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Abstract

In the present study, for the first time, CuAl@elafossite phase was successfully obtained
through a one-step solution combustion synthes@S§Sprocess. Moreover, in order to
accelerate CuAlQ crystallization, two-step process, i.e. SCS foowby heat-treatment
(different thermal regimes: continuous and discargus) without controlling the
atmospheric oxygen, was applied. In the two-steggss, heating time duration needed for
the crystallization of CuAl@was lowered to 30 minutes at 1100°C by exertin® $6 the
mixture of starting materials. It was found thdtetient thermal regimes can highly affect the
formation of CuAlQ phase. Furthermore, according to the SEM and TEMies, it was

revealed that the resultant powders have a flakpshmorphology with lamellar structure.
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1- Introduction

In order to satisfy the world’s fast-growing enedgmand, developing inexpensive materials
for energy conversion and storage is a vital né@edordingly, significant efforts have been
devoted in developing different n- and p-type oxsgeniconductors. Since the P-type oxides
with strong conductivity as well as transparenapss the visible spectrum are scant, special
attention is paid to their production [1]. A fewtype oxides have been interested, including
CuAlO, [1], SrCu0;, [2], LaCuOSe [3] and As-doped ZnO [4Among the mentioned
oxides, cuprous aluminate delafossite (CuAI@ a good candidate because of its p-type
conductivity without intentional doping as well ti® abundance of the constituent elements
[5]. Delafossite CuAl@ belongs to a family of transparent conducting exidTCOs),
possessing low electrical resistivity and high waisdight transparency which shows
promising properties in various applications sushliquid crystal displays, thermoelectric
devices, light-emitting diodes and so on [6, 7].

Different techniques have been utilized to prodGeAlO, nanoparticles including sol-gel
[8,9], mechanical alloying [10], hydrothermal [1Holid-state routes [12], sputtering [13],
solution combustion synthesis (SCS) [14] and atespiinning method [15]. Among them,
SCS is a time- as well as energy-saving strategpeaally, in the preparation of complex
oxides when compared with other techniques and leanhighly used for scale-up
applications [16-19]. Nano-crystalline oxides caa produced via the redox reaction
between an oxidizer containing the metal precupsecursors and an organic fuel at a
moderately low initiation temperature of about 3800°C within a few minutes [16].
Producing powder particles with a high shape homeige of final products could be
considered as another advantage of SCS route [2Chddition, Li et al. reported that
molecular level homogeneity can be obtained duripiduction of metal oxide
nanomaterials via SCS [16]. According to anothedgt[21], nanostructured Zn@o, was
successfully produced through SCS from ZngN®H,O, Co(NQ)..6H,O and glycine. It
was also reported that the final sintered samp$etha most promising performance due to
the excellent diffusion obtained by additional gaseration during the combustion process.
CUAIO; delafossite phase was also produced by SCS falldweheat-treatment at 1000°C

for a long holding time of around 5 hours whichieally time-consuming, and unfortunately,



annihilate the rapid nature of SCS[14]. Howeverthe best of our knowledge, CuAIO
single-phase has not yet been produced by usihé{TsS.
Delafossite CuAlQ@is normally prepared by solid-state synthesisnggre from CuO/CyO
and AbOs; powder mixtures [12]. However, the presence obsdary phases as well as low
relative densities have been highly reported fdafdesite CuAlQ, which was produced
through solid-state synthesidrastically affecting the properties of the resultanaterial
[12,19]. Furthermore, high processing temperatigewall as extremely long processing
durations (from several hours up to several dagsgtbeen reported in the literatures [6,7].
As an instance, poly-crystalline CuAlQvas prepared through heating the stoichiometric
powder mixture of AlO; and CyO at 1100°C for 4 days in Ar atmosphere [6]. Inthao
study, Ahmed et al. [7] synthesized delafossite [@QyAanoparticles via sol-gel process. In
the mentioned study, an aqueous solution of Cyfp2BdH,O together with AI(N@)3.9H20
were mixed and then transferred to a crucible éoimg citric acid and ethylene glycol.
After that, the solution was allowed to gel forocagd time (3 days) at room temperature. In
order to remove the organic chelating agents, arhletreatment was done at a temperature
of 350°C for 6 hours in air, and finally, coppd) (ixide powder and an amorphous Al-based
compound were produced. The powders were then &r&&5°C for 12 h in the air leading
to the formation of CuO and Cuf),. The resultant powder was also treated at 800°C in
ultrapure N for 48 h, to get pure CuAlKhanoparticles. The applied methods are so complex
and time-consuming, and therefore, it is of intetesdopt a simple and rapid technique.
On the other hand, selecting an appropriate terfyreraand time as well as a proper
atmosphere of the solid-state reaction are reaifortant. Especially, in the powder mixture,
the valence state of Cu ions should be controlladnd heating and cooling regimes.
Oxidation of Cii to CU/f* ions could occur during air-heatingratatively low temperatures
ranging from 200 to 500°C. Then, CuO compound staot react with AIO;, forming
CuAl,O,4 at temperatures below 1100°C as follows:

Cu,0 + 1/20,— 2CuO (@)

CuO + Al,O3 — CuAl,Oq4 (2

It is reported that with further heating of the eré&l, CuAIG could be formed based on the

following reaction:



