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In the last few years, the use of inexpensive and scalable materials in industry for thermoelectric applications
has received great interest, such as CuNi alloys. In this work, nanocrystalline CuNi alloys with different
compositions were grown by pulsed electrodeposition. The incorporation of saccharine in the electrolyte
allowed reduction of the crystallite size of CuNi down to 30—-40 nm. The thermoelectric properties, such as
the electrical conductivity, Seebeck coefficient, and thermal conductivity of these nanocrystalline alloys, were
studied. The maximum figure of merit obtained at room temperature was (6.1 + 1.4) x 1072 for nanocrystal-
line CugssNig4s. The thermal conductivity of CuNi alloys was reduced by the nanostructuration to a value of
9.0 + 0.9 W m~t K™%, making these nanocrystalline CuNi alloys more competitive than other more classical
thermoelectric materials. This work opens a new field to be investigated, that can be described as the use of
commercial alloys such as CuNi for thermoelectric applications and shows the use of a new approach to
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1. Introduction

CuNi alloys have received wide attention due to their interesting
mechanical properties? (high tensile strength and good wear
resistance), anticorrosion,® electrocatalytic,’ and electrical
properties,® as well as their magnetic properties (which depend
on the CuNi composition)."® The combination of these proper-
ties allows the use of these alloys for different applications such
as MEMSs (micro-electro-mechanical-systems).” However, their
thermoelectric properties have been less studied.®

Thermoelectric materials can convert a gradient of tempera-
ture into electrical voltage and vice versa. The figure of merit of
these materials is defined as zT, which is expressed as:

g2

ZT:?XT

where ¢ is the electrical conductivity, S is the Seebeck coefficient,

k is the thermal conductivity and T is the absolute temperature.’
Many thermoelectric materials are being explored for power
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enhance the thermoelectric properties of inexpensive and/or fewer pollutant materials.

generation applications, such as GeTe,''! PbTe, Bi,Te;,”**° and
silicide.** Among CuNi alloys, Constantan (CussNiys) is known to
be an excellent electrical conductor (~2 (uQ m)~" at RT) and to
have a decent Seebeck coefficient (~ —45 or —50 uV K, at RT and
—70 uv K ' at 1100 K) when compared to conventional thermo-
electric materials.®*! These two values allow this CuNi alloy to have
an ultrahigh power factor (10290 uW m~" K> at 1100 K),** which
makes it a good candidate for power generation. The maximum
power of 21 UW has been demonstrated in devices consisting of
15-pairs of thin-film Cu/CuNi thermoelectric generators,” and is
comparable to those of semiconductor thermoelectric modules
such as those based on Bi,Te; alloys, which is one of the most used
thermoelectric materials for room temperature applications. Also,
it is a good candidate for cooling, since a giant Peltier cooling effect
has been measured in CuNi and Au junctions. The reported
significant cooling-power density of these junctions is above
2 x 108 W em 2, which is several orders of magnitude higher
than a commercial Peltier-cooling devices (10 W cm™?).>*> How-
ever, the main drawback of these CuNi alloys to become compe-
titive versus other commercial semiconductors is that these
alloys present very high thermal conductivity (~29 W m ' K"
at 300 K and 60 Wm ™' K" at 1100 K**). This makes the figure of
merit low, approximately 5 x 10”2 at room temperature.> In the
last 30 years, the thermoelectric community has learned that
nanostructuration can help to reduce the thermal conductivity of
a great variety of materials. If they are properly prepared, these
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nanostructured thermoelectric materials can maintain the original
power factor,”*** while reducing the thermal conductivity. This is
the main objective of this work.

The LIGA (German acronym for Lithography, Electroplating,
and Moulding) process is a good candidate for the fabrication of
thermoelectric devices.*® The advantage of using UV-lithography
is that free-standing samples without the conductive substrate
necessary to perform the electrodeposition are obtained. Normally,
the electrodeposited films should be transferred to a non-
conductive substrate and during this transfer, some cracks can
be created in the material, which can affect the final electrical
performance of the film. For this reason, free-standing CuNi alloys
have been electrodeposited using the LIGA process. To reduce the
crystallite size during the LIGA process certain additives are added
to the electrochemical bath such as saccharine,>***” sodium
lignosulfonate,®®* etc. It is also important to mention that Ni
and Ni alloys do not present thermal stability due to the increase in
grain size with time.*® Then, to solve this problem, it is mandatory
to control the growth of nanocrystalline alloys, for example using
organic additives,*" such as saccharine, to avoid the growth of
grain size, while having thermal stability. In the literature, few
studies are reported based on the growth of electrodeposited fine-
grained®***> or nanocrystalline’>*" deposits. The thermoelectric
properties of CuNi alloys have not been addressed in these studies.

