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Taking advantage of the high electrical conductivity of a single-walled
carbon nanotube (SWCNT) and the large Seebeck coefficient of rylene diimide, a
convenient strategy is proposed to achieve high-performance n-type thermoelectric (TE)
composites containing a SWCNT and amino-substituted perylene diimide (PDINE) or
naphthalene diimide (NDINE). The obtained n-type composites display greatly enhanced 180
TE performance with maximum power factors of 112 + 8 (PDINE/SWCNT) and 135 + 150]- —a-swent: poine
14 (NDINE/SWCNT) gW m™' K2 A short doping time of 0.5 h can ensure high TE
performance. The corresponding TE module consisting of five p—n junctions reaches a
large output power of 3.3 yW under a S0 °C temperature gradient. In addition, the n-type
composites exhibit high air stability and excellent thermal stability. This design strategy
benefits the future fabricating of high-performance n-type TE materials and devices.
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nhancement in the efficiency of energy use is urgent,

particularly with the background of fossil energy

exhaustion, since the heat generated in industrial
production and daily lives is mostly dissipated and wasted."
Thermoelectric (TE) materials can realize direct energy
conversion between electricity and heat, being very attractive
in harvesting low-quality or waste heat.” Recently, organic and
the organic/inorganic composite TE materials have received
great attention due to their mechanical flexibility, low thermal
conductivity, and no moving parts or bulk fluids.>™"
Considering their low thermal conductivities, high power factor
(PE, defined as S%6, where S and o represent the Seebeck
coefficient or thermopower and the electrical conductivity,
respectively) is strongly desired for organic and organic/
inorganic composite materials, and thus PF is often employed
to evaluate the TE performance.” "' In the past several years,
great progresses have been made for p-type TE composites,
especially conducting polymer/carbon particle composites,
including poly(3,4-ethylenedioxythiophene) (PEDOT), poly-
aniline (PANI), and polypyrrole (PPy) with carbon nanotubes
(CNTs) or graphene.'”~"" Several donor—acceptor systems
have also been developed for their TE applications."*"” In
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sharp contrast, n-type organic/inorganic TE composites still
remain a great challenge.

To date, few n-type organic/inorganic composite TE
materials concentrate on the preparation by doping of pristine
CNTs or grapheme (p-type) by a reducing agent with electron
donors, such as poly(ether imide) (PEI)),””*" or small organic
molecules (for instance triphenylphosphine (tpp)).”"** For
example, Nonoguchi and Kawai et al.”' systematically studied
the conversion of single-walled CNTs (SWCNTs) with n-type
characteristics using a series of small organic molecules or
polymers.”’ Recently, we have reported high-performance
organic TE modules based on flexible films of n-type SWCNTs
obtained by diethylenetriamine (DETA) doping with subse-
quent calcium hydride (CaH,) treatment.”> However, carbon-
based materials doped by insulated organic dopants are usually
unstable in air and show low or medium power factors.

Small molecules or organic polymers with large Seebeck
coefficients are an attractive candidate in n-type organic TE
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Figure 1. (a) Seebeck coefficients of the films of the pristine SWCNT and the SWCNTs reduced by various inorganic, organic, or polymer
chemicals. (b) Molecular structures of some organic reducing molecules or polymers.
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Figure 2. (a—h) FESEM images of the film surfaces: (a—d) the NDINE/SWCNT composites with SWCNT:NDINE mass ratios of (a and b)
10:2 and (c and d) 10:20; (e—g) the PDINE/SWCNT composites with a SWCNT:PDINE mass ratio of 10:10; (h) pure PDINE. (i) Crystal’s
EDS area scan for PDINE/SWCNT composite with an inset of element weight or atomic percentages. (j) Elemental mapping distributions of
carbon C, nitrogen N, and oxygen O. (k) Point scanning by EDS. Photographs of (1) NDINE/SWCNT and (m) PDINE/SWCNT composite

films displaying high flexibility.

