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ARTICLE INFO ABSTRACT

Keywords: Polyelectrolyte multilayer thin films, assembled by sequentially depositing bilayer (BL) of poly(allyamine hy-

Nanocomposites drochloride) (PAH) and double-walled carbon nanotubes (DWNT) stabilized in polyacrylic acid (PAA) using the

r;leak p“iyeie.cm’lytes layer-by-layer assembly technique, are studied in an effort to establish the relationships between the confor-
ermoelectric

mational changes and thermoelectric performances. Controlling the charge density of weak polyelectrolytes with
assembly pH conditions gives rise to a different physical, structural, and mechanical properties. The 7.5PAH/3.5
(DWNT-PAA) films exhibit an exponentially-grown thickness behavior due to in-and-out diffusion of the partially
charged polyelectrolytes with coiled polymeric conformation, which results in randomly distributed nanotubes
within the multilayers. Films made with the same sequences, but with extended polymeric conformation due to
high charge density along the polymer chain (PAH at pH 6 and PAA at pH 6.5), show the linear growth behavior
with a uniformly oriented nanotube structure and relatively higher elastic modulus. The precise control of the
polymeric conformation upon charge density at the nanoscale level significantly affects the thermoelectric
performances. A 14 BL 6PAH/6.5(DWNT-PAA) film exhibits an electrical conductivity of 417 S cm ! and Seebeck
coefficient of 85 pV K1, This translates to a power factor of 301 pW m™~! K2, which is 75 times higher than the
same films made at pH 7.5/3.5.

Carbon nanotubes
Multilayer thin films

1. Introduction effective green energy harvesting systems [3,8,9]. The TE energy con-

version efficiency is usually evaluated by the dimensionless figure-of-

Increasing energy demand and the rapid depletion of non-renewable
energy sources based on fossil fuels have led to the global energy crisis.
The unprecedented steep increase in energy consumption induces the
development of producing eco-friendly energy sources [1-3]. To date,
various energy harvesting techniques have been developed using sun-
light, electrics, mechanical, and thermal changes (low-grade heat)
[4-7]. However, generating electricity from low-grade heat (from
sources below 100 °C) remains challenging due to the lack of an effective
and cost competitive technology. Thermoelectric (TE) materials that
enable direct conversion of heat (e.g., waste heat or heat source from
engines, human body, etc.) into electricity have been proved to be
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merit (ZT = ¢ S? Tk™1), where S, o, k, and T stand for the Seebeck co-
efficient (or thermopower), electrical conductivity, thermal conductiv-
ity, and absolute temperature, respectively. Achieving a high ZT value
requires a TE material simultaneously possessing a high S and ¢ coupled
with a low k. Due to the strong conflicting correlations between each
physical property, it is very difficult to independently optimize them and
simultaneously enhance S and ¢ [10].

Inorganic semiconductors that are composed of metal alloys
including BiyTes, SiGe, PbTe, and Sb-based materials have been iden-
tified as the most commonly used TE materials because of their high
performance at a wide range of 400-1200 K [11-14]. In spite of their
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excellent TE behaviors, they have several problems such as toxicity,
cost-effectiveness, scarcity in the earth’s crust, inherent rigidity, and
poor processability, which hinders their practical application in the
various fields [15-18]. In contrast, conjugated polymers such as poly-
aniline, polypyrrole, and poly(3,4-ethylenedioxythiophene):poly
(styrenesulfonate) have been a promising alternative to inorganic
counterparts because of solution-based processability, eco-friendliness,
lightweight, and high flexibility [3,9]. Besides, their intrinsically low k
(ranging from 0.1 to 1 W m~! K1) is ideal for improving ZT. However,
the power factor (PF = ¢2 S) of conducting polymers is much lower than
that of inorganic TE materials due to their low ¢ and S [9,19]. Recently,
the synergistic combination of low-dimensional carbon nanofillers such
as carbon nanotubes, graphene, and graphene oxides and conducting
polymers has been exhibited to achieve high PF (>1500 pW m ! K~2) at
a relatively low temperature (<500 K) [20,21].

