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Bendable n-Type Metallic Nanocomposites with Large

Thermoelectric Power Factor

Yani Chen, Minhong He, Bin Liu, Guillermo C. Bazan,* Jun Zhou,* and Ziqi Liang*

Thermoelectric (TE) materials that directly convert heat into
electricity and vice versa, have attracted significant interest
because of their potential applications in waste heat recovery,
solar thermal utilization, as well as alternative power gen-
eration and refrigeration technologies.'™ There are two key
parameters used to characterize the performance of TE mate-
rials:P! one is the dimensionless figure of merit (ZT = S?6T/x),
which determines the energy-conversion efficiency, and the
second is the power factor (PF = S?0), which is proportional to
the maximum output power, where S is the Seebeck coefficient,
o is the electrical conductivity, T is the absolute temperature,
and x is the thermal conductivity including contributions from
both phonons and electrons.

Traditional commercial TE materials are inorganic semi-
conductors, such as Bi,Te;, PbTe, and SiGe alloys, for which
the ZT and PF are on the order of one and several thousand
uW m™! K2, respectively.® Potential drawbacks of inorganic
systems include high cost, scarcity, toxicity, brittleness, and scal-
ability challenges.’1!l Their organic TE counterparts may be
able to circumvent these challenges by offering the possibility
of low-cost fabrication from solution and light-weight devices,
thus paving the way for producing flexible TE modules by high-
throughput methods.'>"1 However, the intrinsically lower
electrical conductivity of organic semiconductors provides a
challenge for improving the PF and ZT. Organic—inorganic TE
nanocomposites (TENCs) have therefore been recently devel-
oped to resolve the above issues. This design strategy seeks to
combine the high electrical conductivity of the inorganic com-
ponent with the low thermal conductivity, rational molecular
design, and mechanical flexibility afforded by organic mate-
rials. Moreover, the coupling between organic and inorganic
parts can lead to a simultaneous improvement of the electrical
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conductivity and the Seebeck coefficient,!'®!”] while the internal

interfaces introduce phonon-boundary scattering and reduce
the lattice thermal conductivity.

Most commonly used organic components for TENCs
include m-conjugated polymers, such as poly(3-hexylthiophene)
(P3HT), polyaniline (PANI), and poly(3,4-ethylenedioxythiophe
ne):poly(styrenesulfonate) (PEDOT:PSS). For instance, Zhang
et al. incorporated both n- and p-type Bi,Te; ball-milled pow-
ders into commercial PEDOT:PSS, and obtained PF values of
70 and 40 uW m™! K2, respectively.l'® See et al. prepared water-
soluble p-type PEDOT:PSS/Te nanocomposites, which exhib-
ited increased electrical conductivity while retaining the low
thermal conductivity of PEDOT:PSS, giving a room tempera-
ture ZT of around 0.1.% Likewise, a p-type PANI/Te composite
was found to achieve a PF of 105 uW m™ K2 at room tem-
perature.?) Hong et al. prepared a p-type FeCls;-doped P3HT/
carbon nanotube (CNT) with a PF of 267 uW m™! K2, in which
the CNT bundles formed an interconnected network.2!! Insu-
lating polymers, such as poly(vinylidene fluoride) (PVDF), have
also been used. By utilizing a vacuum filtration process, flexible
PVDF/Cu, ;5Te composites were obtained with S =9.6 pv K7,
0=2490 S cm™!, and PF = 23 pW m™! K222 These examples
principally introduce TE inorganic semiconductors and, more
importantly, high PFs have been achieved predominantly for
p-type systems. n-Type TENCs, a necessary prerequisite for con-
structing TE modules, lag in performance and their PFs seldom
exceed 100 uW m™ K2, Very recently, however, the Koumoto
group has reported a PF of 450 uW m™ K2 for the n-type
hybrid superlattice TiS,/[(hexylammonium),(H,0),(DMSO),],
which was fabricated by electrochemical intercalation and sol-
vent-exchange processes.?3] Also, PEDOT/CNTs hybrids have
shown high PFs up to 1000 uW m™ K2 after treatment with
n-type tetrakis(dimethylamino)ethylene (TDAE) dopant.?!l The
Zhu group electrochemically deposited a coordination polymer
from ethylenetetrathiolate and Ni, with a PF = 453 uW m™! K2
owing to improved structural ordering.!”’l Metals, which pre-
sent opportunities of comparatively low cost and high conduc-
tivity, are less frequently encountered in TENCs. One exception
are p-type PEDOT:PSS/Ag NWs bulk TE hybrids obtained by
cryogenic grinding and a spark plasma sintering processes, 2%l
which reached a PF of 2.85 uW m™ K2, most likely due to
the low Ag loading content. This overview of recent highlights
points to growing opportunities for diversifying the range of
materials incorporated within TENCs and the need to under-
stand how to best achieve n-type TE materials that are compat-
ible with simple scale-up fabrication protocols.

