Biomass lignin as dispersion to substantially
enhance carbon nanotubes thermoelectric

converter for energy harvesting

Han Zhang ?, Hui Li*", Wenbo Wang?, Pengcheng Li*", Siqi Liu®, Ming Yang¢,

Chaobin He"<"

a Hubei Key Laboratory of Plasma Chemistry and Advanced Materials, Hubei
Engineering Technology Research Center of Optoelectronic and New Energy Materials,
School of Materials Science and Engineering, Wuhan Institute of Technology, Wuhan,
430205, China

b Department of Materials Science & Engineering, National University of Singapore,
9 Engineering Drive 1, 117574, Singapore

c Institute of Materials Research and Engineering, A*STAR (Agency for Science,
Technology and Research), 117602, Singapore

d Hubei Integrative Technology and Innovation Center for Advanced Fiberous

Materials, 430299, China

Abstract: Carbon nanotubes (CNTs) have attracted much attention as promising
thermoelectric materials to harvest waste energy, however the agglomeration between

nanotubes greatly limits their application. Despite various dispersants that have been
1

*Corresponding author. E-mail: mselh@wit.edu.cn (H. Li), msehc@nus.edu.sg (C. He)



devised to enhance the dispersion of CNTs, biomass lignin has been rarely employed
to facilitate the dispersion of CNT for enhancing its TE properties. Herein, green lignin
was incorporated with CNTs to synergistically improve the dispersion and TE
properties of CNTs, in which n-n interactions between the aromatic ring structure of
lignin and CNTs, as well as electrostatic charge brought by ionized groups of lignin
promote the exfoliation of nanotubes and reduces CNTs entanglement. The well-
dispersed structure of CNTs facilitates efficient charge transfer, and thereby enhances
the thermoelectric properties. CNTs/lignin composite could reach a maximum power
factor of 198.0 pW m'K™ at a lignin content of 11.8 wt%, which was then raised to
223.1 pW m'K? with subsequent partial removal of lignin by alkali immersion
treatment, higher than 98.6 pW m K2 of pristine CNTs film. Furthermore, the flexible
TE device with five pairs of CNTs/lignin and nickel wires generates a high power of
288 nW at AT = 30 K, demonstrating potential applications of lignin for sustainable
energy harvesting.
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1. Introduction

Lignin, the second most abundant natural macromolecule which comprises 30% of
the woody biomass, is available in large quantities of approximately 50 million tons per
year as a byproduct waste in the paper pulp industry [1-4]. With the impressive merits
of renewable, unique structure, and biocompatibility, lignin has been considered as a

promising sustainable alternative to substitute fossil fuel resources for practical



applications [5, 6]. Despite great progress has been achieved in the conversion of lignin
to various high-value-added products, more efforts are still needed to expand their use
in high-value-added applications, especially thermoelectric (TE) technology. Recently,
with the crisis of fossil fuel depletion and environmental pollution, TE technology has
attracted enormous attention due to its unique ability to directly convert waste heat into
electrical energy [7-10]. The thermoelectric properties of TE materials are usually
characterized by ZT=5?6T /x, where S is Seebeck coefficient, o is electrical conductivity,
x is thermal conductivity and 7T is absolute temperature, in which $%¢ defined as power
factor (PF) is often employed to evaluate the TE performance [11-13]. Currently, carbon
nanotubes (CNTs) are particularly attractive for TE application owing to their unique
merits of good flexibility, high carrier mobility, chemical inert, and high strength [14-
16].