materials.”>~>° Nevertheless, their low electrical conductivities
seriously limit the realization of high power factors. Recently,
rylene dimides have become a hot topic in wide application
fields of photovoltaic cells, organic p—n junctions, n-channel
field-effect transistors, efc., mainly due to their high electron
affinities and excellent thermal and oxidative stabilities.”**” In
addition, they are air stable, easily solution processed,
environmentally friendly, and highly tunable in functioning
efficiency. Chabinyc, Hawker, Segalman, and co-workers
reported a preliminary study of TE applications of perylene
diimide (PDI) derivatives with varying alkyl lengths.*®
Although the compounds display large Seebeck coeflicients,
their low electrical conductivities (<0.5 S cm™) lead to a low
power factor maximum of only 1.4 yW m™" K2 Theoretically,
it is viable to achieve a high electrical conductivity and power
factor by judicious incorporation of a 3D interconnected
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network of inorganic nanoparticles with high electrical
conductivities. To conduct this strategy, we design amino-
substituted rylene derivatives of PDI (PDINE) and naphthalene
diimide (NDINE) and then construct the architecture of well-
dispersed PDINE or NDINE crystals in SWCNT networks.
The composites of PDINE/SWCNT and NDINE/SWCNT
display greatly enhanced TE performance with the maximum
power factors of 112 + 8 and 135 + 14 W m™' K7
respectively, which are among the highest for organic/inorganic
TE composites reported so far. Moreover, the corresponding
TE module consisting of five p—n junctions generates a large
output power of 3.3 yW under a 50 °C temperature gradient.
In addition, the n-type composites exhibit high air stability and
excellent thermal stability.
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Figure 3. Seebeck coefficients, electrical conductivities, and power factors at room temperature for (a) NDINE/SWCNT and (b) PDINE/
SWCNT composite films with different mass ratios (the doping time was 3 h). (c) Dependence of Seebeck coefficients and electrical
conductivities for the composites with doping time (the mass ratio of NDINE/SWCNT or PDINE/SWCNT was 20:10). (d) Raman spectra of
PDINE/SWCNT composite, NDINE/SWCNT composite and pure SWCNT. (e) The air stability of the composites exposed at room
temperature. (f) TGA curves of NDINE/SWCNT, PDINE/SWCNT, and PEI/SWCNT composites in nitrogen atmosphere.

RESULTS AND DISCUSSION

The synthesized PDINE and NDINE are characterized by '‘H
NMR and FTIR spectra (shown in Figures S1—3, Supporting
Information). The composites of PDINE/SWCNT and
NDIDE/SWCNT were obtained by a convenient solution
mixing method. Figure la compares the SWCNT p- to n-type
transition using PDINE, NDINE, and some widely reported
reducing agents including inorganic (sodium borohydride
(NaBH,), hydrazine, and CaH,), organic (tetramethylammo-
nium hydroxide (TMAOH), DETA), and polymer (poly-
vinylpyrrolidone (PVP) and PEI) materials. Figure 1b
illustrates the chemical structures of PVP, TMAOH, PEI,
DETA, NDIDE, and PDINE. Due to oxygen doping in air and/
or defects during the preparation process, the pristine CNT's
usually exhibit p-type semiconducting characteristics.””~>" The
SWCNT used in the present study displays a positive Seebeck
coefficient of 43.0 + 2.0 uV K", Distinctly, all of the reduced
SWCNTs by inorganic, organic, or polymer chemicals exhibit
negative Seebeck coefficients, demonstrating the success of the
p- to n-type transition. Furthermore, the Seebeck coefficients
for the composites of PDINE/SWCNT and NDINE/SWCNT
reveal large thermopowers of —=52.4 + 0.2 and —60.2 + 0.4 uV
K™, respectively, much larger than the SWCNTSs doped by any
other typical reducing agents. More importantly, these
composites have high electrical conductivities, i.e, 500 + 15 S
cm™! for the PDINE/SWCNT (mass ratio 5:10) and 400 + 17
S cm™ for the NDIDE/SWCNT (mass ratio 10:10).
Consequently, the PDINE/SWCNT and NDIDE/SWCNT
composites display high power factors of 112 + 8 and 135 + 14
UW m™! K72, respectively, 80 and ~96 times of that of the
previous reported 1.4 W m™' K2 for PDL*® Therefore, we
conclude that the PDINE/SWCNT and NDINE/SWCNT
composites reported herein are excellent n-type TE composites,
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which can be employed to further fabricate high-performance
TE devices.