In response to the preceding comments, we report here
a simple method of preparing n-type TENCs containing one-
dimensional Ni NWs embedded within an insulating PVDF
matrix, which do not require doping and can be obtained from
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solution to yield highly bendable thin films. TENCs containing
80 wt% Ni NWs yield a notably high ¢ of 4701 S cm™ and a
large S of =20 uV K7, resulting in a PF of 200 uW m™ K2
at room temperature. This PF value is among the highest
observed for n-type TENCs. It is also worth noting that o and
S exhibit an unusual decoupling phenomenon relative to the
Ni content, which is interpreted by favorable carrier transport
across a percolated network within the nanocomposites.

We chose PVDF as the matrix owing to its superior film-
forming property, plasticity, and thermal stability.””] Five dif-
ferent sets of TENCs were obtained by mixing Ni NWs with
PVDF powder in dimethylformamide (DMF) solution, followed
by drying in an aluminum mold inside a N,-filled glovebox.
Given the propensity of Ni toward oxidation, the TENCs were
immersed in an ethanol solution of hydrazine hydrate prior to
use. The Ni content in the composites was varied from 20, 35,
50, 65, to 80 wt%, and the thickness of these TENC films was
kept at around 30 um. Note that when the Ni NWs loading was
higher than 80 wt%, the sample became very brittle and easily
cracked when peeled off from the substrate, as shown in Figure
Slain the Supporting Information.

A typical photograph of an as-fabricated Ni/PVDF TENC
film, shown in Figure 1a, reveals that the film is free-standing
and has a smooth surface with an area of approximately
4 cm?. The film is highly bendable and hard to deform, thus
demonstrating its relevance for flexible and portable TE mod-
ules. To quantify the bendability, Figure S1b,c (Supporting

Figure 1. a) Typical photographs of highly bendable Ni/PVDF TENC film. d—f) Top-view SEM
images of the Ni/PVDF TENCs with different contents of Ni NWs. Ni NWs are denoted by the

red arrow.
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Information) shows photographs of Ni (80 wt%)/PVDF TENC
films inside two tubes of different radii, the smallest of which is
4.7 mm.?8l Upon removal from the tube, the film preserves
its original shape and smooth surface without any deforma-
tion nor cracks owing to the ductility of the metallic Ni NWs
(Figure S1d). Field-emission scanning electron microscopy
(FE-SEM) was used to examine the morphological details. As
shown by the top-view SEM in Figure 1d—f, the Ni NWs are ran-
domly distributed within the PVDF matrix, from which typical
three-dimensional (3D) percolation networks could be antici-
pated that depend on the volume fractions of Ni. As shown in
Figure 1b—d, when the Ni content is less than 50 wt%, most
Ni NWs are isolated with sporadic connections between them.
As the Ni content increases to 65 wt%, more connections are
formed, as shown in Figure le. At 80 wt%, the Ni NWs are
entangled, as indicated in Figure 1f, leading to conditions that
favor electrical transport.

The samples were further analyzed by X-ray diffraction
(XRD). As shown in Figure 2, all five Ni/PVDF TENCs show
three strong diffraction peaks at 44.5, 51.8, and 76.4°, corre-
sponding to the (111), (200), and (220) reflections of Ni, respec-
tively (JCPDS no. 04-0850). Moreover, these peaks increase in
intensity when the Ni content increases from 20 to 80 wt%. The
absence of any diffraction peaks at 37.2, 43.2, 62.8, 75.3, and
79.3° indicates the absence of NiO, which would decrease the
electrical conductivity.

The room-temperature average TE properties of the Ni/
PVDF TENCs as a function of Ni content
are presented in Figure 3 (see Experimental
Section for characterization details and Sup-
porting Information for description of the
measurements). As shown in Figure 3a, o
increases from 15 S cm™ to 4701 S cm™
as the Ni content changes from 20 wt% to
80 wt%. Owing to the larger density of Ni
(8.90 g cm™3) than that of PVDF (1.78 g cm™),
the volume fraction (p) of Ni NWs in the
TENCs is much lower than their cor-
responding weight percentage. That is,
increases in Ni content — from 20, 35, 50, 65
to 80 wt% lead to increased p — from 0.0476,
0.0972, 0.167, 0.271 to 0.445, respectively.
The o values of Ni/PVDF TENCs were fitted
to the universal power scaling law of percola-
tion theory:

20 wt%

10 ym

o(T)=0o(T)(p-p.)* 1)

where 6y(T) =2.98 x 10* S cm™! at room tem-
perature is the fitted pre-factor and is related
to the intrinsic o of Ni NWs,?% p. = 0.0476
(corresponding to 20 wt%) is the fitted per-
colation threshold, which is very close to the
simulated value of 0.043 by the 3D Monte
Carlo method when the average aspect ratio
of Ni NWs is around 15 (Figure 1b—d).53¢
The fitted lines were in excellent agree-
ment with the experimental data for u = 2,
corresponding to a parabolic dependence of
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Figure 2. XRD patterns of Ni/PVDF TENCs with different contents of
Ni NWs.

o(T), thus providing strong evidence for the formation of a 3D
percolation network.B!) All the Ni/PVDF TENCs exhibit nega-
tive values of S (Figure 3a), which is given by the slope of the
straight fitting line of AV/AT. Therefore the majority of charge
carriers are electrons. S increases from —7.5 to —20.6 uV K!
with increasing Ni content; interestingly, —20.6 puv K*
approaches the value of neat Ni. Currently, we lack a complete
theory that can successfully explain the dependence of S on the
Ni volume fraction. According to the heterogeneous model,%
however, the overall S is a weighted average over those of indi-
vidual Ni NWs and junctions between neighboring NWs. Once
the Ni content reaches the percolation threshold, the S of the
Ni NWs becomes dominant. The above simultaneous increase
in both o and S is in accordance with previous reports on
CNTs-based nanocomposites.'®!”] Figure 3b exhibits a gradual
increase in PF when the Ni content <50 wt%, yet there is a par-
abolic enhancement of PF when the Ni content 265 wt%. As a
result, the highest PF of 200 uW m™ K2 is obtained at 80 wt%
Ni NWs, whereby p is far greater than p,.

Figure 4 presents how the average TE properties of optimal
Ni (80 wt%)/PVDF TENCs change in the temperature range
of 300-380 K. The value of o decreases with increasing tem-
perature, which is typical metallic behavior and originates
from enhanced electron—phonon scattering in the Ni NWs
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(Figure 4a). The experimental data of ¢ can be modeled with
the temperature dependent characteristic of metals:

00(T) = 66(293 K) /[1+ (T — 293 K)] 2)

where o = 0.0059 K! is the temperature coefficient of resis-
tivity.33] Figure 4b shows that the absolute S of the nano-
composites increases with temperature. The experimental
results of S also fit the dependence:

S=aT+bT*? 3)

where the first term comes from the electron diffusion, which
is proportional to the temperature T, and the second term is
induced by electron-magnon collisions, which is called the
magnon-drag effect.** The fitting parameters a = —0.041 uV K2
and b = -0.0015 uV K>/ are used. As a result, the PF of
Ni/PVDF TENCs shows a positive temperature depend-
ence, reaching a maximum PF of 220 uW m™ K2 at 380 K
(Figure 4c).

Owing to the high sensitivity to the sample preparation
method and the absence of established simulation models, it
has been technically challenging to accurately measure the in-
plane x by conventional techniques. Thus, most works based
on organic/hybrid TEs have provided either the out-of-plane
k or the PF value.'®1921.221 Given the homogeneous nature
of our Ni/PVDF TENCs made from vigorous mixing in solu-
tion, we believe the difference between the out-of-plane and in-
plane k values is relatively small. Therefore, we used the out-
of-plane «x as an estimate of the in-plane one. Figure 5 shows
the temperature dependence of the calculated out-of-plane
of the Ni (80 wt%)/PVDF TENCs. The methods and data are
shown in the Experimental Section and Supporting Informa-
tion, respectively. The average Kk is 0.55 W m™ K! at room
temperature and it remains nearly constant over the whole
temperature range. Furthermore, it is smaller than that of bulk
Ni (ca. 90 W m™ K71).3%) The reasons for these trends may be
rationalized as follows: i) nanostructured interfaces are present
in the TENCs, which cause significant phonon-boundary scat-
tering; ii) the thermal boundary resistance in these TENCs is
large, which strongly hinders thermal transport; and iii) given
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Figure 3. TE performance of Ni/PVDF TENCs as a function of Ni content at room temperature. a,b) The dependence of the average electrical conduc-
tivity (triangles) (a), Seebeck coefficient (squares) (a), and power factor (circles) (b) on the Ni NWs content. The points represent the experimental
data, and the fitted line in (a) corresponds to the simulated results. Note that the dashed line in (b) is a guide to the eye.
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Figure 4. Temperature dependence of average TE properties of the
optimal Ni (80 wt%)/PVDF TENCs. a) Electrical conductivity (triangles),
b) Seebeck coefficient (squares), and c) power factor (circles). The points
are experimental data, and the fitted lines are the corresponding simu-
lated results.

the lower k of PVDF than that of the Ni NWs, a considerably
low k can thus be obtained in the TENCs, according to the
effective medium theory.’® As a result, remarkably high PFs
and a low x could be simultaneously achieved in these TENCs,
yielding the best ZT of around 0.15 at 380 K.