Despite the significant improvements in TE performances of organic
materials using various methods including simple mixing, brush-
printing, solution-assisted dispersion, in situ chemical polymerization,
and polymer emulsion, the PF of organic materials is poor compared to
that of inorganic-based composites due largely to the difficulty con-
trolling the film structure and property [22]. A precise control over the
film’s architecture and uniform arrangement of carbon nanoparticles in
the polymer matrix is necessary to produce a novel 3D network that can
promote efficient charge transport [23]. In this regard, the layer-by-
layer (LbL) method is an effective alternative to create the hybrid
composites where carbonaceous materials are uniformly incorporated
into a layered nanostructure. LbL assembly is one of the most effective
methods for preparing well-defined multilayer thin films with
nanometer-scaled thickness precision and highly ordered internal
structure [3,24]. The polymeric nanocomposites are prepared by
sequentially immersing a charged substrate into aqueous solutions
containing complementarily functionalized materials such as nano-
particles, inorganic nanoplates, dendrimers, and biomaterials onto any
geometric surfaces [25-27]. The multilayer formation is mainly driven
by electrostatic interactions between oppositely charged species, but
assemblies based on hydrogen bonding, hydrophobic interaction, co-
valent bonds, and donor/acceptor interactions have also been investi-
gated [24]. The properties of LbL assembly can be simply tailored by
controlling temperature, assembly pH conditions, molecular weight,
types of polymers used and deposition time [28,29]. Furthermore, the
multilayer thin films have been shown to be capable of reorganization
even after assembly upon external stimuli such as humidity, electric
potential, pH, ionic strength, and solvent [30].

In regard to polymeric substrates, the self-assembled LbL structures
have been extensively exploited to develop advanced functional mate-
rials in various fields including gas barrier, self-cleaning materials,
biosensors, flame retardant, and tissue engineering [31,32]. In recent
years, electrostatically layered nanocomposites have been studied for
organic TE materials because a continuous 3D conjugated network
created by the sequential self-assembly of conducting polymers and
carbon-based materials leads to synergistically improved TE perfor-
mances [2,9,22]. Of particular interest is the intricate control of weak
polyelectrolytes-based LbL films that can be induced by changes in the
assembly pH. Previous reports have shown that the variation of charge
density in polymer chains can produce distinct structure, physical/me-
chanical properties, and film composition [33]. Various strategies have
been attempted to enhance the TE properties via chemical doping,
quantum confinement, carrier filtering, and engineering the electronic
band structure [34-36]. However, relatively little works have been done
on the effects of conformational changes of weak polyelectrolytes on TE
behaviors.

Here, we demonstrate the structural tailoring of LbL films containing
pH-sensitive polyelectrolytes (poly(allyamine hydrochloride) (PAH) and
polyacrylic acid (PAA)) and double-walled carbon nanotubes (DWNT)
by changing assembly pH conditions for developing organic nano-
composites with high TE performances. The LbL thin films assembled
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with weak polyelectrolytes exhibit tunable thickness, composition ratio,
and structures by controlling the degree of ionization of polyelectrolytes
with the pH or ionic strength of the assembly solution [37-39]. In this
work, two different assembly pH conditions resulted in different phys-
ical and mechanical properties and morphologies, which ultimately
affected the TE properties. PAH/DWNT-PAA bilayer (BL) films assem-
bled at pH 7.5/3.5 showed a loosely packed nanostructure with
randomly oriented nanotubes within the multilayers thin films, so there
was little benefit in TE performances. The same multilayers deposited at
pH 6/6.5 resulted in densely packed nanostructure where the TE prop-
erties were enhanced through the multidimensional conjugated
network. A 14 BL thin film (~340 nm thick) of PAH/DWNT-PAA
deposited at pH 6/6.5 exhibited an electrical conductivity of 417 S
cm ™! and Seebeck coefficient of 85 pV K1, translating to a power factor
of 301 pW m~! K2, This is 75 times higher relative to that of the same
films assembled at pH 7.5/3.5.

2. Materials and methods
2.1. Materials

Double-walled carbon nanotubes (DWNT) (XB type, diameter ~ 3
nm and length 1 pm, purity > 95%) were purchased from Continental
Carbon Nanotechnology Inc. (Houston, TX). Poly(allyamine hydro-
chloride) (PAH) (MW = 70,000 g mol™1) and poly(acrylic acid) (PAA)
(MW =100,000 g mol ™) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). All chemicals were used as received unless otherwise stated.
The uniformly dispersed nanotubes were achieved by manually grinding
0.03 wt% DWNT in distilled (DI) water containing 0.1 wt% PAA using a
mortar and pestle for 15 min. These suspensions were then sonicated
using a Bandelin Sonopuls tip-sonicator for 1 h to ensure stable disper-
sions. The stabilized DWNT suspensions in PAA solutions were subjected
to centrifuge (4,000 rpm for 20 min) and the supernatant was decanted.
The pH of PAH and DWNT-PAA solutions was adjusted using 0.1 and 1 M
HCI or NaOH purchased from Sigma-Aldrich (St. Louis, MO, U.S.A).