Figure 2a—h shows the morphological observations of the
NDINE/SWCNT and PDINE/SWCNT composites by field-
emission scanning electron microscopic (FESEM) images. The
well-dispersed rod-like crystals are the aggregates of the organic
molecules (NINDE or PDINE), wrapped by a 3D
interconnected SWCNT network due to strong 77— interfacial
interactions. The crystalline behavior for NDINE and PDINE
can also be confirmed by a series of sharp diffraction peaks in
the X-ray diffraction (XRD) patterns (Figure S4). Moreover,
the rod-like crystals grow larger with the reduction of
SWCNT:NDINE mass ratios (Figure 2a—d), possibly due to
the increased NDINE content. The NDINE crystals in the
NDINE/SWCNT composite at a SWCNT:NDINE mass ratio
of 10:2 reveal an average length and width of 3.0 and 0.6 um,
respectively. At a high mass ratio of 10:10, the average length
and width increase to 25.0 and 1.0 ym, respectively. A similar
morphology is also observed for the PDINE/SWCNT
composite (Figure 2e—g), while individual PDINE crystals
are prevalent in Figure 2h. The main morphology deviance lies
in the larger crystals with an average width of 2.0 ym which are
more prevalent in the PDINE/SWCNT (Figure 2e—h) than in
the NDINE/SWNCT composites (Figure 2a—d), possibly due
to the high crystallization capability of PDINE than that of
NDINE. Figure 2h shows the large crystals of pure PDINE; in
contrast, no NDINE crystals can be clearly recognized, as
obtained under the same preparation conditions.

In order to ensure that the rod-like crystals are resulted from
PDINE or NDINE rather than inorganic salts, we carried out
the microscopic elemental analysis by energy dispersive
spectrometer (EDS), taking PDINE/SWCNT as an example
(Figure 2i—k). Distinctly, the element weight or atomic
percentage (the inset of i), the elemental mappings of C, N,
and O (Figure 2j), and the point scanning (Figure 2k) provide
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Figure 4. (a) Schematic illustration of a TE module consisting of five p—n junctions for detecting. (b) Open circuit voltage and (c) output
power generated from the module consisting of five p—n junctions as a function of temperature gradient (AT). (d) Output power generated
from the module consisting of five p—n junctions as a function of load resistance at AT = 80 °C.

solid proof. Indeed, the proportions of C, N, and O
components (Figure 2i) agree very well with the corresponding
theoretically calculated values of PDINE, while small amounts
of Fe and S elements result from the catalyst residues in
SWCNT preparation and the remaining solvent of dimethyl
sulfoxide (DMSO) during the composite preparation. Addi-
tionally, the elemental analyses (Table S1), the FTIR spectra
(Figure S3), and the XRD patterns (Figure S4) further
demonstrate that the obtained products contain PDINE or
NDINE crystals, rather than inorganic crystals.

Figure 2Lm reveals the PDINE/SWCNT and NDINE/
SWCNT composite films with a diameter of ~41.0 mm and a
uniform thickness. The slight color deviance between the two
composite films may result from the color difference between
NDINE and PDINE. Both the diameter and the thickness can
be conveniently adjusted by tuning the filter paper size and the
composite amount during the filtration process. Importantly,
the NDINE/SWCNT or PDINE/SWCNT composite films
display high mechanical flexibility, which can endure a high
degree of bending without any obvious breakage or damage.
The high flexibility enables the possibility of their applications
in wearable electronics or complex conditions.

