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A B S T R A C T   

During the last decade, misfit layered calcium cobaltite (Ca3Co4O9) has appeared as a potential candidate for 
oxide thermoelectric materials. In the present work, we report improved thermoelectric properties of Ca3Co4O9 
through a facile synthesis route. Ca3Co4O9 based composites have been prepared by mixing different wt. % of Cu 
using ball-milling. The pure and composite powdered samples have been consolidated into bulk ceramics by 
spark plasma sintering (SPS). The detailed structural investigations reveal a multiphase system comprising of Cu, 
Ca3Co4O9, Ca3Co4-xCuxO9 and a minority phase of Co3O4. The simultaneous improvement in the electrical 
conductivity and Seebeck coefficient results in an improved power factor and the highest value of 384 μW/m.K2 

at 973K have been obtained for the sample containing 5% Cu by wt. The conduction mechanisms have been 
discussed in detail to investigate the reasons associated with the improved thermoelectric properties.   

1. Introduction 

Energy generation is mostly accomplished through the burning of 
fossil fuels, which results in releasing of harmful gases mainly carbon 
dioxide, which leads to global warming. Therefore, the paradigm is 
shifting towards alternate renewable energy sources. Currently, ther
moelectric (TE) materials have gained immense importance for recy
cling waste heat into useful electricity and vice versa. The TE materials 
are used in various applications which are broadly classified into power 
generation- and solid-state refrigeration-modes [1–3]. The performance 
of any TE material is evaluated through a dimensionless figure-of-merit: 
ZT = (σS2/k)T, where, σ is electrical conductivity, S is Seebeck coeffi
cient, k is total thermal conductivity, and T is working temperature, 
respectively. σS2 is explicitly defined as power factor (PF). Thus ZT can 
be improved by increasing PF and decreasing k. For practical applica
tions, TE materials having ZT value ≥ 1 are considered good 

thermoelectric materials [4]. 
The thermoelectric community has been working hard in search of 

environment-friendly, thermally stable, economically cheaper and 
promising TE transport properties in several classes of materials, for the 
last two decades [5]. Currently, chalcogenides such as PbSe [6,7], SnSe 
[8,9], Cu2-xSe [10–12], and Bi2Te3 [13] have shown great improvement 
in their thermoelectric properties. Furthermore, fine carrier tuning 
through elemental doping and novel nano-structuring have greatly 
boosted ZT values. For instance, mosaic crystals of Cu2-xSe have shown a 
higher ZT value of 2.2 [11]. Besides promising TE properties, thermal 
instability at higher temperatures in the air is another issue to be 
addressed before deploying these materials into industrial applications. 
Therefore, oxide TE materials have received immense importance from 
the thermoelectric community due to their thermal stability, 
non-toxicity and in addition to their cost-effective and easy processing 
routes [14]. Thus various oxide materials like ZnO [15], SrTiO3 [16], 
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BiCuSeO [17,18], LaCoO3 [19], SmBaCuFeO5 [20], Ca3Co4O9 [21] 
along with some other materials have been investigated for better TE 
properties [22–26]. Funahashi et al. have reported higher TE perfor
mance of single-crystalline Ca2Co2O5, where the single crystalline 
whiskers have shown a higher ZT from 1.2 to 2.7 in the air from a 
temperature range of 473–973 K [27]. Contrarily, the polycrystalline 
Ca2Co2O5 (Co-225) exhibits a lower ZT value of 0.21 due to lower 
electrical conductivity as compared to its single crystalline counterpart 
[28]. 