2.2. Substrates

A poly(ethylene terephthalate) (PET) film was purchased from
FilmBank (Gyeonggi-do, Korea). In order to create a negative surface
charge and improve adhesion of the first PAH layer, corona treatment
was performed on the cleaned PET substrates with a hand-held corona
treater (BD-20C, Electro-Technic Products Inc., Chicago, IL). Single-side-
polished silicon wafers (University Wafer, South Boston, MA) were used
as the substrate for profilometer, atomic force microscopy (AFM),
scanning electron microscopy (SEM), and ultraviolet photoelectron
spectroscopy (UPS). Si-wafers were rinsed with DI water, acetone, and
then DI water prior to use. Polypropylene (PP) sheets with a thickness of
1.6 mm were obtained from AlfaAesar (WardHill, MA, USA), and used
for thermogravimetric analysis (TGA). Corona treatment was omitted on
PP to induce the weak adhesion between polyelectrolytes and substrates.
A quartz slide was used for Fourier-transform infrared spectroscopy (FT-
IR) analysis. The increased mass per layer was detected by using a quartz
crystal microbalance (QCM) with polished Ti/Au crystals of 5-MHz
resonant frequency (Maxtek, Inc., Cypress, CA). The crystal was rinsed
and left dry to stabilize for 3 min between each deposition, which re-
duces water’s contribution to the QCM mass gains.

2.3. Layer-by-layer assembly

The multilayer thin films were assembled with a Multi Dip Coater
robot (Hantech Co., Daejeon, Korea) on Si-wafers, quartz, and PET as
substrates. Each cleaned substrate was submerged first into the posi-
tively charged PAH solution for 5 min along with a series of three rinse
baths of DI water for 20 sec each to remove physically absorbed excess
PAH. The PAH coated substrate was dipped into DWNT-PAA mixtures
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Fig. 1. (a) Schematic illustration of the layer-by-layer deposition process for the preparation of PAH/DWNT-PAA. (b) Chemical structures of polyelectrolytes and
carbon nanotubes used in this study. (c) Photograph of DWNT suspensions stabilized by PAA in water and AFM height image and (d) height profile of nanotubes in

the corresponding suspension cast onto Si-wafer.

for 5 min, followed by three rinse baths for 20 sec each, which results in
one bilayer (BL) of PAH/DWNT-PAA. After the first BL was assembled,
subsequent cycles were achieved by repeating 2 min deposition while
the rinsing steps kept the same as the initial BL. For the remainder of this
paper PAH/DWNT-PAA will be denoted as XPAH/Y(DWNT-PAA),
where X and Y are the pH value of each solution. For instance,
7.5PAH/3.5(DWNT-PAA) refers to a sample in which the deposition pH
of the PAH and DWNT-PAA solutions is adjusted to 7.5 and 3.5,
respectively. The assembled multilayer thin films were dried at room
temperature and stored in a desiccator prior to measurements.

2.4. Characterization

Thickness of the thin films on Si-wafers was conducted with a
NanoMap-PS stylus contact profiler (AEP Technology, Santa Clara,
USA). Five measurements were taken on three different samples and the
measurements were averaged to represent the reported values. A
QCM200 (Stanford Research Systems, Inc., CA) was used to analyze the
adsorbed mass of each layer. Surface topography of thin films was ob-
tained by using AFM (Nanostation Surface Imaging Systems, Germany)
in the non-contact mode at a scan rate of 1 Hz in the air. Top-view im-
ages of the multilayer were captured with an S-4800 field emission
scanning electron microscope (FE-SEM, Hitachi, Japan). For the exam-
ination of cross-sectional structure, LbL assemblies were fractured with a
diamond cutter after freezing them in liquid nitrogen for a few minutes.
TGA experiments on a PerkinElmer TGA 8000 (Ohio, USA) were per-
formed with a heating ramp of 10 °C min ™! up to 700 °C under nitrogen
atmosphere. FT-IR spectra were recorded at room temperature using an
FT-IR 680 plus (JASCO). The UV-vis spectroscopy of the LbL films was
carried out in absorption mode using a Shimadzu UV-1900 spectro-
photometer (Shimadzu Corporation, Tokyo, Japan). Elastic modulus
was analyzed using an ultra-nanoindentation system (UNHT3, Anton
Parr, Switzerland) with a sphero-conical (2 pm tip radius, 90° cone
angle) indenter tip. Ultraviolet photoelectron spectroscopy (UPS) pro-
files of the multilayer thin films deposited on gold-coated Si-wafers were
obtained with a Sigma Probe (Thermo VG Scientific, USA). The work
function was calculated from the difference between excited photon
energy of 21.2 eV (He I emission line) and Fermi level energy (0 eV).

