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Abstract Vapor grown carbon nanofiber (CNF)
based ink dispersions were used to dip-coat woven
cotton fabrics with different constructional parame-
ters, and their thermoelectric (TE) properties studied
at room temperature. Unlike the positive thermoelec-
tric power (TEP) observed in TE textile fabrics
produced with similar carbon-based nanostructures,
the CNF-based cotton fabrics showed negative TEP,
caused by the compensated semimetal character of the
CNFs and the highly graphitic nature of their outer
layers, which hinders the p-type doping with oxygen
groups onto them. A dependence of the electrical
conductivity (c) and TEP as a function of the woven
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cotton fabric was also observed. The cotton fabric with
the largest linear density (tex) showed the best
performance with negative TEP values around
— 8 uv K!, a power factor of 1.65 x 1073
pw m~! K_z, and a figure of merit of 1.14 x 107°.
Moreover, the possibility of a slight e~ charge transfer
or n-doping from the cellulose onto the most external
CNF graphitic shells was also analysed by computer
modelling. This study presents n-type carbon-based
TE textile fabrics produced easily and without any
functionalization processes to prevent the inherent
doping with oxygen, which causes the typical p-type
character found in most carbon-based TE materials.
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Vapor grown carbon nanofiber based cotton fabrics
with negative thermoelectric power
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Introduction

Wearable thermoelectric (TE) devices that transform
the temperature gradient between the human body and
surrounding environment into an electrical voltage,
determined by the Seebeck coefficient (x) or thermo-
electric power (TEP), and calculated as o = 2—¥
(Beretta et al. 2019), have emerged as excellent
candidates to power portable electronics (Kim et al.
2018; Ryan et al. 2017). In order to fabricate
thermoelectric generators (TEG), both p-type TE
materials with positive o (hole-transporting) and n-
type TE materials with negative o (electron-transport-
ing), are required (Blackburn et al. 2018). The
efficiency of a TE material is rated by its dimension-
less figure of merit z7 = “,2(—" T, where oo is known as
the power factor (PF), T is the absolute temperature,
and k is the thermal conductivity (Rowe 1995). At
present, materials such as bismuth telluride (Bi,Te3),
with zT around 1, are the most used inorganic
semiconductors in the production of TEG (Francioso
et al. 2013; Snyder and Toberer 2008; Yee et al. 2013).
However, the combination of their high &, harmful-
ness, brittleness and expansive costs, have raised the
interest in finding substitute TE materials (Li et al.
2019; McGrail et al. 2015; Veluswamy et al. 2019). It
is in this scenario that the exploration of carbon
nanotubes (CNTs) as new TE materials has flourished
appreciably thanks to their high theoretical TEP and