Among the oxide thermoelectric materials, misfit-layered calcium 
cobaltite: Ca3Co4O9 (CCO) has received particular attention owing to its 
unique crystal structure. CCO is comprised of a natural superlattice 
structure consisting of two subsystems i.e., Ca2CoO3 as rock salt insu
lating layers and CoO2 as CdI2-conductive layers stacked alternatively 
along the c-axis direction. These two subsystems have monoclinic 
structures sharing the same values for parameters a, c and β but having 
different lattice parameter b, which makes CCO misfit-layered structure 
along b axis [17]. This high structural anisotropy played a crucial role in 
enhancing the thermoelectric properties of materials. In 
single-crystalline CCO, the ZT value reaches ~1 [29], however, the 
polycrystalline CCO, the ZT value is lower. Several researchers have 
outlined the different strategies for the enhancement of TE performance 
in polycrystalline CCO, such as novel nano-structuring [30,31], 
elemental doping [32–37], and composite formation [38–41]. Among 
the reported methods, Bi-doped CCO: (Ca2⋅8Bi0⋅2Co4O9) has shown an 
increased ZT value of 0.43 at 1073 K [41]. The excessive Bi is segregated 
at grain boundaries, which acts as a carrier filter for lowering the 
thermal conductivity. Similar effects of carrier filtering and crystal 
texture improvement were found in Ba doped CCO, where Ba was also 
segregated at the grain boundaries, and ZT was greatly enhanced to 0.52 
[42]. The simultaneous dual doping of Bi and Ba at the Ca site in CCO 
has further improved TE properties as reported by Boyle et al. [43]. 
Similarly, Zn doping at the Co-site in the rock-salt layer of CCO has 
increased carriers concentration which results in an improved electrical 
conductivity and thus ZT [44]. Another study on doping of Ag at the Ca 
site along with the segregation of the Ag phase has increased TE prop
erties [45,46]. Further, Cu-doping at Co-site has been reported to in
crease the thermoelectric properties [39 47,48]. 

Though, the mechanism of elemental Cu on the TE properties of CCO 
has not been investigated earlier. So, in the present work, Cu-based CCO 
composites have been prepared through planetary ball milling followed 
by consolidation into bulk by spark plasma sintering, to inquire about 
the effect of Cu addition on CCO’s TE transport properties. 

2. Experimental design 

2.1. Materials and methods 

Pure Ca3Co4O9 (CCO) was synthesized through the sol-gel method, 
as illustrated in Fig. 1, using reagent grade metal precursors and citric 
acid. The stoichiometric amounts of Ca(NO3)2⋅4H2O and Co 
(NO3)2⋅6H2O were dissolved into distilled water and then required citric 
acid in a molar ratio of metal ions: citric acid ≈1.5, as a chelating agent, 
was also added. The obtained solution was stirred for 3 h at 80 ◦C to form 
a homogenous solution. The obtained solution was placed in an oven at 
130 ◦C overnight. The obtained dried spongy gel was ground to fine 
powder followed by calcination at 800 ◦C for 8 h in the presence of air. 
The resultant product was again grounded to a fine powder. For the 
synthesis of Cu-based CCO composites, 5 wt% and 10 wt% of elemental 
Cu (99.9%) powder was mixed into as-synthesized CCO through Ball 
milling for 2 h in an ethanol medium. The obtained slurries were dried 
and thoroughly mixed again with the pestle and mortar to get homo
geneous compositions. The obtained pure and composite specimens 
were consolidated into bulk ceramics by spark plasma sintering (SPS) at 
750 ◦C for 5 min and under a uniaxial pressure of 50 MPa, in the pres
ence of an inert atmosphere. The obtained pellets were then cut into 
rectangular bars having dimensions 3 × 3x15 mm3 to be used for the 
determination of thermoelectric properties. 

Phase purity and crystal structure were determined by X-rays 
diffraction (XRD) pattern using Cu Kα radiations (λ = 0.15406 nm) with 
XRD: Rigaku. Scanning Electron Microscopy (SEM: TESCAN Mira-3) 
coupled with energy-dispersive spectroscopy (EDS) was used to 
examine grain morphology and elemental composition. The 
temperature-dependent electrical conductivity and Seebeck coefficient 
were measured simultaneously on a home-made computer-controlled 
apparatus (equipped with Agilent 34420A and Agilent 6612C meters) 
[41]. For the determination of electronic thermal conductivity with the 
aid of the Wiedemann-Franz law, the Lorenz number (L) values were 
estimated using the single parabolic band (SPB) model. 

