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1. Introduction

~5-Fold enhancement in the thermoelectric figure
of merit of sustainable 3D-CuNi interconnected
nanonetworks due to ultralow lattice thermal
conductivityf
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The pursuit of efficient thermoelectric materials, particularly those composed of low-toxicity and Earth-
abundant elements, has intensified in recent years. This study introduces an approach to increase the
thermoelectric properties of CuNi alloys through the synergistic application of two nanostructuring tech-
niques: the incorporation of saccharine into the electrolyte to achieve a crystallite size reduction to
23-26 nm and the utilization of three-dimensional (3D) anodic aluminum oxide (3D-AAQ) templates to
fabricate nanowire networks. For comparison purposes, we successfully electrodeposited CuNi films,
one-dimensional (1D) nanowire arrays, and modulated nanowire arrays, together with 3D-nanonetworks,
maintaining a consistent composition of Cug ¢oNig 40 across all samples. Notably, while the electrical con-
ductivity and Seebeck coefficient remained consistent between the nanocrystalline CuNi films and the
3D-nanonetworks, a significant reduction in thermal conductivity was observed, decreasing from 29 W
m~! K~ for the bulk material to 10.9 + 1.1 W m™ K™ for nanocrystalline films, to 5.3 + 0.5 W m™ K™ for
the 3D nanonetworks, and to 4.9 + 0.6 W m™ K™ for free-standing 3D CuNi nanonetworks. This
reduction is attributed to enhanced phonon scattering within the 3D architecture together with the nano-
crystalline size inside the nanowires. The figure of merit (zT) exhibited an impressive increase of more
than four times (4.4) for 3D-CuNi nanonetworks within AAO templates and 4.8 times for free-standing
3D-CuNi nanonetworks, when compared to bulk. Our findings underscore the potential of dual nanos-
tructuring strategies to optimize the thermoelectric performance of environmentally friendly, stable, and
abundant materials like CuNi, paving the way for advancements in sustainable energy technologies.

are both non-toxic and composed of Earth-abundant
elements." These materials have the unique ability to convert

Increasing reliance on conventional energy sources such as
natural gas, petroleum, and coal has led to a significant rise in
global temperatures, contributing to the pressing issue of
climate change. In response to this environmental crisis,
extensive research efforts have been directed towards the devel-
opment of alternative energy solutions that are not only
efficient but also sustainable. A critical area of focus within
this field is the advancement of thermoelectric materials that
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thermal gradients into electrical voltage and vice versa, thus
playing a key role in energy conversion technologies. The
efficiency of thermoelectric materials is assessed quantitatively
using the figure of merit (27), defined by the following
equation:

AL (1)
_ke+k1

where o represents the electrical conductivity, S denotes the
Seebeck coefficient, k corresponds to the thermal conductivity
(which is composed of electronic thermal conductivity (k.) and
lattice thermal conductivity (k)) and 7T is the absolute
temperature.”

In recent years, CuNi alloys have attracted considerable
attention as promising candidates for thermoelectric appli-
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cations due to their very high electrical conductivity and a
moderate Seebeck coefficient, even though they have a very
high thermal conductivity.® CuNi alloys show very good values
as power thermoelectric generators® and giant Peltier coolers.”
Various strategies have been explored to improve the thermo-
electric performance of these alloys, in particular by reducing
the thermal conductivity. Doping with elements such as tin
and tungsten has enabled a small decrease in thermal conduc-
tivity from 18 W m™" K™' to 16 W m™" K™! at RT,® while the
incorporation of SiO, particles into a CussNiys matrix has
achieved reductions to 16 W m™* K" (ref. 7) at 300 K. In
addition, selenium doping and the introduction of carbon
nanotubes have been shown to significantly reduce the
thermal conductivity from 48.1 to 9.6 W m™* K™ ' at tempera-
tures as high as 873 K.®

Nanostructuring is a well-established method for enhancing
the thermoelectric properties of materials, in particular
through enhanced phonon scattering that occurs at the sur-
faces and interfaces of nanostructures.”'® Our previous work
demonstrated a significant reduction in thermal conductivity
from 30 W m~" K" for bulk materials to 9 + 0.9 W m™' K" for
nanocrystalline Cug s5Nig 45 films,'" achieved by the addition
of saccharine during electrodeposition, which effectively
reduced the crystallite size to 30-40 nm.">™**

In this study, we aim to combine two different strategies for
the nanostructuring of CuNi alloys: the growth of nanocrystal-
line CuNi by the addition of saccharine to the electrolyte and
the fabrication of various nanostructured forms—including
1D-nanowire arrays, modulated nanowire arrays, and 3D-nano-
networks—using anodic aluminum oxide (AAO) for template-
assisted electrochemical deposition. This research aims to
eliminate the contribution of phonons to thermal conductivity
by combining these two nanostructuring methods using an
economical and scalable fabrication approach such as electro-
deposition. The crystallographic structure, composition, and
morphology of the resulting CuNi films and nanostructures
will be analyzed, as well as their thermoelectric properties,
including electrical conductivity, Seebeck coefficient, and
thermal conductivity. The ultimate goal is to assess the influ-
ence of reduced dimensions on the thermoelectric efficiency
of CuNi alloys, thereby contributing to the development of
non-toxic, Earth-abundant materials suitable for small-sized
thermoelectric generators.

