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Abstract: Metal-backboned polymers (MBPs), with a
unique backbone consisting of bonded metal atoms, are
promising for optic, electric, magnetic, and thermo-
electric fields. However, the application of MBP remains
relatively understudied. Here, we develop a shear-
induced orientation method to construct a flexible
nickel-backboned polymer/carbon nanotube (NBP/
CNT) thermoelectric composite fiber. It demonstrated a
power factor of 719.48 μW ·m� 1K� 2, which is ca. 3.5 times
as high as the bare CNT fiber. Remarkably, with the
regulation of carrier mobility and carrier concentration
of NBP, the composite fiber further showed simulta-
neous increases in electrical conductivity and Seebeck
coefficient in comparison to the bare CNT fiber. The
NBP/CNT fiber can be integrated into fabrics to harvest
thermal energy of human body to generate an output
voltage of 3.09 mV at a temperature difference of 8 K.
This research opens a new avenue for the development
of MBPs in power supply.

In the past century, since Hermann Staudinger published
the first article on polymerization, polymer scientists have
striven to tune the compositions and structures of polymers
to achieve desired properties.[1] Recently, a novel metal-
backboned polymer (MBP) has been proposed, whose
backbone was constructed with metal atoms linked through
metal-metal bonds, offering an ideal material system with
two key advantages.[2] First, the bonded metal atoms in a
chain at the single-atom level provide unique quantum
confinement effects for charge transport. Second, through
variation on the types of metal atoms and structures of
ligands, novel optic, electric, magnetic, and thermoelectric
properties of MBPs can be achieved and effectively regu-
lated, enabling a scope of applications for MBPs, especially
those associated with electron and energy transfer.[3] How-
ever, the fundamental investigation of MBPs is still at its
infancy.

Compared with three-dimensional materials, one-dimen-
sional nanowires can conduct less heat but more electricity
simultaneously due to the quantum confinement effect,[4]

which makes them attractive for thermoelectric materials
that directly convert thermal energy into electricity.[5] To
this end, great efforts have been made to scale materials to
lower dimensions to achieve higher thermoelectric
properties.[6] For example, nanosheets,[7] nano-ribbons,[8] and
nanowires[9] have been designed to improve thermoelectrical
performance effectively. Despite the great success, the
challenge of creating nanowires as thin as a single atom
column has prevented different types of thermoelectric
materials from achieving unprecedented efficiency. As a
novel one-dimensional material, MBPs provide unique
structural advantages for thermoelectric materials. The
metal backbones can provide excellent charge transport
capabilities, while their band structures[10] can be effectively
regulated by the conjugated ligands. It is anticipated that the
coordination of metal atoms and organic ligands on the rigid
molecular skeleton of MBPs enables the formation of a
continuous π-conjugated system that facilitates carrier
transports.[11] Moreover, thermoelectric properties can be
effectively optimized by carefully regulating metal atoms
and employing targeted design and modification of organic
ligands.[12] Benefitted from the ability to regulate carrier
concentration and mobility, MBPs may have profound
potential in the field of thermoelectric materials.[13]

Herein, we have explored the MBPs for thermoelectric
applications. A novel nickel-backboned polymer/carbon
nanotube NBP/CNT fiber was fabricated by orienting NBPs
to aligned CNTs through a shear-induced orientation
strategy. Because the introduction of NBP resulted in a
decreased defect density and a de-doping effect, a simulta-
neous increase in electrical conductivity (100% increase)
and Seebeck coefficient (38% increase) was observed.
Finally, a power factor of 719.48 μWm� 1K� 2 was achieved
for NBP/CNT fiber, which is 3.5 times as high as the bare
CNT fiber, resulted from the regulation of carrier mobility
and carrier concentration caused by the introduction of the
NBP. On this basis, a thermoelectric fabric was fabricated
by integrating NBP/CNT fibers, which generated an output
voltage of 3.09 mV at a temperature difference of 8 K
between the human body and the ambient environment,
indicating promising applications to serve as a power supply
for wearable electronics. Our study represents a new avenue
to design and synthesize MBPs for high-performance
thermoelectrical materials.
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The fabrication process of the NBP/CNT thermoelectric
fiber is schematically illustrated (Figure 1a). NBP was
synthesized according to the previous report (Scheme S1).[2]

CNT was synthesized through floating catalyst chemical
vapor deposition and then drafted through a dichloro-
methane solution of NBP to create an NBP/CNT sheet, in
which the NBPs were shear-oriented in the aligned CNTs
(Figure 1b). After twisting, the NBP/CNT thermoelectric
fiber had been produced.