This study aims at investigating the effect of nanostructuration
on the thermoelectric properties of CuNi alloys with different
compositions by using an economic, industrially known, and
scalable fabrication method such as electrodeposition combined
with UV-lithography. This study is therefore focused on the
electrodeposition of nanocrystalline CuNi alloys with different
compositions through controlled pulsed electrodeposition and
the incorporation of saccharine in the electrolyte to obtain nano-
structured CuNi alloys. The thermoelectric properties, electrical
conductivity, Seebeck coefficient, and thermal conductivity, of
these CuNi alloys, have been analysed.

2. Experimental methods

2.1. Fabrication using UV-lithography

UV-lithography moulds were fabricated using (100) single-crystal
Si wafers. To perform the electrodeposition inside the moulds,
5 nm Cr and 100 nm Au were deposited using Alliance-Concept
DP 650 DC magnetron sputtering. High viscosity SU-8 (GM 1075,
Gersteltec Sarl) was spin-coated and the desired pattern was
exposed using a Karl Suss MA6 contact aligner. The exposure
light source was filtered above 365 nm and it irradiated the
polymer with 8.1 mW c¢cm™? intensity. A post-exposure bake was
performed, and then immersion in propylene glycol methyl ether
acetate (PGMEA, Sigma Aldrich) was used to dissolve the unexposed
SU-8. The final mould obtained was used to create strips of
1.2 cm x 0.6 cm with a height of 80 um.

2.2. Electrodeposition of nanocrystalline CuNi alloys

CuNi alloys were electrodeposited in a vertical electrochemical
cell consisting of three electrodes, the UV-lithography mould as
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the working electrode, a Pt mesh as the counter electrode,
and Ag/AgCl as the working electrode. The electrodeposition
process was carried out using a potentiostat-galvanostat (Eco
Chemie, Model AUT302N), and an electrochemical cell with a
double wall jacket cell to control the electrodeposition tempera-
ture; the working temperature was 45 + 1 °C. The electrolyte
used to perform the electrodeposition was an aqueous solution,
which contained 0.3 M NiSO,-6H,0 (98%, Sigma Aldrich), 0.08 M
CuSO,-5H,0 (99%, Sigma Aldrich), 0.2 M C¢H;sNa;0,-2H,0
(99%, Sigma Aldrich), 0.7 mM SDS (97%, Sigma Aldrich), and
10.9 mM saccharine (99%, Sigma Aldrich). Sodium citrate
(CeHsNaz0,-2H,0) was used as a complexing agent, saccharine
to decrease the grain size of the alloy, and sodium dodecylsulfate
(SDS) as a wetting agent." The pH of the solution was 6 to avoid
the precipitation of copper during the electrodeposition.’” The
alloys were electroplated with a current thief to enhance the
homogeneity of the deposit in terms of thickness and composi-
tion. The pulsed galvanostatic deposition was carried out
between a certain current density and zero current density.
Different t,, and t.¢ were studied to reduce the internal stress
as much as possible. The best results were found when ¢,, = 0.3 s
and ty = 3s.

The alloys were then polished to obtain a mirror surface
finish. 1200 and 2500 polishing papers along with different
sized alumina patrticles (6, 1, 0.3, and 0.05 um) from Buehler®™
were employed. 0.04 pm SiO, particles were also used to avoid
copper oxidation after polishing. To obtain a free-standing
thick-film, Si, Cr, and Au substrates were removed using 2 M
KOH at 50 °C overnight, 0.25 M KMnO, and 0.5 M NaOH
aqueous solution at room temperature for some seconds, and
Au etchant (from Sigma Aldrich, Ni compatible) for some
seconds, respectively. After this procedure, free-standing CuNi
thick-films were obtained.