Due to the high aspect ratio and strong Van der Waals forces between nanotubes, the
CNTs bundles are prone to tangle with each other and aggregate, leading to
agglomeration of CNTs and deteriorated carrier transport [17]. Such aggregations result
in inferior mechanical and electrical properties, greatly impeding their practical
applications, especially in TE conversion. Therefore, good dispersion of CNTs is a
prerequisite for better electrical conductivity, and many approaches have been devoted
to enhancing the dispersion of CNTs bundles [11]. Mechanical methods (such as
ultrasound, stirring, ball milling, etc.) and chemical functionalization consisting of
covalent functionalization and noncovalent functionalization are commonly employed

strategies to disperse CNTs [18-21]. In particular, the noncovalent functionalization



method in which the dispersants can wrap CNTs through strong noncovalent
interactions, has attracted significant interest due to the advantages of facile procedure
and preservation of the intrinsic electronic structure [22-25]. In recent years, varied
dispersants have been employed to promote the dispersion of CNTs, and aromatic
chemicals are preferentially attractive due to the presence of n-m interactions between
the aromatic groups of compounds and CNTs, which facilitate the dispersion of CNTs
and enhance their thermoelectric properties [26-29]. Our group investigated the TE
performance of SWCNT film by the dispersant of poly(styrene sulfonic acid) (PSSH)
and sequential base treatment [30]. Ascribing to n-m interactions between the PSSH and
CNTs and the doping effect of PSSH, PSSH is prone to absorb on the surface of CNTs,
which effectively improves the dispersibility of CNTs, giving rise to enhanced electrical
conductivity and power factor up to 117.7 puW m™'K. However, the excessive addition
of surfactant would also deteriorate carrier transport and lead to a decrease in electrical
properties [31-33]. Even though various studies highlight the dispersing effect of
additives for CNTs, the harmful petroleum-based chemicals need to be minimized due
to the related environmental issues, and sustainable eco-friendly alternatives are highly
demanded for exfoliating CNTs bundles and boosting the TE performance of CNTs
films.

Renewable resource lignin has been investigated as one of the most promising
dispersants to disperse CNTs. The unique structure with an abundance of aromatic
groups enables lignin to form enhanced interfacial interactions with nanotubes through

n-1 interactions, leading to stable CNTs dispersions[34, 35]. Dichiara et al. [36]



investigated the dispersing ability of lignin to prepare aqueous CNTs suspensions.
Compared with other typical petroleum-based surfactants (SDS and CTAB), lignin was
more effective in dispersing CNTs and stabilizing CNTs dispersions, ascribing to the
aromatic structures to promoting n-7t interactions with CNTs and steric stabilization. Lu
et al. [37] reported lignin-assisted direct exfoliation of graphite to graphene using alkali
lignin as a surfactant and stabilizer, attributing to m-n interaction between the graphene
and lignin and the electrostatic repulsion between negatively charged lignin.
Consequently, high-concentration aqueous graphene dispersions were obtained and the
resultant graphene films exhibited good electrical conductivity (26 S cm™). These
results demonstrate the feasibility of using lignin as an effective dispersant to disperse
CNTs and enhance conductivity. Recently, C, Mario et al.[38] developed lignin-doped
CNTs yarns (CNTY) by immersing CNTs yarns in a lignin solution, which showed a
simultaneous increase in conductivity and Seebeck coefficient. They speculated that the
strong m-m interactions between lignin and CNTs promote the formation of an
interconnected nanostructure with improved conductivity, and carrier filtering effect
between CNTY and lignin contributed to the enhanced S. With properly modulating
lignin content, the power factor of CNTY/lignin yarns was significantly increased to
132.2 pW m™' K2, higher than 56 pW m™ K2 of pristine CNTs yarns. These results
show the potential application of lignin in electronic devices and renewable energy
harvesting systems, while biomass lignin has been rarely employed to facilitate the
dispersion of CNT for enhancing its TE properties.

Herein, we report the boosting TE properties of CNTs by biomass lignin dispersing



and sequential base treatment. Lignin served as an effective dispersant to improve the
dispersion of CNTs and thereby construct uniform conductive networks to facilitate
carrier transport. Considering the intrinsic insulative property of lignin, CNTs/lignin
composite films were further base treated to remove extra lignin. By optimizing the
content of lignin and durations of base treatment, a maximum power factor of 223.1
uW m! K? was achieved for the CNTs/lignin composite film. Moreover, the
mechanism behind the enhanced TE performance was investigated by SEM, Raman,
FTIR, and Hall measurements. Finally, a flexible TEG consisting of 5 legs of
CNTs/lignin films was fabricated, which delivered a remarkably high output power of
288 nW and voltage of 8.7 mV at AT of 30 K. This study not only paves the way for
improving the dispersibility and TE performance of CNTs by renewable lignin, but also
highlights the potential application of lignin as a promising green alternative to
traditional petrochemical-based dispersant in sustainable energy harvesting.
2. Experimental
2.1 Materials.

