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Salt doping to improve thermoelectric power factor
of organic nanocomposite thin films+

Daniel L. Stevens,? Geethal Amila Gamage, {2® Zhifeng Ren (2°

and Jaime C. Grunlan () *a<d

Thermoelectric materials with a large Seebeck coefficient (S) and electrical conductivity (o) are required to
efficiently convert waste heat into electricity, but their interdependence makes simultaneously improving
immensely challenging. To this  problem, bilayers (BL) of

poly(diallyldimethylammonium chloride) (PDDA) and double-walled carbon nanotubes (DWNT), stabilized

these  variables address
by KBr-doped poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) were deposited
using layer-by-layer (LbL) assembly. Doping PEDOT:PSS with KBr, prior to DWNT dispersion and LbL
assembly, results in a six-fold improvement in electrical conductivity with little change in the Seebeck
coefficient. A maximum power factor (PF = $%¢) of 626 + 39 pW m™! K2 is obtained from a 20 BL
PDDA/PEDOT:PSS-DWNT film (~46 nm thick), where PEDOT:PSS was doped with 3 mmol KBr. This
large PF is due to the formation of a denser film containing a greater proportion of DWNT, which was
influenced by the charge-screening effects imparted by the salt dopant that separates PSS from PEDOT.
This study demonstrates a relatively simple strategy to significantly increase the thermoelectric
performance of fully organic nanocomposites that are useful for low temperature thermoelectric devices.

1. Introduction

The large amount of waste heat associated with energy
production presents a tremendous opportunity for thermo-
electric materials.”> Thermoelectric energy generation, the
means of converting thermal energy into electrical energy with
no moving parts, is a waste heat recycling technology. The
thermoelectric performance of a material is typically evaluated
using a dimensionless figure of merit: ZT = (S>¢'T/x), where S, o,
k, and T, are the Seebeck coefficient (W K™ '), electrical
conductivity (S m™"), thermal conductivity (W m~* K™ '), and the
absolute temperature (K), respectively. S°¢ is commonly
referred to as the power factor (PF), which is reliable means of
comparison for organic thermoelectric materials due to their
inherently low thermal conductivities.®* While the ideal ther-
moelectric material would have a high S, high ¢, and low «, their
interdependencies make improving ZT challenging.**
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Creating nanoscale domains in a thermoelectric material
has been shown to increase the thermoelectric figure of merit by
creating more sites for phonon scattering, thereby reducing «,
without hampering S or o. This strategy further reduces mate-
rial dimensions to the nanoscale, which allows for finer control
over the electronic density of states that are more conducive to
thermoelectric behavior.>® Nanostructuring has been demon-
strated for traditional inorganic semiconductors, which have
historically been plagued by toxicity, rigidity, and scarcity
concerns.”® Flexible inorganic thermoelectric modules have
been developed, but these materials have much lower power
factor relative to their ingots.®** Thermoelectric composites
comprised solely of organic materials have also received
significant research attention. Many of these composites have
power factors that are on par with flexible inorganic-filled
materials at similar temperatures.*>**

Of the various organic thermoelectric materials studied,
composites prepared using layer-by-layer (LbL) assembly have
yielded much larger power factors compared to nano-
composites prepared by traditional mixing methods due to the
greater interconnection amongst nanostructures.”®™" LbL
assembly involves the cyclical exposure to aqueous solution of
materials with attractive interactions (i.e. electrostatic,
hydrogen bonding, -7 stacking, etc.),"*° which offers nano-
scale control over the film architecture during deposition.
Polyelectrolytes, nanoparticles, conjugated polymers, and clays
have all been assembled on a variety of substrates.”** In
addition to changing chemical compounds, many variables

This journal is © The Royal Society of Chemistry 2020
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such as ionic strength, temperature, and pH can be used to
create a film of a particular thickness and function.”>*® Ther-
moelectric films comprised of double-walled carbon nanotubes
(DWNT) and graphene, stabilized by polymeric surfactants (e.g.
poly(3,4,-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS)) have power factors comparable to commercial
bismuth telluride Bi,Te; near room temperature.'>'** These
materials exhibit a simultaneous increase in the Seebeck coef-
ficient and electrical conductivity as a function of deposition
cycles due to an increase in charge carrier mobility.

