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This study is a comprehensive investigation into CuO-doped ZrO2 nanoparticles 
(NPs) produced by the hydrothermal method and its conventional (CS) and flash-
sintering (FS) processes. Besides this production, the effect of the differences in 
sintering techniques and density was investigated to prove the results. However, to 
the authors’ knowledge, the FS of CuO/ZrO2 nanocomposite (NC) material has yet 
to be studied, which is the first report on this material. The CuO/ZrO2 nanocomposite 
particle (NCP) pellet was sintered at 1250 oC for 1 hour using CS. The other sintering 
method is FS, which obtains highly dense NCs. The CuO/ZrO2 NCPs pellet was 
successfully produced with the lower sintering temperature (673 oC) and duration 
(60 seconds) by FS under a current density of 50 mA/mm2, and electric field (100 
V/cm).  The microstructure and density of the pellets produced from CS and FS 
experiments were evaluated. The SEM results showed that the CuO/ZrO2 NCPs with 
the FS experiment were successfully performed, and density results with 4.38 g/cm3 
proved this success compared to CS pellet density (3.72 g/cm3). The FS process for 
CuO/ZrO2 NCPs consumes ~ 2.2 kJ (0.227 kJ/cm³), whereas CS samples require ~ 
13 kJ (54 kJ/cm³), making FS approximately six times more energy-efficient. This 
significant reduction in energy consumption highlights FS as a promising method for 
future applications focused on carbon emission reduction and energy efficiency. 
 

 
1. Introduction 
 
Copper and its alloys are ideal candidates due to 
their excellent thermal and electrical 
conductivity. Despite these properties, copper 
exhibits low wear resistance and limited strength. 
To improve such properties, ceramics are added 
to the metal composition to produce materials 
with a new composition and properties. In the 
literature, these materials with metal-ceramic 
combinations are called metal-doped 
composites. Metal-doped materials are widely 
used in high-performing aerospace, defense, and 
automotive applications. Since these materials 
can be found in many variations due to their 
structure, they can be combined with excellent 
thermal stability and mechanical properties. 
Additionally, materials with high electrical and 

thermal conductivity can be produced for use in 
various applications [1, 2]. 
Recently, scientists have investigated various 
material compositions by enhancing their 
properties using CuO-doped ceramics with 
materials such as ZrO2, Al2O3, TiB2, SiO2, and 
graphene [3-5]. This approach has led to 
extensive research on CuO-doped ZrO2 
ceramics, demonstrating excellent mechanical 
and physical properties  [2, 6-8]. 
 
Zirconium dioxide (ZrO2) is well-known for its 
high thermal stability, mechanical strength, and 
excellent ionic conductivity in terms of hardness, 
photocatalytic degradation, and wear resistance. 
When doped with materials such as copper, 
cerium, or yttrium, the properties of zirconia can 
be further enhanced, resulting in improved 
structural characteristics and thermal properties. 
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This doping process increases the material’s 
resistance to deformation and enhances its 
overall stability under extreme conditions. These 
combined properties make ZrO2 a critical 
component in various industrial applications, 
including fuel cell technology and advanced 
ceramics [9].  
 
CuO/ZrO2 NCPs have drawn significant 
attention due to their enhanced functional 
properties and the broad range of applications 
[10]. These NCs combine the catalytic efficiency 
of CuO with the robust structural and thermal 
properties of ZrO2. The CuO/ZrO2 NCPs are 
notably used in catalysis for reactions such as the 
benzylation of benzene, where they demonstrate 
higher catalytic efficiency than individual CuO 
or ZrO2 catalysts. This increased efficiency is 
attributed to the synergistic interactions between 
CuO and ZrO2, leading to improved dispersion of 
active sites and greater stability under reaction 
conditions [11, 12]. Furthermore, these NCPs are 
utilized in environmental applications such as the 
electrochemical reduction of CO2 to ethylene, 
demonstrating high faradaic efficiency and 
current density, which are critical for sustainable 
energy solutions. The unique properties of 
CuO/ZrO2 NCPs make them valuable in various 
fields, including energy storage, environmental 
remediation, and catalysts in chemical synthesis 
and industrial processes [12].  
 