3. Results and discussion 

3.1. Structural properties 

The crystal structure of pure and Cu-based Ca3Co4O9 (CCO) com
posite phases i.e., Cu-5% and Cu-10% was determined through XRD 
patterns, as shown in Fig. 2. It can be seen that the XRD pattern of pure 

Fig. 1. Schematic of step-by-step synthesis of pure CCO and Cu-based composites through sol-gel followed by SPS.  
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CCO is indexed to PDF # 21–0139, which reveals the purity of CCO up to 
the detectable limit of XRD. However, for the composite phases, all the 
specimens possessed the predominant phase of CCO and the presence of 
secondary phases i.e., pure Cu as indexed by PDF # 04–0836 and Co3O4 
as indexed by PDF # 78–1969. With these secondary phases, the 
emergence of a few new diffraction peaks was observed, which were 
intensified as Cu contents were increased from 5% to 10%. On the other 
hand, a small peak shift towards lower 2θ for both composite samples 
demonstrates partial substitution of Cu into the lattice of CCO. For Cu- 
10%, a slightly higher peak shift is observed, which represents a higher 
partial substitution of Cu into the lattice of CCO as compared to that of 
Cu-5%. The possibility of doping of Cu at Ca-sites is neglected because of 
the high difference in the ionic radii of Ca and Cu. Thus, based upon very 
small difference in ionic radii of Cu and Co, it can be concluded that Cu is 
partially substituted at Co-sites. As the Cu ion is little larger in ionic 
radius than Co ion, which induces tensile stress in the crystal lattice and 
as a result the XRD patterns were shifted towards lower 2 θ values [47, 
48]. The lattice parameters were determined from XRD patterns using 
the least-square refinement method, as shown in Table 1. With the in
crease in Cu content, a slight increase in all the lattice parameters is 
observed, especially in b1 and b2, which indicates that Cu substitutes 
partially into both layers and generates tensile stress. 

To determine phase distributions, the back-scattered electron (BSE) 
images and EDS area mapping were performed, as shown in Fig. 3(a–e). 
Freshly broken pellets were polished to study the different phases and 
their distribution in the Cu/CCO composites. The back-scattered elec
tron (BSE) image taken for the Cu-10% sample reveals that the com
posite samples are comprised of two-phase system represented by bright 
and dark contrast regions, as shown in Fig. 3(a). The bright and dark 
areas are corresponding to Cu CCO phases, respectively, as the atomic 
mass of Cu is greater than the average atomic mass of CCO. Furthermore, 
the EDS mapping of the Cu-10% sample as shown in Fig. 3(b–e), also 
validates the conclusion drawn by the BSE image that bright and dark 
regions, respectively, represent Cu and CCO. Secondly, the XRD analysis 
has also confirmed the presence of pure Cu phase along with Cu-doped 

CCO for the Cu-10% sample. Therefore, based on these structural 
characterizations, it is concluded that Cu doped CCO along with the 
elemental Cu phases has been formed. 

3.2. Thermoelectric transport properties 

The temperature dependent electrical conductivity (σ) of pure CCO 
and composite phases (Cu-5%, and Cu-10%) has been measured as 
shown in Fig. 4 (a). For all the series of samples, an increase in the 
electrical conductivity upon increasing temperature has been obtained, 
which confirms a semiconducting behavior of samples. The semi
conducting behavior is more prominent for the Cu/CCO composites as 
compared to pure CCO. Secondly, a sudden change in the slopes of 
curves above 573 K can be observed owing to the transition of the spin 
state of Co in CCO [49–53]. Magnetic and electrical anomalies around 
573 K mainly occurred due to the change in the magnetic moment of Co 
ions, which was reported earlier by Heikes et al. [50]. Later on, Yama
guchi et al. [51] and Abbate et al. [52] validated the spin-state transition 
of Co-ions in LaCoO3. The confinement of magnetic polarons with high 
spin values (S = 10–16) triggered due to the interaction of holes with 
low spin state Co-ions in LaCoO3 has been reported [51]. The effect of 
doping and temperature on the spin state of Co-ions in CCO has also 
shown similar shifts from low to high spin numbers at higher tempera
tures [54–56]. 