2. Experimental methods

2.1. Fabrication of one-dimensional (1D), modulated, and
three-dimensional (3D) anodic aluminum oxide (AAO)
templates

The fabrication process for the AAO templates involves a
common initial step followed by specific steps for each tem-
plate type. All templates were fabricated using a two-step ano-
dization process with the following parameters: an electrolyte
of 0.3 M H,SO,, an applied voltage of 25 V, and a temperature
of 0 °C. The first anodization time was 24 hours. For 1D-AAO
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templates, the second step anodization'® was carried out with
the same electrolyte, applied voltage, and temperature'® as the
first one for 9 hours to obtain a thickness of approximately
40 um. After anodization, chemical etching with 5 wt% H;PO,
at 30 °C for 20 min was performed to increase the pore
diameter.

For modulated-AAO and 3D-AAO templates, after the initial
anodization, the second anodization step consisted of pulsed
anodization alternating between mild (25 V for 180 s) and
hard anodization (33 V for 2 s) conditions.””*® The number of
pulses was 60, corresponding to 15 pm of 3D-AAO, while the
other 25 pm corresponded to 1D-AAO to obtain a total thick-
ness of 40 pm. To obtain the modulated-AAO and 3D-AAO tem-
plates, chemical etching with 5 wt% H3;PO, at 30 °C was per-
formed for 18 min for modulated-AAO and 23 min for
3D-AAO. Y

For the three templates used in this study, 1D-AAO, modu-
lated-AAO and 3D-AAO, the aluminum substrate was removed
using an aqueous solution of CuCl, and HCI and the barrier
layer was opened using an aqueous solution of 10 wt% H;PO,
for 10 min at 30 °C.

2.2. Electrodeposition of CuNi films and 1D-, modulated-
and 3D-CuNi nanostructures

CuNi films were deposited onto Si substrates coated with a
layer of electron-beam deposited Cr (5 nm) and Au (150 nm) to
form the conductive working electrode for the subsequent
electrochemical deposition. Then, to perform the electrodepo-
sition of the 1D-, modulated-, and 3D-CuNi nanostructures
inside the different AAO templates, 150 nm of Au and 5 nm of
Cr were first deposited on one of the sides of the templates to
have the electrical contact necessary to form the working elec-
trode required for the electrodeposition.

The electrolyte used was an aqueous solution of 0.3 M
NiSO,4-6H,0 (98%, Sigma-Aldrich), 0.08 M CuSO,-5H,0 (99%,
Sigma-Aldrich), 0.2 M sodium citrate (C¢HsNazO,-2H,0 (99%,
Sigma-Aldrich)), 0.7 mM sodium dodecyl sulfate (SDS (97%,
Sigma-Aldrich)) and 10.9 mM saccharine (99%, Sigma-
Aldrich)."* Sodium citrate was used as a complexing agent, sac-
charine to reduce the grain size of the alloy, and sodium
dodecyl sulfate (SDS) as a wetting agent.'® It was necessary to
keep the pH of the solution at 6 to avoid the precipitation of
copper during the electrodeposition.>’

All the CuNi nanostructures were electrodeposited using a
vertical electrochemical cell with three electrodes: the working
electrode was the 150 nm Au/5 nm Cr/AAO template (or Si in
the case of films) described above, the counter electrode was a
Pt mesh, and the reference electrode was Ag/AgCl. The electro-
deposition temperature was controlled using an electro-
chemical cell with a double-walled jacket and maintained in
this case at 45 + 1 °C. A potentiostat-galvanostat (Eco Chemie,
model AUT302) from Metrohm Autolab was used. Pulsed gal-
vanostatic deposition was performed between a current
density of —60 mA cm ™ for 0.3 s and zero current density for 3
s for 4 hours to obtain a uniform composition and uniform
growth rate of the CuNi nanostructures.

