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Ultrahigh-Power-Factor Carbon Nanotubes and an
Ingenious Strategy for Thermoelectric Performance

Evaluation

Wenbin Zhou, Qingxia Fan, Qiang Zhang, Kewei Li, Le Cai, Xiaogang Gu, Feng Yang,
Nan Zhang, Zhuojian Xiao, Huiliang Chen, Shiqgi Xiao, Yanchun Wang, Huaping Liu,

Weiya Zhou,* and Sishen Xie*

Owing to outstanding electrical properties and unique
advantages compared with the traditional inorganic semi-
conductor, the carbon nanotube (CNT) based films have
attracted considerable attentions in flexible thermoelectric
(TE) applications.'"’?l The TE performance can be evalu-
ated by the figure-of-merit, ZT =S%0T/x, where S, o, K,
and T are the Seebeck coefficient, electrical conductivity,
thermal conductivity, and absolute temperature, respectively.
PF =S%0 is defined as thermoelectric power factor, which is
directly related to the usable power attainable from the TE
materials.l”]

However, almost all the previous researches focused on
the CNT-based films prepared from the dispersed CNT solu-
tions, which exhibit relatively low power factors.” 1 On the
other hand, the measurement of in-plane thermal conduc-
tivity for the CNT-based film is full of challenges, especially
for thin films (thickness < 1 pm), which impedes evaluation
and improvement of TE performance. Instead, previous
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researchers estimated the TE performance by measuring out-
of-plane thermal conductivity or citing literature values of
other similar CNT specimens (Table S1, Supporting Informa-
tion), while the power factor was measured in the in-plane
direction.[>8:10-12]

Typical measuring techniques of thermal conductivity,
such as the steady heat flow method, laser flash method,?!!]
etc., require large size specimens and cannot obtain in-plane
thermal conductivity of films. The 3w-method can be used to
investigate the in-plane thermal conductivity of films,[!3-13]
while this method requires complicated measuring system
and suffers from weak signal-to-noise ratio, in addition, pat-
terned metal detectors and thin SiN, insulated layer need
to be deposited on the surface of conductive films.'>14
Recently, researchers have carried out the measurement of
in-plane thermal conductivity for thick CNT buckypaper by
a self-heating method, in which non-contact infrared ther-
mometer was used to measure temperature distribution of
the heated films.['18] Itkis et al. measured thermal conduc-
tivity of single-walled carbon nanotube (SWNT) thin films by
a bolometric technique, where infrared radiation was used as
a heat source and the influence of blackbody radiation was
limited by a quartz filter.'”) However, it is inconvenient to
introduce relatively complicated optical system in the high
vacuum chamber. Particularly, for very thin CNT films, heat
losses through convection and radiation are noteworthy
because of the large surface area to volume ratio and approx-
imate blackbody emissivity. Therefore, it possibly causes
some deviation if the heat losses are not accurately taken
into account during the measurement.

Here, we have first found the as-grown SWNT inter-
connected films and SWNT fibers obtained by twisting
these films possess enormous potential of thermoelec-
tric applications because of their ultrahigh power factors,
PF,,, = 2482 uW m™ K at room temperature. It is among
the highest value ever reported for flexible TE materials
and approximately half of the state-of-the-art inorganic TE
materials (Bi,Te,).512142023] Furthermore, these SWNT-
based materials avoid tedious composite technology and
have low density (=1 g cm™) in comparison to that of Bi,Tey
(=7.86 g cm™).['1 These SWNT films can be directly synthesized
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Figure 1. Schematic illustration for measuring thermoelectric properties
of films or fibers. A schematic of specimen stage configuration with
a) an initial and b) changed suspended length of a specimen.

by floating catalyst chemical vapor deposition reported in our
previous researches.2*?%] The continuous conductive network
of CNT was formed when they are growing at high tempera-
ture, which resulting in more superior structure and electrical
properties. What is more, we provide an ingenious strategy for
accurately evaluating the thermoelectric performance of CNT
films in the in-plane direction and fibers in the axial direc-
tion, where thermoelectric properties (thermal conductivity,
electrical conductivity, and Seebeck coefficient) in the same
direction can be measured efficiently for the same specimen.
For the CNT thin film, the huge influence of the heat losses
through convection and radiation are eliminated during the
measurement of in-plane thermal conductivity. Our measure-
ment method and apparatus were verified by measuring var-
ious standard film and fiber specimens, all the results coincided
with the reference values and the deviations were negligible
(Table S2, Supporting Information). As a consequence, we can
take advantage of our measuring method and apparatus to
systematically investigate the thermoelectric properties of the
as-prepared SWNT films and fibers.