The electrical conductivity measured for pure CCO is 77.97 S/cm at 
323 K, which is superior to that of Cu/CCO composites at this temper
ature. With an increase of Cu contents in the CCO-composites, the 
electrical conductivity decreases but the highest electrical conductivity 
among all the samples was achieved for Cu-5% i.e., 90.74 S/cm at 973 K. 
This increase in the electrical conductivity of Cu-5% at higher temper
ature is associated with the doping of Cu at Co-site increases carriers 
concentration and small polaron hopping in CCO at higher tempera
tures. Here, in the present report, a notable decrease in σ by Cu addition 
is contrary to the previous reports on Cu-doped CCO, in which Cu sub
stitution at the Co-site of Ca2CoO3 layer in CCO has been reported to 
enhance σ by increasing carriers concentration [39,47,48]. However, in 
the present case, the reduction of σ may be associated with different 
reasons, but mainly due to the formation of the Co3O4 phase as 
confirmed by XRD (Fig. 2), which is a less conductive phase as compared 
to CCO. The σ of Co3O4 and some transition metal-doped Co2O3 lies 
between 0.1 and 10− 4 S/cm, which is very low compared to that of CCO 
[57–61]. F. Delorme et al. found a reduced σ in the composite of CCO 
and Co3O4 due to the lower intrinsic electrical conductivity of Co3O4 
than that of CCO [62]. However, in the present case, the partial sub
stitution of Cu at the Co site in the lattice of CCO along with the for
mation of Co3O4 was confirmed by XRD results, as shown in Fig. 1 (a&b). 
In CCO, the electrical conduction is accompanied mainly by CoO2 layers, 
while Ca2CoO3 rock-salt layers act as a reservoir of charge carriers. 
However, the partial substitution of Cu in CoO2 acts as strong scattering 
regions, which can reduce the overall σ by fluctuating the electrical 
pathways, as reported earlier [32]. Thus based upon XRD and electrical 
conductivity data, it is inferred that for a lower concentration of Cu (Cu 
5%), it first enters into Ca2CoO3 rock-salt layers where it increases 
electrical conductivity by increasing carriers concentration especially at 
higher temperatures, however, upon the further increase in Cu (Cu 
10%), it starts entering into CoO2 layers which lower electrical con
ductivity by introducing scattering site. 

Fig. 4 (b) shows modified Arrhenius plots of ln (σ.T) vs. 1000/T, in 
which linear fitting of the curve shows two regions i.e., low and high- 
temperature regions from 323 K to 573 K and onwards as represented 
by dotted and solid lines, respectively. Transport properties of carriers 
are dominated by the hopping of small polaron at higher temperatures in 
metal oxide like CCO [63]. The linear fitting in Fig. 4 (b) shows the 
conduction mechanism in this work is also accompanied by hopping the 
small polaron model, which is represented by the following equation as: 

Fig. 2. XRD patterns of pure and Cu-based composites of Ca3Co4O9 (a), and 
peak shift appeared due to partial doping of Cu into the lattice (b). 

Table 1 
Cell parameters of pure CCO and Cu/CCO composites determined through the 
XRD data, where b1 and b2 belong to the rock salt-type and conductive-type 
layers, respectively.  

Sr.No a (Å) b1 (Å) c (Å) β b2 (Å) b1/b2 

CCO 4.827 4.561 10.833 97.67 2.820 1.618 
Cu 5% 4.831 4.568 10.835 97.99 2.820 1.620 
Cu 10% 4.827 4.568 10.836 97.85 2.823 1.618  
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σ = σo exp
(
− Ea
KBT

)

(1)  

where Ea is the activation energy, KB is Boltzmann constant, T is the 
absolute temperature, and σo is given by; 

σo = nea2
(

A
T

)

(2)  

here n, e, a, and A are carriers concentration, electronic charge, inter-site 
hopping distance, and pre-exponential term associated with the scat
tering mechanism. 

The activation energy was determined from the slopes of the fitted 
line obtained by Arrhenius plots. The high and low-temperature regions 

i.e., from 323 K to 573 K and from 573 K to 973 K are characterized by 
their activation energies Ea1 and Ea2, respectively. The relation between 
activation energy and electrical conductivity is usually inverse; this 
trend is found in several oxides and inorganic materials, as reported 
earlier, where lower electrical conductivity is found with higher acti
vation energy [64–66]. At higher temperatures, higher activation energy 
is required for the conduction of carriers. Table 2 shows that the acti
vation energy Ea1 of the carriers was increased with the increase of Cu in 
the CCO/Cu composites in the lower temperature range, whereas this 
increase in activation energy may be associated with the rise of carriers 
scattering. The activation energy in the higher temperature range also 
increases with the addition of Cu, but the increasing trend of Ea2 is much 
higher than that of Ea2. Cu-10% has the highest activation energy at 
lower and higher temperature ranges as the scattering of carriers shows 