2.5. Thermoelectric measurements

Sheet resistances on 5 X 10 mm thin films deposited on PET sub-
strates were measured by using a four-point probe (CMT-100S,
Advanced Instrument Technology) equipped with 0.4 mm probe tip
diameter and a separation of 0.72 mm between each tip. The Seebeck
coefficient of the samples (10 X 30 mm) was determined by using a
custom-built four-point probe setup where electrical voltage (AV = Vg
— Vhop) and temperature difference (AT = Tpo — Teolq) Were measured by
two copper wires and two T-type thermocouples, respectively. The in-
plane thermoelectric voltage across the LbL films induced by the tem-
perature differentials between —7 and 7 K around room temperature
was recorded by a computer equipped with LabVIEW software. After
multiple measurements of thermovoltages and temperature differences,
the Seebeck coefficient of each film was derived from the slopes of the
straight-line fits of the AV-AT plots with a correlation coefficient greater
than 0.99. The reported electrical conductivity and Seebeck coefficient
in Fig. 4 are the average values of five measurements on three inde-
pendent samples. Hall effect measurements with the Van der Pauw ge-
ometry (20 X 20 mm) were conducted at room temperature to determine
the electronic carrier concentration and mobility. An external magnetic
field of 1 T and a current of 100 uA were applied using an Ecopia HMS-
3000 measurement system with ohm contact established using Au
electrodes. The load voltage (V) and load current (I) were obtained by
varying the resistance of load resistor. The output power (P) was
calculated by using the formula P = Ve I.

3. Results and discussion

Fig. 1a shows the layer-by-layer (LbL) process used to assemble two
different bilayer (BL) systems (7.5PAH/3.5(DWNT-PAA) and 6PAH/6.5
(DWNT-PAA)), differentiated by assembly pH conditions. Fig. 1b shows
the chemical structures of each component used in this study. Multilayer
formation involves the sequential adsorption of a substrate into the
positively charged PAH solution and an aqueous suspension containing
DWNT in negatively charged PAA. The DWNT nanoparticles, stabilized
by anionic PAA, are enveloped by the PAH and PAA during deposition.
An optical image of DWNT in PAA polymer solutions showed that
electrostatic repulsions provided by wrapping the DWNT with anionic
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Fig. 2. (a) Thickness and (b) mass growth of 7.5PAH/3.5(DWNT-PAA) and 6PAH/6.5(DWNT-PAA) thin films as a function of the number of layers deposited.

PAA led to a stable colloidal dispersion in water after sonication and
centrifugation (Fig. 1c). Atomic force microscope (AFM) images of drop-
casting from dilute solutions confirmed a homogeneous dispersion of
DWNT in PAA without significant aggregation. The AFM height profile
revealed that the individual DWNT is around 2-3 nm thick (Fig. 1d),
suggesting fully exfoliated these nanotubes.

3.1. Film growth

Film growth of two different PAH/DWNT-PAA pH combinations
(7.5PAH/3.5(DWNT-PAA) and 6PAH/6.5(DWNT-PAA)) was measured
with a profilometer after every two BLs were deposited on a Si-wafer, as
shown in Fig. 2a. Growth behavior of an LbL film was shown to be
strongly governed by charge density of weak polyelectrolytes by altering
the pH value of deposition solution [40]. 6PAH/6.5(DWNT-PAA) films
grew linearly at a rate of 21 nm per BL. On the other hand, the thickness
of 7.5PAH/3.5(DWNT-PAA) multilayers increased exponentially,
achieving a thickness of 600 nm at 16 BL. The variation of growth
behavior with pH conditions is thought to be caused by two factors: (1)
conformational changes of polyelectrolytes and (2) “in-and-out”

AFM

y

10pm X 10pm

6PAH/6.5(DWNT-PAA) 7.SPAH/3.5(DWNT-PAA)