@ Springer

N-type cotton fabric

the option of tuning their o by diverse doping
approaches (Kang et al. 2005). Nevertheless, one
critical handicap of CNTs is their high k around
2000 W/mK (Yu et al. 2005), which disminishes
greatly their zT. It is for this reasoning that their
integration into textile fabrics is contemplated as an
attractive choice for the production of wearable TE
devices by virtue of the high electrical conductivity
(o) and o brought by CNTs, and the low k and
flexibility of the textile fabric (Cataldi et al. 2019; Lan
et al. 2019; Li et al. 2016; Wang et al. 2019), and
among natural fibers, cotton-based textile fabrics are
drawing strong attention for the realization of wear-
able TE devices (Cataldi et al. 2019; Karttunen et al.
2017; Wu and Hu 2016). On the other hand, most of
studies on CNT-based textiles are p-type TE materials
due to the extreme oxygen sensitivity of CNTs (Zettl
2000). For instance, positive TEP of around 12
uV K=" were reported for as-treated polyesters
immersed in a solution of single wall carbon nan-
otubes (SWCNTs) and polyaniline (PANI) (Li et al.
2016). A positive Seebeck coefficient of 10 pV K™
was found for composites films made of waterborne
polyurethane (WPU), multiwall carbon nanotubes
(MWCNTs) and poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS), a composition
which was used after for producing inks to dip-coat
polyester and cotton yarns (Wu and Hu 2016). Higher
positive values of around 40 VK ' were achieved for
CNT-based yarns made by wet-spinning of SWCNTs
and polyethylene glycol (PEG) (Ito et al. 2017). On the
contrary, reports of n-type CNT-based TE textiles are
more scarce due to the mentioned oxygen doping of
CNTs. Among the few studies, we can highlight one
work that describes n-type CNT-based yarns of
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SWCNT/PEG doped with 1-butyl-3-methylimida-
zolium hexafluorophosphate ([BMIM]PF6), where
negative TEP above — 40 pV K~ (absolute value)
were achieved (Ito et al. 2017). Another study shows
n-type yarns of — 14 uV K~! obtained by coating
commercial poly(ethylene terephthalate) (PET) sew-
ing threads with MWCNTs and poly(N-vinylpyrroli-
done) (PVP) (Ryan et al. 2018). Therefore, the
development of air-stable n-type TE textiles based
on CNTs remains a challenge. On the other hand, in
spite of the enormous interest in the use of CNTs as
novel TE materials already mentioned, very limited
efforts were approached on the TE study of a different
carbon nanostructure known as carbon nanofibers
(CNFs). CNFs normally present larger diameters than
CNTs and diverse orientation of the graphitized shells
with respect to their hollow tubular axis. The most
common routes of CNFs synthesis are chemical vapor
deposition (CVD) (Tibbetts et al. 2007), electrospin-
ning (Miao et al. 2010), and laser ablation (Minus and
Kumar 2005). This general lack of research of TE
materials based on CNFs results very surprising since
it is known for some time that heat-treated benzene-
derived carbon fibers prepared by thermal decompo-
sition (Endo et al. 1977), heat-treated graphite fibers
grown by pyrolysis of natural gas (Heremans and
Beetz Jr 1985), and heat treated methane-derived
vapor grown carbon fibers (VGCF) produced by CVD
(Stokes et al. 1996), showed air-stable negative TEP at
room temperature. Accordingly, the principal objec-
tive of this study is to fill the current absence of works
focused on the TE properties of CNF-based textiles,
and then to extend our recently published TE results of
CNFs and polypropylene (PP) composites produced
by melt mixing (Paleo et al. 2019). In that study, we
demonstrated that it is possible to generate n-type
polymer composites with low contents of CNFs and
with TEP up to — 8.5 pV/K without any functional-
ization/doping of CNFs or other further additives
during processing. In this study, three different types
of common cotton woven fabrics were dip-coated with
the same CNF-based ink dispersion and their thermo-
electric properties (i.e. TEP, PF and zT) characterized
at room temperature. In accordance with our previous
results on the n-type TE behavior of melt-extruded PP/
CNF composites, we demonstrate herein that the dip-
coated CNF-based cotton fabrics also show n-type TE
behavior. To the best of our knowledge, this is the first
study that reports n-type carbon-based TE textile

fabrics without the utilization of any functionalization
process and additives to avoid the inherent doping
with oxygen, which causes the typical hole-transport-
ing character found in most carbon-based TE
materials.

Materials and methods
Materials

100% cotton woven fabric with three different warp x
weft yarns linear densities (tex) named as CWFI,
CWEF2 and CWEF3 as provided by the manufacturer
were used as support materials. Specific constructional
parameters and physical properties of the fabrics are
listed in Table 1. Commercial vapor grown carbon
nanofibers produced by CVD, Pyrograf®-III PR 24
LHT XT (ASI, Cedarville, OH, USA), were selected to
provide electrical properties to the cotton fabrics. This
type of carbon nanofibers are synthesized by feeding a
mixture of CHy, NH;, Air, H,S, Fe(CO)s in a
horizontal reactor. The carbon nanofibers are abun-
dantly produced in the reactor maintained at 1100 'C
when the catalyst nanoparticles from the decomposi-
tion of Fe(CO)s are properly dispersed and activated
with the hydrogen sulfide (Tibbetts et al. 2007). The
highly disordered outer carbon layer of the as-grown
CNFs is partially removed or graphitized by a
following thermal post-treatment at 1500 °C in inert
atmosphere (Tessonnier et al. 2009; Tibbetts et al.
2007). The PR 24 LHT XT fibers have average
diameters of around 100 nm, and present a dual wall
structure surrounding the hollow tubular core with a
diameter of around 20 nm (Fig. la), and lengths
ranging from 50 to 100 pm with thermal conductiv-
ities around 1000 W/mK (Mahanta et al. 2013). All
the other materials used in this work were purchased
from Sigma-Aldrich and were used without further
purification.

Preparation of samples

Three different type of dip-coated cotton fabrics were
produced. Firstly, 5 mg mL ™" of sodium dodecylben-
zenesulfonate (SDBS) surfactant was dissolved in
distilled water. A concentration of 3.2 mg mL™' of
CNFs were then added to that surfactant solution.
After this, the CNF solution was dispersed through tip
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sonication (ultrasonic homogenizer CY-500; 60%
power, 5 min) to prepare the CNF ink dispersion. A
series of six square pristine fabrics (2 x 2 cm?)
CWF1, CWF2 and CWF3 were then dipped in the
CNF ink solution for 5 min. Then, they were dried in
an oven at 80 °C for 10 min. This process was made
five times. Before testing, the samples were washed by
dipping in distilled water during 10 min, followed by a
drying procedure in oven at 80 °C for 10 min. This
process was repeated four times. Finally, a new
dipping in ethanol for 10 min and drying for 10 min
was made to ensure the complete removal of SDBS.
The dip-coated fabric samples are named as
CWF1@CNF, CWF2@CNF and CWF3@CNF for
the remainder of this study.