The literature indicates that mechanical alloying 
[1, 2], hydrothermal processes [13], sol-gel 
methods [14], and electrospinning [13, 15, 16] 
can be used to prepare metal-doped composites. 
After these production methods, powders are 
compacted and sintered. Sintering has been 
conducted in various ways over the last decade, 
including CS, microwave sintering [4], spark 
plasma sintering (SPS) [17], and FS [16]. Using 
these sintering techniques CuO/ZrO2 NCPs can 
be used in various applications, including 
photocatalytic degradation, wear resistance, and 
improvement of electrical conductivity. Despite 
the use of other ceramic materials to enhance the 
properties of ZrO2, research on integrating a very 
fine grain structure into CuO and exploring its 
physical, microstructural, and sintering 
techniques remains limited.  
This study investigated the effect of CS and FS 
on the microstructures and densities of 

CuO/ZrO2 NCPs produced by the hydrothermal 
method in a 1:1 weight ratio, providing insights 
for future research. CS of CuO/ZrO2 NCPs 
requires several hours at 1200 to 1500°C to 
achieve full density [18]. However, FS offers a 
mechanism for achieving similar results at lower 
temperatures in shorter periods. Additionally, a 
comparison of FS and CS effects on CuO/ZrO2 
NC microstructures and density has not yet been 
reported. To the best of the authors’ knowledge, 
this study is the first report to explore this 
comparison of the CuO/ZrO2 NCPs 
densification. 
 
2.2. Materials And Methods 
 
2.1. Materials 
 
Zirconium (IV) nitrate pentahydrate 
(Zr(NO3)4.5H2O, China) and sodium oleate 
(NaOL, CH3(CH2)7CH, China) were used for the 
production of ZrO2 NPs. Urea (Co(NH2)2, Sigma 
Aldrich) and copper (II) nitrate hydrate 
(Cu(NO3)2.2.5H2O, Sigma Aldrich) were 
purchased for the production of the CuO 
particles. Ammonia was purchased to adjust pH 
and used for synthesizing both particles. Distilled 
water was utilized for hydrothermal synthesis. 
 
2.2. Synthesis of CuO/ZrO2 NCPs 
 
In the previous study, CuO/ZrO2 NCPs were 
produced by hydrothermal synthesis [15]. 
Briefly, this synthesis has two steps and is 
schemed in Figure 1. First, in two separate 
beakers, Zr(NO3)4.5H2O (metal source) was 
dissolved in 30 ml and NaOL (surfactant) in 15 
ml of water mixed in a 1/2 volume ratio for 10 
minutes at room temperature. The solution pH 
was adjusted to 9.4 with NH3, and the white 
precipitate became homogeneous. Then, in two 
separate beakers, 0.1 M Cu(NO3)2.2.5H2O, and 
urea were dissolved in 50 ml of water and stirred 
for 15 minutes. After mixing solutions, the pH 
was adjusted to 9.4. The two solutions were 
stirred in a 1/1 volume ratio for 10 minutes. The 
final solution was transferred to the hydrothermal 
unit at room temperature and heated at 200 oC for 
13 hours. In the second step of this process, after 
13 hours at 200 °C, the autoclave was cooled 
down to room temperature. Black precipitation 
was washed with water, ethanol, and acetone and 
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heat-treated at 600 oC for 3 hours. Additionally, 
each NP (ZrO2 and CuO) solution can be 
prepared individually using the same procedure.  
 

 
Figure 1. Scheme of the synthesis of the CuO/ZrO2 

NCPs 
 
2.3. Preparation of the CuO/ZrO2 NCPs 
pellets 
 
The CuO/ZrO2 NCPs were pressed using a 
uniaxial press (Hidroliksan, 2013) to make 
identical pellets under 50 bar pressure.  The 
pellet-type stainless steel die has a 13 mm 
diameter and 2 mm thickness. These green-
density pellet samples of the CuO/ZrO2 NCPs 
were prepared and used in the CS and FS stages. 
 
2.4. CS and FS methods 
 
One of these samples was prepared for the CS. 
CS was performed for 1 hour in a furnace 
(Protherm, PLF 130/10) heated to 1250 °C with 
a heating rate of 3 °C /min. 
 
A power source (Ametek, XG600-2.6) was used 
for the FS experiment to apply the DC electric 
field with the current control system. The 
maximum current was applied from the DC 
power source. The computer-aided system 
recorded the electric field and current flow (Fig. 
2). The pellet was positioned in a parallel plate 
capacitor experimental setup, a sandwich form 
for FS. The FS setup details have been mentioned 
frequently in our previous studies [16, 19-21]. 
The pellet was placed, and the wires were 
attached to the power source. A quartz glass 
window settled on the front of the furnace to 
record the FS experiment.  
 
The FS experiment furnace was programmed to 
increase the temperature to 800 °C with a heating 
rate of 15 °C /minute. When the flash started, the 
furnace temperature paused and was kept at that 

temperature. The graph was plotted using data 
obtained just before the flash started. (The data 
collected until the furnace temperature reached 
673 °C were not included in the graph). The 
power supply (DC) generates an electric field of 
chosen voltages to trigger the flash of the 
CuO/ZrO2 NCPs pellet. With the previous 
experience, the cut-off value was 50 mA/mm2 to 
minimize joule heating and avoid thermal 
runaway. Thanks to the current draw by the pellet 
would lead to joule heating, the internal 
temperature of the pellet was increased over the 
furnace temperature. This study has determined 
the current cut-off and electric field values. 
 