This journal is © The Royal Society of Chemistry 2025
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After electrodeposition, Cr was removed using an aqueous
solution of 0.25 M KMnO, and 0.5 M NaOH at room tempera-
ture for a few seconds, and Au was removed using an Au
etchant (from Sigma-Aldrich, Ni compatible) for a few
seconds. In addition, a CuNi film was electrodeposited under
the same conditions for 4 h and characterized for comparison
with the CuNi nanostructures.

2.3. Structural, compositional, and morphological
characterization of CuNi films and 1D-, modulated- and
3D-CuNi nanostructures

The structural characterization of the CuNi nanostructures was
carried out by high-resolution X-ray diffraction (XRD); these
measurements were performed in a Philips X'Pert four-circle
diffractometer system in the Bragg-Brentano configuration
with CuK, radiation. The degree of preferred orientation was
quantified by Harris texture analysis®>' according to the follow-
ing equation:
Tiny

°

- (ki)
TCuwi) = T Ty (2)
N~ ?hk[)

where I and I?hkl) are the intensity of a generic peak
observed in the experimental XRD and the literature value
from the database, respectively; and N is the number of reflec-
tions considered in the analysis. The standard deviation (orc)
indicates the deviation intensity of the experimental XRD from
the published values of the JCPDS and is calculated using the
following equation:

S (TCugy — 1)°
=\ =] 7 3
orc x 3)
Saccharine is added to the CuNi electrolyte to obtain nano-
crystalline alloys. To determine if the CuNi alloys are nanocrys-
talline, the crystallite size in the (111) diffraction peak was cal-

culated using the Scherrer equation:

092
" pcosé

(4)

where D is the crystallite size, 1 is the radiation wavelength, g
is the line broadening at full width half maximum (FWHM) of
the intense peak, and @ is the Bragg angle.

The morphological characterization of the cross-section of
the CuNi nanostructures was performed using a field emis-
sion-scanning electron microscope (FE-SEM, FEI VERIOS 460)
with an accelerating voltage of 2 kV. The morphological
characterization of the CuNi nanostructures was carried out
both inside the AAO templates and after the removal of the
porous alumina. The alumina was removed using an aqueous
solution of phosphoric acid (7 wt%) and chromic oxide
(1.8 wt%), in which the nanostructures were immersed at
45 °C for two days. This solution was then filtered with
ethanol under vacuum conditions to collect the nano-
structures. The filter was immersed in a small flask of
ethanol to disperse the nanostructures in the solution.

This journal is © The Royal Society of Chemistry 2025
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Finally, this solution was carefully pipetted to avoid bent or
twisted nanowires on a carbon grid to obtain dispersed nano-
structures. Energy-dispersive X-ray (EDX) was used to study
the uniformity of the composition along the cross-section of
the CuNi nanostructures using an S-3000 N EDX with an
acceleration voltage of 20 kv.

The crystal structures of the films and of the nanostructures
were also evaluated using both transmission Kikuchi diffrac-
tion (TKD) and precession electron diffraction (PED). TKD
measurements were performed using a Lyra dual-beam
SEM-FIB (focused ion beam) instrument (TESCAN) at 30 kV
and 10 nA, with step sizes of 5-15 nm. PED measurements
were performed using a Themis 200 G3 aberration (probe) cor-
rected TEM (Thermo Fisher) equipped with a NanoMEGAS
ASTAR system. Orientation maps along the film cross-section
were acquired at 200 kV using a precession angle of 0.6° and a
step size of 4 nm.

2.4. Thermoelectric properties of CuNi films and 1D-,
modulated- and 3D-CuNi nanostructures

The electrical conductivity, o, and the Seebeck coefficient, S, of
the films and 3D-CuNi nanonetworks were measured in-plane
at room temperature. For these measurements, contacts were
placed on the top of the films and 3D-nanonetworks. The elec-
trical conductivity values were measured using a commercial
Hall Ecopia HMS-5500 system, while the Seebeck coefficient
was measured using a home-made system. The experimental
errors associated with these thermoelectric properties were 5%
and 10% for the electrical conductivity and Seebeck coeffi-
cient, respectively. From these two parameters, ¢ and S, the
power factor, PF, was calculated using PF = ¢-8>. It is important
to note that these two parameters were not measured for
1D-CuNi nanowires and modulated-CuNi nanowires, as there
is no electrical connection between the nanowires in the in-
plane direction.

COMSOL Multiphysics software was used to model the
effective electrical conductivity of the 3D-CuNi nanonetworks.
A geometry consisting of 69 nanowires with a diameter of
50 nm, an interpore distance of 69 nm and a length of
1800 nm with a hexagonal arrangement was established. Each
nanowire was connected with transversal channels to its first
neighbors, forming a structure similar to the experimental
one, of a 3D-CuNi network with a period of 180 nm. The
material properties were taken from the COMSOL library. To
simulate the steady state electrical potential, a potential
difference was imposed between two nanowire terminals, to
mimic the experimental procedure of the electrical conduc-
tivity measurement (see Fig. S1 in the ESI,7 where the inde-
pendence of the used mesh in the obtained simulations is
shown).

