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Materials and methods

Materials

Single-walled carbon nanotube S22 (CNT, diameter range: 1~2 nm) was
purchased from Nanjing XFNANO Materials Tech. Co. Ltd, China. 4-
hydroxythiophenol was purchased from Energy Chemical Co., Ltd., China.
Copper(l) oxide was provided by Beijing Ouhe Technology Co., Ltd., China.
Polyethyleneimine (PEI) (99 %) was purchased from Macklin Co., Ltd., China.
Ethanol was purchased from Tianjin Fuyu Fine Chemical Co., Ltd., China. Silver
conductive paint was purchased from Electron Microscopy Sciences Co., Ltd.,
China. All the commercially available reagents and solvents were used as
received without further purification except otherwise specified.
Characterization

Compress the composites strips was used by tablet press (YLJ 24T, HEFEI
KEJING). The morphology and elemental distribution of a substance were
tested by scanning electron microscope (SEM, ZEISS Gemini SEM 500) and
Oxford EDS System (Ultim Max100). The chemical structures were analyzed
by Fourier Transfor Infrared spectrometer (FT-IR, Bruker VERTEX70,
Germany) in 4000-400 cm'. The crystal features were identified by XRD
(Bruker D8 ADVANCE, China) using Cu Ka (A = 1.54 A) radiation source (40.0
kV, 40.0 mA). The bandgap was confirmed by analyze the absorption peak
obtained from UV-Vis-NIR (PE Lambda950). Thermogravimetric (TG, SDT
Q600, TA) was employed to investigate the thermostability which were
performed under a nitrogen atmosphere with a heating rate of 10 °C-min-'. The
electrical conductivity and Seebeck coefficient were measured by the
JouleYacht MRS-3RT thin film thermoelectric test system. The thermal
conductivity was measured by LFA-467, NETZSCH, Germany. The electrical
conductivity at low temperature was measured by JouleYacht MRS-3 thin film
thermoelectric test system. The electrical conductivity and Seebeck coefficient
of samples at high temperature were measured by using a commercial

equipment (NETZSCH, SBA-458, Germany). The output voltage and output



power of the thermoelectric device were measured by Keithley 2400. Pen-type
ultrasonic (FS-250N, 105W) and bath-type ultrasonic (Bransonic M2800H-C,
110W) were used to sonicate the mixture solution. The tablet press (YLJ-24T,
HEFEI KEJING) provided the pressure to the film. All properties were averaged
to get the real properties. The error (E) is calculated according to the following

equation:

E= En:(xi—xmf/n

i=1

The value of corresponding property experimental data (Xm) is calculated as

follows:

n
X, = X,/n
i=1

The Synthesis of 1D CP-SL

CP-SL were synthesized by a modified approach in the previous work. -3 4-
hydroxythiophenol (1.10 g, 8.72 mmol) was added into absolute ethanol (100
mL) suspension of freshly prepared copper(l) oxide (0.50 g, 3.50 mmol) in a
glass bottle. The mixture was purged by argon for 10 min to remove oxygen
and then refluxed at 85°C for 20 min. The resultant product was filtered, washed
with ethanol for three times, and then dried under vacuum at 60°C for 6 h to
furnish a reddish brown solid (0.76 g). The as-synthesized sample was labeled
as 1D CP-SL.

The Synthesis of p-type 1D CP-SL/CNT composites strips

Single carbon nanotubes were dispersed in 50 mL of the absolute ethanol
solution. Subsequently, the mixed solution was sonicated with a pen-type
ultrasonic for 2 h and then a bath-type ultrasonic for another 2 h. 4-
hydroxythiophenol and copper(l) oxide were added to the above mixture
solution and stirred at 85°C for 20 min with the protection of argon. Then the

composites can be obtained by vacuum filtration, washed with ethanol, and



dried under vacuum at 60°C for 6 h. We investigate the composite films under
different concentrations, while controlling other variables unchanged. As-
prepared p-type composite films are denoted as 1D CP-SL/CNT,, where x
indicates the CNT weight fraction (wt.%).



Type CNT (g) 4-hydroxythiophenol (g) copper(l) oxide (g)

1D CP-SL/CNTs,  0.010 0.050 0.001
1D CP-SL/CNT,4  0.010 0.070 0.015
1D CP-SL/CNT,  0.010 0.150 0.035
1D CP-SL/CNT4,  0.005 0.100 0.035
1D CP-SL/CNT, 0.005 0.500 0.180

The Synthesis of n-type 1D CP-SL/PEI-CNT composites strips

Single carbon nanotubes were dispersed in 20 mL of the absolute ethanol
solution. The mixed solution was sonicated with a pen-type ultrasonic for 2 h,
added n-type dopant PEl into the CNT solution, then took a bath-type ultrasonic
for another 2 h. Subsequently, 1D CP-SL was added into and the absolute
ethanol solution (10 mL), stirred vigorously for 12 h by using a magnetic stirrer,
added to PEI/CNT solution, stirred vigorously for 5 min at 25°C, vacuum filtrated,
washed with ethanol, and dried under vacuum at 60°C for 6 h. As-prepared N-
type thermoelectric composite films are denoted as 1D CP-SL/PEI-CNT,,

where x indicates the CNT weight fraction (wt.%).