(b) Top-view SEM

diffusion during deposition process. The charge density of weak poly-
electrolytes can be simply controlled by the pH of the assembly solution,
which ultimately affects chain conformation [41]. When assembled at
pH 6 and 6.5 for PAH and DWNT-PAA, respectively, both poly-
electrolytes are fully charged with expanded conformation due to
intrasegmental repulsion, resulting in a highly ionically cross-linked
(NHF ... COO") film comprised of molecularly thin layers. The pKa,
specific pH value at which half of functional groups of polyelectrolytes
are ionized, of PAH and PAA is reported to be ~ 9 and ~ 5, respectively.
At pH 7.5 for PAH and 3.5 for DWNT-PAA, both the partially charged
PAH and PAA have a lower charge density, taking on a loop-rich
conformation due to intramolecular van der Waal attractions and lack
of electrostatic repulsion [42]. The charge density variation of the two
LbL films was investigated by using FT-IR (Fig. S1). The ratio of the peak
intensity of ionized acid groups to neutral COOH in the 7.5PAH/3.5
(DWNT-PAA) films is lower, indicating that the degree of ionization of
PAA in the 6PAH/6.5(DWNT-PAA) films is higher than that of the films
assembled at pH 7.5/3.5.

Furthermore, these coiled polyelectrolytes highly interdiffuse to
compensate for the charge reversal of the film’s surface during the film

Cross-sectional SEM

©)

Fig. 3. (a) AFM height images, (b) top-view SEM images, and (c) cross-sectional SEM images of PAH/DWNT-PAA bilayer films assembled with different

pH conditions.
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6.5(DWNT-PAA) (filled circle and square) as a number of bilayers deposited on a PET substrate. Full analysis of electrical conductivity and power factor of 7.5PAH/

3.5(DWNT-PAA) alone are shown (Fig. S7, Supporting Information).

assembly, resulting in the dramatic increase in thickness. The thickness
of DWNT-containing films is thicker relative to that of the LbL films with
no nanotubes deposited, meaning that the PAH and PAA have enveloped
the carbon nanofillers (Fig. S2). In the 7.5PAH/3.5(DWNT-PAA) sys-
tems, inclusion of the nanotubes did not prevent exponential growth
behavior. This implies reptation and permeation of PAH and PAA be-
tween the nanotubes layers in the aqueous deposition environment,
allowing polyelectrolytes to diffuse in and out during assembly, as re-
ported with other carbon and inorganic materials [43-45].

The mass increase was measured with the number of layers deposited
using a quartz crystal microbalance (QCM), as shown in Fig. 2b. Similar
to the thickness growth, QCM data confirmed the linear growth trend for
6PAH/6.5(DWNT-PAA) and exponential trend for 7.5PAH/3.5(DWNT-
PAA). Based on film thickness (from profilometer) and mass (from
QCM analysis), the densities of 6PAH/6.5(DWNT-PAA) and 7.5PAH/3.5
(DWNT-PAA) films are calculated to be 2.03 and 1.78 g cm’3, respec-
tively. The higher density of the 6PAH/6.5(DWNT-PAA) films is pre-
sumably due to a more tightly packed structure. In an effort to obtain the
weight fraction of DWNT deposited in the films, TGA was carried out at a
heating rate of 10 °C min~! in a nitrogen atmosphere (Fig. S3). TGA
analysis revealed that a greater amount of nanotubes is deposited in the
6PAH/6.5(DWNT-PAA) films. When taken together, QCM and TGA re-
sults provide the composition of each component. For 6PAH/6.5(DWNT-
PAA), the concentrations of PAH, PAA, and DWNT were determined to
be 34.5, 44.1, and 21.4 wt%, respectively. The 7.5PAH/3.5(DWNT-PAA)
films contained 44.8, 45.1, and 10.1 wt% for PAH, PAA, and DWNT,
respectively. The DWNT concentration in the 7.5PAH/3.5(DWNT-PAA)
films decreases with increasing the number of assembly cycles because
both the partially ionized PAH and PAA are contributing to the expo-
nential growth.