Figure 3 shows the TE performance and its stabilities for the
NDINE/SWCNT and PDINE/SWCNT composites. In Figure
3a,b, both composites share similar trends for the TE
performance as a function of SWCNT content. With the
increase of the SWCNT:NDINE or SWCNT:PDINE mass
ratio, the electrical conductivities increase monotonically, while
the Seebeck coefficients first increase slightly and then decrease.
As a consequence, the power factors first enhance abruptly and
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subsequently decrease with increasing mass ratios. Due to the
low intrinsic electrical conductivities, the Seebeck coefficients
for the pure NDINE and PDINE molecules are difficult to
measure. Fortunately, the addition of high electrically
conductive SWCNT results in remarkably improved electrical
conductivities with a maximum of ~600 S cm™. The highest
power factors for the PDINE/SWCNT and NDINE/SWCNT
composites can reach 112 + 8 And 135 + 14 W m™' K72,
respectively, much higher than the n-type SWCNTs doped by a
variety of inorganic, organic, and polymer dopants (with a
maximum of ~25 ygW m~' K™2).*' To our knowledge, these are
among the highest TE performances for n-type organic and
organic/inorganic hybrid TE materials.

A short doping period is important and has an obvious
advantage for large-scale production. Nevertheless, a long
doping time is always required for conventional fabrication of
n-type TE composites. For example, a long PEI doping time of
48 h is needed to acquire n-type SWCNT.”” Excitingly, in the
present study, a short doping period of only 0.5 h is enough to
realize a significant p- to n-type transition (Figure 3c).
Moreover, both the Seebeck coefficients and the electrical
conductivities for the doped NDINE/SWCNT and PDINE/
SWCNT composites are almost constant, independent of the
doping time. Additionally, in the Raman spectra of the pristine
SWCNT and the n-type composite SWCNTs (NDINE/
SWCNT and PDINE/SWCNT) shown in Figure 3d, the G-
band of SWCNT is obviously blue-shifted from 1595 to 1588
cm™!, which has often been observed for the n-type doped
SWCNTs.™
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When being either exposed in air or heated, the n-type
characteristics of organic or composite materials are generally
unstable, which is a major hurdle in the applications. For
example, PEI-doped SWCNT began to lose weight at a low
temperature of even 40 °C.* Excitingly, the two composite
films reported herein reveal high stability in air (Figure 3e) and
excellent thermal stability (Figure 3f). In Figure 3e, after being
exposed in air for as long as 100 h, approximately 84.7% and
83.5% of the electrical conductivities could still remain for the
NDINE/SWCNT and the PDINE/SWCNT composite films,
respectively. As for the Seebeck coeflicients, around 75.1% and
70.0% were kept for the NDINE/SWCNT and the PDINE/
SWCNT composites as well. On the other hand, Figure 3f
demonstrates that the NDINE/SWCNT and PDINE/SWCNT
composites exhibit significantly enhanced thermal stabilities
relative to that of conventional n-type PEI/SWCNT composite.
The PEI/SWCNT composite displays a distinct degradation
(~13.4 wt % loss) at low temperatures below 100 °C. In sharp
contrast, both n-type composites in the present study had little
mass loss at temperatures under 100 °C. At high temperatures,
both composites display remarkably improved thermal
stabilities than the PEI/SWNCT composite. At 200 °C, ca.
97.8 and 96.6 wt % were kept for the NDINE/SWCNT and
PDINE/SWCNT composites, respectively. In contrast, only
~83.5 wt % remained for the PEI/SWCNT composite. The
onset degradation temperatures (T,,..) for the PDINE/
SWCNT and NDINE/SWCNT composites are 230 and 245
°C, respectively. Indeed, the residue masses of both composites
are higher than those of their corresponding neat organic
matrices at high temperatures (shown in Figure SS). Therefore,
we conclude that the PDINE/SWCNT and NDINE/SWCNT
composites reveal a high stability in air and an excellent thermal
stability upon heating. Their stable TE performances will
greatly facilitate their applications. More importantly, the high
thermal stability at high temperatures means that a large
temperature gradient can be applied to the TE device to obtain
large output voltage and power, which are very beneficial to
device applications.