The schematic illustration of our approach and appa-
ratus for thermoelectric properties measurements is shown in
Figure 1. We design a specific testing stage (Figure la), four
copper electrodes are fixed on the insulated Teflon substrate.
A film ribbon or fiber is suspended across the copper elec-
trodes and pasted by high-purity silver paste to form perfect
electrical and thermal contacts. The copper electrodes can act
as heat sinks because of their high thermal conductivity and
heat capacity. Thus, two ends of specimen always maintain
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the ambient temperature (7)) during the measurement of
thermal conductivity. The length (L) of the suspended spec-
imen between the two inside electrodes can be changed by
inserting thin copper electrodes. As shown in Figure 1b, we
can insert carefully a thin copper electrode between the two
inside electrodes and make it to contact closely with one
of inside electrodes by screws. Additional high-purity silver
paste is added on the contact region between sample and
thin copper electrode. Consequently, the suspended length
of the same sample was decreased. A heater and two T-type
thermocouples are fixed on the two inside copper electrodes
with intimate contacts. Before the measurement, the stage is
placed in a temperature-controlled chamber.

Figure 2a shows the optical photograph of a rectangular
piece cut from a homogeneous as-grown SWNT film. The
film was cut into a 30 mm X 0.75 mm ribbon and densified
with ethanol, which has a thickness of 316 + 14 nm. The den-
sified ribbon was suspended across the copper electrodes
with a suspended length of 16 mm. After long time vacuum
pumping, the temperature-controlled testing chamber
reached a stabilized vacuum of 6 x 10~ Pa. The measure-
ment of thermal conductivity in our work is based on the
1D heat transfer equation. When the suspended film ribbon
or fiber is heated by a constant direct current (/), a uniform
heat flux will spread along the specimen. In a high vacuum
of 10 Pa, the heat loss through convection can be elimi-
nated (Figure S1, Supporting Information). Taking the heat
loss through radiation into account, we can write the heat
transfer equation in steady state as

I’R— Prag

. d?T(x) .
LASCC

dx2

=0 (1)

where R and A represent the resistance under heating cur-
rent and the cross section area of the suspended specimen.
P_,q is the power of radiant heat loss. The average tempera-
ture increment AT (AT =T -Ty, T is the average tempera-
ture of the heated suspended specimen) is restricted in the
range of 2-6 K by adjusting the current value, so P,,4 can be
expressed as Prad ~4€0 AradTg AT (Figure S2, Supporting
Information), where ¢ = 5.67 x 10 W m™2 K™, ¢, and A,,4
are Stefan-Boltzmann constant, emissivity, and radiant area

of the specimen, respectively. For bulk specimens, the radiant
4e0 Araa Ty

area A is the surface area A. We defined gra =
ras LASCC

the radiant heat loss coefficient.

Additionally, it will exhibit a linear R — T relationship
(R=a+bT) when the temperature of the specimen varies
in a small range. Based on theoretical analysis above, we
can obtain the solution (see the Supporting Information for
experimental details) of Equation (1)

1_1_ L 15
R Ro b1 @

(125 + grad L?) Asec  Ro

which indicates that the reciprocal of resistance varies lin-
early with the square of the current. So we can increase
heating current gradually to measure a series of resistances
for fitting R™' — I? curve. Then the expression of thermal con-
ductivity x can be obtained from the slope k of R~! —I? curve
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Figure 2. Morphology characterization of the CNT specimens. a) The optical photograph and
b) the SEM image of a rectangular piece cut from a homogeneous as-grown SWNT film (scale
bar, 100 nm). c¢) The optical photograph of a CNT sheet, which was composed of multilayer
continuously synthesized CNT films and densified by ethanol. d) The SEM image of a SWNT
fiber with a diameter of 29 um (scale bar, 20 pm), which was obtained by twisting a 40 mm x

5 mm SWNT ribbon.