Single-walled carbon nanotubes (CNTs) (purity>95 wt%, TNSAR type, length of 5
- 30 um, and outer diameter less than 2 nm) were purchased from Chengdu Organic
Chemicals Co. Ltd., China. Lignin (Mn = 3600) was obtained from Sigma-Aldrich and
was used after acid washing according to the literature [2, 39]. Ammonium hydroxide
(NH3-H20) was purchased from Sinopharm Chemical Reagent Co. Ltd.
2.2 Preparation procedures of CNT5s/lignin films

Lignin was first dissolved in 0.5 M ammonia hydroxide to prepare a lignin solution



with a concentration of 5 mg mL"!. After that, a varied amount of CNTs was dispersed
in 2 mL lignin solution with the aid of an ultrasonic probe dismembrator (SEIENTZ
JY92-1IN) for 5 minutes. Then the CNTs dispersion was further stirred by a vortex
mixer for 5 minutes. Finally, the resultant dispersion was drop-casted on glass
substrates (pre-cleaned with deionized water and ethanol), followed by drying on a hot
plate at 60 °C to yield the CNTs/lignin films. The percentage of lignin in the composite
film was varied from 0 to 23.1 wt%. Furthermore, CNTs films without lignin were also
prepared according to the above-mentioned process for comparison.

As for the base treatment, the as-prepared CNTs/lignin films were immersed in 0.5
M ammonia solution for various minutes in ambient air. Subsequently, the sample was
removed from the ammonia solution and washed with deionized water. The treated
films were finally dried on a hot plate at 60 °C for 5 h to generate the CNTs/lignin-A
films.

2.3 Fabrication of thermoelectric device

The flexible TE device was fabricated by combining five treated CNTs/lignin films
with a dimension of 25 mm (length) x 6mm (width) % 8 um (thickness) and nickel wires.
The film and nickel wire were assembled alternately and silver coating was employed
on the contact area between nickel wire and composite film to reduce contact resistance.
Besides, copper wires were connected to both ends of the TE device to deliver
electricity. After that, the assembled films were sealed in PET to fabricate flexible
thermoelectric devices.

2.4 Characterization



The microscopic morphology of the CNTs/lignin film was observed by Scanning
Electron Microscopy (SEM, Seizz Sigma 300). FTIR spectra were conducted using
PerkinElmer FT-IR Spectrometer. Raman measurement was recorded with DXR
Raman spectrometer (American Thermo Electron). UV-vis absorption spectra were
measured with a PerkinElmer Lambda 35 UV-vis spectrometer. The -carrier
concentration and carrier mobility of the films were measured using a Hall effect
measurement system under a constant magnetic field (Pasic-Hall HT50, Precision
Systems Industrial Ltd., China). The composite dispersion was cast on a rectangular
glass substrate with a dimension of 1.25 x 1.25 cm? for the measurement of electrical
conductivity (o), o =1/ (Rsd), which was calculated by the van der Pauw four-probe
technique. The Rs is the sheet resistance of thin films, and d is the film thickness, which
was collected using a Bruker Dektak XT stylus surface profiler. The composite solution
was cast on a rectangular glass substrate with a dimension of 1.25 x 2.5 cm? for the
characterization of Seebeck coefficient, which was performed via a home-built system
[40]. The film was secured on the Peltier device as the hot side and the cold side was
kept under atmospheric conditions. The temperature on the hot side was controlled
using a power supply to generate the temperature gradient (A7), which was collected
by type-T thermocouples. The heat-induced TE voltage (A}V) was measured with a
Keithley 2000 multimeter. The Seebeck coefficient (S) was identified as the slope of
linear fitting of AV/AT. As for the TE device, the output voltage (V) was collected using
Keithley 2000 multimeter. The electrical conductivity and Seebeck coefficient with

different temperatures were measured using a TE parameter test system (Namicro-1V).