3.2. Film structure

In an effort to visualize the surface morphology and interior struc-
ture, AFM and SEM analysis on the LbL films were performed. The AFM
images of both 7.5PAH/3.5PAA and 6PAH/6.5PAA films with no
nanotubes deposited showed similar morphologies with continuous and
smooth surfaces (Fig. S4). The LbL films incorporated with DWNT
clearly revealed that the surface is fully covered with a large quantity of
nanotubes, as shown in Fig. 3a. It is clear that the 6PAH/6.5(DWNT-
PAA) films had homogeneously distributed individual DWNT and their
bundles on the surface, while the 7.5PAH/3.5(DWNT-PAA) films
showed extensively aggregated nanotubes. Much like with AFM anal-
ysis, the surface and cross-sectional SEM images of the LbL films without
nanotubes displayed featureless structures (Figs. S5 and S6). The
morphology from the SEM images of LbL films in the presence of DWNT
was similar, but the 7.5PAH/3.5(DWNT-PAA) films contained much
thicker bundles relative to those of 6PAH/6.5(DWNT-PAA) (Fig. 3b).
Top-view SEM images of the 7.5PAH/3.5(DWNT-PAA) films represented
highly aggregated bundles of nanotubes with porous surface structures.
On the other hand, the surface of 6PAH/6.5(DWNT-PAA) films had
excellent coverage of multiple nanotube networks. In addition, the
cross-sectional SEM micrographs showed that multiple nanotubes are
prevalent and homogeneously deposited in the interior of the 6PAH/6.5
(DWNT-PAA) films (Fig. 3c).

The difference in the surface morphology and internal structures
between these two LbL films is likely due to the assembly pH conditions.
The partially charged polyelectrolytes (PAH at pH 7.5 and PAA at pH
3.5) not only adsorb onto the surface but also interpenetrate into inner
layers for interactive charge overcompensation between each deposi-
tion, which causes the already deposited nanotubes to be randomly
distributed in the films [42]. In contrast, mutual charge compensation
with a 1:1 stoichiometry of a flattened conformation occurs in 6PAH/6.5
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output power (closed symbols) of the 6PAH/6.5(DWNT-PAA) films as a function of bilayers deposited at a temperature difference of 9.8 K.

(DWNT-PAA), preserving the densely packed nanotubes structure that
had been formed during the LbL process. Both AFM and SEM analysis
showed that the film’s structure containing carbon nanotubes can be
simply controlled by altering the charge density along the polymer
chains. Due to the fact that the electrical property of nanocomposites is
highly dependent on the degree of effective interconnection between
nanotubes, continuous electrically conductive pathways in the 6PAH/
6.5(DWNT-PAA) films are expected to produce higher thermoelectric
performances [37,46,47].

3.3. Thermoelectric performance

Electrical properties of PAH/DWNT-PAA systems were studied to
determine how different pH assembly conditions affect performance. We
have measured the sheet resistance of the LbL films, deposited on an
insulating poly(ethylene terephthalate) (PET) substrate, using a four-
point probe station as a function of BL deposited at room temperature.
The sheet resistance of both LbL systems decreased as more layers were
added because of increased connectivity of the DWNT with thickness
(Fig. 4a). The sheet resistance of the 7.5PAH/3.5(DWNT-PAA) films
gradually decreased from 9 kQ sq™! at 6 BL to 820 Q sq”! at 16 BL. More
dramatic decrease in sheet resistance occurred in the 6PAH/6.5(DWNT-
PAA) films, exhibiting 790 Q sq”! at 6 BL to 70 Q sq* at 14 BL. Electrical
conductivity was calculated directly by taking the inverse of multiplying
the sheet resistance and layer thickness. The electrical conductivity of
the 7.5PAH/3.5(DWNT-PAA) films increased up to 24.7 S cm 'at10 BL,
and then decreased to 20.8 S cm™! at 16 BL (Fig. 4b and Fig. S7a). The
6PAH/6.5(DWNT-PAA) films exhibited that electrical conductivity
increased modestly with thickness (96 S cm ™! at 6 BL up to 417 S cm ™
at 14 BL), suggesting that a more conjugated carbon network for elec-
tron transfer is created upon the layers deposited. Then, the electrical
conductivity reached a stable value of about 410 S cm ™! with further
addition of layers beyond 16 BL, implying that the percolation network
of DWNT is fully realized in the 6PAH/6.5(DWNT-PAA) films.