The out-of-plane thermal diffusivity was measured at room
temperature using the photoacoustic (PA) technique, as in the
other studies on electrodeposited materials by our group.?*?*
The thermal conductivity, k, was then calculated using the
density, p, and the specific heat, Cp, which depend on the
CuNi film or nanostructure, using the following equation: k =

Nanoscale, 2025,17, 6757-6766 | 6759
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a-p-C,.>* This technique is based on the detection of the phase
shift between two signals using a lock-in amplifier. The first
signal is a laser pulse (Alphalas modulated fiber-coupled laser,
with 980 nm wavelength and 260 mW intensity) that period-
ically heats the surface of the film or nanostructure, which has
been previously coated with an 80 nm titanium layer; and the
second one is the acoustic signal generated by the expansion
and contraction of the air in contact with the surface of the
film or nanostructure, which is 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 by performing the same
experiment on a reference signal (a quartz substrate, also
coated with 80 nm of titanium to act as a transducer).
Knowing these phase shifts and using the multilayer model
developed by Hu et al.,* the thermal diffusivity, a, of the film

View Article Online
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or nanostructure can be obtained. The error of the thermal
conductivity measurements using the PA technique is approxi-
mately 10%.2%>”

3. Results and discussion

The crystallographic structure of the electrodeposited CuNi
films and nanostructures (1D-, modulated, and 3D-) was ana-
lyzed by X-ray diffraction (XRD) measurements. The resulting
diffractograms, shown in Fig. 1, reveal three distinct diffraction
peaks corresponding to the cubic structure of CuNi (JCPDS 09-
0205). These diffraction peaks are identified as (111), (200),
and (220). Notably, the presence of Au diffraction peaks in the
AAO diffractogram indicates the back coating of the AAOs used
for the electrodeposition.

CuNi CuNi CuNi
T Au T (1 1 ?) T (200) T T T (22IO)
d § _
§ J L N\ CuNi Film |
) i
(= :
S5+ . o
s )
L2 — : 1D-CuNi Nanowires
> :
2 +C é :
L ;
£ ;
: . ; Modulated-CuNi Nanowires
A_ : A 3D-CuNi Nanonetworks
30 35 40 45 60 65 70 75 80

50 55
20 (degrees)

Fig. 1 X-ray diffractograms of (a) the CuNi film, (b) 1D-CuNi nanowires, (c) modulated-CuNi nanowires, and (d) 3D-CuNi nhanonetworks.
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Table 1 Harris texture coefficient and its standard deviation, full width at half maximum (FWHM), and crystallite size of CuNi films and

nanostructures
Peak Intensity Intensity Texture coefficient Standard deviation = FWHM Crystallite size
Material (hkl) XRD JCPDS (TCrrry) (61¢) (111) (nm)
Film 111 22.05 100 2.11 0.82 0.38 23+1
200 3.30 45 0.70
220 0.44 23 0.18
1D-CuNi nanowires 111 5.09 100 1.37 0.29 0.34 25+1
200 1.62 45 0.97
220 0.56 23 0.66
Modulated-CuNi 111 4.51 100 1.21 0.18 0.33 26+1
nanowires 200 1.67 45 1.00
220 0.67 23 0.78
3D-CuNi 111 5.91 100 1.43 0.31 0.37 23+1
nanonetworks 200 1.66 45 0.89
220 0.65 23 0.68

The degree of preferred orientation was analyzed quantitat-
ively using the texture coefficient as summarized in Table 1.
The analysis shows that all samples exhibit polycrystalline
characteristics. The CuNi film is highly textured along the
[111] direction, while the 1D-CuNi nanowires, modulated-CuNi
nanowires and 3D-CuNi nanonetworks are oriented along the
[111] direction, but the presence of [200] and [220] directions
must also be considered.

The crystallite size was calculated using the (111) diffraction
peak and the Scherrer equation. The crystallite sizes were 23 +
1 nm, 25 + 1 nm, 26 + 1 nm, and 23 + 1 nm for the CuNi films,
1D-CuNi nanowires, modulated-CuNi nanowires, and 3D-CuNi
nanonetworks, respectively, confirming the nanocrystalline
nature of all the morphologies studied.