TTRACRKT 12 ®)

where R, is the resistance of the suspended specimen under
Ty, Ry~ can be obtained directly flrom the intercept of R~! — 12
curve. We defined Kap = —ﬁR—O% as the apparent thermal

conductivity without a consideration of the radlant heat loss
g ra
, which

indicates a linear relationship between the apparent thermal
conductivity and the square of the suspended length. If the
radiant power is minor compared with the heating power,
the radiant heat loss can be neglected, such as a platinum
fiber (Figure S3, Supporting Information), then K =Kap. But
for SWNT thin films, the radiant heat loss is noteworthy
because of the large surface area to volume ratios and
approximate blackbody emissivity (€ = 1). Consequently, we
should eliminate the influence of radiant heat loss during the
measurement.

and Equation (3) can be expressed by Kap =k +

We measured the resistances of the suspended SWNT
ribbon under different current causing observable heating
effects. Figure 3a shows the resistance variation with time,
where the resistance first rapidly increased and subsequently
reached stable value within a short time. The steady-state
resistance R increased with the increment of the heating cur-
rent /. We fitted the R~! —I? curve shown in Figure 3b, which
exhibits an ideal linear relationship (linear correlation coef-
ficient r = —=0.99997) and satisfactorily agrees with our theo-
retical deduction. Subsequently, the suspended ribbon was
heated externally in the temperature-controlled chamber
and we measured the R—T7 relationship by a small current
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1, avoiding Joule heating effect (the entire
inside of the small chamber was heated to
a series of steady temperatures for a long
time by the external heat equipment, and
we measured the corresponding steady
resistances of the suspended sample). It
exhibits a linear R—T7 relationship (r =
0.99992) when the temperature of the
specimen varies in the small range, as
shown in Figure 3c.

As a consequence, we can calcu-
late the apparent thermal conductivity
Kyp = 567 £ 29 W m™" K™! based on the
previous theoretical analysis, it is obvi-
ously greater than the previously reported
values for the randomly oriented SWNT
films (23-83 W m™! K™)[1%2] and aligned
CNT films (200472 W m™! K1).[17.20]
The enormous deviation results from
neglecting the radiant heat loss. It should
be emphasized that, the optical pho-
tograph (Figure 2a) and large magni-
fication scanning electron microscope
(SEM) image (Figure 2b) indicate a
small amount of pore exists in these
SWNT thin films. We cannot obtain
the x by calculating g,,q4 because A4 is
unknown. However, according to our
theoretical analysis, we can in situ change the L (12, 10,
8, and 6 mm) of the same specimen in our specific stage
and then measure corresponding k,, (338 + 19, 258 + 18,
176 £+ 16, and 124 + 10 W m™* K1) for fitting xap — L? curve
(Figure 3d), which shows the k,, varies linearly with L> We
can obtain the thermal conductivity x = 51 + 5 W m™! K
by the intercept of kap — L? curve, which is satisfactorily con-
sistent with the previously reported values.l'>2°l The value is
about two orders of magnitude below the intrinsic thermal
conductivity of individual SWNT due to the huge thermal
resistance of inter-tube junctions in the SWNT networks.["]
The measurement of through-plane thermal conductivity for
the thin CNT films (hundreds of nm in thickness) requires
specific techniques that are not available to us currently.
Based on previous report,8! and the microstructures of
our CNT films, the through-plane conductivity should be
quite small. The CNTs in our films are primarily aligned in-
plane, so the through-plane thermal conductivity is greatly
hampered by the ubiquitous inter-tube junctions. Further
discussions about thermal conductivity measurement are in
the Supporting Information for experimental details.

The Seebeck coefficient and electrical conductivity
measurements of the same suspended specimen can also be
performed with the steady method and the standard four-
electrode method, respectively, in the specific testing stage
(see the Supporting Information for experimental details).
We measured the o and S in the chamber at the atmosphere.
Figure 3e,f shows the V-I curve and AV —AT curve, respec-
tively. We obtain the o = 3.21 x 10° S m™! and the apparent
Seebeck coefficient S,, = 86.01 pV K~!. Taking account of the
Seebeck coefficient of the copper leads Sjg,qs = 1.95 pV K7,
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Figure 3. Thermoelectric properties of a SWNT film with 316 nm in thickness. The in-plane thermal conductivity measurement in a stabilized
vacuum of 6 x 107 Pa: a) The resistance of the suspended ribbon variation with time under different heating current. b) The obtained R~ /? curve.
¢) The measured R—T curve in a small temperature range. d) The square of the suspended length dependence of the apparent thermal conductivity.
The Seebeck coefficient and electrical conductivity measurements in the atmosphere: e) The measured V-/ curve within a small range of current
(10-90 pA). f) The measured steady voltage difference in different steady temperature difference between two ends of the suspended ribbon.