Type CNT (g) CP-SL(g) PEI(9)
1D CP-SL/PEI-CNT3y 0.0085 0.020 1.8
1D CP-SL/PEI-CNTy 0.010 0.041 1.8
1D CP-SL/PEI-CNT1j 0.010 0.087 1.8
1D CP-SL/PEI-CNTs5 0.010 0.099 1.8

1D CP-SL/PEI-CNT; 0.004 0.330 1.8




Fabrication of compressed 1D CP-SL/CNT and 1D CP-SL/PEI-CNT
composite films

All of p/n type of CP-SL/ISWCNT composites strips were cut into rectangular
strips of 20 mm in length and 4 mm in width. The composite strips were placed
between two pieces of polyethylene terephthalate (PET) films, then placed on
a tablet press. A pressure of 30 MPa was applied and held for a certain time
(0.17~2 h). The compressed p/n type of composites strips were peeled off from
the PET films.

Fabrication of flexible thermoelectric generator

Flexible thermoelectric generators (TEGs) were fabricated by compressed CP-
SL/CNT film strips and compressed CP-SL/SWCNT film strips for p-type and
n-type legs, respectively. The films were fabricated by a pressure of 30 MPa for
30 min as previously described. The films were cut into rectangular of 30 mm
in length and 4.3 mm in width. The thickness of the strips is 10 ym. These p-
type and n-type legs were arranged alternately a series of six p-n juntions.
Then, the composite strips were connected in series with silver paste and
copper foil. The pieces of copper foil were attached to both ends of the device
with silver paste to ensure contact with the electrodes and the thermoelectric
legs to detect the performance using a probe station. All the p-type and n-type
film strips were arranged on an insulated polyimide film. TEG thermoelectric
performances were test in cold temperature and high temperature at a gradient
of 180 K and 100 K, respectively. The cold temperature gradient across the
TEG were controlled by liquid nitrogen, the hot sides were in the air which held
constant at 298 K. Temperature gradients were established by adjusting the
immerse height into the liquid nitrogen. The high temperature gradient was
controlled using a constant temperature heating plate. The hot sides of the high
temperature were obtained by a heating plate, and the cool sides were placed
in air at 298 K. The equation of the temperature gradient (AT) is AT = Tyt —
Teoq- The temperature at both ends of the strips was measured using a

thermocouple. The effective device area is 1548 mm? containing all the p and



n strip area. The area used for calculating the output power density is 5.16x10-7
m? (the total cross-sectional area of all p and n strips (leg width x leg thickness

for each of the six p-n pairs).



Figure S1 SEM of Cu,0O (a) and 1D CP-SL (b).



Figure S2 The SEM of the dispersion CNTs.



Figure S3 The SEM of the cross-section for 1D CP-SL/CNTs, film under

different compressing time.
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Figure S4 The optical band gap of 1D CP-SL.
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Figure S5 The statistical plots cross-section thickness of 1D CP-SL/CNT5q

under different compressing time.
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Figure S6 The electrical conductivity and Seebeck coefficient with compressing
time of 1D CP-SL/CNT4q (a), 1D CP-SL/CNT(b), 1D CP-SL/CNT4¢ (c), 1D CP-
SL/CNT, (d).



Figure S7 The SEM of unpressed 1D CP-SL/CNTy4o (a), unpressed 1D CP-
SL/CNTyq (b), unpressed 1D CP-SL/CNT g (c), unpressed 1D CP-SL/CNT; (d),
the pressed 30min 1D CP-SL/CNTyq (€), the pressed 30min 1D CP-SL/CNT
(f), the pressed 30min 1D CP-SL/CNT 4 (g), the pressed 30min 1D CP-SL/CNT,

(h).



Figure S8 The SEM of the cross-section for unpressed 1D CP-SL/CNTy, (a),
unpressed 1D CP-SL/CNTy (b), unpressed 1D CP-SL/CNT, (c), unpressed
1D CP-SL/CNT; (d), pressed 30min 1D CP-SL/CNTy4, (e), pressed 30min 1D
CP-SL/CNT (f), pressed 30min 1D CP-SL/CNT4q (g) and pressed 30min 1D
CP-SL/CNT; (h).