Strategies that improve the thermoelectric performance of
PEDOT:PSS films involve the segregation of PEDOT and PSS to
create a longer electron conduction pathway. PEDOT:PSS is
a water soluble, intrinsically conductive polymer complex has
been used extensively as a p-type organic thermoelectric mate-
rial that can be prepared by polymerizing EDOT in the presence
of PSS.”**® Water solubility is due to the ionic stabilization PSS
imparts to the conductive and hydrophobic PEDOT, which
adopts a coiled conformation in water with a PSS shell encap-
sulating a PEDOT core.*® This core-shell material results in very
poor thermoelectric performance when deposited onto a glass
substrate.**> Separating the PSS from PEDOT decreases the
distance between the electrically conductive chains. For
example, adding polar solvents, such as ethylene glycol and
DMSO, can dissociate PSS from PEDOT, resulting in an increase
in electrical conductivity.*** In addition to improving the film
morphology, the amount of anionic sulfonate groups (i.e. extent
of oxidation) on PSS can be tuned to influence the ionic inter-
actions between these molecules. For example, Fan et al. were
able to improve the thermoelectric properties of spin-coated
PEDOT:PSS films five-fold after exposing them to NaOH after
three treatments in H,SOy(aq).*

One strategy to improve the thermoelectric performance of
spin-coated PEDOT:PSS films is to expose them to common
inorganic salts (e.g. CuCl,, ZnCl,, etc.) solvated in a polar
organic solvent (e.g. DMF). The addition of salt increases the
level of the polymer segregation, which was shown to simulta-
neously improve the Seebeck coefficient and electrical conduc-
tivity.>” Softer, more polarizable cations were found to be more
effective at simultaneously increasing the Seebeck coefficient
and electrical conductivity of PEDOT:PSS films due to their
ability to remove PSS more efficiently from the film through
charge screening effects.’”* Dissociated salt ions are known to
shield oppositely charged repeat units on polyelectrolytes, pre-
venting strong electrostatic interactions between them. In the
case of LbL-assembled films, thicker growth occurs with salt
due to more polymer being required to electrostatically
compensate the surface charge formed from the previous
deposition step.>

In the present study, salt was used to separate PEDOT and
PSS prior to LbL deposition to prepare polymer nanocomposite
thin films. KBr was added to a PEDOT:PSS solution to weaken
the interactions between the two components, followed by
DWNT dispersion by means of ultra-sonication. The thermo-
electric properties of a 20 bilayer (BL) thin film were analyzed as
a function of the concentration of KBr dopant. A 20 BL PDDA/
PEDOT:PSS-DWNT film doped with 3 mmol of KBr (~46 nm
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thick) exhibits an electrical conductivity of 1479 S cm " and
a Seebeck coefficient of 65.1 uV K™', which results in a power
factor of 626 pW m ™' K2, This power factor is six times larger
than the undoped control, and is attributed to an increase in
electrical conductivity without a decrease in the Seebeck coef-
ficient from the greater proportion of DWNT that is deposited as
a result of doping. This work demonstrates the ability of salt to
improve the PF of multilayer polyelectrolyte nanocomposites,
which can be utilized for low temperature thermoelectric power
generation applications.