CuO + CuAl,O4 — 2CUuAIO, + /20, (3)
Moreover, CuO decomposes moderately and will ewapoby heating above 1100°C.
However, the mentioned reason in addition to thesg@mce of oxygen causes the above
reaction shift backward, re-forming Cuw@l. Other studies [20-22], showed that the
reduction of CuO and Cu/D, can be occurred above 1020°C, as follows:
2Cu0 — Cu,0 + 1/2 O, 4
4CUuAl,04 — 4CUAIO; + 2A1,03+ O, (5)
The other possible mechanism for the formation @AID, can be shown as follows:
Cuw,0 + Al,03 — 2CuAIO,  (6)
Beside the above-mentioned mechanisms, it wasrefgmted that CuAl@could be directly
achieved by reacting GO and AbO; at temperatures above 800°C [ZRhe formation of
CuAIO, through the reaction of 6 agrees with the previ@search by Jacob and Alcock on
the formation andiecomposition kinetics of CuAKJ]23]. It is worth noting that the reaction
through which the delafossite CuAl@an be formed is highly dependent on precursors. A
summary of the above-mentioned reactions includegagtants, intermediate phases as well
as final products is provided Table 1.
Table 1.
As mentioned before, crystallization of CuAl@as a complex process requiring high
temperatures as well as long durations. Accordjrigly applied techniques could not impart
the benefit of rapid nature of SCS. Although SC&vjales high temperatures, its rapid nature
is a main challenge for producing CuAlOFor this reason, after applying SCS, heat-
treatment is usually used in order to get the mivase [16,17,23]. In this regard, in the
present study, the possibility of the formationpoire delafossite phase through a one-step
SCS process as well as SCS process followed bytiestiment was evaluated. In order to
examine the effect of temperature and oxygen paitessure (OPP) on the resultant phase
of the combustion-synthesized precursors, thrderdifit conditions were applied at the SCS
stage as follows: preparing the precursors (i) twtaplate (300°C, opened-system), (ii) on a
hot-plate (300°C, closed-system) and (iii) in anage (500°C). In order to decrease the OPP,
closed-system was used to evaluate its effect enptiase composition of the precursors.
After preparing the precursors, different therneglimes were applied at heat-treatment stage

to evaluate their effects on the formation of detafte phase. The phase purity and the



morphology of the resultant powders were studiecigy diffraction (XRD) technique, in-
situ XRD as well as scanning electron microscop¥M$ and transmission electron
microscopy (TEM). Finally, CuAl@ single-phase was successfully produced via both
applied approaches, namely one-step SCS and Slo#védl by heat-treatment

2- Experimental procedure

In order to synthesize CuAlpowder sample via solution combustion method, eog)
nitrate hexahydrate (Sigma Aldrich; Cu(B)&3H,0, purity>99.9%) and aluminum nitrate
nonahydrate (Merck; AI(N€)s;.9H,O, purity>99.9%) as well as hexamine (Merck; CgH12Ng,
purity>99.9%) were useds oxidizers and fuel, respectively. The followiggctions were
utilized to get one mole of CUAIO

Cu(NO3)2.3H20+0.305CsH12N4—0.5Cu,0+4.833H,0+ 1.833CO,+ 1.611N,

(7)

Al(NO3)3.9H,0+0.416C¢H1,N4—0.5A1 ,05+ 11.5H,0+ 2.5CO,+2.333N,

)

Al(NO3)3.9H,0+ Cu(NO3),.3H,0+0.7215C6H1,N4— CuAl O+ 16.33H,0+ 4.329C0O,+ 3.944N,

9

It is worth mentioning that Eq. (9) is obtained &iym of Eq. (7) and Eq. (8). Calculated
amounts of nitrates and fuel together with 4 coodiged water were mixed through a
magnetic stirrer for around 5 minute$wo different approaches were adopted to synthesiz
the delafossite phase; one-step process (SCS) @sdf&lowed by heat-treatment (two-
step). In the two-step method, solution combustgnthesis of CuAl@Q was developed at
three different conditions. First, the combustiomtiesis process was conducted on a
hotplate at 300°C in air atmosphere (referred asliH}he second condition, the applied
method was the same as before, but the used aluonumble was closed by a lid
immediately after observing the combustion flameé #ms condition was kept till the system
got cold. The samples produced at this conditiomeweferred to as CH. In the third
condition, combustion was carried out in a furnate500°C and the crucible was air-
guenched just after the combustion (referred af\f@r preparing the precursors, different
thermal regimes were applied in order to investigheir effects on the possible formation of
delafossite phase in the as-combustion synthesaetples. In this regard, continuous and