A Laser thermal conductivity analyzer (NETZSCH LFA467) was used to measure the
in-plane thermal diffusivity () of the composite film, and the heat capacity (C,) was
assessed with a differential scanning calorimeter (METTLER TOLEDO DSC 3). The
formula of ¥ = paC, was used to calculate the thermal conductivity (x), where the
density (p) of the film was determined through its mass and volume. At the temperature
gradient of 30 K, various load resistances (R) were connected to the thermoelectric
devices, and the resultant output voltage was recorded to calculate output power.
3. Results and Discussion
3.1 Microstructure of CNTs/lignin composites

With the existence of Van der Waals force, CNTs tend to be entangled with each other
to form large agglomerates when they are dispersed in solution. Notably, the CNTs
bundles would form heterogeneous dispersion, and tend to self-aggregate and pack into
nodules during the casting process, yielding a packed globular structure with large
aggregates (Fig. 1a and 1b). In contrast to pure CNTs, lignin enables the de-bundling
of CNTs aggregates and thus promotes the dispersion of CNTs in the solution to achieve
stable CNTs suspension, which could remain uniform for a long time. Furthermore, the
dispersibility of CNTs in the composite dispersions was gradually increased with
increasing lignin concentration. The lignin-dispersed CNTs film exhibited a relatively
uniform surface without obvious aggregations. In addition, the effects of lignin and
various lignin contents on the distribution of CNTs in CNTs/lignin films were also
studied by SEM analysis. For pristine CNTs film (Fig. 1c-e), multiple CNTs were

clustered together, forming thicker CNTs bundles and large aggregates. Moreover, it



showed a wide distribution of CNTs bundle diameters and the average bundle diameter
was 224 nm, indicating poor dispersion of CNTs without dispersant. In contrast to large
bundles of pure CNTs film, a more uniform well-distributed CNTs with smaller bundle
diameter was observed for CNTs/lignin film. With the addition of lignin, SEM images
showed that the surface of the composite film was relatively smooth and CNTs bundles
were randomly distributed to form an interconnected network. As shown in Fig. 1f-h,
the diameter of the CNTs bundles was calculated to be 167 nm for CNTs/lignin films
with a lignin content of 11.8 wt%. When lignin content was further increased to 23.1
wt%, CNTs bundles were well isolated and the diameter of CNTs bundles was
monotonically decreased to 107 nm, only one-half of that of the initial CNTs film. These
results demonstrate that the incorporation of lignin significantly promotes the
dispersibility of CNTs in the composite film, which can be explained by the wrapping
of lignin around CNTs to exfoliate the CNTs bundles [41]. It is beneficial for the
formation of an interconnected conductive CNTs network to decrease resistance of
adjacent CNTs junctions and facilitate carrier transportation, contributing to enhanced
electrical conductivity. In addition, the morphology of 11.8 wt% CNTs/lignin film
treated with alkali solution was also investigated, and no obvious change was observed
compared to as-prepared CNTs/lignin film, suggesting that alkali treatment does not