The compositional analysis of the CuNi film and nano-
structures was performed using energy dispersive X-ray (EDX)
along the cross-section of the samples to verify that it was
uniform along the thickness. The composition was deter-
mined to be CuggNigze for the films and Cugs¢Nig4q,
Cug.59Nig 41, and Cug:Nig39, for 1D-CuNi nanowires, modu-
lated-CuNi nanowires, and 3D-CuNi nanonetworks, respect-
ively. Considering the 5% error associated with the EDX com-
position determination, these results indicate that the compo-
sitions are within the experimental error for the different films
and nanostructures.

Fig. 2 shows the orientation mapping and scanning elec-
tron microscopy (SEM) images of the CuNi film and CuNi
nanostructures (1D nanowires, modulated nanowires, and 3D
nanonetworks). Due to the nanocrystalline nature of the films,
the morphology was not visible in the SEM images. However,
precision electron diffraction (PED) analysis confirms the poly-
crystalline structure of the CuNi film, with a predominant crys-
tallographic orientation of [111], consistent with the XRD
results. The average grain size obtained from PED is 16 nm.

The SEM images (Fig. 2b, ¢, and d) show the successful
growth of nanostructures inside the AAO templates, with the
nanowires perfectly oriented perpendicular to the template
surface. The modulated nanowires show increased surface
roughness along the wire axis and an increase in the nanowire
diameter from 50 to 54 nm every 100 nm (Fig. 2c), while the

This journal is © The Royal Society of Chemistry 2025

3D-nanonetworks show a clear morphology of interconnected
nanowires (Fig. 2d). The longitudinal nanowires have a dia-
meter of about 50 nm and a length of about 18 pm (see Fig. S2
in the ESIt). The 3D-nanonetworks contain 83 transverse chan-
nels, each separated by approximately 200 nm.

The transmission Kikuchi diffraction (TKD) images of the
CuNi nanostructures show a polycrystalline structure for both
the 1D and modulated nanowires, consistent with the XRD
results. The TKD image of the 3D-nanonetworks shows
changes in crystallographic orientation at the locations of the
transverse channels, suggesting that the incorporation of these
channels influences the crystallography.

As discussed in the Introduction, one of the main advan-
tages of nanostructuring thermoelectric materials is the
enhancement of their thermoelectric properties, in particular
by reducing the thermal conductivity through enhanced
phonon scattering. The 3D-CuNi nanonetworks also offer
mechanical stability that 1D-nanowire arrays do not have after
dissolving the template, for their integration into thermoelec-
tric generator as active material. In this study, we measured
and compared the electrical conductivity and Seebeck
coefficient of the CugeNigse film and 3D-Cuge;Nig.se
nanonetworks.

The in-plane electrical conductivity of the Cuge;Nig 39 film
is 1.3 = 0.1 (uQ m)™" at room temperature, which is consistent
with values reported for electrodeposited nanocrystalline
Cug.55Nigss films.'* For 3D-Cug¢;Nip3o nanonetworks, the
electrical conductivity was calculated from the sheet resistance
(Rsheet) using the following equation:

1

Rgheet - ltnc - 11

OTnc = (5)
where o is the intrinsic conductivity in the direction of the
transverse channels, I, ¢ is the length of a transverse channel,
and n is the number of transverse channels. The measured
Rgheet for the 3D-Cuy 6;Nig 30 Nanonetworks was 18.2 Q 0", In
order to understand the behavior of the 3D-nanonetwork and
to be able to calculate the electrical conductivity, we carried
out COMSOL simulations to investigate the steady-state electric
potential within our structure. These simulations are intended

Nanoscale, 2025,17, 6757-6766 | 6761
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Cuy 6,Nij 3 Film Cu, ;oNij ,, 1D-Nanowires
IPF {111 : 1k IPF  (113)
| (2]

(o0i)  (101) IR fiH | ©of)  (101)

IPF [y]

(001) (101

Fig. 2 (a) PED orientation mapping of the CuNi film, SEM images inside AAO templates and after dissolving the AAO and transmission Kikuchi diffr-
action (TKD) images of (b) 1D-CuNi nanowires, (c) modulated-CuNi nanowires, and (d) 3D-CuNi nanonetworks both inside and outside the 3D-AAO
template.

to serve as a simplified model of the experimental setup, pro- this approach has limitations, it has been used for similar
viding a general understanding and enabling the extraction of structures of other materials®® and the electrical conductivity
electrical conductivity in a consistent manner. Even though of the structure is found to strongly depend on the material.
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(a) Lateral perspective of the COMSOL geometry used in this simplified model of the measurement, once the simulation of the electrical

conduction has been carried out, where the two terminals can be seen (A being the input terminal and B the ground), (b) top view of the COMSOL
simulation of the electrical conduction, and (c) sectional view of the first plane of transversal channels, where the main voltage drop along the struc-

ture takes place.