discontinuous heating were adopted. As a continueggne, the precursors were heat-



treated from ambient temperature to 1100°C in feenaith a heating rate of 5°C/min and
were held for 1, 3 and 5 hours and finally air-geheed. It is worth noting that the used
ceramic crucible was not covered by a lid in them&ge. From now on, H1, H3, H5 and
CH1, CH3, CH5 as well as F1, F3 and F5 correspanthé before mentioned samples
(precursors) heated for 1, 3 and 5 h, respectivielyorder to better understand the
compositional changes during continuous heat-treatmCH samples (as representative)
were heated and taken out from the furnace immalgliafiter the target temperatures (400,
600, 700, 800, 900, 1000 and 1100°C) being reaelneldwere cooled in air. As another
thermal regime (discontinuous), the samples (refeto as HO.5, CHO0.5 and FO0.5) were
directly placed into the furnace at 1100°C beingtkior 30 minutes and air quenched
immediately to investigate the possible formatidndelafossite phase. Again, for better
understanding chemical composition changes, disagmis heating was applied for CH
sample at different temperatures (400, 600, 700, 800, 1000 and 1100°C) for 30 minutes.
On the other hand, in the one-step process, thenetiagstirred solutions were directly
placed in the preheated-furnace with temperaturd9©@0, 1100, 1200 and 1250°C and then
were taken out from the furnace immediately aftex SCS process was done and were
cooled in air. Schematic illustration of all thepépd processes is depicted king. 1. The
resultant phases were identified by X-ray diffracti’XRD) with Cuka radiation through
Phillips X'Pert Pro X-ray diffractometer. In adadi, in-situ XRD was also performed with a
heating rate of 5°C/min to study phase compositbanges in CH sample from room
temperatures up to 1100°C at the target tempesatfrd00, 600, 700, 800, 900, 1000 and
1100°C. It should be mentioned that the time reguio get XRD pattern at each temperature
was around 30 minutes. It is worth noting thatrgp dteater chamber (Anton Paar HTK 16N)
was used forn-situ powder X-ray diffraction at temperatures up to@IDin air. Moreover,
two thermocouples were utilized for accurate tempge measurement and control.
Furthermore, the morphology of the produced sampi@s investigated with a SEM using
field-emission gun (FESEM, MIRA3, TESCAN, CZ) antransmission electron microscope
(TEM, Philips, EM208S) at an accelerating voltagel60 keV. In addition, differential
thermal analysis (DTA, LINSEIS) as well as thernmgmetric analysis (TG, LINSEIS)
were carried out on the samples in air conditiothva heating rate of 5°C/min in the

temperature range of 25-1100°C.



Fig. 1.

3- Results and discussion

3-1- Precursor characterization

3-1-1- Compositional and mor phological characterization

In order to evaluate the resultant phases of tlgtiso combustion synthesized samples,
XRD analysis was used. The XRD patterns of theyssers prepared at different conditions
(H, CH and F) are provided iRig. 2a. As can be seen, the pattern of H sample mainly
contains of CpO (ICDD 01-078-2076, 2=36.441) as well as a few Cu (ICDD 01-085-1326,
20=43.317) peaks. The presence of,@Qus confirmed by the dominant peaks located at
36.44°, 42.329° and 61.408° corresponding to th#)(1200) and (220) planes of the oxide,
respectively. Furthermore, according to CH samp®AIO, (ICDD 01-076-2398,
20=37.854), CyO and Cu peaks can be observed in the correspopditern. It should be
mentioned that the dominant peaks located at 43.307449° and 74.126° corresponding to
the (111), (200) and (220) planes of Cu elemespeetively. However, the intensity of Cu
and CyO peaks are, respectively, higher and lower that ¢ H pattern. Furthermore,
Al,O3 (ICDD 01-071-1124, 2=35.197) peaks can also be seen in CH and F psitteinich
was produced from AI(N€)s;.9H,O through Eg. (8). It is worth mentioning that th@minant
peaks in the XRD pattern of sample F belong tgGCand Cu, as indexed before. Comparing
XRD curves ofFig. 2a, it is revealed that the intensity of Cu charaster peaks is higher in

F and CH samples in comparison with H. It shouldnientioned that during combustion
process the decrease of oxygen partial pressurB)(@Roccurred [24,25]. Moreover, based
on Fig. 2b, decreasing OPP as well as increasing temperatmage the stability area,
promoting the reduction of CuO to & and Cu. Therefore, at a constant combustion
temperature, since the OPP is lower in the clogstksr comparing with the open one (H
sample), the intensity of copper peaks is high&khsample. Furthermore, basedFrog. 2c,

it should be said that the adiabatic temperaturegréetically increase from 1775°C to 1801°C
and then to 1844°C with increasing initial temparag from 25°C to 300°C and to 500°C,
respectively. For this reason, higher adiabaticperature of F sample at a constant OPP
caused more amount of Cu to be formed in F sampleomparison with H. In addition,

comparing closed-system (CH) with the open one {Hxan be deduced that being at



combustion temperature for longer time caused w slooling rate for the samples, and
therefore, kinetically facilitate the formation délafossite phase (CuA¥D Furthermore, in
the F sample, some peaks are denoted as Gultich could reveal the formation of
delafossite phase. Higher processing temperatuie sEmple provides longer time for the
powder being cooled, and therefore, may promotdaimation of CUAIQ.

