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ABSTRACT

(Cu7Te4)1 - x(Ag2Te)x (x = 0, 0.03) nanocomposites (NCs) of crystallite size in

the range of 23–31 nm have been synthesized successfully using only diethylene

glycol. Detailed characterizations show the single-phase and disk-shaped

nanoparticles (NPs) of hexagonal Cu7Te4 with average thickness of 42 nm and

width of 75 nm. Hydrodynamic diameter is found to be in the range of

308–351 nm and the zeta potential values indicate that the NCs are dispersible

and stable in deionized water. Small positive Seebeck coefficient a with rela-

tively high electrical conductivity r indicates their highly degenerate p-type

semiconducting nature with a signature of the energy filtering in electron

transport. The barrier heights of 1.4 and 4.1 meV for x = 0 and 0.03, respectively,

confirm their highly degenerate semiconducting nature. The thermoelectric

power factor of 9.7 lW/mK2 for 0.03 is nearly 45% enhancement compared to

that of Cu7Te4 and 242 times that of Bi2 - xCuxS3 NPs showing great potential of

this approach.

1 Introduction

Nowadays, intense research is focused on generating

useful energy at the cost of minimal environmental

loss through less effort. In this direction, thermo-

electric (TE) materials attract particular attention due

to their ability to produce electricity silently

using/consuming waste heat without generating

harmful gases or by-products [1–4]. Thermoelectric

(TE) devices without moving parts and without

pollution can be used for the strategic generation and

cooling of solid bodies. Their efficiency is determined

by the dimensionless figure of merit ZT = (S2r/j)T,

where S is the Seebeck coefficient, r is the electrical

conductivity, j is the total thermal conductivity (due

to the electronic je and the lattice jL thermal con-

ductivities), and T is the absolute temperature [5, 6].

However, these properties are interrelated in the

usual materials, which always leads to a poor effi-

ciency of a material and hence has limited its appli-

cations. The strategies for optimizing comprehensive
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TE performance can be briefly described as power

factor (PF = S2r) improvement or/and jL suppres-

sion. The synergetic achievement of both goals nat-

urally leads to a maximum optimization of the ZT

values. Nevertheless, due to the interdependency of

the material properties, it remains the central chal-

lenge in this area. There are many reports to improve

PF, e.g., the increase density of states (DOS) via band

convergence [7] and resonant scattering [8]. Control-

ling the scattering process of charge career filtering is

also one way to increase the PF [9–13]. Takafumi et al.

proposed a new method for PF improvement by

introducing coherent homoepitaxial interfaces with

controlled dopant concentration [14].

Cu2 - dTe (0 B d B 1) have been proposed as

functional materials in thermoelectric, photothermal

therapy, photovoltaics and batteries [15–18]. Hexag-

onal Cu7Te4 is also a stable phase of Cu2 - dTe and

shows a metallic conductivity with a relatively low

Seebeck coefficient [19, 20]. The approach to pro-

ducing nanocomposites (NCs) from metallic

nanoparticles (NPs) in a matrix was also of interest,

since a theoretical calculation predicted an improve-

ment in ZT if metal nanoinclusions were incorpo-

rated into a semiconducting matrix [12]. This is

attributed to a band bending at the metal–semicon-

ductor interface, which creates a potential energy

barrier that effectively blocks low-energy charge

carriers while transmitting high-energy carriers [4].

As a result, the Seebeck coefficient is increased for a

given carrier concentration because the charge of

electrons is carried with a higher average energy per

carrier [4, 19].

It has been reported that many synthetic approa-

ches contain copper telluride NPs [20–26]. Tarachand

et al. reported an improved thermoelectric perfor-

mance of Ag-doped CuS NPs made by the polyol

method in 2 h [27] and Ballikaya et al. Ag-doped

Cu2Te and Cu2Se produced by melting, annealing

and spark plasma sintering in over 10 days [16]. We

synthesized (Cu7Te4)1 - x(Ag2Te)x (x = 0, 0.03) NCs

within 2 h using a simple polyol method that is

slightly different from an earlier report [28]. With

systematic characterizations, their thermoelectric

properties were examined, which indicate the energy

filtering of the electron transport. We therefore find a

significantly enhanced Seebeck coefficient, PF and

stable dispersibility that is of particular interest.