Fig. 3 shows the steady state potential found when a potential
difference between the two terminals is imposed. In the case
of the 3D-CuNi network simulation, it can be seen that the
electrical current flows mainly along the first transverse
channel. This is consistent as the CuNi material is highly con-
ductive. The voltage then drops mainly along the first plane of
transverse channels, as can be seen in Fig. 3a-c. Following this
simplified model, for the calculation of the electrical conduc-
tivity, only this first transverse channel should be taken into
account, as the rest of the nanostructure simulated does not
contribute. Using It,c = 50 nm and n = 1, the calculated electri-
cal conductivity of the 3D-Cuy ¢1Nij 39 nanonetworks was 1.1 +
0.1 (uQ m)™", indicating a comparable in-plane electrical con-
ductivity to that of Cu, ;Nip 39 electrodeposited films.

The in-plane Seebeck coefficient was found to be —58.3 +
6.0 uvV K™' at room temperature for the Cuy ¢;Niy 30 film and
—59.9 + 6.0 pV K" for the 3D-Cug¢;Nig 30 Nanonetwork, indi-
cating n-type conduction. This value is consistent with litera-
ture reports of —45 uV K™* and —50 pV K™ at room tempera-

This journal is © The Royal Society of Chemistry 2025

ture for an electrodeposited Cug6;Nig 39 film on a silicon sub-
strate®> and for a non-crystalline CugssNig4s bulk material,”
respectively. Then, the in-plane power factor (PF = 5-S%) was 4.4
+1.0 mW m™' K? and 3.9 + 0.9 mW m~"' K> at room temp-
erature for the Cugyg:Nig30 film and for the 3D-Cug¢;Nig.39
nanonetwork, respectively, which is slightly lower than that
observed for the bulk material (5.5 mW m™" K?).”

The thermal conductivity, k, was determined by the photoa-
coustic method to obtain the thermal diffusivity, a, using the
following equation:>*

k=a-p-Cp (6)
where p is the density and Cj, is the specific heat. For the CuNi
film, p and C}, were taken from the literature and were 8934 kg
m~> and 418 J kg™' K, respectively. The thermal conductivity
was found to be 10.9 + 1.1, 5.5 + 0.5, 5.0 + 0.5, and 5.3 + 0.5 W
m™' K' for the film, 1D-CuNi nanowires, modulated-CuNi
nanowires, and 3D-CuNi nanonetworks within AAO templates,

Nanoscale, 2025, 17, 6757-6766 | 6763
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Table 2 Porosity and measured thermal conductivity of the composite
(CuNi alloy and AAO template) and thermal conductivity of the
Cuge1Nig 39 film, 1D-Cugs9Nig41 nanowires, modulated-Cug 59Nig.41
nanowires, and 3D-Cug g1Nip 39 nanonetwork (without AAO templates)
studied in this work

Porosity keomp Keuni
Material (%) Wm'K) (WmT K
Cuy 61Nig 30 film — 10.9 + 1.1
1D-Cug 59Nig 41 Nanowires  49.5 + 2.5 5.5+ 0.5 10.0 £ 1.0
Modulated-Cug soNig_ 43 49.6 £2.5 5.0 £0.5 9.1+0.9
nanowires
3D-Cuyg ¢1Nig 39 55.8+2.8% 5.3+0.5 8.7+£0.9
nanonetwork

respectively (see Table 2). A large reduction in thermal conduc-
tivity of almost twofold is observed when CuNi films are com-
pared with CuNi nanostructures within AAO templates. This is
the thermal conductivity that we need to consider in order to
use the CuNi nanostructures within AAO templates as func-
tional materials in thermoelectric devices.

However, to determine the thermal conductivity of the
CuNi nanostructure without AAO, effective medium theory was
applied, taking into account the density and specific heat of
CuNi (p = 8934 kg m ™ and C,, = 418 J kg™' K "), the density
and specific heat of the skeletal AAO template (p = 2800 kg
m~ and C, = 780 J kg™' K™),*” and the porosity extracted
from the SEM measurements of the different geometrical para-
meters of the templates and nanostructures.>””*®

The out-of-plane thermal conductivities were found to be
10.9 + 1.1, 10.0 + 1.0, 9.1 + 0.9 and 8.7 + 0.9 W m™* K™ for the
film, 1D-CuNi nanowires, modulated-CuNi nanowires, and
3D-CuNi nanonetworks without AAO, respectively. This trend
indicates that the increasing surface-to-volume ratio of the
different structures enhances phonon scattering and thus
decreases the thermal conductivity. The film with the lowest
surface-to-volume ratio has the highest thermal conductivity,
even though it is nanostructured with grain sizes of around
20 nm (109 = 1.1 W m™' K™'). The 1D-nanowires show
increased scattering (10.0 + 1.0 W m™" K '), which is further
enhanced in the modulated nanowires (9.1 = 0.9 W m™' K™)
due to their rough surface. The 3D-nanonetworks show the
most significant reduction in thermal conductivity (k = 8.7 =
0.9 W m™" K™"), with the transverse channels acting as
effective phonon scattering centers.