Fig.2.
In order to better understand the microstructurghefpowders synthesized by SCS process,
SEM was used and the corresponding micrographs @HHand F precursors are presented
in Fig. 3a-h. Featureless morphologies of the powderSim 3b, f andg could be attributed
to non-fully crystallized CyAl,O, phases (see EDS analysis results as an inset)e\éow
after applying heat-treatment, the mentioned phases fully crystallized possessing
lamellar structures which will be discussed lalgvertheless, an almost lamellar structure is
observed in CH precursoFi@. 3d) which may be attributed to the delafossite presevas
confirmed by the corresponding XRD patternFo§. 2a. It is worth mentioning that the
dispersed nanoparticles kig. 3c could be AJO; phases. Based on the EDS result (inset of
Fig. 3c), the intensity of Al element is higher for theearcontaining the mentioned
nanoparticles. In addition, according to the literes [26-28], the semi-spherical lumps
presented in all three samples (marked by dashekiinFig. 3a, e andh) correspond to
Cw0 phase. It is worth mentioning that the EDS angaligken from the marked areakig.
3e shows higher amounts of copper. Moreover, some fianoparticles/plates in F sample
can be observed on the Qulumps (marked by an arrow Kig. 3e) being referred to CuO
phases. It was also reported that CuO (ICDD 01002, 3=36.837) phase could be
formed on the surface of g, after absorbing oxygen from environment throsgperficial
microcracks of CyO [26-28]. Schematic illustration of @D oxidation is provided ifig. 3i.
Since F precursor experienced higher temperatinessample needed more time to be
cooled, therefore, oxygen atoms could penetrateutiir the microcracks and formed CuO
phase. The presence of CuO was confirmed earliRiy results of F sample iRig. 2a.

Fig. 3.
3-1-2- Thermal stability
Figure 4a, b andc show the results of DTA and TG measurements cdedusn H, F and

CH powder samples, respectively. The first weigigslin TG results could be due to the



absorbed moisture removal. As can be seen in th& @ifves, there are exothermic peaks
(1) located at 250°C, accompanied with the weiglst Iwhich could be attributed to the
released gases from the residual fuel. It shouldl®® said that the following weight gains in
TG results could be due to the oxidation of Cu &uwgO to CuO [31]. It has been reported
that the oxidation of Cuto CU* ions could occur during heating in air tamperatures
ranging from 200 to 500°C, which is consistent with present results. Moreover, there is
also an endothermic peak at 620°C (marked by Eign 4) which may be attributed to
residual nitrates decomposition. It was confirmdtatt the decomposition of pure
Cu(NG;)2.3H,0 is terminated at around 300°C [31]. In addititrermal decomposition of
aluminum nitrate took place and extended to arod@d°C based on the literature [32].
However, the literature results were achieved farepnitrates possessing thermodynamic
activity equal 1. Since decreasing the activityréases the decomposition temperature,
therefore, residual nitrate decomposition was aecliat around 600°C, in the present study.
Another observed exothermic peak (number 3) istémtat around 950°C, accompanied with
a small weight loss, which may correspond to thielation of residual carbon doped in the
powder mixture structure. In the powder mixtureg thurrounded materials around the
residual carbon may postpone the oxidation temperato above 900°C. The final
endothermic peak (4) with a sharp weight reductian be seen at 1020°C corresponding to
the formation of CuAlQ@ delafossite phase which is consistent with thelltesof other
researches [22, 29]. As the transformation temperadf CuO to CpO is 1020°C [12], it
may be deduced that the reduction of CuO as wehe$ormation of delafossite phase could
take place simultaneously at around 1000°C [16219,2

Fig. 4.
3-2- Two-step process. SCSfollowed by heat-treatment

3-2-1- Continuous heating

As mentioned in the experimental section, amongtleeursors, CH sample was selected as
a representative for detailed investigations. Thason can be attributed to the distinct
lamellar microstructure of CH precursdfig. 3d) as well as sharper CuAj(peaks in the
corresponding XRD patteriirig. 2a). In this regard, continuous heating was perforiinenh
room temperature up to 1100°C with a heating r&t8°G/min, as shown iifrig. 5a. It is

worth noting that the samples were taken out fromfurnace immediately after the target

9



temperatures (400, 600, 700, 800, 900, 1000 an@°C)Meing reached and were cooled in
air. FurthermoreFig. 5b shows the XRD results of CH sample after contisubeat-
treatment. Furthermore, XRD pattern of the corragppmy precursor is also provided in the
figure as an indicator. As can be seen, the higinsity peaks of Cu phase are also observed
at 400°C together with CuO and fQuphases. It can be said that Cu element had woigén
time to be fully oxidized at this thermal regimeoidover, CuAlQ phase also present in the
pattern (400°C) as a result of probable reactiamvden CyO and AbOs; in the powder
mixture. Since C#O phase is oxidized with increasing temperaturenfd®0 to 800°C, the
delafossite and CuO peaks are decreased and iedreaspectively. In addition, the peaks
of CuAl,O,4 spinel phase (ICDD 01-076-2295) are appeared @®@nd are stable up to
1000°C (Eq. (2)) at this thermal regime. As is obrgi from the XRD patterns, the delafossite
phase is formed at 1100°C. However, some smallspeakesponding to CuAlphase are
also can be seen in the pattern of 1000°C. Accgrttinthe thermodynamic stability phase
diagram of Cu-CyO-CuO systemHKig. 2a), CO phase is thermodynamically stable at
1100°C and air oxygen pressure. On the other Hamd, analysis confirmed the formation
of C,O at around 1020°C which is consistent with theltepresented in other studies [12].
For these reasons, the formed,QOwan react with AD3; forming CuAlG, phase. Another

possible reaction through which the delafossitesplean be produced is Eq. (3).