2. Experimental
2.1 Materials

Poly(diallyldimethylammonium chloride) (PDDA) (M,, =
200 000-350 000 g mol ™, 20 wt% aqueous solution) and KBr
(>99%) were purchased from Millipore-Sigma (Milwaukee, WI).
Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) was purchased from Heraeus Precious Metals
(Clevios PH 1000, Hanau, Germany). Double-walled carbon
nanotubes (DWNT) were purchased from Continental Carbon
Nanotechnologies Inc. (XB type, 1 um length and 2 nm diam-
eter, Houston, TX). Each chemical was used as received and all
solutions were prepared using 18 MQ deionized (DI) water.
Silicon wafers (p-type, 100, University Wafer, Boston, MA) and
179 pm poly(ethylene terephthalate) (PET) (ST 505, Tekra Crop.,
New Berlin, WI) were used as the substrates in this study.

2.2 Preparation of PEDOT:PSS (KBr)-DWNT suspensions

KBr (1-4 mmol) was added to 5 g of Clevios PH 1000, similar to
a previous report.*® After doping PEDOT:PSS with KBr, 0.05 g of
DWNT was suspended in the KBr-PEDOT:PSS solution using
a mortar and pestle. DI water was added to adjust the concen-
tration of PEDOT:PSS and DWNT to 0.06 wt% and 0.05 wt%,
respectively. These DWNT suspensions were bath sonicated for
30 minutes, followed by tip sonication in an ice bath for 30
minutes at 15 W. This sonication cycle was repeated to ensure
the suspensions were completely homogenized. The
PEDOT:PSS (KBr)-DWNT solutions were centrifuged at
4000 rpm for 20 minutes. The supernatant was separated from
the gelatinous precipitate using a pipette and used for coating.

2.3 Layer-by-layer assembly

All substrates were cleaned using a sequence of rinses (DI water,
methanol, DI water), and then dried with compressed air.
Silicon wafers and PET substrates were subsequently cleaned in
a plasma chamber (Atto Plasma System, Thierry, Royal Oak, MI)
or by corona treatment (BD-20C, Electro-Technic Products Inc.,
Chicago, IL), respectively, to impart a negative surface charge
before film deposition. LbL assembly was conducted using an
automated coating system.** The substrate was initially
submerged in a 0.25 wt% PDDA solution for five minutes, fol-
lowed by rinsing with DI water and drying with compressed air.
This initial deposition procedure was followed identically for
the PEDOT:PSS (KBr)-DWNT solution. The end of this sequence
results in one PDDA/PEDOT:PSS (KBr)-DWNT bilayer (BL). For
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subsequent cycles, all depositions times were one minute and
the pH of both solutions were unadjusted. This coating proce-
dure was followed identically for all substrates used in this
study.

2.4 Film characterization

Thickness and refractive index of films deposited on Si wafers
were measured using an o-SE ellipsometer (J.A. Woolam Co.
Lincoln, NE), with a 632.8 nm laser held at a 70° angle. Raman
spectra on 20 BL films deposited on silicon wafers were
collected using a Jobin-Yvon Horiba Labram HR instrument
(Piscataway, NJ), equipped with a 514.5 Ar-ion laser and paired
with an Olympus BX41 optical microscope (Waltham, MA).
Topology of 20 BL films deposited on a silicon wafer were
collected using a Dimension Icon atomic force microscope
(AFM) (Bruker, Billerica, MA). AFM probes (HQ:NSC35/Al BS,
Micromasch USA Watsonville, CA) had a force constant of 5.5
16 N m ™' and a tip radius of ~8 nm. Topographic AFM images
were collected over a 5 x 5 pm area, with a scan speed of 0.5 Hz
and 512 scans per line. XPS spectra of 20 BL films deposited on
Si wafers were taken with an Omicron XPS/UPS system (Denver,
CO), using a monochromatic DAR Mg X-ray source at 1253.6 eV,
with an energy resolution of 0.8 eV. Reported XPS peaks were
calibrated to the adventitious carbon peak in the C 1s region at
284.8 eV.