Since thermal conductivity is the combination of electronic
thermal conductivity (k.) and lattice thermal conductivity (k;),
to distinguish between the contribution of phonons and elec-
trons to the thermal conductivity, the Wiedemann-Franz law
(ke = 0-L'T) has been used. In this equation, L is the Lorenz
number (2.44 x 107® W Q K ?),>° ¢ is the measured electrical
conductivity, and T is the temperature (298.15 K) (see Table 3).

Table 3 shows that the contribution of electrons to the elec-
tronic thermal conductivity (k.) is approximately 87.2 and
93.1% of the total thermal conductivity for the Cug6:Nig 30
film and 3D-Cuy6:Nig 39 Nanonetwork, respectively, compared
to ~53% for the Cu,s5sNig4s bulk alloy.” In fact, the lattice
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Table 3 Measured thermal conductivity and calculated electronic and
lattice thermal conductivities for the CugeiNig39 film and
3D-Cug e1Nig 390 nanonetwork without AAO studied in this work and
compared with the Cug s5Nig 45 bulk alloy from the literature’

ky ke ki
Material Wm'KY) Wm'K?"Y) Wm'K?
Cuy, 61Nig 30 film 109+1.1  9.5+0.5 1.4+0.3
3D-Cug ¢:Nig 39 Nanonetwork 8.7 + 0.9 8.1+0.4 0.6 + 0.2
Cy.55Nig.45 bulk’” 29 15.4 13.6

thermal conductivity (k) is reduced from 13.6 W m™" K" for
the bulk material to 1.4 + 0.3 W m™" K™* due to the crystallite
size reduction and even further to 0.6 + 0.2 W m~" K" due to
the combination of the reduction of the crystal size, the
phonon scattering at the nanowire surfaces and the further
scattering in the transverse nanochannels, resulting in k&
values approaching zero. Thus, we have achieved a maximum
reduction in lattice thermal conductivity and consequently
total thermal conductivity, due to the combination of reduced
crystallite size and the unique structure of the 3D-CuNi
nanonetwork.

The comparison of 3D-networks of three different materials
such as 3D-CuNi interconnected nanonetworks in this work
with 3D-Bi,Te; interconnected nanonetworks?® and 3D-PEDOT
interconnected polymer nanonetworks® reveals a significant
reduction in the & of the 3D-nanonetworks of the inorganic
materials compared to their bulk counterparts. The 3D-CuNi
nanonetworks exhibit a remarkable reduction in thermal con-
ductivity due to phonon scattering at the intricate interfaces of
the 3D-network architecture, achieving k values close to zero,
which is crucial for thermoelectric efficiency. This strong
reduction in k was also observed in 3D-Bi,Te; networks,
although the crystallite size in the Bi,Te; network was larger
than that in this study. Thus, it is clear that the 3D-nanonet-
work plays a crucial role in the phonon transport mechanism
for these two inorganic materials. This behavior does not
seem to be the case for polymers, given that for the 3D-PEDOT
nanonetwork, no improvement in the thermoelectric pro-
perties was observed. The electrical conductivity of the 3D-net-
works is similar to that of the electrodeposited films in all the
cases. However, an increase in the Seebeck coefficient seems
to occur in the 3D-nanonetworks of Bi,Te;, while this is not
the case in the 3D-CuNi nanonetworks or in the polymeric
3D-PEDOT nanonetwork. Taken together, these studies under-
score the importance of material composition and structural
design in tailoring thermoelectric properties, highlighting the
potential of nanostructured materials to outperform their bulk
counterparts and contribute to sustainable energy solutions.