Morphological and structural analysis

The PR 24 LHT XT fibers were imaged with a JEOL
JEM-2100 electron microscope operating a LaB6
electron gun at 80 kV and acquired with an “One-
View” 4 k x 4 k CCD camera at minimal under-focus
to get that surface layers of the CNFs were visible.
Morphological analysis of CWF1, CWF2 and CWF3
and dip-coated samples were carried out in an Ultra-
high resolution Field Emission Gun Scanning Electron
Microscopy (FEG-SEM), NOVA 200 Nano SEM, FEI
Company. Infrared measurements (FTIR) were per-
formed at room temperature with Avatar TM 360 in
ATR mode from 4000 to 650 cm™'. FTIR spectra
were collected with 32 scans and a resolution of
16 cm™'. FTIR of pristine CNFs was obtained in the
reflection standard mode of a CNF pastille and then
converted to transmission spectra (using the approx-
imation T = 1 — R). Raman spectroscopy measure-
ments were carried out on an ALPHA300 R Confocal
Raman Microscope (WITec) using 532 nm laser for
excitation in back scattering geometry. The laser beam
with P = 0.5 mW was focused on the sample by a 50 x
lens (Zeiss), and the spectra was collected with 600
groove/mm grating using 5 acquisitions with 2 s
acquisition time. The X-ray photoelectron spec-
troscopy (XPS) measurements were performed in an
ultra-high vacuum (UHV) system ESCALAB250Xi
(Thermo Fisher Scientific). The base pressure in the
system was below 5 x 10'? mbar. XPS spectra were
acquired with a hemispherical analyzer and a
monochromated X-ray source (Al K, radiation, hv =
1486.6 eV) operated at 15 keV and power 200 W.
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The XPS spectra were recorded with pass energies
20 eV, energy step 0.1 eV and 200 eV, energy step
1 eV for high resolution and survey spectra, respec-
tively. The spectrometer was calibrated by setting the
Au 4f;,, level to 84.0 eV measured on a gold foil and
Ag 2p3» 932.6 €V on a silver foil. The XPS spectra
were peak-fitted using Avantage data processing
software. The Shirley-type background subtraction
was used for peak fitting, and the quantification was
done by using the elemental sensitivity factors
provided by the Avantage library.

Thermoelectric analysis

A home built four point probe station was used for
electrical conductivity measurements at room temper-
ature and ambient atmosphere. The Agilent 6614
System DC power supply integrated with a Keithley
6485 picoammeter was used for recording current
applied, and voltage generated between the two
internal probes measured by a Keithley 2000 Mul-
timeter. The thickness of the dip-coated 2 x 2 cm?
fabrics was measured by using a precision thickness
gauge. Briefly, the sample was kept on a flat anvil and
a circular pressure foot was pressed on it from the top
under a standard fixed load of 18 Pa. The electrical
conductivity was calculated by the equation (Valdes
1954):

:ln(2) 1 0

nt R

[

where R is the electric resistance measured, and ¢ is
fabric’s thickness. Averages values from five mea-
surements on different points within the central area of
the three fabric samples were calculated for each
fabrication condition. The Seebeck coefficient was
measured by the MMR Seebeck Effect Measurement
System at 300 K controlled by K20 digital tempera-
ture controller, and small temperature difference
(1-3 K) was obtained by SB100 digital Seebeck
controller with 25 mW power for 30 s. A reference
constantan wire sample was used to measure the
temperature difference. The 2 x 2 cm?® dip-coated
fabrics were cut into strips of about 2 mm x 5
mm and connected by silver paint on the test stage.
Each specimen was tested 10 times at least, and then
the average values of three specimens were calculated.
Finally, the figure of merit zT was estimated using a
value of thermal conductivity of 0.43 W/(m K), which



Cellulose

Table 1 Constructional parameters and physical properties of the cotton woven fabrics

Fabric parameters CWF1 CWF2 CWEF3
Weave pattern 1/1 plain 1/1 plain 1/1 plain
Linear density (tex) 14.9 x 20.2 16.3 x 19.1 16.7 x 19.7
Warp x weft yarns (cm™") 35.0 x 14.0 35.0 x 23.0 35.0 x 30.0
Fabric mass (g m>) 93.35 104.0 121.1
Fabric thickness at 18 Pa (mm) 0.26 0.26 0.26

Fabric density (g cm™?) 0.36 0.4 0.47

Fabric porosity (%)* 76.7 74.0 69.74

*Porosity (%) = 1 — [Fabric density (g/cm®)/Fibre density (for cotton, 1.54 g/cm®)] x 100

Inner layer

Hollow core

Fig. 1 TEM image of Pyrograf®-IIT PR 24 LHT XT vapor grown carbon nanofibers (a) inner layer constituted of parallel graphene
sheets with angles around 15° with respect to the hollow core axis (b)

was obtained from a previous investigation based on
anisotropic paper-like mats of 0.5 vol% of Pyrograf®-
III CNF (Mahanta et al. 2010).