 
Figure 1. Parallel plate capacitor type of FS 

experiment setup [19]  
 
2.5. Characterization 
 
After the CS and FS experiments, the first phase 
structure was checked from the X-ray diffraction 
analysis (XRD, Europe 600 Benchtop XRD 
Instrument, Cu-Kα, λ=1.54 Å) in the range of 10-
100° and the scanning speed was 2 °/min. Then, 
the morphology of the before-sintering (green) 
CuO/ZrO2 NCP sample was examined by 
transmission electron microscopy (TEM, JEOL-
JEM 2100). Using scanning electron microscopy 
(SEM, Zeiss LS- 10) equipped with an energy 
dispersive X-ray spectroscopy (EDX) analysis 
was conducted on a gold-coated cross-sectional 
area of the CuO/ZrO2 NCPs pellet sample for the 
study of the after CS and FS experiment 
microstructures. After that, green, CS, and FS 
sample densities were measured using the 
Archimedes method.  
 
3. Results and Discussion 
 
The XRD pattern of the CuO/ZrO2 NCPs after 
heat treatment at 600 °C is presented in Figure 3. 
It is proven that, after heat treatment, a mixture 
of CuO and ZrO2 was achieved. The CuO and 
ZrO2 phases remain unchanged. The previous 
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study showed that ZrO2 peaks have broader 
intensity values than CuO peaks and ZrO2 NPs 
are smaller than CuO particles [15].  
 
The ZrO2 and CuO-doped ZrO2 NCPs crystallite 
sizes were determined to be 8.8 and 12.3 nm by 
the Debye-Scherrer formula, respectively.  
 
D = (k λ)/βcosθ      (1) 
 
In this equation, where D is the grain size, 𝜆𝜆 is 
the wavelength of X-ray diffraction (λ= 1.5404 
Å), K= 0.9 which is the correction factor, β is 
FWHM of the most intense diffraction factor 
(calculated with Origin software), and θ is the 
Bragg angle.  
 
The shape and size of the CuO/ZrO2 NCPs were 
investigated by TEM (Fig. 4), which are 
illustrated to be spherical-shaped, with a particle 
size of between 13-15 nm. This production 
method produces smaller particles than other 
methods, such as mechanical alloying [5]. 
 
Fine particles are good for forming composites 
because they have suitable dislocation for 
movement barriers and can be uniformly 
dispersed at inter-particle boundaries [22]. 
Similarly, spherical-shaped ceramic particles 
resulted in better bonding than irregular ones for 
Cu/ZrO2 composites [13, 14].  
 
The high-resolution transmission electron 
microscopy (HR-TEM) inset in Fig. 4 reveals 
that a spherical shape and 14.6 nm maximum 
particle size were produced with this NCP 
procedure. Furthermore, the inset of Fig. 4 
exhibits that the interplanar spaces are uniform 
and 1.3 Å. 
 

 
Figure 3. XRD pattern of the as-synthesis of the 

CuO/ZrO2 NCPs 
 
The 100 V/cm electric fields were applied to the 
CuO/ZrO2 NCPs pellet in a parallel plate 
capacitor geometry. The current was kept 
constant at 50 mA/mm2 to be sure the current 
density was not exceeded. The sample was 
heated to 800 °C with a 15 °C /min heating rate. 
The current-voltage data was recorded as a 
function of time.  
 
The electric field-assisted system is described in 
three stages. Stage I is incubation, Stage II is the 
transition stage, and Stage III is the steady state. 
Stage I shows no current draws until flash starts 
and Stage II shows the current’s cut-off value. At 
Stage III, the current control of the power supply 
is maintained (Fig. 5). 
 
CuO/ZrO2 NCP pellet under the 100 V/cm 
applied field showed no current draw until the 
furnace reached 670 °C (Stage I). At the end of 
Stage I, the sample showed insulator behavior 
(between 25 °C and 670 °C). The current leakage 
was detected as 1.6 mA/mm2 during this stage. 
When the furnace reached 673 °C, the current had 
a maximum point of 50 mA/mm2, and the electric 
field decreased to 40 V/cm. As the flash began 
673 °C, the furnace temperature was paused and 
maintained at a constant level. This allowed for 
the measurement of the sample temperature 
during the flash process. In the graph part of the 
incubation stage was shown and finished in less 
than 28 seconds.  
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Figure 4. TEM images of the CuO/ZrO2 NCPs (the 

inset on the left side of the figure presents the 
magnification of the circled area) 

 
At Stage II, the sample conductivity started to 
increase. Furthermore, the transition stage 
showed a rapid increase in the current draw at 
673 °C. The DC power source was changed from 
voltage control to a current control system to 
avoid excessive Joule heating. At that time, the 
sample had a maximum power absorption at this 
stage of the FS. After the flash, the sample 
temperature reached at 773 °C in 15 seconds. 
Overpower absorption could lead to high Joule 
heating, causing abnormal grain growth, which is 
not recommended. The Stage III of this 
experiment is to retain the current control of the 
power supply. The power source shut down 
within 30 seconds when the current density was 
stabilized. FS (Stage II), spanning 15-20 seconds 
during Stage III, is believed to be part of the FS 
process. 
 