As shown in the exterior microscopic morphologies, the
NBP/CNT fiber demonstrated a hierarchical exterior struc-
ture (Figure 2a) and was more compact than the bare CNT
fiber (Figure 2b). After tearing, the scanning electron micro-
scopy (SEM) image of the NBP/CNT fiber illustrated
uniform adsorption of NBP on almost the entire CNTs
(Figure 2c), resulting in a more compact structure of the
fiber than the bare CNT fiber (Figure 2d). Energy dispersive
spectroscopy (EDS) mapping analysis reveals that Ni, one of
the constituting elements of NBPs, was uniformly distrib-
uted in the NBP/CNT fiber (Figure 2e), but was negligible in
the bare CNT fiber (Figure 2f), further confirming the
uniform distribution of NBPs among the CNTs. In addition,
the NBP exhibited a positive Zeta potential while the CNT
exhibited a negative Zeta potential, suggesting a robust
electrostatic adsorption effect between NBP and CNT (Fig-
ure S1).

Polarized Raman spectroscopy analysis was further
conducted to evaluate the defect density of the NBP/CNT
thermoelectric fiber. As shown in Figure 2g,h, both bare
CNT and NBP/CNT composite fibers exhibited two obvious
vibrational peaks at 1330 cm� 1 (D-bond) and 1590 cm� 1 (G-
bond), attributed to the crystal defect and in-plane stretch-

ing vibration, respectively.[14] The ratio of D-bond and G-
bond peaks (ID/IG) is an indicator of the defect density.[15]

The corresponding ID/IG value was 0.172 for the bare CNT
fiber, but decreased to 0.114 for the NBP/CNT fiber,
indicating that the introduction of NBP had reduced the
defect density of CNT fiber, which was favorable for charge
transport in fiber.[16] In comparison, NBP/CNT fiber pro-
duced by the dipping strategy (without shear force) demon-
strated a higher ID/IG value of 0.185 than that of 0.114 for
the shear-induced strategy (Figure S2), indicative of effec-
tive improvement of the orientation of NBP/CNT fiber upon
the introduction of shear force.

The thermoelectric performance of the NBP/CNT fiber
was further evaluated. Power factor (PF)[17] is highly related
to the electrical conductivity (σ)[18] and Seebeck coefficient
(S).[19] Those crucial indexes can be derived from the
following equations:

s ¼ nem (1)

S ¼
8p2k2

B

3eh2

m*
T

p

3n

� �2=3
(2)

PF ¼ S2s (3)

Here n, e, μ, kB, h, m* and T represent carrier
concentration, charge, carrier mobility, Boltzmann constant,
Planck constant, effective mass of the carrier and absolute
temperature, respectively.[20]

The electrical conductivity of NBP/CNT fiber was
initially increased with the increasing concentration of NBP
solutions and then stabilized at ca. 1240.94 Scm� 1 as the

Figure 1. Illustration on preparation and structure of the NBP/CNT fiber. a) Preparation of the NBP/CNT fiber. b) Formation of oriented structures
under shear induction.
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concentration of NBP solution reached 0.3 mgmL� 1 (Fig-
ure 3a). Interestingly, the Seebeck coefficient also displayed
an initial increase trend when the concentration of NBP
solutions was lower than 0.4 mgmL� 1 and then stabilized at
76.3 μVK� 1 upon reaching a critical concentration of
0.4 mgmL� 1 (Figure 3a). As a result of the simultaneously
enhanced electrical conductivity and Seebeck coefficient, a
power factor of 719.48 μWm� 1K� 2 (Table S6) was achieved
for the NBP/CNT fiber, which was 3.5 times as high as
190.07 μWm� 1K� 2 (Table S1) for the bare CNT fiber (Fig-
ure 3b). This trend may be attributed to the saturated
distribution of the NBP on the surface of the CNT fiber that
contributed to a more compact structure of the fiber and
hence improved carrier mobility (Figure 3c). Furthermore,
the decrease of carrier concentration of the fiber was
consistent with the above phenomenon (Figure 3d), indicat-
ing the de-doping effect of NBP (de-doping effect refers to
the introduction of carriers with the opposite charge to
original carriers by introducing other materials, so as to
reduce the concentration of the carrier and increase the
Seebeck coefficient to improve the thermoelectric perform-
ance).