Computer models

The doping effect of the cotton on the electronic
properties of CNF graphitic shells was studied by
computer modelling with a simplified model. For this,
we computed the molecular geometry and the charge
transfer of a single linear cellulose nonamer adsorbed
onto a finite hexagonal graphene flake with a diameter
of 5.6 nm and 912 atoms (Fig. 2) with the GFN1-xTB
Hamiltonian. The GFN1-xTB (Geometry, Frequency,
Non-covalent, eXtended Tight-Binding) is a recent
semiempirical method developed by Grimme et al.
(2017) that allows computing efficiently systems with
thousands of atoms. The charge transfer was then
computed by adding up the CMS5 partial charges

(Marenich et al. 2012), which are specially suitable for
condensed phases of the cellulose nonamer and the
hexagonal graphene flake.

Results
Morphological and structural analysis

A representative TEM image of Pyrograf®-III PR 24
LHT XT is shown in Fig. 1. This particular grade
shows a dual wall structure (Fig. 1a). The inner layer
with a diameter of around 10 nm shows parallel
graphene sheets with angles around 15° with respect to
the hollow core axis (Fig. 1b). On the other hand, the
thermal post-treatment at 1500 °C for this particular
grade, causes the graphene sheets of the narrower
outer layer to align parallelly to the main axis.
Moreover, some voids are formed between both layers
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as it was also observed in TEM analysis of a different
grade of Pyrograf® -IIT CNFs with higher thermal post-
treatments of 3000 °C (Tessonnier et al. 2009).
Scanning electron microscopy images of pristine and
dip-coated cotton woven fabrics are shown in Fig. 3.
The constructional parameters and physical properties
of the pristine cotton woven fabrics are described in
Table 1. The main difference between the three
pristine cotton fabrics (Fig. 3a—c) is the void size
formed between warp and weft yarns. These voids are
clearly higher in CWF1 samples (Fig. 3a) with square
dimensions of around 250 x 250 pum?, whereas
CWEF2 (Fig. 3b) and CWF3 (Fig. 3c) samples show
smaller sizes of around 170 x 170 and
100 x 100 um?, respectively. The square voids
observed in pristine cotton woven fabrics clearly
change the surface morphology of the dip-coated
fabrics. The original cotton fabric structure of CWF1
and CWF2 is clearly noticed on the surface of
CWF1@CNF (Fig. 3d), and in a less extent in dip-
coated samples CWF2@CNF (Fig. 3e). On the con-
trary, the layer of carbon nanofibers in sample
CWF3@CNF (Fig. 3f) totally hides the voids of the
original cotton fabric CWF3. This different morphol-
ogy observed in sample CWF3@CNF can be
explained by the void’s size of CWF3, close to the
maximum length of the CNFs (100 pm), which can
cause that all the agglomerates larger than 100 pm
remains on the surface. Accordingly, the possibility of
peeling off increases in sample CWF3@CNEF, as it can
be observed in its cross section SEM image (Fig. 31).
We have also calculated the amount of CNFs in dip-
coated samples from the difference in weight between
the neat and the dip-coated fabrics. Samples
CWF1@CNF have shown amounts of
1.13 + 0.27 mg cm_z, whereas CWF2@CNF and
CWEF3@CNF showed lower loads of 0.23 £+ 0.16
and 0.31 + 0.07 mg cm ™2, respectively. This means
that samples CWF1 @CNF with the larger voids allow
that CNFs can penetrate better under the surface of the
cotton fabric, and as result they can retain a higher
amount of CNFs than the other two samples
CWF2@CNF and CWF3 @CNF, whose smaller voids
cause that the agglomerates remain on the surface.
This worsens the bonding between CNFs and cotton
fabric, and it can explain the lower amount of CNFs
observed. In conclusion, the different structure of neat
cotton woven fabrics used affects ostensibly the
surface morphology of dip-coated fabrics despite
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samples CWF1@CNF, CWF2@CNF and
CWEF3@CNF were produced exactly with the same
methodology and CNF ink dispersions.