Fig. 5.
As mentioned before, in-situ XRD was carried outhwieating rate of 5°C/min and 30
minutes stop at some specific temperatures (400, B0O, 800, 900, 1000 and 1100°C) for
getting XRD curves (seEig. 6a). Furthermore, corresponding in-situ XRD curvesGi
sample as well as XRD pattern of the precursopeseided inFig. 6b. As can be seen, with
increasing temperature up to 400°C,Qwpeaks are disappeared and the delafossite peaks
are intensified. It can be said that at 400°C,CCreacted with alumina and formed CuAlO
phase, increasing the intensity of the delafogséaks. It is worth mentioning that with
increasing temperature from 400°C to 800°C, CuyAtbase peaks are getting smaller, and
then after, CuAIO, phase is appeared at 900°C, revealing the decdioposf delafossite
and formation of spinel phase through Eq. (3). Bhene results can be find elsewhere
[30,31]. In addition, from 900 to 1100°C, the amibahspinel phase is increased which can
be attributed to the formation of Cudl, by Eq. (2) [22]. It is worth noting that with

10



increasing temperature from 1000 to 1100°C, a pee&ted at 2-Theta of around 37.5°
become larger being attributed to CuAl@or better understanding the peak variation of
XRD curves,Fig. 6¢c demonstrates the patterns of 1000 and 1100°Ceimathge of 36-38°.
The literature studies suggest that the reductiddu® to form CwO phase can take place at
temperatures above around 1020°C [16,17,32]. Ferelason, a bulge located at the left-side
of the highest intensity peak of Cuyl, in the 1100° XRD pattern &fig. 6b (marked by 1 in
Fig. 6¢) could be attributed to GO phase. Since the delafossite phase can be pbdiyce
Eq. (6), the intensity of CuAl©is increased in the mentioned pattern, compariitig wer
temperatures (marked by 2 Kig. 6¢). Similar observation was also reported by Hulet a
[22]. It was said that the disappearance of sppiedse at high temperatures of around
1000°C is due to the formation of CuAlQhrough the following Eq. (5) and (6).
Furthermore, it is also reported that if excesswamof CuO exist in the powder mixture, the
delafossite phase could be formed by Eq. (3) witleguilibrium Q partial pressure of 0.048
bar [22]. In the present study, the forward reacii® favored because the applied oxygen
pressure was around 0.21 bar. It is reported that much slower rate of spinel
decomposition in comparison with CuO phase is yildtle to chemical kinetics rather than
thermodynamics [22]. Finally, it should be mentidribat the Pt peaks in the XRD patterns
of Fig. 6b came from the sample holder of the applied XRDIrimsent.

Fig. 6.
Furthermore, all the precursors were heated froomréemperature to 1100°C and kept for
different durations. XRD patterns of the H, CH d&ndamples after applying heat-treatment
at 1100°C for duration of 1, 3 and 5 hours withregponding temperature-time graphs are
presented inFig. 7a-d. As can be seen in the XRD pattern of H1, all thain peaks
correspond to CuAl® Moreover, some minor peaks denote CuO phaseeipdttern, while
all the peaks in H3 and H5 samples are relatedetafassite phase. In order to better
understand the XRD results, thermodynamic stabiibase diagram of Cu-@D-CuO
system is consideredFig. 2b). As is shown irFig. 2b, at temperatures lower than 1050°C
and atmospheric pressure (legP-0.67), CuO is the stable phase. Since the heatAient
was performed from atmosphere temperature up t6°Cl@nd the samples were hold at the
target temperature for specific durations (1, 3 afaburs), CeO and Cu phases transform to

CuO at lower 1050°C and upper the mentioned terhperaCuO is formed, immediately

11



reacting with A}Os3 to produce CuAl@ It is worth mentioning that kinetics describesvho
fast the reaction proceeds from reactants to ptsduiherefore, it can be said that the
duration of 1 hour is not enough for complete faioraof delafossite and small amount of
CuO can be detected in the corresponding XRD pettéseerig. 7b, c andd). Comparing
the samples in each group, it can be said that wifeasing heating duration from 1 to 5
hours, CuO phase become disappeared. Furthermorearabe seen ifkig. 7b and d,
duration increment from 1 to 3 h makes CuAl@eaks sharper and after that the peaks get
smaller (at heat-treatment of 5 h) for both H ansbfples. In the case of CH samgtey(
7¢), the intensity of delafossite peaks, first desesband then increased with increasing time
from 1 to 5 hours. The reason for these observateauld be attributed to the presence of
two eutectic points in Cu+G0 and CyO+CuO systems [36]. Since the eutectic melting
points of the mentioned systems are lower than A1 0the eutectic phases may be locally
formed, solving CuAl@ during heat-treatment which results in the redunctiof its
diffraction peak intensities. However, after 5 telreat-treatment process, CuAl@Peaks
become stronger again in the case of CH sample.