2.5 Thermoelectric measurements

Film resistance of 8 x 12 mm nanocomposite thin films,
deposited on PET, were measured using a Signatone Pro 4 four-
point probe (Gilroy, CA) connected using a SCB-68 I/O
connector block (National Instruments, Austin, TX) to
a E3644A DC Power Supply and a 2400 Keithley multimeter
(Cleveland, OH) at an operating voltage of 10 V. The probe tips
were 0.4 mm in diameter with a separation of 1.0 mm between
the tips. The sheet resistance was calculated using Ry = 4.23(V/
I), where 4.23 is the correction factor based on the dimensions
of the substrate relative to the spacing between the probes.*
Electrical conductivity was found by taking the inverse of the
product of the thickness and the sheet resistance. Temperature-
dependent resistance data were acquired using a commercial
Dynacool Physical Property Measurement System (PPMS)
(Quantum Design, San Diego, CA) using a four-point probe
setup. The resistivity was calculated by multiplying the
measured resistance by the ratio of the area divided by the
length of the sample. The inverse of the resistivity is the elec-
trical conductivity of the sample. Temperature-dependent
carrier densities were acquired by Hall effect measurements
in a van der Pauw geometry using the same PPMS Dynacool
instrument, with a magnetic field of £3 T and an electrical
current of 500 pA. Carrier mobility values were acquired by
using: ¢ = neu, where ¢ is the electrical conductivity (S em ™), n
is the carrier concentration (cm ), e is the elementary charge
(C), and u is the carrier mobility (cm® V™' s™*). The Seebeck
coefficient was measured with a home-built setup using
a previously reported method.*>** The thermoelectric voltage
across the film was measured at eight different temperature
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differentials between 0 and 10 K. Reported Seebeck coefficients
came from the slope of the linear fit to the voltage vs. temper-
ature gradient across the film, with its y-intercept fixed at 0 V.
The correlation coefficient for each linear fit was at least 0.99.

3. Results and discussion

Fig. 1a shows the layer-by-layer deposition process used in this
study, as well as an illustration of the resulting multilayer film.
Fig. 1b shows the chemical structures of the ingredients used to
prepare these films. LbL films comprised of PDDA and
PEDOT:PSS-DWNT were used as a model system that has
exhibited excellent thermoelectric behavior.">**** PEDOT:PSS
was used as a conductive constituent and anionic polymer
surfactant to effectively disperse DWNT in water. KBr was
chosen as a dopant for this system due to its prevalence in
polyelectrolyte multilayer, its study in LbL-assembled films, and
its larger atomic size of K' relative to Na'.?** Larger salt ions
have a larger doping efficiency on polyelectrolyte multilayers
due to their effects on the surrounding water structure.”>?>®

The influence of KBr concentration on the growth of PDDA/
PEDOT:PSS (KBr)-DWNT films is shown in Fig. 2a. Doping
PEDOT:PSS with KBr results in thicker films as compared to the
undoped control due to salt-induced charge screening. In the
preparation of polyelectrolyte multilayers, salt is used to screen
charged repeat units, which requires more polymer to over-
compensate the surface charge of the previously deposited layer
and results in thicker films.>**** Interestingly, adding more
KBr to the PEDOT:PSS-DWNT solution decreases film thick-
ness, which may be due to PSS being removed from solution
after centrifuging. Previous reports have shown that when
PEDOT:PSS films are treated with a salt or ionic liquid, PEDOT
and PSS disassociate from one another due to an ion exchange
reaction (KBr + PEDOT:PSS — K:PSS + PEDOT:Br), which
results in PSS removal.*’*** Furthermore, increasing the
amount of KBr results in larger refractive indices (Fig. 2b). The
decreased film thickness coupled with a larger refractive index,
with increasing the amount of KBr, suggest greater film
density."”