destroy the already formed structure of the CNTs.
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Fig. 1. Comparison of CNTs composite dispersions (a) and films (b) with different
lignin contents; SEM images of CNTs/lignin composite films and their statistical results
of CNTs beam diameter with different lignin contents (c-e: 0 wt%; f-h: 11.8 wt%; i1-k:
16.7 wt%; I-n: 23.1 wt%); (0-q) SEM images of the 11.8 wt% CNTs/lignin-A film with
alkaline treatment for 1 min.
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Fig. 2a shows the FTIR spectra of CNTs/lignin composite films with different lignin
contents, pristine CNT and lignin were also included for comparison. Pure lignin
exhibited characterized bands at 1722 and 1630 cm' which are attributed to
unconjugated carbonyl groups and conjugated carbonyl groups, respectively [42-44].
Moreover, the bands at 1538, 1479, and 1440 cm™ were observed in the spectra which
are assigned to aromatic skeleton vibrations [45]. With the addition of lignin, an
additional band at 1630 cm™ appeared in the spectra of CNTs/lignin composite film in
comparison to pure CNTs, and the peak became more pronounced with increasing
lignin content to 23. 1 wt%, revealing that more lignin was incorporated to CNTs matrix.
Moreover, the band located at 1464 cm™ for pristine CNTs, was shifted to a lower
frequency for CNTs/lignin composite, indicating interactions between CNTs and lignin
through aromatic skeleton vibrations [38]. The interactions could be further confirmed
by Raman spectra. Fig. 2d shows the Raman spectra of CNTs/lignin composite films,
pristine CNTs, and pure lignin. The Raman spectrum of the pristine CNTs showed two
characteristic peaks at 1590 cm™ (G band) and 1340 cm™! (D band). Generally, the G
band is attributed to the in-plane stretching vibrations of sp? hybridized carbon atoms,
and the D band originates from defects in the nanotube lattice [46-48]. From the partial
magnification of the spectra (Fig. 2¢), the G peak of CNTs was gradually shifted to
higher frequency with increasing lignin content. With lignin concertation of 23.1 wt%,
the G peak of CNTs was shifted to 1593 cm™!, suggesting n-n interactions between
lignin and carbon nanotubes through aromatic ring structures [49]. With abundant
aromatic groups, lignin is prone to tightly bound with CNTs through n-n interactions.

12



The wrapping of CNTs with lignin facilitates the exfoliating of CNTs bundles and
reduces agglomeration, thereby promoting the dispersibility of CNTs to form a uniform

conductive network [50].
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Fig. 2. (a) FTIR spectra of CNTs/lignin composite films with different lignin contents,
pure CNTs, and lignin; (b) Magnification of the FTIR spectra between 1483 cm™ and
1432 cm'; (c) FTIR spectra of 11.8 wt% CNTs/lignin film with alkaline treatment for
different time; (d) Raman spectra of CNTs/lignin composite films with different lignin
contents, pure CNTs, and pure lignin; (e¢) Magnification of Raman spectra with range
of 1587 cm™-1600 cm™'; (f) UV-vis spectra of soaked ammonia solutions of 11.8 wt%

CNTs/lignin films.

The effect of base treatment on the structure of 11.8 wt% CNTs/lignin film was
investigated by FTIR, Raman, and UV-vis spectra. Upon soaking the composite film in
ammonia, the intensity of the peak at 1630 cm™ assigned to the conjugated carbonyl

group of lignin, decreased compared to the untreated CNTs/lignin film. This suggests
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the effective removal of lignin from composite films. Fig. 2c showed that the band
located at 1462 cm™' was not blue-shifted after soaking treatment, implying that the
interactions between lignin and CNTs remained in the based treated films. Moreover,
the G band of the composite film was not displaced back either, which was still located
at 1592 cm’!, further confirming the existence of n-m interactions and residual lignin in
the composite film even subject to alkali treatment (Fig. 2¢). The removal amount of
lignin by soaking treatment was calculated by UV-vis spectrum, as shown in Fig. 2f.
The soaking solutions of 11.8 wt% CNTs/lignin films for 1 min and 5 min were
characterized, and the peak intensity at 200 nm was slightly enhanced with increasing
the soaking time. Furthermore, the peak intensity at 200 nm was used for calculating
the concentration of lignin (Fig. S1.) [51, 52], and the lignin washed away by ammonia
immersion was about 9.2 wt% for 1 min and 10.0 wt% for 5 min. These results
demonstrate the partial removal of lignin through ammonia treatment.
3.2 Thermoelectric performance of CNTs/lignin composite films