Fig. 3. Backscattered electron (BSE) images of Cu-10% (a) along with elemental distribution taken by energy dispersive spectroscopy (EDS) (b–e).  
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much increase and hole transportation becomes more difficult mainly 
due to the formation of the least conductive phase i.e., Co3O4 and by the 
partial substitution of Cu in conductive CoO2 layer of CCO by prevents 
carriers transportation and acts as strong carrier scattering regions 
which suppress the small polaron hopping by localization of charges. 
The results obtained for Cu/CCO are consistent with the data reported 
by Yao et al. for which a sharp decrease in polaron hopping of carriers 
was observed by the partial substitution of Mn at Co-sites in CoO2 layers, 
which resulted in strong charge localization and decreased the electrical 
conductivity and increased the activation energy and Seebeck coeffi
cient [28]. 

The temperature-dependent Seebeck coefficient (S) was measured 
for all the pure and composite samples from 323 to 973 K, as shown in 
Fig. 4 (c). A positive S value was obtained for all the samples, which 
confirms their p-type semiconducting behavior. For all the composite 
samples, S increased considerably as compared to that of pure CCO. A 
higher S value of 206 μV/K was obtained at 973 K for Cu-5%. The in
crease in S for Cu-5% is almost 20% higher than that of pure CCO. 

However, the further rise in Cu content into CCO, results in a decreased S 
value for Cu-10%. These results are consistent with the reported data on 
NaCo1⋅7Cu0⋅3O4 [67]. 

For the composite samples, Cu substitution mainly influenced by the 
concentration of Co+4 in CCO. The relation between Seebeck coefficient 
(S) and the concentration of Co+4 is described by the modified Heike 
formula as given below; 

S= −
KB

e

[
g3

g4

( c
1 − c

)]

(3)  

where KB/e is constant, c is the concentration of Co+4, g3, and g4 are the 
spin-orbital degeneracy of Co+3 and Co+4, respectively. It is concluded 
from the above expression that S is influenced by the spin-orbital de
generacy ratio (g3/g4) and can be enhanced by decreasing the concen
tration of Co+4. Spin entropy contribution can be disturbed by the 
substitution of elements in CCO, as it was previously concluded to in
crease S in Cd, Ba and Pb doped CCO [17,30]. Similarly, here in the 
present case, the partial substitution of Cu at Co-sites in CCO layers 
might have increased the spin entropy by decreasing the concentration 
of Co+4 which results in an increased S value. S of Cu-10% shows in
creases due to higher scattering at lower temperature range and then a 
slight decrease above 500 K, where the reduction in S up to 3% at 973 K 
in Cu-10% as compared to that of Cu-5% is observed due to agglomer
ation of Cu, which bypasses thermoelectric voltage between the 
cobaltite grains and decreases the S slightly. This result is consistent 
with the phenomenon revealed in Ag/CCO composites, where Ag in 

Fig. 4. Temperature dependence of thermoelectric properties of pure CCO and composite phase (Cu-5%, Cu-10), (a) Electrical Conductivity, inset graph represents 
Electrical Conductivity VS Cu wt % (b) Activation Energy, (c) Seebeck Coefficient and (d) Power Factor. 

Table 2 
The activation energies Ea1 and Ea2 are associated to low temperature (323 
K–573 K) and high temperature (573 K–973 K) regions, respectively.  

Sr.no Ea1 (meV) Ea2 (meV) 

CCO 39.1 69.3 
Cu-5%/CCO-95% 45.1 99.4 
Cu-10%/CCO-90% 49.2 125.6  
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between the cobaltite grains either has little effect on S or considerably 
degrades S by nullifying the thermoelectric voltage [38,40]. Thus the 
presence of Cu as a metallic phase can degrade S significantly. However, 
this suppression was minimal, and Cu-10% still possesses higher S values 
than that of pure CCO due to the higher scattering of carriers and spin 
entropy contribution. 

The power factor (PF): S2σ of pure CCO and Cu/CCO composites was 
calculated from measured values of S and σ and, as shown in Fig. 4(d). 
The PF is increased with increasing temperature for all the samples. The 
highest PF value of 384 μW/m.K2 at 973 K has been achieved for Cu-5%, 
which is about 63% higher than that of pure CCO. This promising in
crease is associated with a simultaneous increase in the S and σ. Among 
all the samples, Cu-10% has the lowest PF values throughout the tem
perature range due to a prevalent decrease in the σ. 