Raman and XPS S 2p spectra were collected to probe any
variations in film composition. XPS measurements conducted
on PEDOT:PSS result in two peaks that correspond to the
different local bonding environments of sulfur (the thiophene
ring in PEDOT (~163.9 eV) and the sulfonate group in PSS
(~167.6 eV)).***° Normalized XPS spectra of 20 BL films show
that an increase in the PEDOT:PSS ratio is achieved with the
addition of KBr (Fig. 3a). Some PSS is being removed during
centrifugation due to the ion exchange reaction between
PEDOT:PSS and KBr. This observation is consistent with the
thickness data, and may account for the steadily decreasing
thickness as a function of KBr concentration. The maximum
PEDOT:PSS ratio is achieved with 2 mmol KBr. Adding 3 mmol
KBr does not substantially change the PEDOT:PSS ratio in the
film, which suggests the changes in film thickness and density
are due to a different amount of DWNT.

Raman spectra normalized to the G band (~1590 cm ™) of
DWNT gathered on 20 BL films are shown in Fig. 3b. The peak

This journal is © The Royal Society of Chemistry 2020
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Fig. 1

near 1430 cm ™" corresponds to the C=C symmetric stretch in
PEDOT, so these spectra compare the relative amounts of
DWNT to PEDOT.”* The amount of PEDOT relative to DWNT
gradually increases and reaches a maximum proportion at
2 mmol KBr, but then drastically decreases when comparing the
2 mmol to 3 mmol KBr-doped samples, indicating that a greater
proportion of DWNT is deposited relative to PEDOT:PSS in
tandem with an increase in film density (Fig. 2b, 3b and c). It is
noteworthy that increasing the KBr concentration from 3 mmol
to 4 mmol KBr results in a lower PEDOT:PSS ratio, but a higher
amount of DWNT relative to PEDOT (Fig. S17), which suggests
that much less PEDOT:PSS is incorporated in the film than the
other KBr-doped films.

Thermoelectric properties were evaluated as a function of
KBr concentration to investigate how the amount of dopant
affects thermoelectric performance. Fig. 4a shows the sheet
resistance and electrical conductivity acquired at room
temperature. The electrical conductivity of the undoped sample
increases from 238 + 10 Scm ™' to 471 4+ 30 S cm ™ after adding
1 mmol KBr. The conductivity at 2 mmol KBr increases
modestly to 544 + 15 S em™'. The maximum conductivity of
1479 + 78 S ecm ™' is achieved with 3 mmol KBr, which is ~6x
larger than the undoped control. This improvement is attrib-
uted to a large increase in the carrier density (Fig. S2.T). It
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(a) Schematic of layer-by-layer deposition and (b) chemical structures of each major film component.

should be noted that adding 4 mmol KBr results in a lower
electrical conductivity value of 1068 4 28 S cm ™', which is likely
due to the lower amount of PEDOT and PSS in solution to
effectively disperse DWNT (Fig, S1, Table S17). Insufficient PSS
in the DWNT solution may lead to excessive bundling, resulting
in a lower electrical conductivity.

The Seebeck coefficient and power factor as a function of KBr
concentration is shown in Fig. 4b. Interestingly, the maximum
Seebeck coefficient of 72 + 4.4 uv K~ ! is achieved at 1 mmol
KBr. The value of the Seebeck coefficient steadily decreases at 2
and 3 mmol KBr (68.1 &+ 1.4 uV K ' and 65.1 &+ 1.5 uv K},
respectively). Relatively large Seebeck coefficients for LbL-
assembled thermoelectric nanocomposites containing DWNT
and graphene have been attributed to increased carrier
mobility, but these films used polyaniline as the polycationic
component.”*® Recently, a thermoelectric film using PDDA
exhibited an improved Seebeck coefficient due to a greater
instantaneous rate of change of the energy-dependent conduc-
tivity near Ey, even with a slightly lower carrier mobility.** This
observation also resulted in a greater asymmetry in the density
of states near Ep, which is another established method of
increasing the Seebeck coefficient.® Previous reports for
PEDOT:PSS films show an increase in the Seebeck coefficient
with the removal of insulating PSS, which has been attributed to

L
B I
o

Refractive Index
—_—
Q

1.5
# Undoped ®1 mmol KBr 2 mmol KBr ®3 mmol KBr

(a) Film thickness as a function of bilayers deposited, with varying KBr concentration. (b) Refractive index of 20 BL films as a function of KBr