320

Unpressed 1D CP-SL/CNT
[ 9 Pressed 30min 1D CP-SL/CNT
‘é“ 240
3 -
/)]
2 160 |-
c
X i
L
= 80 »
. T ey T
2 10 20 40

Concentration
Figure S9 The statistical plots cross-section thickness of 1D CP-SL/CNT

under different compressing time.
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Figure S10 TGA of 1D CP-SL.
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Figure S11 The electrical conductivity, Seebeck coefficient and PF of CP-

SL/PEI-CNT3q with different compressing time.



Figure S12 The SEM of the cross-section for 1D CP-SL/PEI-CNTj3 film under

different compressing time.
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Figure S13 The statistical plots cross-section thickness of 1D CP-SL/PEI-

CNT30 under different compressing time.
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Figure S14 The electrical conductivity and Seebeck coefficient with different

compressing time for 1D CP-SL/PEI-CNTy (a), 1D CP-SL/PEI-CNT4, (b), 1D

CP-SL/PEI-CNT5 (c), 1D CP-SL/PEI-CNT (d).



Figure S15 The SEM of unpressed 1D CP-SL/PEI-CNTy (a), unpressed 1D
CP-SL/PEI-CNT1q (b), unpressed 1D CP-SL/PEI-CNT5 (c), unpressed 1D CP-
SL/PEI-CNT4 (d), the pressed 30min 1D CP-SL/PEI-CNT, (e), the pressed
30min 1D CP-SL/PEI-CNT, (f), the pressed 30min 1D CP-SL/PEI-CNTs5 (g),
the pressed 30min 1D CP-SL/PEI-CNT/ (h).



Figure S16 The SEM of the cross-section for unpressed 1D CP-SL/PEI-CNTyq
(a), unpressed 1D CP-SL/PEI-CNT, (b), unpressed 1D CP-SL/PEI-CNT;5 (c),
unpressed 1D CP-SL/PEI-CNT, (d), pressed 30min 1D CP-SL/PEI-CNTy (e),
pressed 30min 1D CP-SL/PEI-CNTq (f), pressed 30min 1D CP-SL/PEI-CNT5
(g) and pressed 30min 1D CP-SL/PEI-CNT/ (h).
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Figure S17 The statistical plots cross-section thickness of 1D CP-SL/CNT

under different compressing time.



Figure S18 The SEM of unpressed 1D CP-SL/PEI-CNT3, (a) and pressed 30
min CP-SL/PEI-CNTj3q (b)



Figure S19 The optical photograph of the flexibility of 1D CP-SL/PEI-CNT 3.



Figure S20 The optical photograph of the flexibility of the flexible TEG.
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Figure S21 The power density of the TEG device under different temperature

gradients.



1D CP-SL

Figure S22 Schematic illustration of -1 stacking between MOF and CNTs.



Table S1: Comparison of reported PF values and ¢ of various MOF/CNTs TE

materials.
Thk. o PF
No. Materials
(um)  (S:em)  (UW:m-K-2)
MIL-53(Al)/CNT, 25
14 118.5 4.4
CNT30%
Niz(HITP)2/CNT 30, 1500
25 150 24 .86
CNT30%
Fc-P4/SWCNT, 2
36 1050.8 367.4
CNT90%
47 CP-SL/CNT, CNT30% 3000 226.3 19.03
(PEDOT:PSS)/CNTs/M- /
58 486.3 27.9
UlO-66, CNT45wt%
SWCNT@THT, 30
6° 590 98.1
CNT4wt%
710 Cu-MOF/CNT / 729.3 221.8
811 ZIF-67T@CNT / 825.7 255.6
CP-SL/CNTs, 14.3
93 1130 140
CNT30wt%
1012 MOF/CNTqg 10 1167.1 395.2
1113 CNT/ZrBTBD1g 5 1172 465.7
1D CP-SL/CNTs5y, 10.5
This work 1830 630

CNT50%




Table S2: Comparison of reported TEG devices properties of MOF/CNTSs.

No. Device leg  Open-circuit voltage Output power of TEG
14 14 11.20 mV (30 K) 0.17 yW
2° 8 3.27 mV (60 K) 0.07 yW
36 10 None (72 K) 1.18 yW
47 8 6.68 mV (39.7 K) 0.53 yW
59 4 10.02 pV(60 K) 1.59 yW
63 12 53.00 mV (180 K) 19.00 yW
Low
Low Temp.:78 Temp.:35.90 yW (180
mV (180 K) K)
This work 12
High Temp.:54 High
mV (100 K) Temp.:17.10 yW (100

K)
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