The TE properties of CNTs/lignin composite films with various lignin contents were
investigated and shown in Fig. 3a and b. As shown in Fig. 3a, both the electrical
conductivity and Seebeck coefficient showed an increasing and then decreasing trend
with an increase of lignin content. As increasing lignin content to 11.8 wt%,
CNTs/lignin films reached remarkable improvements in their electrical conductivity
and Seebeck coefficient (993 S cm and 44.7 uV K, respectively). The increased
conductivity is mainly attributed to the abundance of aromatic and ionized groups in
lignin, which facilitates the dispersion of carbon nanotubes to form a uniformly
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interconnected conductive network. As shown in Fig. 3g, since lignin has both
hydrophilic hydroxyl functional groups and hydrophobic aromatic chain segments, its
amphiphilicity and particular aromatic structure make it better adsorbed and interacted
on the surface of carbon nanotubes through m-m interactions. The large three-
dimensional mesh structure of lignin generates spatial site resistance, which promotes
the stripping of carbon nanotubes under ultrasound. Moreover, the electrostatic charge
brought by ionized groups of lignin enables carbon nanotubes charged through the
absorption of lignin, which effectively avoids agglomeration of carbon nanotubes by
electrostatic repulsion. Therefore, with the presence of lignin, CNTs which were
originally agglomerated together become well dispersed with reduced entanglement,
producing more uniform conductive pathways. The uniform interconnected CNTs
network could effectively reduce energy barriers between nanotube junctions and
facilitate carrier transport, giving rise to improved carrier mobility and electrical
conductivity (Fig. 3c). On the other hand, the work functions of CNTs and lignin are
5.26 ¢V and 3.97 eV, respectively, and an energy barrier of 1.29 eV is formed at
CNTs/lignin interfaces (as shown in Supporting information as Fig. S2.). Probably
ascribing to an energy filtering effect between CNTs and lignin, in which low-energy
carriers would be filtered out and high-energy carriers were preferentially passed
through, carrier concentration was gradually decreased, contributing to an increased
Seebeck coefficient [38, 53-55]. Consequently, the electrical conductivity and Seebeck
coefficient of CNTs/lignin composite film were improved synergistically at low lignin
content. When further increasing the lignin content to higher than 11.8 wt%, the

15



electrical conductivity and Seebeck coefficient were simultaneously decreased,
probably attributing to the excess accumulation of intrinsic insulative lignin. Although
the CNTs bundles were well distributed with small bundle diameters, the excess lignin
wrapped on the surface of CNTs served as insulating domains to deteriorate
interconnected conductive pathways and impede carrier transport, leading to inferior
TE properties. Therefore, a maximum power factor of 198.4 pW m™'K? was achieved
with a lignin content of 11.8 wt%, higher than 98.6 uW m™'K? of pure CNTs film.
Notably, this result demonstrates the contribution of lignin dispersant that

synergistically boosts the electrical conductivity and Seebeck coefficient of CNTs.
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Fig. 3. (a-c) TE properties, carrier concentration and carrier mobility of CNTs/lignin
composite films with different lignin contents; (d-f) TE properties, carrier concentration
and carrier mobility of the 11.8 wt% CNTs/lignin film subject to alkaline treatment for
different times; (g) Schematic diagram of lignin dispersed CNTs films; (h) Comparison
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of CNTs TE films summarized from literature, our work was included and noted with
orange star; (i) Temperature-dependent thermoelectric parameters of 11.8 wt%

CNTs/lignin -A film.

Subsequently, the 11.8 wt% CNTs/lignin films were post-treated by alkali soaking,
and the effect of alkali post-treatment on the thermoelectric properties of CNTs/lignin
films was investigated as shown in Fig. 3(d-f). With increasing the immersion duration,
the electrical conductivity was gradually decreased, mainly ascribing to the partial
removal of lignin as confirmed by FTIR and UV-vis results. It is possible that the films
become looser and porous due to the removal of the lignin phase, leading to deteriorated
carrier concentration and mobility. As the immersion time increased, Seebeck
coefficient was increased at first and then almost saturated with further increasing
soaking durations. Ultimately, CNTs/lignin composite film reached an optimal power
factor of 223.1 pW m™' K by immersing in an alkali solution for 1 min, higher than
most values of previously reported CNTs films [41, 47, 56-62], as shown in Fig. 3h.
Considering the in-plane thermal conductivity () of the 11.8 wt% CNTs/lignin-A film
(1574 W m™ K, ZT of 43x10* was achieved. Furthermore, the CNTs/lignin
composite film exhibited superior mechanical properties, which is beneficial for
practical applications (Fig. S3.).