The FTIR spectra of CNFs, uncoated samples
CWF1 (CWF2 and CWF3 samples were not plotted
because were identical to CWF1), and dip-coated
samples CWF1@CNF, CWF2@CNF and
CWF3@CNF are shown in Fig. 4. CNFs did not show
significant structural information because of their very
high absorbance (Arshad et al. 2011), though bands
1550 cm™" and 1210 cm™" corresponding to C=C
(Ma et al. 2003) were detected. The spectrum of
CWF1 shows the representative features of cellulose.
There is a broad band attributed to O-H stretching
vibration at 3266 cm™' as well as a peak assigned to
C-H stretching vibration at 2896 cm™'. The strong
absorption bands at 1156, 1103 and 1023 cm~! come
from the overlapping bands assigned to the different
chemical groups of cellulose, such as the C-O, C-C
and C-O-C stretching vibrations. Finally, the spectra
of the dip-coated samples CWF1@CNF,
CWF2@CNF and CWF3@CNF confirm that the
peaks previously described and assigned to cellulose
disappear after the addition of CNFs with the sole
exception of the absorption band at 1023 cm™". It is
possible to observe a decrease in transmittance in the
region from 4000 to 3000 cm™' in the dip-coated
samples, which is more pronounced for samples
CWF1@CNF and CWF3@CNF, thus indicating the
contribution from the CNFs. Therefore, it is clear that
the FTIR spectra of the cotton fabric changes after the
CNF addition. Indeed, the absence of the character-
istics peaks of the cellulose in the coated samples, it
has been also observed by Fig. 5, which shows the
Raman spectra of CNFs, uncoated samples CWF1
(neat samples CWF2 and CWF3 were not plotted
because they show the same Raman spectra as CWF1),
and dip-coated samples. The spectra of CNFs presents
the characteristic three Raman bands found in similar
carbon materials. The disorder-induced phonon mode
D band around 1350 cmfl, related to disordered
structures in carbon materials (Lehman et al. 2011).
The G-band, around 1580 cm™!, corresponding to the
degenerate in-plane E,, optical mode at the center of
the Brillouin zone, characteristic of the graphitic
lattice vibration mode, and generally used to identify
well-ordered CNTs (Wang et al. 1990), and the 2D
band at ~ 2700 cm™! (also called G’ band), which
corresponds to a second-order Raman process
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Fig. 2 Optimized a
molecular geometries of

basal (a) and on-edge FEEERSSNPRPIPAOA0N

cellulose nonamer

(b) adsorption on a Cg34H7g
hexagonal graphene flake
computed with a xTB-GFN1
Hamiltonian

involving two phonons close to the zone boundary K
point (Endo et al. 2001). On the other hand, the CWF1
presents the signatures of cellulose in four main ranges
(Nakanishi et al. 1999): the range 250-550 cm ™',
related with bending modes involving COC, OCC and
OCO vibrations, the range 800-1200 cm™ !, related
with HCC, HCO bendings, COC stretching symmetry
and CO, CC stretching symmetry (Szymanska-Char-
got et al. 2011), the range 1200-1500 cm_l, related
with HCH, HCC, HOC wagging, rocking, twisting and
scissoring, and 3000 cm™' corresponding to CH
stretching vibrations (Szymanska-Chargot et al.
2011).

Finally, the dip-coated samples present the same
signature of the CNFs. The peak position, the full
width half maximum (FWHM) of the D and G modes
and the intensity ratio between D and G modes (Ip/Ig)
were calculated by fitting the Raman spectra with
Lorentzian functions, and the results are presented in
Table 2. We have only analyzed the D and G bands
since the 2D band shows low intensity. A shift to lower
wavenumbers of the G and D peak positions between
the CNFs and dip-coated samples together with a
FWHM decrease is observed. Furthermore, the inten-
sity ratios Ip/lg, typically used to characterize the
degree of order in carbon materials (Liu et al. 2004),
decreases slightly in dip-coated samples. This is an
indication of a higher regularity in the carbon network
induced by the structure of the neat cotton fabrics and
the dip-coating methodology used.

The chemical composition of CNFs, pristine
CWF1, and dip-coated samples was also analyzed by