Fig. 7.
In order to investigate the morphology of the hea&ted powder samples, SEM studies were
carried out for F1 sampl&ig. 8a-d). According to the SEM image &ig. 8a, three different
morphologies can be obviously seen in the microtitre. The marked area in section (a) is
provided in Fig. 8b at higher magnification showing Ab; nanomaterials with flaky
morphology as also reported elsewhere [34, 35hduld be said that these nanoflakes were
appeared after crystallization by applying heagttreent, as also reported elsewhere [39].
Moreover, EDS analysis taken from the nano-agglatedrarea of AD3; shows sharp peaks
corresponding to aluminum and oxygen (B&g 8b). It is worth mentioning that Cu peak in
the EDS pattern came from Cu containing compouhdiseabackground. Based on the SEM
investigations, it was found that the diameterckhess and aspect ratio of alumina nano-
flakes are about 380, 40 and 9.5 nm, respectivelgddition, SEM image dfig. 8c shows
CUuAIlO, powders together with semi-spherical phases. €geomns marked by 1 and 2 are
provided at higher magnification Fig. 8d. Comparing the EDS results Big. 8d, it can be
found that phase 1 has small amount of Al, whilageh2 possesses significant amounts of Al
and Cu. Combining XRD result&ig. 7d) with EDS analysis, phase 1 and 2 can be attrbute
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to CuO and CuAlQ respectively. In addition, as can be seeRim 8d, the formed CuAlQ
crystallized in a layered structure being markedthyy arrows. It was reported that this
layered structure epitaxially growth parallel to-ich planesFigure 8e depicts a unit-cell
with rhombohedral configuration in which Cu-rictapks are basal (0003) planes [37-39].

Fig. 8.
Based on the inter-layer spacing calculations, whkiere done on the SEM images, it was
found that the layers have an average separatgtande of around 56.186 nm, as is shown
in the schematic and SEM imagesFof). 9. Moreover, it was reported that the (0001) basal
planes (or (0003)) of the CuAlhave the intervals of around 0.564 nm. The interval
corresponds to one third of the c-axis lattice tamsof CuAIQ [37,38]. Therefore, it can be
claimed that the CuAl®layers, in the present study, are formed paral€l0003) planes,
because the inter-layer distance (56.186 nm) isoxppately hundred folds of the 0.56 nm
intervals. These results indicate that CufAitows epitaxially on its basal planes.

Fig. 9.
Figure 10a, b and ¢ show SEM micrographs of F sample after treatingl HB0°C for
different durations of 1 (F1), 3 (F3) and 5 houF®)( respectively. As can be seen, with
increasing heat-treatment duration from 1 to Shie,dmount of AlO; nanoflakes as well as
CuO is decreased, while the delafossite phasecisased. This can be attributed to the fact
that, with increasing time at high temperature ®90°C, CuO phase reduced to,Ouand
simultaneously reacted with alumina forming CuAl2lafossite phase [16,19].

Fig. 10.
Morphology and structure of the prepared powderewaso investigated by transmission
electron microscopy (TEM) in detail. In this regafdEM micrographs of CH3 sample are
provided inFig. 11. As can be seen, the powders have a flaky-morglolath lamellar
structure which is consistent with SEM results. Breows in the figures show CuAIO
layers with an average inter-layer spacing of adouwB.7 nm which is approximately ten
folds of the basal plane intervals. It is worthingtthat this kind of morphology of CuAKO
was observed for the first time in the present wanld, to the best of our knowledge, was not
reported elsewhere.

Fig. 11.

3-2-2- Discontinuous heating
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As another thermal regimé&i@. 12a), H, CH and F samples were directly placed in® th
furnace at 1100°C being kept for 30 minutes andj@nched immediately to investigate the
formation of CuAlQ. Figure 12b shows the XRD results of CHO.5, HO.5 and FO0.5 dasap
As is obvious, all the peaks correspond to thefdetite phase confirming the formation of
CUuAIQ;, just after 30 minutes heat-treatment. Howevemnallspeak in CHO.5 sample was
denoted as alumina phase and the presence #;Ak further confirmed in the
microstructure by inset SEM image &fig. 12b. Furthermore, in order to study the
morphology of the formed delafossite after applyB® minutes heating, SEM images of
HO.5, FO.5 and CHO.5 samples are present&ignl2c, d ande, respectively. As is obvious,
the lamellar structure of CuAlCcan be clearly seen in the magnified SEM microgsapf
all three sampled~(g. 12c-e).

Fig. 12.

To better understand the effect of discontinuowihg on the crystallization of CuAlOthis
thermal regime was applied at different temperaty#©0, 600, 700, 800, 900, 1000 and
1100°C) for CH sample as demonstrated in the sdieofaig. 13a. Figure 13b shows the
XRD patterns which were obtained after heat-treatreg different target temperatures.
Moreover, XRD pattern of CH precursor is also shownFig. 13b in order to better
understand the peaks evolution. As can be seEigiri3b, Cu peaks intensities significantly
become smaller at 400°C because of enough durfitio@u,O and CuO to be formed (in
comparison with continuous condition). In the tenapgre range of 600-800°C, CuO phase is
thermodynamically stable which can be confirmedt® XRD results. However, at 900°C,
CuO reacted with alumina making spinel phase (@Al appear. Above the mentioned
temperature, i.e. 1000°C, which is highly closethe reduction temperature of CuO
(1020°C), the formed GO is reacted with AlD; resulting in the formation of CuAlKphase.
Nevertheless, CuO peaks still present in the XRiepa of 1000°C which reveals that the
time for completion the of Eq. (4) was not enougls. is obvious, at the temperature of
1100°C, all peaks correspond to delafossite pHdgais temperature, the formation of £u