RSC Adv, 2020, 10, 1800-11807 | 11803


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra00763c

Open Access Article. Published on 23 March 2020. Downloaded on 10/23/2025 4:48:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

a)
£
w
=
]
=
L
]
P
N
=
E
St
=
4
162 164 166 168 170 172
Binding Energy (eV)
b ¢
g|” g|?
w w»
= =
S S
= =
T c=C T
= PEDOT =
< <
£ E
S N
Q e =]
4 LN\ 4
1000 1200 1400 1600 1800 2000 1370 1390 1410 1430 1450 1470
Wavenumber (cm™) Wavenumber (cm1)
: Undoped 1 mmol KBr 2 mmol KBr 3 mmol KBr |
g 1

Fig. 3

(@) Normalized XPS S 2p spectra and (b) Raman spectra of 20 BL films as a function of KBr concentration. (c) Normalized Raman spectra of

20 BL films, focusing on the peak corresponding to the C=C symmetric stretch in PEDOT.

an increase in carrier mobility with the decreased - stacking
distances between PEDOT chains. PSS removal is accompanied
by a large increase in carrier density, so the similar Seebeck
coefficients observed as a function of KBr concentration may be
a result of the increasing energy-dependent electrical conduc-
tivity near Er and the increasing carrier density canceling each
other out. Increased power factors were observed as a function
of KBr concentration due to the improvement in the electrical
conductivity. The maximum power factor of 626 & 39 pW m*
K2 is achieved using 3 mmol KBr, which is 6x larger than the
undoped control. It is noteworthy that the electrical conduc-
tivity improves six-fold with minimal decrease in the Seebeck
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coefficient, suggesting that this salt doping strategy decouples
these parameters.

Temperature-dependent electrical conductivity of the KBr-
doped samples normalized to the electrical conductivity at
300 K show it increases as temperature increases, indicating
a thermally-activated conductivity mechanism (Fig. 5a). Disor-
dered semiconductors containing carbon nanotubes typically
follow a 3D variable range hopping (3D VRH) conduction
model, where thermal energy assists charge carriers hopping to
and from conduction sites.**** The 3D VRH model is

T 1

oVT = 0o e( T) , where ¢ is the electrical conductivity, T is

the absolute temperature, g, is a pre-exponential factor, and T,

b)

60
4 200

Power Factor (nW m! K?)

Seebeck Coefficient (uV K)

4 100

0

Undoped 1 mmol KBr2 mmol KBr3 mmol KBr

(a) Sheet resistance and electrical conductivity of 20 BL films as a function of added KBr. (b) Seebeck coefficient and power factor of 20 BL

films as a function of added KBr. These properties were measured in ambient conditions.
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(a) Temperature-dependent electrical conductivity of 20 BL films with varying concentration of KBr. The electrical conductivity values

were normalized to the room temperature (300 K) electrical conductivity. (b) Characteristic Mott temperature of each 20 BL film determined

after applying a 3D VRH fit to the o(T7) data.

is the characteristic Mott temperature. T, directly correlates to
the energy barrier for the hopping conduction to occur, where
a lower value indicates a lower barrier for electron transport.>*>*
Fig. 5a shows that T(¢) exhibits less variation with an increasing
KBr concentration. The influence of temperature on electrical
conductivity progressively weakens as a function of added KBr
dopant. This change in 7(o) is likely due to the greater
proportion of DWNT incorporated in the films, as shown in
Fig. 3, which is consistent with the gradual increase in carrier
density as a function of KBr concentration. The T, values were
calculated from the regression data found from a plot of In(a+/T)
vs. K~%% (Fig. $3.1) As more KBr is added, the characteristic
Mott temperature gets smaller, likely due to a greater amount of
metallic conduction as a result of more DWNT being deposited
(Fig. 5b).*