2 Experimental

2.1 Synthesis of (Cu7Te4)1 2 x(Ag2Te)x
(x = 0, 0.03)

Cu7Te4 NPs have been synthesized successfully using

a simple polyol method. In the previous report [28],

we dissolved together Cu(CH3COO)2.H2O and K2-

TeO3.H2O as Cu and Te sources, respectively, in 2:1

ratio, in 50 ml diethylene glycol (DEG). In this report,

we dissolved Cu(CH3COO)2.H2O and K2TeO3.H2O

separately in 20 ml of DEG in each. After this, we

mixed these solutions in a three-neck flask to prepare

Cu7Te4 and heated at the rate of 25 �C min-1 to

200 �C in argon atmosphere; the color of the solution

changes from sky blue to dark brown. For a complete

reaction, the temperature was maintained for 2 h. It

should be pointed out that optimization of reaction

parameters like reaction time and temperature were

checked. Reaction takes place above 190 �C, and

200 �C was found to be reasonable or optimum.

Then, the solution was cool down to room tempera-

ture in the natural way. Centrifugation for 12 min. at

12,000 rpm and decantation removed the precipitate

from the suspension. The precipitate was then dis-

persed in ethanol and subjected to 5 min. of probe

ultrasonication for uniform dispersion. The dispersed

precipitate was then centrifuged for another 4 min. at

the same rpm and the supernatant was decanted.

These cleaning steps were repeated three times.

Finally, the transparent layer of ethanol was dis-

carded, and the precipitate was vacuum-dried at

60 �C for 5 h. The powder thus obtained was used for

various characterizations and further processing. In

this process, DEG was chosen as the solvent due to its

excellent solubility of many metal salts, which makes

it possible to bind and stabilize the metal. The solvent

in the polyol process also acts as the absorber to

release the excess heat generated in the reaction. The

experimental results show that DEG is a good solvent

in such synthesis processes due to its strong polarity.

The same procedure was followed to obtain (Cu7-

Te4)1 - x(Ag2Te)x (x = 0.03) using Ag2C2H3O2.H2O as

the Ag source.

2.2 Characterization techniques used

The formation of a crystalline phase was confirmed

from X-ray diffraction (XRD) patterns, which were

collected using a Bruker D8 Advance X-ray
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diffractometer with Cu Ka radiation (1.54 Å) in an

angular range (2h) from 10� to 80� with a scanning

angle size of 0.02�. To investigate the surface mor-

phology of the nanoparticles, we performed field

emission scanning electron microscopy (FESEM)

measurements on pellets of these samples using a FEI

Nova NanoSEM 450 instrument operating at 18 kV.

Elemental analysis was performed by energy dis-

persive X-ray analysis (EDX) using a JEOL JSM 5600

scanning electron microscope. The hydrodynamic

diameter (HD) and surface charge of the nanoparti-

cles were measured in deionized water (as the sus-

pension medium) at pH 7 and 25 �C using a

zeta/particle size analyser (NanoPlus-3). The result-

ing NPs were consolidated under a uniaxial pressure

of * 1 GPa to rectangular pellets of 8 mm 9 4

mm 9 2 mm in size at room temperature and then

annealed in a tube furnace at 300 �C under a con-

tinuous Ar gas flow for 6 h. The Seebeck coefficient

(S) was measured by a home-made load-based ther-

mopower setup with a 8 mm diameter 9 1-mm-thick

rectangular pellet clamped between the flat ends of

two oxygen-free highly conducting cylindrical cop-

per blocks [29] and resistivity was measured by four-

point probe setup of the samples in the temperature

range of 5–325 K (± 3% error) [30] in a specially

developed commercial Dewar with differential direct

current.

3 Results and discussion

3.1 X-ray diffraction and FESEM studies

Copper tellurides can exist in a variety of stoichio-

metric compositions [24, 25]. Their formation can be

distinguished from the powder X-ray diffraction

(XRD) patterns of the synthesized samples (Fig. 1a).

Their peaks observed at approx. 12.2�, 24.7�, 35�,
39.6�, 41.6�, 43.4�, 45.1�, 50.6� and 65� in Cu7Te4 and

(Cu7Te4)0.97(Ag2Te)0.03 could be attributed to hexag-

onal (P3m1) structure of Cu7Te4 (JCPDS card no.