2.3. Compositional, morphological, and structural
characterization of nanocrystalline CuNi alloys

The composition of CuNi alloys was analysed using an XRF
(X-ray Fluorescence) system from Fisherscope X-ray XDV.
Energy dispersive X-ray (EDX) spectroscopy was used to study
the uniformity of the composition along the cross-section of the
alloys using an S-3000 N EDX with 20 kV accelerating voltage.
Morphological characterization of the cross-section of the
alloys was performed using a Field Emission-Scanning Electron
Microscope (FE-SEM, FEI VERIOS 460) with a 2 kV accelerating
voltage. Structural characterization of the nanocrystalline CuNi
alloys was carried out using high-resolution X-ray diffraction
(XRD). The measurements were performed using a Philips
X'Pert four-circle diffractometer system in the Bragg-Brentano
configuration with CuK, radiation.

2.4. Thermoelectric properties of nanocrystalline CuNi alloys

The electrical conductivity, o, and Seebeck coefficient, S, of the
CuNi alloys were measured in-plane as a function of the
temperature, from 25 °C to 800 °C. The values of the electrical
conductivity at room temperature were obtained using a com-
mercial Hall Ecopia HMS-5500 system; while the Seebeck

This journal is © The Royal Society of Chemistry 2021
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coefficient at room temperature was measured using a lab-
made system. The electrical conductivity and Seebeck coeffi-
cient from 75-800 °C were characterized using a commercial
LSR-3 Linseis system. To stabilize the temperature gradient at
the set temperature and improve the accuracy, multiple measure-
ments were performed at each temperature. The experimental
errors associated with these thermoelectric properties are 5% and
10% for the electrical conductivity and Seebeck coefficient, respec-
tively. From these two magnitudes, ¢ and S, the power factor, PF,
was calculated as a function of the temperature; where PF = ¢-S.>

The out-of-plane thermal conductivity was measured with a
photoacoustic (PA) system at room temperature. This system is
based on the detection, with the aid of a lock-in amplifier, of the
phase shift between two signals: the first one periodically heats the
surface of the sample with a modulated laser (Alphalas, fiber-
coupled, 980 nm wavelength and 260 mW intensity) and the second
is the acoustic signal produced by the expansion and contraction of
the air in contact with the surface of the sample and detected using
a microphone (40 BL 1/4 CCP pressure type, with a 26 CB, 1/4
preamplifier, both from G.R.A.S. Sound & Vibration). This phase
shift is compared with the one obtained from performing the same
experiment on a reference signal (a quartz substrate with 80 nm of
titanium evaporated on its surface as a transductor). Knowing these
phase-shifts, and using the multilayer model developed by Hu
et al.,*® the actual thermal properties of the sample can be obtained.
The PA technique gives the thermal diffusivity, «, and then the
thermal conductivity, £, is calculated using the theoretical density,
p, and specific heat, C},, which depend on the CuNi composition by
the following equation: k = o-p-C,. The error of the thermal
conductivity measurements by the PA technique is approximately
10%.'*** This technique has previously been used to measure the
thermal conductivity of electrodeposited films.>®

3. Results and discussion

3.1. Electrodeposition of nanocrystalline CuNi alloys

One of the largest challenges in producing CuNi alloys inside
LIGA moulds is to control the internal stress within the alloys.
In our case, the internal stress was controlled using pulsed
electrodeposition, and adjusting the electrodeposition tem-
perature and saccharine concentration.”® The pulsed galvano-
static deposition was performed at a certain current density
(—20, —60, and —90 mA cm ™ ?) for 0.3 s and zero current density
for 3 s. The total deposition time was 17, 15, and 6 h for —20,
—60, and —90 mA cm 2, respectively. As is shown in the optical
image of Fig. 1, the CuNi alloys are free-standing samples.

3.2. Compositional, morphological, and structural
characterization of nanocrystalline CuNi alloys

The composition of CuNi was studied using XRF. The materials
grown at a current density of —20, —60, and —90 mA cm >
present compositions of Cug ;Nip 33, Clg 57Nig 43, and Cug 46Nig 54,
respectively. To study the uniformity of the composition along the
cross-section of the alloys, EDX analysis was performed along the
thickness of the alloys. The composition, measured using EDX

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 (a) Optical images of CuNi alloys inside the moulds, and (b) optical
images of a free-standing CuNi alloy.