In order to generate a sufficient power output, p- and n-type
TE materials are combined to fabricate TE modules.® Figure 4a
displays a schematic illustration of a TE module consisting of
five p—n junctions, and a photograph of the real module is
presented in Figure S6. Here, the SDBS-doped SWCNT (o, S,
and power factor are around 650 S em™, 43 uV K7!, and 120
YW m™' K2 respectively) was used as the p-type TE
component, while the NDINE/SWCNT composite film with
a power factor of 135 + 14 4W m™' K™* was employed as the
n-type one. All of the p- and n-type films were cut into
rectangular strips and interconnected by aluminum foil and
silver paste. Thermocouple (Cu) wires were embedded to
detect the temperature difference (AT) between the hot and
cool ends of the module. Ohmic contacts were established,
confirmed by the linear characteristic of the I-V curves shown
in Figures S7 and S8. First, open circuit voltages of the TE
modules were measured as a function of temperature gradients
(Figure 4b). The actual voltages (V) were measured, and the
theoretical voltages (Vry) despite the voltage drop at
connection were compared and calculated according to eq 1:

Vo = n(S, + SP) X AT (1)

where n, S, S, are the number of the p—n junctions and the

Seebeck coeflicients of n- and p-type components, respectively.
As shown in Figure 4b, the V¢ increases essentially linearly
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with AT and is almost comparable to the V. At AT = 50 °C,
a Vuc of 22 mV was measured, much higher than those
reported previously.””*’

Given the Seebeck coefficients, the actual TE output powers
(Pac) can be obtained and compared with the theoretically
expected values (Pry). In particular, when the internal
resistance (R,) equals the load resistance (R,), the output
power versus Ry reaches its maximum for a given number of p—
n junctions, as shown by the peaks in Figure 4d. As R; increases
above R, the output power decreases gradually toward zero as
R, = . This behavior is the result of the dependence of output
power on Ry, as described by the following eqs 2 and 3:

VACZRL VAC2
Fic = (R +R) ®-R)

r L — R

ro T 2)
2 2
P = Vin Ry _ Vry
T™H — 2 nr. + nr, — R, )?
(}’lfh + I’lfi) + RL) M + 4n(rn + rp)

Ry,
€)

where r, and r, are the resistances of n- and p-type films,
respectively. The internal resistance (R, = 37.0 Q, including
connector resistance) and the resistances of n-type (r, = 3.2 Q)
and p-type films (r, = 1.3 Q) were measured by a standard four
probe method. Thus, P,¢ and Pry can be obtained as a function
of temperature gradient and load resistance, as shown in Figure
4¢,d. For example, when the TE module consisting of five p—n
junctions was under a 50 °C temperature gradient, a maximum
value of P,¢ = 3.3 yW was calculated, higher than those of the
previous reports.””*® As expected, the P,¢ of the TE module at
room temperature is among the highest values for TE devices
reported so far.

CONCLUSION

We report an example of high-performance n-type TE
composites by the combination of highly electrically conductive
SWCNTs with PDINE or NDINE. A morphology of well-
dispersed PDINE or NDINE crystals in 3D interconnected
SWCNT networks is observed. A short doping time of 0.5 h
can ensure the high TE performance, which is an advantage
over most previous research. The TE composites of PDINE/
SWCNT and NDINE/SWCNT exhibit a maximum power
factor of 112 + 8 and 135 + 14 uW m K7 respectively. The
corresponding TE module consisting of five couples of p- and
n-type components displays the optimum output power of 3.3
UW under 50 °C temperature gradient. The power factor for
the composite and the output power for the TE module are
among the highest values for n-type organic/inorganic TE
composites reported so far. Furthermore, the PDINE/SWCNT
and the NDINE/SWCNT composite films reveal a high
stability in air and an excellent thermal stability upon heating.
This design strategy benefits the fabrication of high-perform-
ance n-type TE materials and devices and is promising in
speeding up the TE applications of organic/inorganic
composites.

METHODS

Materials. A commercialized SWCNT with a purity >85.0 wt %
was bought from Shenzhen Nanotech Port Co. Ltd., China and
prepared by chemical vapor deposition (CVD). 3,4,9,10-Perylenete-
tracarboxylic dianhydride and 1,4,5,8-naphthalenetetracarboxylic dia-
nhydride were purchased from Aldrich, while N,N-diethylethylenedi-
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amine and imidazole were bought from J&K. Other main chemical
reagents, including tetramethylammonium hydroxide (TMAOH),
poly(ether imide) (PEI), triphenylphosphine (tpp), and diethylenetri-
amine (DETA) were purchased from Aldrich.