In conclusion, we have successfully fabricated highly flex-
ible yet non-deformable n-type TENCs of Ni NWs/PVDF
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Figure 5. Temperature dependence of out-of-plane thermal conductivity
of the optimal Ni (80 wt%)/PVDF TENCs.

without the need for a doping treatment. The electrical con-
ductivity of the nanocomposites increases dramatically from
15 to 4701 S cm™! when the content of the Ni NWs is increased
from 20 to 80 wt%. This trend is consistent with the formation
of a percolated network of Ni NWs in the films through which
carrier transport occurrs. Interestingly, the maximum Seebeck
coefficient value obtained is —20.6 uV K™', which is similar to
that of neat Ni. As a result, impressively large power factors
of 200 and 220 uW m™! K= are obtained at room temperature
and 380 K, respectively. Given the low thermal conductivity of
0.55 W m™ K1, a maximum ZT of 0.15 is achieved at 380 K in
these TENCs. Both the power factor and ZT values are among
the highest achieved for n-type TENCs.?3-°] This work provides
the first demonstration that the combination of an insulating
polymer and an inorganic metal, each of which is a poor TE
material, can be brought together to form a nanocomposite
with unexpectedly outstanding TE properties.

Experimental Section

Chemicals and Materials: All the chemicals used in the experiments
were purchased and used without further purification, including Ni NWs
(JCNANO Tech Co., Ltd), poly(vinylidene fluoride) (PVDF) (M,, =900 kDa,
Arkem, Ltd), dimethylformamide (DMF) (Adamas-beta), and Ni
nanowires (Nanjing Jicang Nano Technology Co., Ltd).

Fabrication of Ni/PVDF TENCs: A typical fabrication procedure of Ni/
PVDF TENCs is provided: PVDF (0.1 g) was first dissolved into DMF (0.9 g)
in a 50 mL flask under vigorous stirring at 70 °C for 3 h. Subsequently,
different quantities of Ni NWs at 20, 35, 50, 65, and 80 wt% were
dispersed into the PVDF solution under mild mechanical stirring at
room temperature over a period of 1 h. Ni/PVDF TENCs were obtained
by drop-casting the mixture solution into aluminum molds inside a
N,-filled glovebox, followed by vacuum drying at 40 °C overnight. The
resulting TENCs films were subsequently peeled off from the aluminum
molds and pressed under 15 MPa for 2 min. Afterwards, these TENCs
were transferred into a N-filled glovebox, and then immersed in an
ethanol solution of hydrazine hydrate (16 vol%) for 5 min. Finally, the
samples were thermal annealed at 110 °C for 30 min prior to use.

Characterization and Measurements: The electrical properties of the
nanocomposites were measured in the temperature range of 280 to
380 K by using a custom-built apparatus as illustrated in Figure S2

Adv. Mater. 2017, 29, 1604752
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(Supporting Information). A four-probe technique was used to measure
the electrical conductivity on a multimeter (Keithley 2010) and a source
meter (Keithley 2400). The Seebeck coefficient was measured by heating
one resistor block while simultaneously measuring the generated
temperature gradient (AT) and thermoelectric voltage (AV). The thermal
diffusivity (D) was acquired on a Netzsch LFA 467 Nanoflash apparatus
based on the xenon flash method in the Application Laboratory of
Netzsch Scientific Instruments Trading (Shanghai) Ltd. and the certified
data are provided in the Supporting Information. The specific heat
(Cp) was determined on a TA Q2000 differential scanning calorimeter,
whereas the density (p) was measured by Archimedes’ method. The
thermal conductivity was then calculated by using the equation of
k=D x C, X p. Each data point of the electrical and thermal results
was measured three times and then averaged for discussion, as
shown in Table S1 (Supporting Information). Field-emission scanning
electron microscopy images were acquired on a JEOL JSM-6701F at an
accelerating voltage of up to 30 kV. X-ray diffraction pattern data for 26
values were collected with a Bruker AX D8 Advance diffractometer with
nickel-filtered Cu Kot radiation (A = 1.5406 A).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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