(at%), was Cuyg 65Nig 35, Cug 55Nig 45, and Cuy 45Niy 55 for a current
density of —20, —60, and —90 mA cm™ >, respectively. Given that
the EDX measurements are more accurate than XRF measure-
ments, the compositions of CuNi alloys considered will be those
found by the EDX technique.

Fig. 2 shows the FE-SEM cross-section of CuNi alloys; the
morphology is granular for CuggsNig35 and Cug ssNig4s, the
grain size being bigger in the case of the higher copper content
(Cuyg.65Nig 35). The morphology of Cug 45Nig 55 is columnar, as it
is the typical growth of Ni. When the Cu content is higher than
0.50, the morphology is more granular, and when the Ni content is
higher than 0.50, it becomes columnar. From the FE-SEM images
(see Fig. 2), the thicknesses of the alloys can be extracted, being
approximately 34, 23, and 30 pm for Cuy 5Nig 35, Cug 55Nip 45, and
Cuy 45Niy 55, respectively.

To know the crystallographic structure and crystallite size of
the studied alloys, XRD measurements were performed. Fig. 3
shows the X-ray diffractograms of the alloys grown at galvano-
static pulsed deposition. The different peaks that can be seen
can be associated with CuNi (JCPDS 09-0205). All the alloys
present three diffraction peaks, (111), (200), and (220).

To obtain the degree of preferred orientation quantitatively,
we have performed the Harris texture analysis.>® The equation
of the texture coefficient is:

)
0
TC o [(hk/) 1
DT Tk @
N I(Ohk[)

where I and I(()hkl) are the intensity of a generic peak observed
in the experimental XRD and the literature value from the
database (JCPDS = 09-0205), respectively, and N is the number
of reflections considered in the analysis. The standard devia-
tion (o1¢) indicates the deviation intensity of the experimental
XRD from published values of JCPDS and is calculated as:

> (TCua — 1)’

o1C — N (2)
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Fig. 2 FE-SEM micrographs of cross-sections of CuNi alloys with different compositions.
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Fig. 3 X-ray diffractograms of nanocrystalline CuNi alloys with different
compositions.

The values of the texture coefficient and its standard deviation
are collected in Table 1.

According to the texture coefficients, the alloys are polycrys-
talline, with a crystallographic orientation along [200] and [220]
directions. To know if the CuNi alloys are nanocrystalline, the
crystallite size in the (111) diffraction peak was calculated using
the Debye-Scherrer equation:

_09-4
" f-cosf

3)

where D is the crystallite size, A is the radiation wavelength, f is
the line broadening at full width at half maximum (FWHM) of
the intense peak, and 0 is the Bragg angle. All the CuNi alloys
present a crystallite size between 30 and 40 nm (see Table 1),
confirming that CuNi alloys grown in this work are nanocrystalline.

3.3. Thermoelectric properties of nanocrystalline CuNi alloys

Fig. 4 shows the thermoelectric properties of CuNi alloys with
different compositions. The thermoelectric figure of merit (z-7 =
(0-S>/k)-T) at room temperature (298.15 K) is plotted as a function

3450 | J Mater. Chem. C, 2021, 9, 3447-3454

of the composition of the alloys in Fig. 4a. This magnitude was found
to be (5.5 + 1.5) x 1072, (6.1 &+ 1.4) x 10 % and (5.9 & 1.4) x 10>
for Cug 65Niy 35, CUg 55Nig 45, and Cug 45Niy 55, respectively. Certain
thermoelectric materials have a strong anisotropy in the electrical
and thermal conductivities'* that avoids z7T calculations when the
materials are measured in different crystallographic directions.
This anisotropy is related to the crystallographic structure. In this
case, the CuNi alloys present a cubic structure, which implies that
the alloy should have isotropic properties on any axis. In our case,
the alloys have a slightly preferred orientation along the [100] and
[110] directions but since it is a cubic crystallographic structure,
the material should be isotropic. For this reason, it is considered
that the zT of the CuNi alloys can be calculated in this specific
case, regardless of whether the electrical conductivity has been
measured in-plane and the thermal conductivity has been mea-
sured out-of-plane. This zT value is 1.3 times higher than the
value observed in the literature (5 x 10™2) at room temperature>'
in the case of bulk CuNi material.