The FS experiment was completed in 60 seconds 
with three stages. In the literature, at least 1 hour 
of production time at 1250 °C is required for the 
CS process in CuO/ZrO2 NCPs [23]. The method 
used in this study reduced the sintering 
temperature by 577 °C and the sintering time to 
60 seconds with electric field assisted/FS. 
 

 
Figure 5. FS experiment of CuO/ZrO2 NCPs under 

100 V/cm electric field at 673 oC furnace 
temperature 

 
The FS energy consumption of the CuO/ZrO2 
NCPs is approximately 2.2 kJ, corresponding to 
an energy density consumption of 0.227 kJ/cm³. 
In contrast, CS samples in the same furnace 
consume around 13 kJ per unit, which 
corresponds to an energy density consumption of 
54 kJ/cm³. Thus, the energy consumption of the 
flash-sintered sample was approximately six 
times lower than that of the sample sintered using 
the conventional method. The FS method shows 
promise for producing CuO/ZrO2 NCPs in future 
applications, particularly concerning carbon 
emission reduction and energy saving. 
 
Figure 6 represents the microstructure 
morphology of the conventional and flash-
sintered samples taken from the cross-sectional 
area. SEM micrographs taken from the cross-
sectional area of the CuO/ZrO2 NCPs material 
for CS are shown in Figure 6a.  
 
The orange dashed area inset of Fig. 6a was given 
as the magnified area of the selected. Besides, 
Figs. 6c and 6d show the elemental mapping of 
the orange dashed line area in Figs. 6a and 6b, 
respectively. Furthermore, the EDX spectrum in 
Figs. 6c and 6d reveal that the sample comprises 
Cu, Zr, and O elements. Fig. 6a observes that the 
intergranular boundaries do not disappear with 
CS, and the sintering process does not take place 
sufficiently. The microstructure shows the 
formation of a less porous, high-density 
structure, confirming the density measurement 
with the FS pellet (Fig. 6b). After the sample was 
brought to room temperature, the density was 
measured according to Archimedes’ principle.  
The density for the green, conventional, and 
flash-sintered samples was measured as 2.92, 
3.72, and 4.38 g/cm3, respectively. FS has been 
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demonstrated to decrease grain size, resulting in 
a higher density compared to samples sintered 
using conventional methods. Moreover, with this 
value, it was proven that the sintering process 
obtained from the SEM micrograph was 
successful and convenient. These values were 
very reasonable compared to the literature [1-3, 
22]. 
 

 
Figure 6. SEM micrograph of a) conventional, b) 
flash-sintered CuO/ZrO2 NCPs and EDS and EDX 
analysis of c) CS and d) FS sample selected areas 

 
4. Conclusion 
 
This study was compared with an applied electric 
field-assisted/FS and CS technique to obtain 
highly dense CuO/ZrO2 NCPs. The best authors’ 
knowledge from the literature, FS of CuO/ZrO2 
NCP material has yet to be studied. Thus, this 
study is the first report on this material using the 
FS method. 
 
The CuO/ZrO2 NCP pellet sample was exposed 
to an electric field of 100 V/cm with a current 
density of 50 mA/mm2, and no current draw was 
recorded in the experimental system. The 
maximum current density was achieved at 673 
°C, and the power supply was self-regulated by 
the electric field-current relationship. 
Furthermore, in the flash experiment, the system 
measured the sample temperature of ~737 °C.  
 
The CS of the CuO/ZrO2 NCPs pellet was 
sintered at 1250 °C for 1 hour. The density of the 
green, CS, and FS of the CuO/ZrO2 NCPs 
samples was measured by the Archimedes 
method as 2.92, 3.72, and 4.38 g/cm3, 

respectively. In light of the SEM micrographs, 
the grain boundaries cannot disappear with CS. 
However, the FS experiments allow for obtaining 
denser microstructures than those obtained with 
CS. The density results of the CS and FS pellets 
confirmed the SEM micrograph images. This 
experimental procedure reduced the sintering 
temperature by 577 °C and the processing time 
from 1 hour to 60 seconds for producing products 
with CuO/ZrO2 NCPs at lower temperatures and 
resulted in a denser structure. The FS process 
significantly reduces energy consumption, 
requiring about six times less energy than the CS 
method. This makes FS a promising technique 
for producing CuO/ZrO2 NCPs, especially in 
applications where reducing carbon emissions 
and energy saving are the priorities. 
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