652057) and matched with earlier report [28]. How-

ever, the extra peaks, not only the peaks due to the

Cu7Te4 phase, are found that are well-matched with

those of monoclinic Ag2Te phase (JCPDS card no.

731755 and space group P21/c) (Fig. S1a) in the case

of (Cu7Te4)0.97(Ag2Te)0.03. These peaks are consider-

ably broadened compared to the bulk material and

are indicative of the nanoscale size of the NPs since in

the liquid synthetic system, complex chemical reac-

tion process could contribute to the broadening of the

XRD peaks [31]. The average crystallite size of the NPs

was estimated to be 30.8 ± 0.6 nm and 24.5 ± 0.5 nm

for (Cu7Te4)1 - x(Ag2Te)x (x = 0, 0.03), respectively

using Scherrer formula based on the full width at half-

maximum. It is 23.7 ± 0.5 nm for Ag2Te phase as

determined from the average of the two peaks at

29.35� and 31.1�. Rietveld refinement fittings were

performed for the XRD patterns (Fig. 1b, c); various

parameters including v2, Bragg R factor and RF factor

are given in Table 1. While the peak intensities due to

the Ag2Te phase at 29.35� and 31.1� of the (- 211) and

(- 212) planes are rather low (see star * in Fig. 1a, c)

and hence expanded logarithmically (Fig. S1a), they

can be confirmed and determined using the Rietveld

refinement of (Cu7Te4)0.97(Ag2Te)0.03 (Fig. 1c). After

successfully fitting Rietveld refinement, CIF file was

generated for Cu7Te4 phase. Its crystal structure along

the c-axis (or ab-plane) was generated using VESTA

[32] software (Fig. 1d). It was found to be crystallized

in a layered structure (Fig. S1). We have calculated

some of the bond lengths (Table S1). The lowest bond

lengths is found between Cu4-Cu6, while Cu2-Cu5

has the highest bond lengths in (Cu7Te4)1 - x(Ag2Te)x,

x = 0, 0.03. The lattice constant specially ‘a’ or ‘b’ is

slightly increased in (Cu7Te4)0.97(Ag2Te)0.03, similarly

the volume of the unit cells increases but the mass

density is smaller than that of Cu7Te4 (Table 1). The

density in our case is higher than that of Amiraslanov

et al. [33].

The microstructure of the sample was examined

using a representative FESEM image for Cu7Te4

(Fig. 2a). As can be seen, the NPs have a relatively

uniform size with different thicknesses. The average

thickness of about 42 nm and the average width is

about 75 nm. It shows their aggregation and thus

inseparability from each other. The average thickness

and average width are expected to be larger than the

average crystallite size of these NPs. The atomic

percentages of constituent elements of Cu, Ag and Te

for Cu1.94Ag0.06Te determined from EDX data

(Fig. 2b) are 70.50, 3.04 and 26.46. They show excess

for Cu and Ag but deficiency for Te compared to their

nominal values of 64.7%, 2% and 33.3%. They are

attributed to the excess quantity of Cu(CH3COO)2.-

H2O and Ag2C2H3O2.H2O taken during sample

preparation as precursors of Cu and Ag. EDX data

analysis and Rietveld refinement confirm the atomic

percentage of Ag.
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Fig. 1 a XRD patterns with JCPDS, and b–c Rietveld fittings of Cu7Te4 and (Cu7Te4)0.97(Ag2Te)0.03 showing observed, Rietveld fitting,

their difference and Bragg peaks (vertical lines), with star (*) indicating Cu2Te peaks and d unit cell structure of Cu7Te4

Table 1 Lattice parameters, v2, Bragg R factor, RF factor and volume density q of the samples

Samples Phase a (Å) b (Å) c (Å) V (Å)3 RF factor R factor q (g/cm3) v2 Fraction

Cu7Te4 Cu7Te4 8.34 (3) 8.34 (3) 7.21(3) 435.57 (0.12) 11.8 23.3 7.43 2.6 100

(Cu7Te4)0.97(Ag2Te)0.03 Cu7Te4 8.35 (3) 8.35(3) 7.21(3) 435.62 (0.18) 10.4 15.5 7.37 1.5 96.97