XPS. All samples contain mainly carbon and oxygen,
as it is evidenced by the survey XPS spectra (Fig. 6),
though some traces of sulphur (~ 0.1 at%) were also
detected in CNFs and dip-coated samples. The C/O
concentration ratios were calculated from the peaks
Cls and Ols, and presented in Table 3. The compo-
sition analysis of pristine CNFs revealed a small
amount of oxygen (~ 1.76 at%), which can be
assigned to C-O and C=O functional groups. A
comparison of the deconvolution of Cls and Ols
spectra for neat CNF and sample CWF3@CNF is
presented in Fig. 7. The Cls spectra showed a strong
line at binding energy (BE) of ~ 284.4 eV, which
together with the “satellite” peaks represent sp’
hybridized carbon (Fig. 7a—c). An additional contri-
bution from C-O and C=0 oxygen functional groups
were also observed for CNFs and CWF3@CNF
samples. The Ols spectra in CNFs (Fig. 7b) yielded
peaks at ~ 531.9 and ~ 533.5 eV assigned to C-O
and C=0, respectively, whereas CWF1@CNF,
CWF2@CNF and CWF3@CNF samples yielded a
wide asymmetric peak at ~ 532.5eV (Fig. 7d).
Noteworthy, the Ols and Cls XPS survey spectra
from the CWF2@CNF and CWF3@CNF samples are
quite similar in shape (Fig. 6) and they show also
similar C/O concentration ratios, while the spectra
taken from sample CWF1@CNF are dominated by
signals belonging to the starting cotton fabric. It can be
assumed that the stronger contribution from the cotton
points out to lower surface density of the CNF coating
in samples CWF1@CNF. We assume therefore that
the higher dimensions of the voids in CWF1 (Fig. 3)
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Fig. 3 SEM images of uncoated cotton fabrics: CWF1 (a),
CWE?2 (b) and CWF3 (c); surfaces of dip-coated cotton fabrics:
CWF1@CNF (d), CWF2@CNF (e) and CWF3@CNF (f); and

clearly facilitate a higher penetration of CNFs into the
whole fabric than in the cases of samples
CWF2 @CNF and CWF3 @CNF, where most of CNFs
remain on the surface of the cotton fabric.

Thermoelectric analysis

The electrical conductivities at room temperature of
the dip-coated CNF-based cotton fabrics are repre-
sented in Fig. 8 (triangular symbols). The results show
that o varies as a function of the interstitial void size of
the neat cotton fabrics used. The samples
CWF1 @CNF produced from the cotton woven fabric
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cross sections of dip-coated cotton fabrics: CWF1@CNF (g),
CWF2@CNF (h) and CWF3@CNEF (i)

with  the largest voids between  yarns
(250 x 250 umz) showed the lowest ¢ of 21.6 + 3.6
S m™', whereas samples CWF3@CNF with the
smallest voids (100 x 100 pm?) showed the highest
o values of 27.3 & 2.0 S m™'. This variation of the
conductivity in CWFI@CNF and samples
CWF3@CNF can be explained by the differences in
the morphology of their surfaces observed in Fig. 3d—
f. Despite the lower amount of CNFs trapped in
samples CWF3@CNF, the smaller voids in CWF3
seem to promote networks with agglomerates closer to
each other and higher number of conductive pathways
than in CWF1@CNF, which can explain the slightly
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Fig. 4 FTIR spectra of pristine CNFs, uncoated sample CWF1
and dip-coated samples CWF1@CNF, CWF2@CNF and
CWEF3@CNF
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Fig. 5 Raman spectra of pristine CNFs, uncoated sample
CWF1 and dip-coated samples CWF1@CNF, CWF2@CNF
and CWF3@CNF

higher conductivity found in samples CWF3@CNF.
Moreover, we cannot exclude the possibility of a slight
e~ charge transfer or n-doping from the cellulose onto
the most external CNF graphitic shells in all dip-
coated samples, as we shall discuss below. Our values
(~ 0.3 S cm™") are in the range of the as-prepared
PEDOT:PSS coated polyester fabrics (~ 0.5S cm™")
(Du et al. 2015), but they are lower than the o of 1 S
cm™ ! reported for PET sewing threads coated with
MWCNTs and PVP (Ryan et al. 2018). They are also
lower than the values of 5 S cm™' reported in the