the S of the suspended SWNT ribbon is 87.96 pV K-!. The
positive Seebeck coefficient in SWNT films results from
oxygen doping in air, which is suggestive of hole-like
carrier.[2728]

As a result, we can calculate the power factor PF =
2482 uyW m™' K2 at room temperature, which is among
the highest value ever reported for flexible CNT-based
or organic TE materials,[8121420-221 approximately half of
Bi,Te; (PF = 5062 yW m™! K2 at T = 320 K).[*] However
the density of Bi,Te; (p = 7.9 g cm™),[1l is much larger than
that of our SWNT films (p = 1.1 g cm™, which was obtained
by measuring the mass of a densified rectangle piece through
ultra-micro balance. For example, the mass of a 16 mm X
11 mm piece cut from SWNT film with a densified thick-
ness of 316 nm is 58.9 pg, from which a density of 1.06 g cm™
can be calculated), which indicates our SWNT films possibly
have larger power densities. For comparison, power factors

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of flexible TE materials in recent researches and our works
are listed in Figure 5f.

The ultrahigh power factor can be attributed to the prom-
inent electrical conductivity and a reasonably high Seebeck
coefficient of the as-grown SWNT films. It has been well-
known that the electrical conductivity of the films is domi-
nated by the inter-tube junctions. For the conventional CNT
buckypaper, the contacts of inter-tube junctions formed near
room temperature are weak and blocked by some highly
insulating surfactant residues, which significantly degrade
the electrical conductivity.[?’l Additionally ultrasonic dis-
persing process will make CNT shorten or introduce some
defects, which also further reduce o. For example, Zhao
et al. fabricated carbon nanotube papers (thickness = 50 um)
through drying dispersed CNT solutions in an oven, which
exhibit a low electrical conductivity of 4.8 x 10> S m~! and
Seebeck coefficient of 50 pV KL Recently, the SWNT
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film (thickness is in the range of 50-130 pm) prepared from
semiconducting SWNT solutions shows a high Seebeck
coefficient of 170 uV K~! but low electrical conductivity
of 1.7 x 10> S m™". To improve the conductivity, the films
were treated with HNO;. Although the o was dramatically
increased to 1 x 10° S m™!, the S is decreased to 20 uV K
because of the strong p-type doping effect.!”] Thick CNT
films can also be obtained from CNT forests.['%!7] The as-
prepared aligned CNT buckypaper possesses a high electrical
conductivity of 6.4 x 10* S m™ and thermal conductivity of
500-700 W m~! K-1.[%] The superior thermal conductivity is
not suitable in thermoelectric applications.

Whereas in our as-grown SWNT films, the bundles firmly
connect with each other leading to perfect and long inter-
bundle connections and form a continuous conductive net-
work when they are growing at high temperature avoiding
ultrasonic dispersing process and the use of surfactant, which
result in superior structure (RAMAN spectra are shown in
Figures S4 and S5, Supporting Information) and outstanding
electrical conductivity.’’) We measured the thermoelectric
properties of purified SWNT buckypaper (thickness = 30 pm)
and as-grown SWNT film for comparison, which are shown in
Figure S6 (Supporting Information).