To get insight into the effect of NBP on the thermo-
electric performance of the NBP/CNT fiber, work functions
and band structures of the bare CNT and NBP/CNT fibers
were further studied by ultraviolet photoelectron spectro-
scopy (Figure 3e) and UV/Vis spectroscopy measurements

(Figure S3). The NBP/CNT fiber demonstrated a band gap
(0.70 eV) similar to that of the bare CNT fiber (0.67 eV),
but a work function (3.18 eV) smaller than that of the bare
CNT fiber (4.09 eV) (Figure 3f and S4), corroborating the
de-doping effect of the NBP in the NBP/CNT composite
fiber. Therefore, the improved thermoelectric performance
of NBP/CNT fiber in comparison to the bare CNT fiber may
be rationalized by the special binding mode of metal atoms
within the NBP, making it possible for the rapid charge
transfer through the whole metal framework and then
efficient injection of electron into the CNTs, so the carrier
mobility had been increased and carrier concentration had
been decreased.

Given the enhanced thermoelectric performance of the
NBP/CNT fiber, a thermoelectric fabric was further fabri-
cated through the integration of NBP/CNT fibers. When
attached to the surface of the human body (Figure 4a), the
fabric generated an output voltage of approximately
2.55 mV at a temperature difference of 6 K between the
human body and the ambient environment (Figure 4b). By
reduction of the ambient temperature, a higher output
voltage of 3.09 mV was generated at an improved temper-
ature difference of 8 K. Meanwhile, with the increase of
artificially controlled temperature difference, the output
voltage density and power density of the thermoelectric
fabric were gradually increased (Figure 4c). At a temper-
ature difference of 14 K, the thermoelectric fabric generated

Figure 2. Characterization of the NBP/CNT fiber. a,b) SEM images for external structures of the NBP/CNT and bare CNT fibers, respectively.
c,d) SEM images for the internal structure of the NBP/CNT and bare CNT fibers, respectively. e, f) EDS mapping for internal structures of the NBP/
CNT and bare CNT fibers, respectively. g,h) Raman spectra and calculated ID/IG of the bare CNT and NBP/CNT fibers, respectively.
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the highest output voltage density and power density of
143.79 Vg� 1 and 0.25 mWg� 1, respectively. In addition, to
evaluate the durability and reliability of the thermoelectric

fabric in long-term service, a durability test was conducted
by bending the fabric for 100 cycles at a bending angle of
180°. The resistance ratio before and after bending remained

Figure 3. Thermoelectric performance of the NBP/CNT and bare CNT fiber. a) Seebeck coefficient and electrical conductivity of the NBP/CNT fiber
as a function of NBP concentration in dichloromethane. b) Power factor of the NBP/CNT fiber as a function of NBP concentration in
dichloromethane. c,d) Carrier mobility and carrier concentration of the bare CNT and NBP/CNT fiber, respectively. e) Ultraviolet photoelectron
spectroscopies of the bare CNT and NBP/CNT fiber. f) Band diagrams of the bare CNT and NBP/CNT fiber according to the measured spectra in
(e) and Figure S3. CBE: Conduction band edge; VBE: Valance band edge; W: Work function.

Figure 4. Output performance of the thermoelectric fabric. a) Optical images of thermoelectric fabric. The fabric was woven into the sleeve by
folding it in half to establish a temperature difference for the upper and lower surfaces when worn by the human body. b) Output voltage of the
thermoelectric fabric as a wearable device. c) Output voltage density and power density of the thermoelectric fabric concerning temperature
difference. d) Resistance variation of the thermoelectric fabric during bending. Note: R0 and R in (d) represent resistances of the fabric before and
after bending, respectively.
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relatively stable at ca. 1.01 after 100 cycles (Figure 4d). In
order to evaluate the long-term stability of the equipment,
the changes in electrical conductivity and Seebeck coeffi-
cient of the thermoelectric fabric after 30 days of storage in
the natural environment (temperature: 25 °C; relative hu-
midity: 40%) were tested. The electrical conductivity and
Seebeck coefficient of the thermoelectric fabrics remained
at 99.3% and 97.4%of the initial values after 30 days,
respectively, showing high stability to satisfy the long-term
service (Figure S5). These results indicate the potential
applications of thermoelectric fabric for wearable
electronics.[21]

In summary, we design a novel NBP/CNT fiber with
highly oriented structure through a shear-induced strategy.
Through the regulation of carrier mobility and carrier
concentration caused by the NBP, the NBP/CNT fiber
exhibited a simultaneous increase in electrical conductivity
(100% increase) and Seebeck coefficient (38% increase),
leading to a power factor of 719.48 μWm� 1 ·K� 2 as high as
3.5 times of the bare CNT fiber. Furthermore, a thermo-
electric fabric was achieved by integrating NBP/CNT fibers,
generating an output voltage of 3.09 mV at a temperature
difference of 8K. This study opens a new avenue for the
development of MBPs in power supply.
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