pioneering work of Yi Cui et al. based on SWCNT dip-
coated cotton fabrics soaked in 4 M nitric acid (Hu
et al. 2010). A value of 6 S cm™' has been recently
obtained with Pyrograf®-IIl PR 25 HHT XT CNF
based inks sprayed onto cotton fabrics (Cataldi et al.
2019). However, these inks were composed of 40% wt
of CNFs (considerably higher than the approximately
5.5 wt% used in our study) and a concentration of
15 mg mL™" of aleuritic acid dispersed in equal
volumes of water and ethanol. The thermoelectric
power of our samples at room temperature is presented
in Fig. 8 (squared symbols). A similar o of
—76+11pVK " and — 79+ 08 VK" is
observed for samples CWFI@CNF and
CWF2@CNEF, respectively. These values are similar
to our previous TE study of polymer composites based
on the same Pyrograf®-Ill PR 24 LHT XT melt
compounded with PP, for which we reported Seebeck
coefficients of about — 8.5 uV K~' for PP/CNF
composites films with up to 5 wt% concentration of
CNFs (Paleo et al. 2019). Therefore, it is plausible that
this negative Seebeck coefficient is fundamentally
caused by the n-type TE character of the CNFs
(Pyrograf®-III, PR 24 LHT XT) due to the electrical
insulating nature of the cotton woven fabric used in
this study, and the PP used in our preceding work. In
this respect, we found a previous work reporting
negative TEP of around — 5.0 pV K™' at room
temperature in films of cyanate ester resin (CER)
and Pyrograf®-I vapor grown carbon fibers (VGCFs)
with high degree of graphitization in their outer layers
thanks to their post heat treatment at 2400 °C (Stokes
et al. 1996). There, it is explained that this negative
TEP is because the VGCFs can be considered as a
nearly compensated semimetal, and their transport
properties explained by the two-band electronic
model, so the partial TEP originating from the two
bands oppose each other, resulting in a small and
negative TEP. Similarly, the CNFs used in our study
may have an analogous compensated semimetal
nature, which would explain the small and negative
TEP obtained in our dip-coated cotton fabrics. In
addition, this particular type of CNFs has a CVD
external layer that can covering up the necessary
graphitic end planes to graft oxygen functional groups
onto them, which it is demonstrated by the very few
amount of oxygen observed by XPS in CNFs (1.76%).
Therefore, this small amount of oxygen observed
could also explain the lack of the inherent doping with
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Table 2 Parameters

Sample
obtained from the Raman

oG (cm™Y) FWHMg (cm™Y) p (cm™!) FWHMp (cm™})

In/lg L, (nm)

fitting CNF
CWF1@CNF
CWF2@CNF

CWF3@CNF

1582
1575
1574
1575

90
70
67
65

1349
1345
1343
1346

113
90
100
90

0.91
0.77
0.80
0.80

4.84
5.7
5.5
5.5

O1s

A

S

CWF3@CNF

)‘015

e\,

CWF2@CNF
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Fig. 6 XPS survey spectra: pristine CNFs, uncoated sample
CWF1 and dip-coated samples CWF1 @ CNF, CWF2@CNF and
CWF3@CNF

oxygen found in most of CNTs and the n-type
character of the CNFs used in our work. Furthermore,
the higher graphitization of the two outer layers caused
by the thermal post-treatment at 1500 °C, as evi-
denced by the TEM imaging (Fig. 1a), could explain
the slightly higher TEP (absolute value) from — 5
(Stokes et al. 1996) to — 8 pV K~' observed in our
samples CWF1 @CNF and CWF2@CNF. On the other
hand, the samples CWF3@CNF with the highest

conductivity, showed the lowest TEP of
—50pV K™+ 1.1 pv K", This decrease in TEP
matches with the behavior of heterogeneous conduct-
ing polymer composites, where a decreasing of TEP as
function of the higher conductivity is attributed to the
inverse o dependence of the energy barrier term in the
thermal fluctuation induced tunneling model (Hewitt
etal. 2011; Luo et al. 2016). We have also studied the
effect of the cellulose fibers from cotton on the most
external shells of the CNFs by computer models as it is
described in “Computer models” section, where the
CNF outer wall is represented by a graphene
nanoflake, and two different adsorptions geometries
are studied: basal (representing a graphitized CNF,
Fig. 2a) and on-edge (representing a non-graphitized
CNF, Fig. 2b). These two adsorption modes are
radically different and consequently their binding
energy differs substantially: the basal adsorption is
strongly favoured, 4.4 eV, while the on-edge adsorp-
tion shows a considerably reduced value, 1.13 eV. The
charge transfer also differs strongly from 0.47 e~
(basal) to 0.10 e~ (on-edge) which correspond to 0.05
e and 0.01 e~ per cellulose monomer respectively. In
addition, the effect of different local environments was
evaluated by comparatively computing the molecular
geometry and charge transfer in vacuum and in a
continuum of water yielding quite similar results. The
adsorption of cellulose parallel to graphene (basal)

Table 3 Summary of the Cls and Ols content for carbon sp2, adventitious carbon, n—n* satellite, C—O, and C=O species

Sample C/O  Carbon (%) Oxygen (%)

C sp2 adventitious carbon C-0, C=0 n—1* satellite C-0/C=0 0-C 0=C Orotal
CNF 50 84.5 - 4.7 8.9 0.53 0.9 0.9 1.8
CWF1 2.3 38.4 28.7 8.2 - 4.38 - - 323
CWFI1&CNF 8.6 49.8 12.2 22.9 5.1 4.49 - - 9.9
CWEF2&CNF 103 59.1 8.9 18.3 5.1 3.59 - - 8.4
CWF3&CNF 109 583 8.1 20.8 4.8 4.33 - - 8.0

