investigate the morphology of the heat-treated powder samples, SEM studies were 

carried out for F1 sample (Fig. 8a-d). According to the SEM image of Fig. 8a, three different 

morphologies can be obviously seen in the microstructure. The marked area in section (a) is 

provided in Fig. 8b at higher magnification showing Al2O3 nanomaterials with flaky 

morphology as also reported elsewhere [34, 35]. It should be said that these nanoflakes were 

appeared after crystallization by applying heat-treatment, as also reported elsewhere [39]. 

Moreover, EDS analysis taken from the nano-agglomerated area of Al2O3 shows sharp peaks 

corresponding to aluminum and oxygen (see Fig. 8b). It is worth mentioning that Cu peak in 

the EDS pattern came from Cu containing compounds at the background. Based on the SEM 

investigations, it was found that the diameter, thickness and aspect ratio of alumina nano-

flakes are about 380, 40 and 9.5 nm, respectively. In addition, SEM image of Fig. 8c shows 

CuAlO2 powders together with semi-spherical phases. The regions marked by 1 and 2 are 

provided at higher magnification in Fig. 8d. Comparing the EDS results of Fig. 8d, it can be 

found that phase 1 has small amount of Al, while phase 2 possesses significant amounts of Al 

and Cu. Combining XRD results (Fig. 7d) with EDS analysis, phase 1 and 2 can be attributed 
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to CuO and CuAlO2, respectively. In addition, as can be seen in Fig. 8d, the formed CuAlO2 

crystallized in a layered structure being marked by the arrows. It was reported that this 

layered structure epitaxially growth parallel to Cu-rich planes. Figure 8e depicts a unit-cell 

with rhombohedral configuration in which Cu-rich planes are basal (0003) planes [37-39].  

Fig. 8.  

Based on the inter-layer spacing calculations, which were done on the SEM images, it was 

found that the layers have an average separation distance of around 56.186 nm, as is shown 

in the schematic and SEM images of Fig. 9. Moreover, it was reported that the (0001) basal 

planes (or (0003)) of the CuAlO2 have the intervals of around 0.564 nm. The interval 

corresponds to one third of the c-axis lattice constant of CuAlO2 [37,38]. Therefore, it can be 

claimed that the CuAlO2 layers, in the present study, are formed parallel to (0003) planes, 

because the inter-layer distance (56.186 nm) is approximately hundred folds of the 0.56 nm 

intervals. These results indicate that CuAlO2 grows epitaxially on its basal planes. 

Fig. 9.  

Figure 10a, b and c show SEM micrographs of F sample after treating at 1100ºC for 

different durations of 1 (F1), 3 (F3) and 5 hours (F5), respectively. As can be seen, with 

increasing heat-treatment duration from 1 to 5 h, the amount of Al2O3 nanoflakes as well as 

CuO is decreased, while the delafossite phase is increased. This can be attributed to the fact 

that, with increasing time at high temperature of 1100ºC, CuO phase reduced to Cu2O and 

simultaneously reacted with alumina forming CuAlO2 delafossite phase [16,19]. 

Fig. 10.  

Morphology and structure of the prepared powder were also investigated by transmission 

electron microscopy (TEM) in detail. In this regard, TEM micrographs of CH3 sample are 

provided in Fig. 11. As can be seen, the powders have a flaky-morphology with lamellar 

structure which is consistent with SEM results. The arrows in the figures show CuAlO2 

layers with an average inter-layer spacing of around ~5.7 nm which is approximately ten 

folds of the basal plane intervals. It is worth noting that this kind of morphology of CuAlO2 

was observed for the first time in the present work and, to the best of our knowledge, was not 

reported elsewhere.  

Fig. 11.  

3-2-2- Discontinuous heating 
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As another thermal regime (Fig. 12a), H, CH and F samples were directly placed into the 

furnace at 1100ºC being kept for 30 minutes and air quenched immediately to investigate the 

formation of CuAlO2. Figure 12b shows the XRD results of CH0.5, H0.5 and F0.5 samples. 

As is obvious, all the peaks correspond to the delafossite phase confirming the formation of 

CuAlO2 just after 30 minutes heat-treatment. However, a small peak in CH0.5 sample was 

denoted as alumina phase and the presence of Al2O3 is further confirmed in the 

microstructure by inset SEM image of Fig. 12b. Furthermore, in order to study the 

morphology of the formed delafossite after applying 30 minutes heating, SEM images of 

H0.5, F0.5 and CH0.5 samples are presented in Fig. 12c, d and e, respectively. As is obvious, 

the lamellar structure of CuAlO2 can be clearly seen in the magnified SEM micrographs of 

all three samples (Fig. 12c-e).   