Thermoelectric properties of various SWNT films were
measured and we denoted them as SWNT film 1-3, which
have thicknesses of 316 *+ 14, 340 *+ 20, and 656 + 20 nm,
respectively. All of them exhibit prominent electrical con-
ductivities of 3.21 x 105, 4.74 x 105, and 3.57 x 103 S m™,
respectively (Figure 4b). SWNT film 2 has a higher o, which
is probably due to a higher content of metallic SWNTSs in

S| s

film 2. The Seebeck coefficient measurements indicate SWNT
film 2 has an obvious lower S (59.1 uV K!) compared with
film 1 and 3 (80-90 uV K™!) agreeing with our assumption,
which is consistent with the recent research of Maniwa
and co-workers.['% In their work, various SWNT films with
different metallic-semiconducting ratios were prepared,
where a controlled semiconducting ratio (¢) were obtained
through density gradient ultracentrifugation. Systematic
measurements suggested that S monotonically increased with
increasing o, nevertheless the variety of o had an opposite
trend. The UV-vis-NIR absorption spectra can further quali-
tatively verify our assumption, as shown in Figure 4d. The
films having larger Seebeck coefficient exhibit more signifi-
cant absorption peaks S;; and S,, in the range of 0.5-1.5 eV,
which correspond to electron transitions between van hove
singularities in semiconducting SWNTs, where the absorption
peaks near 4.5 eV is attributed to m electron plasmon.

The thermal conductivities of SWNT film 1-3 are in
the range of 43 + 4 to 51 + 5 W m™! K™! (Figure 4a). For
comparison, we also measured a CNT sheet having a sim-
ilar thickness (629 + 17 nm), which is prepared by super-
posing multilayer continuously producing CNT films (the
single layer thickness is =20 nm) and densified by ethanol.
It is almost opaque (Figure 2c), which has relatively lower
0=137%x10°S m™' and k=21 +2 W m™" K! compared
to the as-grown SWNT films. It could be understood by
assuming that the contacts of inter-tube or inter-bundle
junctions between the single layer CNT films are relatively
weak. The additionally introduced interfacial electrical
and thermal resistances slightly decrease the electrical and
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Figure 4. Thermoelectric properties of various SWNT films at room temperature. a) The measured in-plane thermal conductivities. b) The measured
electrical conductivities and Seebeck coefficients. c) The calculated thermoelectric power factors and ZT values. d) The UV-vis—NIR absorption
spectra of different SWNT films. The inset shows the normalized absorption spectra removed absorbing background of 7 electron plasmon.
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thermal conductivity. When the thickness of CNT sheet is
much larger (=15 pm), the thermoelectric properties are sim-
ilar but the sheet resistance is lower (=0.5 Q, see Table S3,
Supporting Information), which is in favor of fabricating a
practical TE module with a low internal resistance.

The power factor and ZT are calculated based on the
measurement results of thermoelectric properties, as shown
in Figure 4c. The as-grown SWNT films exhibit excellent
power factors of 1654-2482 yW m™! K= at room temperature.
Although the o of film 2 is much higher, the relative low S
results in a slightly decreased power factor of 1654 yW m™' K2
compared to the film 1 and 3. Estimated ZT of 0.74-1.86 were
obtained based on a typical reported value for the out-of-
plane thermal conductivity of 0.4-1 W m™ K181 Accurate
ZT (maximum = 0.02 at room temperature) can be obtained
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by measurement results of the in-plane thermal conductivity,
which is higher than typical values of bulk semiconductor
materials such as silicon (ZT = 0.01).53]

CNT and their composite fibers can be used to prepared
wearable and functional fabrics.®'*?l The SWNT fibers
obtained by twisting the as-grown SWNT films with excellent
thermoelectric power factor are ideal electronic yarns, which
enable us to obtain the novel and efficient thermoelectric
fabrics for specific applications, e.g., harvesting biothermal
energy to supply low-power biological and medical sensors.
We have also researched the thermoelectric properties of the
SWNT fibers. 40 mm x 5 mm ribbons were cut from the same
SWNT film for twisting the SWNT fibers. The SWNT fibers
1-3 were obtained by directly twisting the pristine SWNT
ribbons. On the other hand, the SWNT fiber 4 was obtained
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Figure 5. Thermoelectric properties of various SWNT fibers at room temperature. The thermal conductivity measurement of the SWNT fiber 1 with
a diameter of 29 um in a stabilized vacuum of 6 x 107 Pa: a) The resistance of the suspended fiber variation with time. b) The obtained R - /2
curve. The inset shows the ratios of radiant power to heating power. ¢) The measured electrical conductivities, thermal conductivities, and Seebeck
coefficients of the SWNT fibers 1-4. d) The calculated thermoelectric power factors and ZT values of the SWNT fibers 1-4. e) The UV-vis absorption
spectra of a SWNT ribbon before and after nitric acid immersing. The inset shows the normalized absorption spectra removed absorbing background
of  electron plasmon. f) Power factors of flexible TE materials in recent researches and our works.
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by twisting the treated SWNT ribbon, which was immersed in
10 m Nitric acid for 5 h and subsequently washed with deion-
ized water repeatedly. Figure 2d shows the SEM photograph
of the SWNT fiber 1 with a diameter of 29 um. Figures Sa,b
shows the resistance variation with time and R~ —1? curve
during the thermal conductivity measurement, which like-
wise satisfactorily agree with our theoretical deduction.
For the fiber with a short suspended length, the radiant
heat loss can be neglected resulting in thermal conductivity
K=K, =53 W m~! K1 because the ratios of radiant power to
heating power are less than 2.5% under all the heating cur-
rents (inset of Figure 5b).