Total concentration ratios C/O are also showed
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yields an n-doped material by 0.47 e in vacuum and
0.44 e~ in water. These results indicate that cellulose
(and thus cotton) should induce some n-doping on
available graphitic planes of the CNFs where basal
adsorption is possible. It must be noted that, to the best
of our knowledge, this is the first report of n-type TE
textiles directly obtained by using carbon nanostruc-
tures (including CNT, and other 2D carbon nanos-
tructures such as graphene and their derivatives)
without the need for additional physical or chemical
doping methods during processing (Lan et al. 2019;
Ryan et al. 2018). Surprisingly, the n-type TE
character of our samples is in contrast with the already
mentioned work (Cataldi et al. 2019), where Pyro-
graf®-IIT PR 25 HHT XT CNF based inks sprayed onto
cotton fabrics showed positive TEP of
6.4 + 0.5 pV K~'. The type of Pyrograf®-III CNF
used in that work has a considerably higher heat-
treatment (3000 °C) than the Pyrograf®-III CNF used
in our study (1500 °C) (Tessonnier et al. 2009), and
consequently, they should have a higher grade of
graphitization of their outer layers, which should also
cause an intrinsic negative TEP of the CNFs. Yet, the
presence of other species, like the aleuritic acid, or the
cellulose itself may alter the doping degree of CNFs,
as we discuss in this study. In comparative terms, our o
is far from the TEP of — 58 pV K~' at room
temperature already reported in cotton yarns soaked
with SWCNTs, though in that study, the authors add 5
wt% of polyethyleneimine (PEI) solution during
processing to get their negative TEP (Lan et al.
2019). Finally, the power factor at room temperature
was also calculated and the results are shown in Fig. 8
(squared symbols). The PF varies slightly depending
on the three different textile substrates with values of
125 x 1077 pWm 'K and 1.65 x 1073
uW m~' K2 for samples CWF1@CNF and
CWF2@CNF, respectively, whereas the samples
CWF3@CNF showed the lowest PF (0.69 x 1077
uW m~ ' K™%). PFof 4.1 x 107 pW m~' K™% was
reported in standard cotton dip-dyed with PED-
OT:PSS (Guo et al. 2016). Our results are one order
of magnitude lower than 2.5 x 1072 pW m~' K2
reported in cotton fabrics sprayed with ink of aleuritic
acid and Pyrograf®-III PR 25 HHT XT CNFs (Cataldi
etal. 2019). PEof 7.4 x 107" pW m~' K2 were also
reported for cotton yarns soaked with a commercial
p-type SWCNT (Lan et al. 2019). The highest zT of
1.14 x 107® at room temperature for samples

@ Springer

CWF2@CNF was also calculated from the experi-
mental values of ¢ and o obtained in this study, and the
estimated thermal conductivity value of 0.43 W/
(m K) reported for buckypapers of 0.5 vol% of
Pyrograf®-II1 PR 25 carbon nanofibers (Mahanta
et al. 2010). Our best values are in the same order of
magnitude than the work based on polyester coated
with SWCNTs and PANI (Li et al. 2016), which
presents a z7 of 6 x 10~°. Though, they are one order
lower than the work which uses inks based on
Pyrograf®-II PR 25 HHT XT CNFs onto cotton
fabrics 1.7 x 1073 (Cataldi et al. 2019), when
considering the same estimation of 0.43 W/(m K)
for the thermal conductivity.

Conclusions

Commercial vapor grown carbon nanofibers with
hollow tubular cores surrounded by two highly
graphitized outer layers were used for producing
CNF-based ink dispersions and dip-coating three
woven cotton fabrics with different constructional
parameters. The morphologic, structural and thermo-
electric properties of the dip-coated CNF cotton
fabrics were analyzed. Unlike the positive thermo-
electric power generally observed in thermoelectric
textile fabrics produced with similar carbon-based
nanostructures such as carbon nanotubes, all the dip-
coated cotton fabrics showed small negative TEP. This
n-type character can be explained by the compensated
semimetal character of CNFs and the high graphitiza-
tion of the CNF outer layers that can covering up the
necessary graphitic end planes to graft oxygen func-
tional groups onto them. The morphological analysis
showed that the surface was changed markedly as
function of the woven cotton fabric structure. The best
dip-coated cotton fabrics showed negative TEP values
around -8 uV K™™' and a maximum power factor of
1.65 x 107 uW m~' K2, corresponding to a fig-
ure of merit of 1.14 x 107 at room temperature.
Moreover, a slight doping effect of the cotton on the
electronic properties of the most external CNF
graphitic shells was also detected by computer mod-
elling. In conclusion, this work demonstrated that
n-type thermoelectric carbon-based textile fabrics can
be produced easily without the functionalization
processes and/or additives normally found in the
state-of-art to avoid the inherent doping with oxygen,
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which causes the typical p-type character found in
most carbon-based TE materials.
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