Fig. 12.  

To better understand the effect of discontinuous heating on the crystallization of CuAlO2, this 

thermal regime was applied at different temperatures (400, 600, 700, 800, 900, 1000 and 

1100ºC) for CH sample as demonstrated in the schematic of Fig. 13a. Figure 13b shows the 

XRD patterns which were obtained after heat-treatment at different target temperatures. 

Moreover, XRD pattern of CH precursor is also shown in Fig. 13b in order to better 

understand the peaks evolution. As can be seen in Fig. 13b, Cu peaks intensities significantly 

become smaller at 400ºC because of enough duration for Cu2O and CuO to be formed (in 

comparison with continuous condition). In the temperature range of 600-800ºC, CuO phase is 

thermodynamically stable which can be confirmed by the XRD results. However, at 900ºC, 

CuO reacted with alumina making spinel phase (CuAl2O4) appear. Above the mentioned 

temperature, i.e. 1000ºC, which is highly close to the reduction temperature of CuO 

(1020ºC), the formed Cu2O is reacted with Al2O3 resulting in the formation of CuAlO2 phase. 

Nevertheless, CuO peaks still present in the XRD pattern of 1000ºC which reveals that the 

time for completion the of Eq. (4) was not enough. As is obvious, at the temperature of 

1100ºC, all peaks correspond to delafossite phase. At this temperature, the formation of Cu2O 

is kinetically favorable, and therefore, the formation of CuAlO2 is facilitated through Eq. (6). 

However, a small amount of spinel phase might be formed at this temperature which could 

not be detected by XRD analysis. Moreover, TEM images of Fig. 14, which belongs to 
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CH0.5 sample, again reveals the lamellar structure of the powders with approximately the 

same intervals as before (~5.7 nm). 

Fig. 13 

Fig. 14.  

 

 

3-3- One-step process: SCS 

Considering the XRD results of the discontinuous heat-treated samples, the delafossite main 

peaks can be obviously seen at a temperature of 1000oC (Fig. 13b). In this regard, solution 

combustion process was performed at higher temperatures of 1000, 1100, 1200 and 1250ºC, 

instead of 300 and 500ºC. Figure 15a shows the XRD patterns of the combustion 

synthesized samples at the mentioned temperatures. Based on the patterns, it can be said that 

the delafossite phase is crystallized through the one-step solution combustion at 1000ºC. 

However, some peaks corresponding to alumina and CuO phases can also be detected in the 

pattern without any sign of Cu2O and Cu presence. Therefore, CuAlO2 phase may be 

produced directly from the reaction between Cu2O and Al2O3 during the one-step process. 

Moreover, comparing the XRD patterns reveals that the intensity of CuAlO2 peaks is 

increased being attributed to the higher formation of Cu2O phase which reacts with alumina 

and finally forms higher amount of delafossite phase with increasing temperature from 1000 

to 1250ºC. In addition, with increasing temperature from 1100 to 1200oC, Al2O3 peaks 

become disappeared while the intensity of CuO and CuAlO2 peaks is decreased and 

increased, respectively. Finally, delafossite peaks are dominant in the corresponding XRD 

pattern after applying a one-step combustion synthesis without controlling the atmosphere at 

1250ºC. Figure 15b demonstrates the SEM micrographs of the powder sample synthesized at 

1250ºC. As is obvious, the sample has a 3D hierarchical porous structure which includes the 

pores having mean size of ~9 μm with the pore walls possessing numerous sub-micropores 

with a size range of ~300-800 nm. The achieved porous structure can be attributed to the 

rapid release of the gases products during the combustion synthesis [16]. The produced 

porous sample and its application in biomedical fields will be explored in the future studies 

in detail. Variation of adiabatic temperature as a function of initial applied temperature is 

illustrated in Fig15c. With increasing initial temperature, the adiabatic temperature is 
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increased theoretically. According to the XRD results of Fig2a, initial temperature has a 

main effect on the resultant product after combustion. In addition, the powder morphology of 

the solution combustion synthesized sample at 1250ºC was also investigated by TEM and the 

corresponding micrographs are presented in Fig. 16. As is obvious, the powders have a flaky-

morphology with lamellar structure. Furthermore, the arrows in Fig. 16a show CuAlO2 

layers with an average inter-layer spacing of around ~5.8 nm which again is approximately 

ten folds of the basal plane intervals. Finally, it can be said that CuAlO2 phase was 

successfully obtained through a one-step combustion synthesis for the first time. 

Fig. 15.  

Fig. 16.  