Subsequently, the temperature-dependent TE properties of 11.8 wt% CNTs/lignin-A
film from room temperature to 130 °C under vacuum condition were shown in Fig. 3i.

The electrical conductivity decreased monotonically with an increase of temperature,
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indicating a metallic-like conducting behavior of the film. The deteriorated electric
conductivity was probably attributed to the morphology expansion during heating,
which results in an inferior conductive path for charge carrier transportation [63, 64].
Seebeck coefficient of the film was increased with increasing temperature. The
enhanced Seebeck coefficient could be ascribed to the slight morphology expansion
during heating, which causes an increase of the energy barrier between CNTs junctions
and thus decreased carrier concentration [65, 66]. Consequently, a maximum PF of
298.4 uW m! K2 was achieved at 80 °C, demonstrating the potential application of
CNTs/lignin composite films for practical thermoelectric conversion.

To investigate the practical application of CNTs/lignin films on wearable energy
harvesting, a flexible thermoelectric device was assembled by connecting five legs of
P (CNTs/lignin-A film)-N (nickel wire) modules in series (Fig. 4a). Fig. 4 (b) shows the
open-circuit voltage of TEG with varied temperature gradients. With the increase of
temperature difference from 5 K to 30 K, the open-circuit voltage of the flexible
thermoelectric device increased linearly from 1.3 mV to 8.7 mV. At AT = 30 K, the
output voltage was almost linearly increased with the decrease of current, and the output
power exhibited a typical parabolic curve relationship as a function of current. The TEG
generated a maximum output power of 288 nW at the load resistance of 68 Q, which is
close to the internal resistance of the module (69 Q). The output performance of
thermoelectric devices prepared from CNTs films is superior to most previously

reported CNTs-based TE devices [67-69].
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Fig. 4. (a) The photograph of fabricated flexible TE module; (b) Open-circuit voltage
of the thermoelectric module as a function of temperature gradient; (c) Output power
of the thermoelectric module as a function of load resistance with temperature gradient
of 30 K; (d) Output voltage and power of the thermoelectric module as a function of

current with temperature gradient of 30 K.

4. Conclusion

We put forward an effective strategy to improve the dispersion and thermoelectric
properties of carbon nanotubes by green lignin, in which well-dispersed CNTs with
uniform interconnected conductive networks were constructed to facilitate carrier
transport. The presence of m-m interactions between carbon nanotubes and the aromatic
ring structure of lignin, and electrostatic repulsion arising from the ionized group of

lignin contribute to the improved CNTs dispersion with decreased bundle diameter. The

19



better dispersion reduces the energy barriers between CNTs junctions and facilitates
carrier transfer, leading to improved electrical properties. Moreover, Seebeck
coefficient was also synergistically increased due to the energy filtering effect between
CNTs and lignin. Consequently, a maximum power factor of 198.0 pW m'K? was
obtained for 11.8 wt% CNTs/lignin film with the electrical conductivity and the
Seebeck coefficient of 993 S cm™ and 44.7 uV k!, respectively. Then, the composite
film was further base treated to partially remove insulating lignin, leading to an
enhanced PF of 223.1 pW m' K72, higher than most values of reported CNTs.
Furthermore, the flexible TE device with five pairs of CNTs/lignin-A film (p-type) and
nickel wire (n-type) could generate a high power of 288 nW at AT = 30 K,
demonstrating the potential application of renewable lignin for sustainable energy
utilization.
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