is kinetically favorable, and therefore, the forimatof CuAIG; is facilitated through Eq. (6).
However, a small amount of spinel phase might beéal at this temperature which could

not be detected by XRD analysis. Moreover, TEM iesagf Fig. 14, which belongs to
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CHO.5 sample, again reveals the lamellar struatdirthe 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 discontinuouattieeated samples, the delafossite main
peaks can be obviously seen at a temperature &@0OFig. 13b). In this regard, solution
combustion process was performed at higher tempesabf 1000, 1100, 1200 and 1250°C,
instead of 300 and 500°Ckigure 15a shows the XRD patterns of the combustion
synthesized samples at the mentioned temperaBassed on the patterns, it can be said that
the delafossite phase is crystallized through the-siep solution combustion at 1000°C.
However, some peaks corresponding to alumina arfd ghases can also be detected in the
pattern without any sign of GO and Cu presence. Therefore, CuAlfhase may be
produced directly from the reaction between@wand AbOs; during the one-step process.
Moreover, comparing the XRD patterns reveals tlna intensity of CuAl@ peaks is
increased being attributed to the higher formatb€u,O phase which reacts with alumina
and finally forms higher amount of delafossite ghasth increasing temperature from 1000
to 1250°C. In addition, with increasing temperatén@m 1100 to 120, Al,O; peaks
become disappeared while the intensity of CuO andhl@Q, peaks is decreased and
increased, respectively. Finally, delafossite peales dominant in the corresponding XRD
pattern after applying a one-step combustion swmh&ithout controlling the atmosphere at
1250°C Figure 15b demonstrates the SEM micrographs of the powdepkasgynthesized at
1250°C. As is obvious, the sample has a 3D hiei@ktporous structure which includes the
pores having mean size of 18 with the pore walls possessing numerous sub-poces
with a size range of ~300-800 nm. The achieved yoiructure can be attributed to the
rapid release of the gases products during the gstidm synthesis [16]. The produced
porous sample and its application in biomedicdt§iewvill be explored in the future studies
in detail. Variation of adiabatic temperature agiaction of initial applied temperature is

illustrated in Figl5c. With increasing initial temperature, the adiabatemperature is
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increased theoretically. According to the XRD réswdf Fig2a, initial temperature has a
main effect on the resultant product after comlonstin addition, the powder morphology of
the solution combustion synthesized sample at 12%@%s also investigated by TEM and the
corresponding micrographs are presentefign 16. As is obvious, the powders have a flaky-
morphology with lamellar structure. Furthermoree thrrows inFig. 16a show CuAlQ
layers with an average inter-layer spacing of adotf.8 nm which again is approximately
ten folds of the basal plane intervals. Finally,cén be said that CuAlOphase was
successfully obtained through a one-step combustiathesis for the first time.

Fig. 15.

Fig. 16.
4- Summary

To sum up, two different processes (one-step vssiwp) were applied to produce CuAlO
powder sample. As a one-step process, SCS wasatskterent temperatures. On the other
hand, as a two-step process, SCS followed by asmtis and discontinuous heat-treatment
were applied. Furthermore, in-situ XRD was alsodugeinvestigate the evolution of phase
composition during continuous heating. based onrtkstu XRD tests (heating at 5°C/min)
which lasted around 8 hours, it can be said thatntentioned prolonged time kinetically
satisfied the formation of spinel phase. Howevee spinel phase was not detected in
DTA/continuous heating (heating at 5°C/min) whigsteéd around 3 hours, because the
nucleation of CuAlO, is so slow and kinetically need an appropriateation [43]. It was
also reported that the rates of spinel formationcrelese in the sequence of
ZnAl,Oz>MgAl,0>CuAl,O4 [44]. Furthermore, regarding the spinel phase ohposition

in the applied in-situ XRD the following points shd be stated. CuAD, has high thermal
stability and will decompose at almost high tempees or high durations [45]. Therefore,
the formation of CuAlQ@ delafossite is postponed to higher temperaturestidns. \When the
precursors containing @0/Cu directly experience 1100°C for 30 minutEsg( 12b), the
final phase is delafossite, because in the merditeraperature GO phase is stable reacting
with alumina to form CuAl@ It can be said that the heat-treatment time durateeded for
the crystallization of CuAl@was lowered to 30 minutes at 1100°C by exertin® $6 the
mixture of starting materials, because it was regabthat without applying SCS, delafossite