4- Summary  

 To sum up, two different processes (one-step vs two-step) were applied to produce CuAlO2 

powder sample. As a one-step process, SCS was used at different temperatures. On the other 

hand, as a two-step process, SCS followed by continuous and discontinuous heat-treatment 

were applied. Furthermore, in-situ XRD was also used to investigate the evolution of phase 

composition during continuous heating. based on the in-situ XRD tests (heating at 5ºC/min) 

which lasted around 8 hours, it can be said that the mentioned prolonged time kinetically 

satisfied the formation of spinel phase. However, the spinel phase was not detected in 

DTA/continuous heating (heating at 5ºC/min) which lasted around 3 hours, because the 

nucleation of CuAl2O4 is so slow and kinetically need an appropriate duration [43]. It was 

also reported that the rates of spinel formation decrease in the sequence of 

ZnAl2O4˃MgAl2O4˃CuAl2O4 [44]. Furthermore, regarding the spinel phase decomposition 

in the applied in-situ XRD the following points should be stated. CuAl2O4 has high thermal 

stability and will decompose at almost high temperatures or high durations [45]. Therefore, 

the formation of CuAlO2 delafossite is postponed to higher temperatures/durations. When the 

precursors containing Cu2O/Cu directly experience 1100ºC for 30 minutes (Fig. 12b), the 

final phase is delafossite, because in the mentioned temperature Cu2O phase is stable reacting 

with alumina to form CuAlO2. It can be said that the heat-treatment time duration needed for 

the crystallization of CuAlO2 was lowered to 30 minutes at 1100ºC by exerting SCS on the 

mixture of starting materials, because it was reported that without applying SCS, delafossite 

phase was achieved by heat treating of Cu2O/Al2O3 powder mixture at 1100ºC after a long 
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duration of 20 hours [10]. However, when the heating was applied continuously from room 

temperature up to 1100ºC and the sample was held for 1 hour, Cu and Cu2O phases were 

oxidized forming CuO. Since the formation of CuAlO2 is happened through the reacting 

between Cu2O and alumina, therefore, the duration of continuous thermal regime may not be 

enough to fully form Cu2O from CuO, and some small peaks still exist in the XRD pattern 

(see Fig. 7b-d). Briefly, it was revealed that different thermal regimes affect the 

crystallization of CuAlO2 because the samples experienced different durations up to 1100ºC. 

At discontinuous thermal regime in which the sample experienced a short duration, CuAlO2 

phase was formed at 1000ºC (Fig. 13b). While, in the in-situ XRD test, the final phase at 

1100ºC was CuAl2O4 and the delafossite phase may be formed at higher temperatures/higher 

durations. Based on the XRD results of different thermal regimes, it can be said that at higher 

durations (3 and 8 hours) of in-situ XRD and continuous heating, spinel phase could be 

formed and stable at higher temperatures postponing the delafossite phase formation. 

However, discontinuous heating at 1100ºC prevent the formation of spinel phase. Hence, it 

can be concluded that decreasing the duration of heat-treatment and preventing the formation 

of spinel phase are favorable for the formation of delafossite CuAlO2. As mentioned before, 

high temperature and very short duration can be achieved by SCS process because of its 

rapid nature and for the mentioned reasons CuAlO2 was successfully synthesized through a 

one-step SCS process. It should be mentioned that the produced delafossite phase in the 

present study had a flaky-shape morphology with lamellar structure. 

5- Conclusions 

In this study, CuAlO2 was successfully produced via a one-step process, namely solution 

combustion synthesis (SCS). In addition, delafossite CuAlO2 phase was also successfully 

synthesized using SCS followed by heat-treatment (two-step process) in order to accelerate 

CuAlO2 crystallization. The powder precursor was prepared from copper and aluminum 

nitrate together with hexamine at three different conditions as follows: (i) on 300ºC hot-

plate/open system, (ii) on 300ºC hot-plate/closed-system (producing low oxygen partial 

pressure), and (iii) in 500ºC furnace. After preparing the precursors (SCS), heat-treatment 

with different thermal regimes (continuous and discontinuous heating) was applied in order 

to produce a single-phase CuAlO2 (two-step process). As a one-step process, SCS was 

performed on the before-prepared solutions in the furnace with temperatures of 1000, 1100, 
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1200 and 1250ºC. Composition, microstructure and morphology of the produced powders 

were studied by XRD, in-situ XRD, SEM and TEM. According to the in-situ XRD test 

performed from room temperature up to 1100ºC, it was found that the formed delafossite 

phase decomposed in the range of 400-800ºC, and then, the CuAl2O4 spinel phase became 

appeared. However, at 1100ºC, a small amount of CuAlO2 was found in the pattern being 

attributed to the decomposition of CuAl2O4 spinel phase. In discontinuous heating, it was 

revealed that the mentioned condition was suitable for delafossite phase to be achieved. 