PDINE and NDINE Syntheses. 3,4,9,10-Perylenetetracarboxylic
dianhydride (1.082 g, 2.757 mmol) or 1,4,5,8-naphthalenetetracarbox-
ylic dianhydride (0.74 g, 2.757 mmol) and the N,N-diethylethylenedi-
amine (0.986 g, 11.2 mmol) were mixed with imidazole (14.1 g, 207
mmol) in a round-bottom flask equipped and sealed with a septum.
The reaction vessel was purged with nitrogen and subsequently heated
while magnetically stirring at 130 °C for 2 h. Then, the vessel was
allowed to cool to room temperature, and the contents were
suspended in methanol. Finally, the solid was collected by filtration
using a nylon membrane (pore diameter: 0.45 pum), washed with
methanol, and dried under vacuum. '"H NMR (400 MHz, CDCL,, 6,
ppm) for PDINE: 1.16 (t, ] = 1.4 Hz, 12H), 2.77—2.78 (m, 8H), 2.91
(t, J = 1.6 Hz, 4H), 4.37 (t, ] = 1.2 Hz, 4H), 8.59 (d, ] = 1.2 Hz, 4H),
8.65 (d, ] = 0.8 Hz, 4H). '"H NMR (400 MHz, CDCl,, §, ppm) for
NDINE: 1.05 (t, ] = 9.4 Hz, 12H), 2.61—2.66 (m, 8H), 2.79 (t, ] = 9.8
Hz, 4H), 431 (t, ] = 9.6 Hz, 4H), 8.75 (s, J = 1.2 Hz, 4H).

Composite Film Preparation. A typical preparation procedure of
the n-type composite film (PDINE/SWCNT or NDINE/SWCNT) is
described in the following. First, 10 mg of SWCNT was added into 20
mL of DMSO solution containing a desired amount of PDINE or
NDINE and ultrasonically treated different times (0.25, 0.5, 1, 3, 8h)
for doping periods. After that, the mixture was vacuum filtered by
nylon membrane (pore diameter: 0.45 ym) to achieve composite film
with 10 pm thickness. Finally, the obtained film was dried under
vacuum at 50 °C for 4 h. As for the p-type composite film, 30 mg of
SDBS and 10 mg of SWCNT were dispersed in 30 mL of ethanol
under ultrasonic treatment for 60 min. The mixture was vacuum
filtered and subsequently dried under vacuum at 80 °C for 40 min to
obtain a p-type film.

Fabrication of TE Modules. The films used for TE measurements
for p- and n-type materials were in a rectangular shape with
dimensions of 20 mm X 6 mm and interconnected by aluminum
foil and silver paste. Thermocouple (Cu) wires were embedded
between the hot and cool ends of the module for detecting real-time
temperature. Two wires (Cu) were connected to the ends of TE
module for measuring the output voltage.

Measurements. The electrical conductivities and the Seebeck
coefficients at room temperature were measured by a commercial
instrument, Film Thermoelectric Parameter Test System (Namicro-
F3), JiaYiTong Company. During the measurements, a quasi-steady-
state mode was adopted. The resistances were measured by Keithley
192 Programmable DMM. The output voltage and power of TE
module were measured using a Keithley 2000 Multimeter (Keithley
Instruments Inc, USA). Raman spectra were recorded within the
wavenumber range of 500—3100 cm™" through a Raman spectrometer
(Renishaw inVia plus) with an excitation wavelength of 514 nm. The
element mappings and morphologies of the composite films were
observed using a field-emission scanning electron microscope
(HITACHI S-4800). Thermogravimetric analyses (TGA) of the
composites were measured under nitrogen atmosphere by Synchro-
nous Thermal Analyzer Q600 at a heating rate of 10 °C min~". Fourier
transform infrared (FTIR) spectra were collected with a PerkinElmer
System 2000 FTIR spectrophotometer with 32 scans in the
wavenumber range of 4000—400 cm ™. The morphology was directly
observed using a HITACHI S-4800 scanning electron microscope at
an acceleration voltage of 15 kV. Powder XRD measurements were
carried out using a Rigaku D/max 2400 diffractometer with Cu Ka

radiation (4 = 0.15418 nm) at a scanning rate of 10° min™".
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