Ag2Te 8.33 (2) 4.49(3) 9.32(2) 292.66 (1.03) 60.8 93.6 7.79 – 3.03

Fig. 2 a FESEM image of Cu7Te4 as a representative image and b EDX spectrum of (Cu7Te4)0.97(Ag2Te)0.03
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3.2 Dynamic light scattering (DLS) study

Intensity distribution of hydrodynamic diameter

(HD) and Zeta potential (f) at pH = 7 dispersed in

deionized water (DIW) for x = 0, 0.03 are shown in

Fig. 3. It is found that the values of HD are 351 and

308 nm, while those for f are - 36.8 and - 38.2 mV,

respectively. HD is much larger than the Scherrer and

FESEM size for both the samples, since the aggrega-

tion kinetics depend on the mobility of the aggregates

or the charge present on the surface of the particles.

In general, a greater aggregation of the particles leads

to less mobility in a dispersion medium. As a result,

the zeta potential is reduced, resulting in a less

stable colloidal solution [34]. The values of zeta

potential indicate that these NPs are stable in DIW. Li

et al. reported that CuTe NPs are highly dispersible

in DIW with f = - 55.6 mV [17]. The f value strongly

depends on the agglomeration conditions and the

interface dipole moment induced between the NP

surface and the adsorbate [35]. The order of particle

size from the above three techniques is DLS[
FESEM[XRD. The information about the crystallite

size as obtained by XRD is the region in which atoms

are arranged periodically within the inorganic x = 0,

0.03 material. FESEM can provide the collective

information about the particle size, which would

always be the larger and can consist of two or more

grains and possibly even grains of different materials.

Overall, the DLS makes a collective contribution of

the inorganic material and the charged double layer

of the agglomerated particle, as determined by the

dispersion medium.

3.3 Electrical transport and power factor
studies

The metallic temperature-dependent electrical con-

ductivity (r) for both the samples gradually increases

almost exponentially as the temperature is reduced

with a slight drop below about 30 K (Fig. 4a). This

deviation from linearity is attributed to the possible

high degeneracy, change in the DOS and favorable

scattering of the charge carriers at the grain bound-

aries of the nanodisks in the material. The observed

values of r at 325 K are 16.6 9 103 S/m and

15.3 9 103 S/m for x = 0 and 0.03, respectively

(Table 2). The value of r changes significantly in

x = 0.03 NCs compared to that of Cu7Te4 as in S

values (Fig. 4c). The r in NC, lower than that of

Cu7Te4, is attributed to the lower electrical conduc-

tivity (3 9 104 S/m) of Ag2Te [36] than that (2 9 105

S/m) of Cu7Te4 [37]. The observed r is higher than

that in earlier report on Cu7Te4 [28]. Zhang et al. [36]

observed that the electrical conductivity of a typical

semiconductor is determined by trapping the carriers

at the grain boundaries or interface between two

materials and follows the equation

r ¼ Lq2p
1

2m�pkbT

� �0:5

exp
�Eb

kbT

� �
; ð1Þ

where q is electronic charge, L is grain size, p is

average carrier concentration, kb is Boltzmann con-

stant, m* is effective mass, T is absolute temperature,

and Eb is barrier height at the grain boundaries or at

the interfaces. Therefore, the plot of ln(rT0.5) against

1/kbT should be a straight line with Eb as the slope.

The values of Eb from the fitting are 1.4 and 4.1 meV

for x = 0 and 0.03, respectively (Fig. 4b). Increase in

barrier height is attributed to the inclusion of Ag2Te.

Fig. 3 a Hydrodynamic diameter and b Zeta potential of Cu7Te4 and (Cu7Te4)0.97(Ag2Te)0.03 NPs
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The temperature-dependent S increases with

increasing temperature in the entire temperature

range (Fig. 4c). It is * 20 and 25.1 lV/K at 325 K for

x = 0 and 0.03, respectively (Table 2). This means that

the S value is 25% higher in (Cu7Te4)0.97(Ag2Te)0.03

than that of Cu7Te4. The p-type conduction is con-

firmed from the positive sign of S, which is consistent

with the earlier reports [20, 28]; n-type conduction of

Ag2Te [36, 38] and higher S value than that of p-type

Cu7Te4 were also reported [28]. However, a small

fraction of the Ag2Te phase simply increases the

value of S, but does not affect the sign of S. The

majority of the charge carriers in these NPs can also

be holes due to excess of Cu and Ag as seen in EDX

data, although not detectable by X-ray diffraction,

since they usually have positive thermopower [39].