The Seebeck coefficient as a number of BLs deposited is shown in
Fig. 4c. The 7.5PAH/3.5(DWNT-PAA) films showed the Seebeck coef-
ficient in the range of 35 to 40 uV K1, The Seebeck coefficient in the
6PAH/6.5(DWNT-PAA) films increased up to 85 pV K~! at 14 and then
levelled out beyond 16 BL. The 6PAH/6.5(DWNT-PAA) films exhibited
higher Seebeck coefficient relative to that of films made with partially
charged polymers. This is not an unexpected result because more effi-
cient carrier transport is formed in the 6PAH/6.5(DWNT-PAA) films.
The power factor (PF) was calculated as the product of the Seebeck
coefficient squared and electrical conductivity, as shown in Fig. 4d. The
7.5PAH/3.5(DWNT-PAA) assemblies exhibited an increased PF from
1.07 pW m ' K2 at 6 BL to 3.95 yW m ! K2 at 10 BL, but adding more

layers reduced the PF down to 2.55 pW m~! K2 at 16 BL (Fig. S7b).
Interestingly, the PF was enhanced dramatically by tuning assembly pH
conditions. The PF of the 6PAH/6.5(DWNT-PAA) films increased with
thickness in a similar manner to electrical conductivity (Fig. 5(b)). A
maximum PF of the 6PAH/6.5(DWNT-PAA) films was 301 pW m~! K2
at 14 BL, which is 75 times as large as the multilayers deposited at pH
7.5 and pH 3.5 for PAH and DWNT-PAA, respectively.

It is noteworthy that both electrical conductivity and Seebeck coef-
ficient increased together with the number of layers deposited (Fig. 4b
and 4d), indicating that the interdependence of the TE behavior was
decoupled. This simultaneous rise is a unique TE behavior, considering
that the conventional inorganic TE materials suffer from adverse cor-
relation in physical variables [48,49]. In order to elucidate these
decoupled TE properties, carrier concentration and carrier mobility
were analyzed by using Hall effect measurements in van der Pauw ge-
ometry at room temperature. The difference in carrier concentration
between 7.5PAH/3.5(DWNT-PAA) and 6PAH/6.5(DWNT-PAA) films is
less than 60%, with the latter being higher (Fig. 5a and Fig. S8). How-
ever, the 6PAH/6.5(DWNT-PAA) films had two orders of magnitude
higher mobility, as compared to the counterpart ones. This large in-
crease in carrier mobility contributes to the high TE performance. The
carrier mobility at 14 BL of the 6PAH/6.5(DWNT-PAA) films increased
by a factor of 1.8 relative to 10 BL, while the carrier mobility showed
little change from 2.37 x 102! cm™> at 10 BL to 2.39 x 102! cm™> at 14
BL. This indicates that the decoupled TE properties were driven more by
carrier mobility rather than electrical concentration.

Practical applications of these materials to effectively harvest energy
from wasted heat requires TE power generator, regardless of the
calculated ZT. Output voltage and power output measurements of the
6PAH/6.5(DWNT-PAA) films (5 X 15 mm) were performed, as shown in
Fig. 5b. Both the output voltage and maximum output current increased
proportionally with the number of layers deposited. The maximum
output power generated in the 14 BL 6PAH/6.5(DWNT-PAA) films was
0.92 nW at a temperature difference of 9.8 K. Although this power
output is low for most TE applications, modules based on the present
films do not have the limitations to be applicable in large areas and they
could be utilized for low power devices provided the thermocouples
consisting of hundreds of the films are supplied with a sufficient AT
[50].

3.4. Highly-Tunable thermoelectric behavior

The difference in the thermoelectric properties of two LbL systems
assembled from the same components is attributed to different nano-
structures created by pH-sensitive polymeric conformation of the weak
polyelectrolytes. Tailoring the charge density of weak polyelectrolytes
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Fig. 7. Molecular structures of PAH and PAA at different charge densities and schematic illustration of the DWNT network in the PAH/DWNT-PAA films created at

different assembly pH conditions.

by varying the assembly pH conditions ultimately leads to two extreme
cases in film’s growth behavior. In the LbL films made from polymers
with low charge (PAH at pH 7.5 and PAA at pH 3.5), a greater amount of
intrinsically non-conducting polymers is deposited relative to DWNT
during the LbL process, and in-and-out diffusion of weakly charged
polyelectrolytes causes the n—n conductive nanotube structure to be
disrupted. The nanoindentation results (Fig. 6a), obtained from 1 pm
thick films assembled at different pH, showed that the elastic modulus of
6PAH/6.5(DWNT-PAA) is 2.3 GPa, which is more than 3 times as large
as that (0.7 GPa) of 7.5PAH/3.5(DWNT-PAA). The higher mechanical
property in the films assembled with PAH at pH 6 and DWNT-PAA at pH
6.5 is due to a densely packed nanostructure where carbon nanotubes
that have been enveloped by highly charged polyelectrolytes with
extended conformation are uniformly aligned within the films.