The electrical conductivity at 25 °C was found to be 1.13 +
0.06 (UQ m)™*, 1.25 4+ 0.06 (LQ m) ™", and 1.34 + 0.07 (LQ m) "
for Cug.65Nip 35, CUg 55Nig 45, and Cug 45Niy 55, respectively. The
electrical conductivity as a function of the temperature (from 70
to 800 °C) is shown in Fig. 3c. The maximum values of the
electrical conductivity were 1.66 4 0.08 (uQ m) " at 250-415 °C,
1.39 £ 0.07 (Q m) " at 315-365 °C, and 1.49 4 0.07 (uUQ m) " at
75 °C for Cug ¢5Nig 35, CUg.55Ni 45, and Cug 45Niy 55, respectively.
The maximum value is observed for the CuNi alloy with
65% Cu, while the two other alloys present approximately similar
electrical conductivity values within the experimental error. The
electrical conductivity decreases approximately at 450 °C and to a
greater extent at 600 °C, the latter reduction being stronger,
reaching a minimum electrical conductivity value at 800 °C,
which is 0.3 (uQ m) ™" lower than the maximum value.

Compared with the literature, an electrical conductivity value
of 2.2 (uUQ m) ' at room temperature for CuggoNig4o films
electrodeposited on silicon substrates® was reported, a constant
electrical conductivity value at temperature (from 300 to 1100 K)
of 2.1 (uQ m)~" was observed for non-nanocrystalline Cug 55Nio 45
bulk material,”* and theoretically a value of 3 (uUQ m) " was

This journal is © The Royal Society of Chemistry 2021
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Table 1 Harris texture coefficient, standard deviation, FWHM, and crystallite size of CuNi alloys with different compositions

Texture coefficient

Standard

Composition  Peak (kkl)  Intensity XRD  Intensity JCPDS  (TCp) deviation (6r¢) = FWHM (111)  Crystallite size (nm)
CUy.65Nig 35 111 250 100 0.45 0.41 0.51 27
200 101 45 1.13
220 56 23 1.40
CUg.55Nig 45 111 286 100 0.35 0.51 0.39 38
200 104 45 1.05
220 53 23 1.60
CUyg.45Nig 55 111 337 100 0.44 0.48 0.49 30
200 112 45 0.94
220 54 23 1.62
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Fig. 4 Thermoelectric properties of nanocrystalline CuNi alloys with different compositions. (a) Figure of merit, (b) power factor, (c) electrical

conductivity, and (d) Seebeck coefficient.

obtained for CuNi alloys in a study where they analysed different
thermoelectric materials with resonant levels.>® These experi-
mental values are 1.4 times higher than the maximum values
obtained in this present study. This reduction in the electrical
conductivity is due to the reduction in the crystallite size of the
CuNi materials observed by XRD, which in this case is around
30-40 nm. However, these electrical conductivity values are
similar to the values obtained for porous and nanostructured
Ni,_,Cu, alloys grown by a modified hydrothermal method.*”
Fig. 4 shows a slight increase in the electrical conductivity
that can be due to the start of the crystallization of the CuNi
alloy. It is important to note that the electrodeposited CuNi
alloys are grown at a temperature close to room temperature. As
observed in Fig. 4, the reduction in the electrical conductivity

This journal is © The Royal Society of Chemistry 2021

after 600 °C is due to a change in the crystallographic structure,
crystallite size, and morphology of the alloys. After the thermo-
electric measurements in temperature, XRD, and FE-SEM were
performed. As shown in the XRD diffractograms and texture
coefficients (see Fig. S1 and Table S1 in the ESIY) the alloys are
still polycrystalline, but now with different crystallographic
orientations. A crystallographic orientation along [200] and
[111] directions was found for Cug¢sNig 35, [220] and [200]
directions for CugssNip4s, and [111], [220], and [200] for
Cug.45Nig 55 after the measurements. The crystallite size after
the thermoelectric measurements at temperature was found to
be 91, 73, and 83 nm for CugesNig35, Cugs5Nig4s, and
Cuyp 45Nig 55, respectively. Then, the crystallite size grew from
30-40 nm to 70-90 nm after the measurements. SEM images