Considering the material as isotropic, the thermoelectric
figure of merit, zT*, (2T = (0-S°/k)-T) at room temperature
(298.15 K) was found to be 0.12 + 0.03, 0.22 + 0.05, and 0.24 +
0.06, respectively, for the Cug6:Nig 30 film, the 3D-Cuyg 6:Nig 39
nanonetwork within the AAO template, and the free-standing
3D-Cuy ¢1Nig 30 Nanonetwork (see Table 4). For the free-stand-

This journal is © The Royal Society of Chemistry 2025
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Table 4 Measured electrical conductivity, Seebeck coefficient and thermal conductivity, and calculated figure of merit (zT*) for the Cug ¢1Nig 39
film, 3D-Cug 61Nig.39 Nanonetwork within AAO, and free-standing 3D-Cug 6:1Nig 39 nanonetwork (without AAO templates) studied in this work and

compared with the Cug s5Nip 45 bulk alloy from the literature’

Material oy (@m)™" Sy (VK™ kL(Wm™ K™ ZT* at RT
Cuy 61Nig 30 film 1.3+0.1 —58.3+6.0 10.9 + 1.1 0.12 + 0.03
3D-Cuy 61Nig 39 nanonetwork within the AAO template 1.1+0.1 —59.9 + 6.0 5.3+0.5 0.22 + 0.05
Free-standing 3D-Cuy ;Nig.39 Nanonetwork 1.1 +0.1 —59.9 + 6.0 4.9 + 0.6 0.24 + 0.06
Cuyg.55Nig.45 bulk’ 2.1 —52 29 0.05

ing 3D-CuNi nanonetwork, the AAO was removed and the
thermal conductivity was calculated from the thermal conduc-
tivity of the CuNi and the thermal conductivity of air (2.6 x
107>wWm 'K ).

A large increase in the figure of merit of more than four
times (4.8 and 4.4) is observed when free-standing 3D-CuNi
nanonetworks and 3D-CuNi nanonetworks within AAO tem-
plates are compared to Cug s5Nig.45 bulk” (7' = 0.5 x 107%).7
An increase of more than twofold (2.4) is observed when
CuNi films are compared to bulk. The amount of CuNi used
in a thermoelectric device made of these nanocrystalline
3D-CuNi nanonetworks is much lower than that in a bulk
material, which significantly reduces the price of a final
device.

It is worth mentioning that both materials composing
these 3D-CuNi nanonetworks, anodic aluminum oxide nano-
structures (anodization of Al) and CuNi alloys exhibit long-
term stability due to the fact that anodization of Al is a well-
known process to prevent oxidation of the Al component in
aeronautics, the automotive industry, and building surfaces
such as windows, roofed verandas, or terraces, and CuNi
alloys are commonly used in the microelectronics industry
due to their chemical and thermal stability over time.
Moreover, 3D-CuNi nanonetworks are highly scalable for
industrial applications as anodization and electrodeposition
processes are well-established industrial processes, even for
large surfaces.

4. Conclusions

In conclusion, this research successfully demonstrates the
enhancement of the thermoelectric properties of CuNi alloys
by electrodeposition, combining two nanostructuring tech-
niques. On the one hand, the incorporation of saccharine into
the electrolyte reduces the crystallite size to ~25 nm. On the
other hand, the use of three-dimensional anodic aluminum
oxide (3D-AAO) templates enables the formation of 3D-nano-
networks. The values of these 3D-networks have been com-
pared with those of nanocrystalline CuNi films, 1D-nanowire
arrays, and 1D-modulated nanowire arrays. The consistent
composition of CugeoNig 4o is the same for all the growth
samples and with comparable crystallite size results in similar
values of electrical conductivity and Seebeck coefficients.

This journal is © The Royal Society of Chemistry 2025

However, the thermal conductivity is the only parameter that
changes due to the nanostructuration.

The remarkable reduction in thermal conductivity, nearly
halving from 29 W m~" K™ for bulk CuNi to 10.9 = 1.1 W m ™"
K™ for nanocrystalline films, to even lower values such as
5.3 + 0.5 W m™' K' for the composite 3D-nanonetworks/
alumina and 4.9 + 0.6 W m~" K" for free-standing 3D-nano-
networks, is attributed to enhanced phonon scattering due to
increased surface area and reduced dimensionality. The calcu-
lated zT* (considering the material as isotropic) at room temp-
erature was found to increase from the reported 0.05 value of
the bulk material to 0.12 + 0.03, 0.22 + 0.05, and 0.24 * 0.06
for the CuggiNigze film, the 3D-Cugg;Nig39 nanonetwork
within the AAO template, and the free-standing 3D-Cuy ¢:Nig 39
nanonetwork, respectively. Therefore, an approximate (~) five
times increase in the figure of merit is observed when free-
standing 3D-CuNi nanonetworks are compared to the bulk
material. The high figure of merit (27) values at room tempera-
ture for the free-standing CuNi alloy highlight the potential of
these materials for application in thermoelectric generators,
particularly in wearable technology and small-scale energy har-
vesting devices. This study not only reinforces the viability of
CuNi alloys as competitive thermoelectric materials, but also
sets the stage for future research aimed at optimizing their
integration into practical energy conversion systems with envir-
onmentally friendly, long-term stable, scalable, and Earth
abundant materials.
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