The observation of ordered carbon nanotube structures assembled at
the pH corresponding to a high degree of ionization was confirmed by
UV-vis absorbance measurements, as shown in Fig. 6b. The character-
istic absorbance peak of DWNT in the 3 BL 6PAH/6.5(DWNT-PAA) films
was red-shifted by 10 nm in comparison to that of the respective pH 7.5/
3.5 ones. This shift toward higher wavelength implies ordered nanotube
arrangements, strengthening the n-m conjugation pathways and hence
increasing carrier transport between DWNT junctions within the nano-
composites [2,9]. The assembly pH-dependent behavior of TE perfor-
mances was further analyzed on 1 pm thick films by using ultraviolet
photoelectron spectroscopy (UPS). According to Mott’s formal-

ism,S(E,T) = Z kz <%)E:Ef, the Seebeck coefficient is closely

related to the density of states (DOS) slope at the Fermi level; a steeper
slope results in a larger Seebeck coefficient [51]. Fig. 6¢ exhibits that the
6PAH/6.5(DWNT-PAA) films had a steeper slope, implying that highly
ordered nanocomposites have larger Seebeck coefficient. By using UPS
spectra, the highest molecular orbital (HOMO) and work function of 14
BL LbL films were calculated (Table S1). The 6PAH/6.5(DWNT-PAA)
films exhibited a larger work function with an upward shift of HOMO
edge in comparison with 7.5PAH/3.5(DWNT-PAA). The larger energy
difference between HOMO and work function means a lower Fermi
level, indicating stronger p-type conversion that leads to a higher See-
beck coefficient [52-55].

Based on the above results, the scheme on carrier transport mecha-
nism is postulated in Fig. 7. As studied previously, weak polyelectrolytes
(i.e., such as PAH and PAA), enable the creation of a wide variety of
multilayer structures simply by adjusting the pH-sensitive linear charge
density of the assembling polymers [37,55]. In-and-out diffusion of
polyelectrolytes with coiled conformation (PAH at pH 7.5 and PAA at pH
3.5) leads to loose carbon nanotubes stacking along with voids and gaps
between them. Such a randomly distributed nanotube structure in
thicker polyelectrolytes layers impedes effective electrical transport,
resulting in lower TE performances (as shown in Fig. 7, left). In com-
parison, the tight molecular chain packing and ordered DWNT structure
observed at pH conditions corresponding to more extended polymeric
conformation suggest the presence of highly interconnected conjugation
network without nanotube aggregation. A continuous 3D nanostructure
where conductive DWNT are in direct contact with each other above and
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below layers is favorable to the charge carrier mobility (Fig. 7, right)
[56]. Therefore, the interconnected architecture of DWNT in the thinner
films provides efficient pathways for carrier transport that consequently
enhances TE properties.

4. Conclusion

In this study, we demonstrated that manipulating assembly pH
conditions of weak polyelectrolytes alters the growth behavior, struc-
ture, and mechanical properties by adjusting their conformation, which
ultimately affects the thermoelectric performances of nanocomposites
fabricated by the layer-by-layer technique. The 7.5PAH/3.5(DWNT-
PAA) films grew rapidly due to thicker polymer morphology and in-
and-out diffusion of weakly charged polyelectrolytes with coiled
conformation. The exponentially-grown films yielded a maximum
electrical conductivity of 24.7 S cm ™! and a Seebeck coefficient of 40 uV
K ! at 10 BL, translating to a power factor up to 3.95 yW m ! K2, The
TE performances were dramatically improved by tuning assembly pH
conditions. The LbL thin films assembled with PAH at pH 6 and DWNT-
PAA at pH 6.5 exhibited densely packed structures in which carbon
nanotubes are uniformly deposited between the highly charged poly-
electrolytes with extended molecular conformation. A 14 BL (~340 nm
thick) 6PAH/6.5(DWNT-PAA) film achieved an electrical conductivity
of 417 S cm™! and a Seebeck coefficient of 85 pV K1, translating to a
power factor of 301 pW m ! K2, which is two orders of magnitude
greater than that of the film made at PAH pH 7.5 and DWNT-PAA pH
3.5. The precise control of charge density with pH on polymer chain
linearity, structure, and alignment of carbon nanofillers in the nano-
composites plays a crucial role in understanding morphology and tube-
tube connection relationship as well as provides a potential route to
boost the TE properties.
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