The electronic thermal conductivity (Khole) was estimated through 
Wiedemann-Franz law as given: 

Khole =LoσT (4)  

where Lo, σ and T are Lorentz constant, electrical conductivity, and 
absolute temperature, respectively. The constant value of 2.44 × 10− 8 

W Ω/K2 used for Lo in research, is valid only for metal-like materials 
having low S values and deviates up to 40% from the estimated values 
for semiconductors having S greater than 50 μV/K. Single parabolic 
band (SPB) with acoustic phonon scattering (APS) can be used for get
ting more accurate values of Lorentz number with its limitation of un
suitability to explain bipolar transport [68]. However, here positive 
values of S demonstrate that the majority of charge carriers for elec
tronic transport are holes in the Cu/CCO composites, and therefore 
SPB-APS model has been used to approximate the Lorentz number 
values (L) with minimal error. For a list of Seebeck coefficient (S) values, 
a list of Lorenz values (L) was calculated by solving the following 
expressions. 

L=

(
kB

e

)2

⎡

⎢
⎢
⎢
⎢
⎢
⎣

(
r + 7

2

)
Fr+5

2
(ε)

(
r + 3

2

)
Fr+1

2
(ε)

−

(
r + 5

2

)
Fr+3

2
(ε)

(
r + 3

2

)
Fr+1

2
(ε)

⎤

⎥
⎥
⎥
⎥
⎥
⎦

(5)  

where r and ε are the carriers scattering factor and reduced chemical 
potential, respectively, and Fn (ε) is a Fermi integral represented as: 

Fn(ε)=
∫ ∞

0

xn

1 + e1− ε dx (6)  

here ε can be calculated by the following expression through the values 
of Seebeck coefficient (S) and carriers scattering parameters (r): 

S= ±
kB

e

⎡

⎢
⎢
⎢
⎢
⎢
⎣

(
r + 5

2

)
Fr+3

2
(ε)

(
r + 3

2

)
Fr+1

2
(ε)

− ε

⎤

⎥
⎥
⎥
⎥
⎥
⎦

(7) 

The estimated values of L as a function of ε and r are shown in Fig. 5 
(a), in which a large deviation in L can be observed from the degenerate 
limit (2.44 × 10− 8 W Ω/K2). 

khole was estimated from Eq. (4) using L as calculated by the SPB-APS 
model and is shown in Fig. 5 (b), in which khole shows similar increasing 
trends as that of σ data. 

4. Conclusions 

Pure and Cu-added Ca3Co4O9 (CCO) ceramic samples were prepared 
through a sol-gel route followed by subsequent sintering using spark 
plasma sintering (SPS). The composite samples contain Cu and the least 
conductive Co3O4 as a secondary phase within the Ca3Co4O9 matrix. The 
secondary phases were increased with increasing content of Cu, which 
decreases the σ due to increased carriers scattering. However, the partial 
doping of copper in Cu-5% composite showed an increase in σ at higher 
temperatures due to an increase of carriers concentration and the 
highest σ of 90.74 S/cm was achieved for Cu-5% at 973 K. In Cu-10% 
composite, scattering of carriers was dominant at lower temperature and 
polaron hopping conduction was also suppressed by strong charge 
localization due to an increase in Cu and Co3O4 phases and partial 
substitution of Cu into CoO2 layers of CCO. On the other hand, S was 
greatly improved by the addition of Cu in CCO and possessed positive 
values confirming p-type semiconductor characteristics. The highest S of 
206 μV/K was achieved for Cu-5%; higher S values in Cu-5% are mainly 
due to the partial doping of Cu at the Co-site which enhanced spin en
tropy contribution. Lorenz number values were calculated using a single 
parabolic band (SPB) coupled with an acoustic phonon scattering (APS) 
condition. Electronic thermal conductivity (khole) follows the same trend 
as that of electrical conductivity. 

The effect of Cu addition in CCO sheds light on the future enhance
ment of carriers transport properties of CCO, which can be done through 
reaction-assisted compositing of CCO with any other transition metal 
that can form secondary phase of higher electrical conductivity along 
with partial cationic doping. 

Fig. 5. Estimation of (a) Lorentz number through single parabolic band (SPB) and acoustic phonon scattering (APS) and (b) electronic thermal conductivity of pure 
CCO and Cu/CCO composites. 
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