J. Mater. Chem. C, 2021, 9, 3447-3454 | 3451
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Table 2 Measured electrical and thermal conductivities for the different compositions studied in this work and Cug ssNig 45 bulk alloy?! are presented,
along with the calculated electronic and lattice thermal conductivities associated with each of them

Composition c(Qm)* k(Wm K™Y ke Wm ' K h(Wm™ K™
Cu.65Nio 35 (1.13 + 0.06) x 10° 9.1 + 0.9 8.2 + 0.4 0.9 + 0.4
Cug.55Nio.15 (1.25 + 0.06) x 10° 11.8 + 1.2 9.1+ 0.4 2.7 +0.4

Cug 45Nig 55 (1.34 £ 0.07) x 10° 11.5 + 1.2 9.7 £ 04 1.8+ 04
Cug,55Nig 45 bulk®! 2.1 x 10° 29 15.4 13.6

(see Fig. S2 in the ESIT) show a morphology similar for the three
alloys after carrying out the measurements until 800 °C, where
the morphology presented terraces.

Fig. 4d shows the Seebeck coefficient as a function of the
temperature (from 70 °C to 800 °C). The minimum Seebeck
coefficient values were observed in the case of Cug45Nig 55, while
for the other two alloys, CugesNig 35 and Cug s5Nig 45, the Seebeck
coefficient is similar. For all CuNi material, the maximum Seebeck
coefficient is reached at 800 °C, the values of this magnitude were
found to be —76 + 8, —75 + 8,and —70 & 7 uV K * for Cuy ¢5Nio 35,
Cuy 55Nig 45, and Cuy 45Niy 55, respectively. The Seebeck coefficient
is negative, indicating the n-type conduction of the material.
However, the lowest Seebeck coefficient was observed at room
temperature, 25 °C. The values of the Seebeck coefficient at this
temperature were —39 + 4, —44 + 4, and —41 4+ 4 pv K * for
Cuy 65Nig 35, CUg 55Nig 45, and Cug 45Niy 55, respectively. The Seebeck
coefficient values found in the literature are —45 pv K™ ' at RT
for Cuy goNig 40 €lectrodeposited films,® —50 uv K" at 300 K and
—70 uv K ' at 1100 K for non-nanocrystalline Cugs5Nig.4s
material®® and —40 pV K ' theoretically.*® These values are
approximately 1.1 higher than the values obtained in this study
at room temperature.

The thermoelectric power factor as a function of the tempera-
ture (from 70 °C to 800 °C) is shown in Fig. 4c. The maximum
value is observed for the CuNi alloy with 65% of Cu, while the
CuNi material with 45% of Cu exhibits the lowest values,
suggesting that when the Cu content is higher, the thermo-
electric power factor is higher. The maximum power factor values
were obtained between 560-660 °C, these values were found to be
8248 4+ 1700 yW m ' K2 at 610 °C, 6880 + 1400 yW m ™ * K 2 at
560 °C, and 6292 + 1300 pW m™* K2 at 660 °C for Cuyg ¢sNig 35,
Cuy 55Nig 45, and Cu, 45Niy 55, respectively. The values of the power
factor at room temperature were 1673 + 396, 2387 + 492, and
2275 + 469 PW m™ ' K 2 for CugesNigss, CUgssNipas, and
Cuy 45Niy 55, respectively. The maximum value at room tempera-
ture is observed for the CuNi alloy with 55% of Cu, but all the
alloys present similar values considering the experimental errors.
It seems that the CuNi alloys grown in this study are thermally
stable up to approximately 600 °C.

When the power factor is compared to that found in the
literature, a value of 5500 yW m ™" K" at room temperature for
CUpeoNig 4o electrodeposited films® was observed, values
between 5250 pW m ™' K 2 at 300 K and 10290 uW m ' K2
at 1100 K in the case of non-nanocrystalline CugssNig 45
material,>! and theoretical value of 4800 yW m™* K 2.3 The
maximum thermoelectric power factor is the one obtained at
1100 K (10290 pW m~"' K ?),*' which is 1.2 higher than the
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value observed in this study. When comparing the maximum
power factor observed in literature for nanostructured CuNi
alloys, 5530 pyW m ™~ K> at 300 °C for CusoNis,*® our value at
this temperature is 5600 yW m~" K2 for Cue;sNiss; indicating
that both values are very close.