The SWNT fibers 1-3 exhibit similar thermoelectric
performances (Figure 5c). The calculated power factors are
as high as 2169-2263 uW m~! K2, Nitric acid treatment is
a conventional and effective purified method for the CNT
films assembled with vacuum filtration or spraying. After
the nitric acid treatment, the intrinsically poor electrical
conductivity has an enormous improvement attributed to
both removal of insulating dispersing agents and strong
p-type doping effect.[233] The influence of nitric acid treat-
ment on our SWNT specimens is revealed by comparing the
thermoelectric performance of SWNT fibers 1-3 and 4. The
fiber 4 twisted from the treated ribbon has a dramatically
higher ¢ (6.01 x 10° S m™!) compared to the SWNT fibers
1-3 (0=2.3 x 10° S m™!). In contrast, the SWNT fiber 4 shows
a distinctly lower S (35 pV K!) compared to the SWNT
fibers 1-3 (S = 100 uV K1), which is suggestive of a stronger
hole-doping process resulting from the nitric acid treatment.
Furthermore, the UV-vis—NIR absorption spectra shown in
Figure 5e for a SWNT ribbon before and after nitric acid
immersing clearly show strong doping-induced attenuation of
the S;; and S,, transitions, which is in agreement with pre-
vious reports.33-33]

In summary, the pristine as-grown SWNT interconnected
films have prominent structure and electrical conductivities
so that conventional nitric acid treatment can be omitted,
which avoid strong p-type doping effectl>35 and make our
SWNT films retain relatively high Seebeck coefficient. As
a result, our as-grown SWNT films and fibers exhibit ultra-
high thermoelectric power factors (PF,,,, = 2482 yW m~! K2
at room temperature), which is among the highest value
ever reported for flexible CNT-based or organic TE mate-
rials.[812.142022] Tn addition, these SWNT-based materials
avoid tedious composite technology. The TE module com-
posed of several p—n couples can be utilized for directly con-
verting heat into electric energy without moving mechanical
components or hazardous working fluids.*®] The as-grown
SWNT films can be switched into n-type films by function-
alization with electron-rich polymers or small molecules,[*7-8]
which will enable us to fabricate a high-performance and
flexible TE module.

What’s more, we introduced an ingenious strategy for
accurately and efficiently evaluating thermoelectric perfor-
mance of micro-nano films and fibers. Based on our meas-
uring method and apparatus, we can efficiently measure
thermoelectric properties (S, o, ) for the same film in the
in-plane direction and the same fiber in the axial direction.
For the measurement of thermal conductivity, the specimen
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itself serves both as a heater and a temperature sensor,
obviating the need of external heating source and thermo-
meters. This is a great advantage over previous methods,
especially for thin and porous films, the heat losses through
convection and radiation have been eliminated during the
measurement.

Estimated ZT of 0.74-1.86 is obtained if a typical
reported value for the out-of-plane thermal conductivity of
04-1 W m™ K is cited.’! In contrast, our measurement
results of the in-plane thermal conductivity are satisfactorily
consistent with the previously reported values, which result
in accurate evaluations of ZT (maximum = 0.02 at room tem-
perature). Compared to the conventional inorganic TE mate-
rials, the as-prepared SWNT films and fibers with remarkable
power factors and unique advantages have enormous com-
petitiveness in portable thermoelectric conversion and novel
sensing applications.[*’]
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