There are additional reasons why varying the proportions of
PEDOT, PSS, and DWNT improve thermoelectric behavior. In
addition to improving electrical conductivity, KBr addition
increases carrier density due to the removal of insulating

material (i.e. PSS) in the multilayer film.”* Another contribution
to improved thermoelectric performance may be due to the
presence of residual Br~ as a result of PSS removal in the film
that provides additional p-type doping.*® It is also possible that
K" resides closer to carbon nanotubes than Na', which may
provide more potent p-type doping (i.e. greater increase in
carrier density) by bringing more oxygen molecules in water
closer to the wall of the carbon nanotubes.*” To investigate this
notion further, films doped with 3 mmol NaBr were prepared
and the TE properties were measured (Fig. S41). The 20 BL film
doped with 3 mmol KBr yields a Seebeck coefficient and an
electrical conductivity of 65.1 + 1.5 uv K ' and 1479 =+
78 S cm ™', while the same film doped with 3 mmol NaBr yields
values of 67.2 + 1.7 pV K" and 464 + 14 S cm™ . The larger
electrical conductivity and slightly lower Seebeck coefficient for
the KBr-doped film suggests a greater carrier density relative to
the NaBr-doped film.

The surface morphology of 20 BL films was measured using
AFM in tapping mode (Fig. 6a-d). All of these images show

8 Undoped ®1 mmol KBr ®2 mmol KBr 3 mmol KBr

Fig. 6 AFM surface images of 20 BL films: (a) undoped, (b) 1 mmol KBr, (c) 2 mmol KBr, and (d) 3 mmol KBr. (e) R, surface roughness values of
these 20 BL films. The white scale bars in these images correspond to 1 um.

This journal is © The Royal Society of Chemistry 2020
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many carbon nanotube bundles that facilitate electron trans-
port. As more KBr is added to these solutions, films with
progressively greater surface roughness values are formed.
Doping with 1 mmol KBr increases the surface roughness from
54 £+ 0.5 to 5.8 £ 0.4 nm, relative to the undoped film.
Increasing the concentration of KBr to 2 and 3 mmol results in
a further increase in surface roughness to 11.2 £+ 0.5 and 14.9 +
1.1 nm, respectively. These rougher surfaces are due to larger
DWNT bundles that are the result of having less PSS available to
stabilize/disperse the nanotubes in solution. These bundles
may contribute to increased electrical conductivity due to the
decreased distance between DWNT junctions that facilitates
better electron transport, which is suggested by the lower T,
obtained from the 3D VRH model.*®

4. Conclusions

Doping PEDOT:PSS with KBr prior to dispersing DWNT, when
depositing thin films using layer-by-layer assembly, was inves-
tigated. Thermoelectric properties were measured as a function
of KBr concentration. A 20 BL PDDA/PEDOT:PSS-DWNT doped
with 3 mmol KBr has an electrical conductivity of 1479 +
78 S cm ™ ' and a Seebeck coefficient of 65.1 & 1.5 uV K™%, which
translates to a power factor of 626 + 39 uW m™~' K 2. This is
a six-fold improvement in PF relative to the undoped control
due to the greater proportion of DWNT that is deposited during
film deposition. DWNT content in the film coincides with
a reduction in PSS, which also serves to promote greater
connectivity amongst PEDOT chains. KBr weakens the strength
of interaction between PEDOT and PSS, which allows for
a greater amount of conductive PEDOT and DWNT to be
deposited. This study demonstrates that salt can be used to
tailor the amount of carbon nanotubes that are deposited
during LbL assembly, resulting in a larger electrical conduc-
tivity without altering the Seebeck coefficient (i.e. these values
are decoupled). Future work includes investigating how the size
of the alkali metal in the salt dopant affects the thermoelectric
properties of this system. This strategy demonstrates another
tool for multilayer polymer nanocomposite preparation can be
used to prepare high performance, low temperature thermo-
electric materials.
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