The thermal conductivity values at room temperature were
measured to be 9.1 £+ 09Wm 'K, 11.8 + 1.2 Wm ' K,
and 11.5 + 1.2 W m " K™ ! for Cug.¢sNig.35, CUg.55Nig.4s5, and
Cuy 45Niy 55, respectively. It is important to note that the alloys
present different crystallite sizes with values of 27.4 nm,
38.0 nm, and 30.2 nm for CugesNigs5, Cugs5Nig4s, and
Cuy 45Niy 55, respectively. The alloy with the highest Cu content
presents the smallest crystallite size, while the two other alloys,
with a different crystallite size, exhibit similar thermal conduc-
tivity values. In the literature, it can only be found a study where
the thermal conductivity of non-nanocrystalline Cug s5s5Nig 45
material was measured, with a value of 29 W m™! K™ * at 300 K
and 60 Wm™ " K ' at 1100 K.>' Comparing our results with those
of the literature at room temperature, an increment of 3.2 times
is observed. This reduction in the thermal conductivity of
nanocrystalline CuNi is due to the decrease of the crystallite size
of the CuNi bulk material and it is the reason why an increment
in the figure of merit, 1.3 times more have been obtained in this
work compared to the bulk.

Due to the high values of electrical conductivity for CuNi alloys,
the Wiedemann-Franz law, k. = o-L-T, where L is the Lorenz
number, has been used to differentiate between the phonons and
electrons contribution of the thermal conductivity. For the calcula-
tion in Table 2, a Lorenz number of 2.44 x 10~8 W Q K2, that is
characteristic for metals®® were employed.

From Table 2, it is extracted that the contribution of the
electrons, electronic thermal conductivity (k.), is around 77-91%
of the total thermal conductivity in our nanostructured CuNi
alloys; while it is around 53% for the Cugs5Nig4s bulk.>" This
large reduction in the lattice thermal conductivity (k) is due to
the scattering of the phonons at the grain boundaries, achieving
values of k that are even two orders of magnitude lower than the
ki for Cug.ssNig 45 bulk.*

3.4. Stability of the thermoelectric properties of
nanocrystalline CuNi alloys

To study if the CuNi alloys are stable and the grain size is
maintained, the alloys were cycled up to 500 °C to be sure that
the properties did not change for Cuy ¢5Niy 35, which is the alloy
that exhibited the best properties. As an example, the first three
cycles of the Cuy65Nig 35 alloys are shown in Fig. S3a-c of the
ESL} In this case, the electrical conductivity is more or less

This journal is © The Royal Society of Chemistry 2021
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stable until 500 °C, and the Seebeck coefficient and the power
factor increase as the temperature increases, which is consis-
tent with the previously reported results. Furthermore, the XRD
(see Fig. S3d of the ESIY), texture coefficients, and crystallite
size after these measurements were analysed (see Table S2 in
the ESIt). This study shows that the alloys stay stable after
cycling up to 500 °C and only a small increment in the crystal-
lite size of 53 nm can be observed.

4. Conclusions

In conclusion, nanocrystalline CuNi alloys were obtained, and
show an enhancement in their thermoelectric properties when
compared to bulk CuNi alloys. Different compositions of CuNi
were studied, and their efficiency for thermoelectric applica-
tions was improved by nanostructuration. By pulsed electro-
deposition, it was possible to control the composition of CuNi
by changing the applied current density. Nanocrystalline CuNi
alloys were obtained with a crystallite size of approximately
30-40 nm through the addition of saccharine. The figure of
merit was found to be (5.5 + 1.5) x 10, (6.1 £+ 1.4) x 10>, and
(5.9 £ 1.4) x 10~ for Cuy ¢5Nig 35, CUg_55Ni 45, and Cug 45Nig 55,
respectively, which is 1.3 higher than the value reported for bulk
CuNi. The thermal conductivity was reduced by 3.2 times com-
pared to bulk due to the phonon scattering at the grain boundaries.
This work shows that commercial alloys like CuNi, which are non-
pollutant, inexpensive, completely scalable to the industry, and
more abundant elements than more conventional thermoelectric
materials, are good candidates for thermoelectric applications.
Additional ways to nanostructure these alloys must be addressed
to reduce further the thermal conductivity.
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