Moreover, it was found that when the precursors containing Cu2O/Cu phases directly placed 

at 1100ºC for 30 minutes, the final phase is delafossite. However, when the heating was 

applied continuously from room temperature up to 1100ºC and kept for 1 hour, Cu as well as 

Cu2O phases were oxidized producing CuO. The time needed for continuous thermal regime 

was not enough to fully form Cu2O, and therefore, CuO phase was observed together with 

CuAlO2. Moreover, in the one-step SCS, delafossite peaks were dominant in the 

corresponding XRD pattern after applying combustion synthesis atmosphere at 1250ºC. 

Furthermore, SEM and TEM studies revealed a lamellar structure of CuAlO2 powder sample 

which was formed parallel to the delafossite basal planes (0003). Finally, it can be said that 

one of the main challenges in the formation of CuAlO2, i.e. high operation time to be needed 

for producing delafossite phase, was solved in this study. The present findings may open up a 

window to the new area in which other delafossite materials such as CuCrO2, CuAgO2, 

CuScO2 and so on can be produced.  
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Table 1. A summary of the reactions 1-6 including reactants, intermediate phases and final 

products. 

Reactants Intermediate phases  Final products  References 

 
Cu2O, Al2O3 

 
CuO, Al2O3 

(200ºC-500ºC) 

 
CuAl2O4, CuO 

(<1100ºC) 

 
CuAlO2 (1100ºC) 

 
[22] 

 
CuO, Al2O3 

 
Cu2O, CuAl2O4 (1020ºC) 

 
CuAlO2 (1100ºC) 

 
[12] 

 
Al, CuO 

 
Cu2O, Al2O3 (570ºC) 

 
CuAlO2 (>800ºC) 

 
[24] 
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Fig. 1. Schematic illustration of the applied procedures including one-step and two-step 

processes. 

 

Fig.2. (a) XRD patterns of the prepared precursors at different conditions of H, CH and F. (b) 

Stable phases in Cu–O system as a function of temperature and oxygen partial pressure. (c) 

Variation of adiabatic temperature as a function of fuel to oxidizer ratio (F/O) at different 

initial temperatures (To). 
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Fig. 3. FESEM micrographs of CH (a-d), F (e-f) and H (g-h) precursors. (i) Schematic 

illustration of Cu2O oxidation.  
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Fig. 4. DTA/TG curves of H (a), F (b), CH (c) powder samples. 

 

Fig. 5. Continuous thermal regime: (a) Temperature-time graph, and (b) XRD patterns of CH 

sample at different temperatures.  
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Fig. 6. (a) Temperature-time graph for in-situ XRD, (b) In-situ XRD patterns of CH sample 

as well as precursor and (c) XRD patterns of 1000 and 1100ºC in the range of 36-38º. 
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Fig. 7. (a) Temperature-time graphs for the applied heat-treatment processes, XRD patterns 

for H (b), CH (c) and F (d) samples after applying heat-treatment for 1, 3 and 5 hours. 
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Fig. 8. (a-d) FESEM micrographs of F1 sample showing different morphologies: (a) 

agglomeration of nano-Alumina at lower magnification with corresponding higher 

magnification SEM image (b) and related EDS analysis. (e) a unit-cell with rhombohedral 

configuration. 

 

Fig. 9. Representative SEM image together with the corresponding schematic showing the 

intervals between basal planes. 

 

Fig. 10. FESEM micrographs of F1 (a), F3 (b) and F5 (c) samples after heat-treatment at 

1100ºC. 
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Fig. 11. (a, b) TEM micrographs of CH3 powder sample showing flaky-morphology. 

 

Fig. 12. Discontinuous thermal regime: (a) Temperature-time graph for 30 minutes heat-

treatment at 1100ºC and (b) XRD patterns of H0.5, F0.5 and CH0.5 samples. The inset shows 

alumina nanoflakes. FESEM micrographs of H0.5 (c), F0.5 (d) and CH0.5 (e) samples. 
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Fig. 13. (a) Temperature-time graph for discontinuous heat-treatment and (b) XRD patterns 

of CH sample. 

 

Fig. 14. TEM micrographs of CH0.5 powder sample showing flaky-morphology with 

lamellar structure (marked by arrows in section b). 
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Fig. 15. (a) XRD patterns of the samples after one-step SCS at different temperatures, (b) 

FESEM micrographs of the as synthesized sample after applying SCS at 1250ºC and (c) 

Variation of adiabatic temperature as a function of initial applied temperature for F/O=1. 

 

Fig. 16. (a, b) TEM micrographs of the as synthesized powder sample after one-step SCS at 

1250ºC. 
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