phase was achieved by heat treating ofZAl,O; powder mixture at 1100°C after a long
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duration of 20 hours [10]. However, when the hegiivas applied continuously from room
temperature up to 1100°C and the sample was heldl foour, Cu and GO phases were
oxidized forming CuO. Since the formation of CuAl@ happened through the reacting
between C¢O and alumina, therefore, the duration of contirsuthiermal regime may not be
enough to fully form CsO from CuO, and some small peaks still exist in XD pattern
(see Fig. 7b-d). Briefly, it was revealed that different thermatgimes affect the
crystallization of CUAIQ because the samples experienced different dusatiprio 1100°C.
At discontinuous thermal regime in which the sanmgtperienced a short duration, CuAlO
phase was formed at 1000°Eid. 13b). While, in the in-situ XRD test, the final phaat
1100°C was CuAD, and the delafossite phase may be formed at highgveratures/higher
durations. Based on the XRD results of differeetitiial regimes, it can be said that at higher
durations (3 and 8 hours) of in-situ XRD and cambms heating, spinel phase could be
formed and stable at higher temperatures postpottieg delafossite phase formation.
However, discontinuous heating at 1100°C preveatfohmation of spinel phase. Hence, it
can be concluded that decreasing the duration atftheatment and preventing the formation
of spinel phase are favorable for the formationeafossite CUAIQ As mentioned before,
high temperature and very short duration can beéecaet by SCS process because of its
rapid nature and for the mentioned reasons CuM@s successfully synthesized through a
one-step SCS process. It should be mentioned tigaptoduced delafossite phase in the

present study had a flaky-shape morphology witreleanstructure.

5- Conclusions

In this study, CuAl@ was successfully produced via a one-step processgly solution
combustion synthesis (SCS). In addition, delafes§ilAIO, phase was also successfully
synthesized using SCS followed by heat-treatmewmb-@tep process) in order to accelerate
CuAIlQO, crystallization. The powder precursor was prepdredh copper and aluminum
nitrate together with hexamine at three differeohditions as follows: (i) on 300°C hot-
plate/open system, (ii) on 300°C hot-plate/closgslesn (producing low oxygen partial
pressure), and (iii) in 500°C furnace. After prépguthe precursors (SCS), heat-treatment
with different thermal regimes (continuous and digmuous heating) was applied in order
to produce a single-phase CuAl@wo-step process). As a one-step process, SCS was

performed on the before-prepared solutions in tieace with temperatures of 1000, 1100,
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1200 and 1250°C. Composition, microstructure andphmdogy of the produced powders
were studied by XRD, in-situ XRD, SEM and TEM. Addimg to the in-situ XRD test
performed from room temperature up to 1100°C, it fi@nd that the formed delafossite
phase decomposed in the range of 400-800°C, am tthe CuA}O, spinel phase became
appeared. However, at 1100°C, a small amount oflGQuavas found in the pattern being
attributed to the decomposition of Cu@®k spinel phase. In discontinuous heating, it was
revealed that the mentioned condition was suitdbtedelafossite phase to be achieved.
Moreover, it was found that when the precursordaiomg CyO/Cu phases directly placed
at 1100°C for 30 minutes, the final phase is dskife. However, when the heating was
applied continuously from room temperature up t6QPC and kept for 1 hour, Cu as well as
Cw0O phases were oxidized producing CuO. The time ewkéal continuous thermal regime
was not enough to fully form GO, and therefore, CuO phase was observed togetitier w
CuAlO,. Moreover, in the one-step SCS, delafossite peakse dominant in the
corresponding XRD pattern after applying combustgymthesis atmosphere at 1250°C.
Furthermore, SEM and TEM studies revealed a lamstfacture of CUAIQ powder sample
which was formed parallel to the delafossite batahes (0003). Finally, it can be said that
one of the main challenges in the formation of GA\i.e. high operation time to be needed
for producing delafossite phase, was solved ingtidy. The present findings may open up a
window to the new area in which other delafossitgtemnals such as CuCsOCuAgG;,

CuScQ and so on can be produced.
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Table 1. A summary of the reactions 1-6 including reactaintermediate phases and final

products.
Reactants I ntermediate phases Final products  References
Cuw0, Al,O3 CuO, ALO3 CuAl,0O4, CuO CuAlO; (1100°C) [22]
(200°C-500°C) (<1100°C)
CuO, ALO; Cu,0, CuALO, (1020°C) CuAlO; (1100°C) [12]
Al, CuO Cu0, Al,O3 (570°C) CUuAlO; (>800°C) [24]
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Fig. 8. (a-d) FESEM micrographs of F1 sample showinged#iht morphologies: (a)
agglomeration of nano-Alumina at lower magnificatigith corresponding higher

magnification SEM image (b) and related EDS analy&) a unit-cell with rhombohedral

configuration.

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

intervals between basal planes.

decreasing amount of ALO;
decreasing amount of CuO

Yvy

increasing amount of CuAlQO;

Fig. 10. FESEM micrographs of F1 (a), F3 (b) and F5 (o)glas after heat-treatment at
1100°C.
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Fig. 12. Discontinuous thermal regime: (a) Temperaturestgraph for 30 minutes heat-
treatment at 1100°C and (b) XRD patterns of HO®BS lend CHO.5 samples. The inset shows
alumina nanoflakes. FESEM micrographs of HO.5K0)5 (d) and CHO0.5 (e) samples.
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of CH sample.

Fig. 14. TEM micrographs of CHO.5 powder sample showiagytmorphology with

lamellar structure (marked by arrows in section b).
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Fig. 15. (a) XRD patterns of the samples after one-step &Ciferent temperatures, (b)
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Fig. 16. (a, b) TEM micrographs of the as synthesized powdetple after one-step SCS at
1250°C.
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