The small values and the approximately linear

behavior of S down to * 50 K show the metallic

nature of the NPs/NCs in consistent with good

electrical conductivity (Fig. 4a). It depends on DOS at

the Fermi level (EF) and a small change in DOS is

reflected in the value of S and thus in r, which can be

explained with the Mott expression for metals and

degenerate semiconductors:

Fig. 4 a Electrical conductivity, b electrical conductivity fitting of Eq. (1), c thermopower and d power factor of compacted Cu7Te4 and

(Cu7Te4)0.97(Ag2Te)0.03

Table 2 Comparison of r,
S and PF value at 325 K from

some of the references

Sample r (103 X-1 m-1) S (lV/K) PF (lW/mK2) References

Cu7Te4 16.6 20 6.7 Present work

(Cu7Te4)0.97(Ag2T)0.03 15.3 25.1 9.7

Cu7Te4 125 2 5 [20]

Ag2Te 3 430 0.55 [36]

Bi2Te3 125 145 2.6 9 103 [41]
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S ¼ p2

3

kB
q
kBT

d ln r Eð Þð Þf g
dE

� �
E¼EF

¼ p2

3

kB
q
kBT

1

n

dn Eð Þ
dE

þ 1

l
dl Eð Þ
lE

� �
E¼EF

� 8p2k2
B

3qh2
m� p

3n

� �2
3

;

ð2Þ

where q, n, m* and l are electronic charge, carrier

density, effective mass and mobility, respectively. In

general, this behavior and the small values of S might

also indicate a strongly degenerate hole conduction

(n * 1020 cm-3) [13]. A small hump close to 20 K is

observed due to the interaction between electrons

and phonons. We can say from Eqs. (1) and (2) that as

the value of Eb increases, the value of S also increases

with decreasing r due to the electron filtering effect

[12, 13, 36, 40]. Hence, (Cu7Te4)0.97(Ag2Te)0.03 has

higher S and lower r than those of Cu7Te4. Inorganic

and organic thermoelectric materials have suggested

that the optimized barrier height be in the range of

0.05–0.1 eV [36, 40]. In our case, however, it is very

low, which indicates that Cu7Te4 and (Cu7Te4)0.97(-

Ag2Te)0.03 NPs/NCs are highly degenerate

semiconductors.

The PF as an electrical part of a thermoelectric

material increases with increasing temperature

(Fig. 4d). It is * 6.7 and 9.7 lWm-1 K-2 at 325 K for

x = 0 and 0.03, respectively (Table 2). This p–n-type

combination of (Cu7Te4)0.97- (Ag2Te)0.03 NCs shows

an increase in its PF by * 45% compared to that of

Cu7Te4, 94% more than of Cu1.75Te nanosheet [20]

and 242 times higher than that of Bi2 - xCuxS3 [42].

They clearly show the very interesting nature of this

work.

4 Conclusions

In summary, we have successfully synthesized

(Cu7Te4)1 - x(Ag2Te)x (x = 0, 0.03) NCs using the

polyol method. XRD shows that their average particle

size is approximately in 23–31 nm range. FESEM

shows that the average thickness of Cu7Te4 NPs is

about 42 nm and the average width is about 75 nm.

HD is found to be in the range of 308–351 nm and

zeta potential values indicate that these NCs are

stably dispersed in DIW. The electrical conductivity

of these NPs decreases almost exponentially with

decrease in temperature and shows their degenerate

semiconducting behavior with high electrical con-

ductivity. The positive sign of thermopower of these

NCs indicates a p-type conduction. The power factor

at 325 K for (Cu7Te4)0.97(Ag2Te)0.03 is 242 times larger

than that found in Bi2 - xCuxS3 [42] and 45% increase

compared to that of Cu7Te4. These results are rather

encouraging and would open a new window to

improve TE performances at 325 K.
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