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HIGHLIGHTS

® A scalable solvothermal route is proposed for directly growing covalent organic framework (COF) shells on carboxylated multi-walled
carbon nanotube (MWCNT), yielding MWCNT-COF hybrids with high thermal stability.

® Polyimide composite films demonstrate a tensile strength of 97.5 MPa, a modulus of 1.53 GPa, and a density of 0.73 g cm™3, resolving

the strength—density dilemma.

e Flexible dual-junction and triple-junction GaAs solar cells achieve ultrahigh specific powers of 8998 and 7749 W kg!, respectively,

with minimal performance degradation after 2000 bending cycles at a 10 mm radius.

ABSTRACT Free-standing polymer films that are ultra-thin, light-
weight, and robust hold significant promise for applications in flex-

flitra-thin robust Pl substrate for high-specifié-power GaAs solar.cells

ible electronics. However, their performance has been constrained by
the challenge of simultaneously enhancing mechanical strength and
reducing density. Herein, an ultra-thin and robust polyimide (PI)-based
covalent organic framework-modified multi-walled carbon nanotube
(MWCNT-COF) film is demonstrated for high-specific-power flex-
ible GaAs solar cells. The film exhibits a high Young’s modulus of
1.53 GPa, a tensile strength exceeding 97.53 MPa, and a low density
of 0.73 g cm™, representing a 45.1% reduction in density. The incor-

poration of 3D interconnected layered and porous MWCNT-COF sig- (S _ i chN?f’cl?.i?LT‘élTn”?oﬁ:e Films

Stability

nificantly enhances the film’s mechanical properties while reducing its
density. The synergistic effects of robust MWCNTSs and covalently bonded COF layers, combined with the thermally stable PI molecular structure,
impart exceptional strength and lightness to the film. Computational studies further confirm that COF-grafted MWCNTs effectively modify the
polyamide acid matrix, substantially improving the mechanical properties of the PI films. Moreover, flexible dual-junction and triple-junction
GaAs solar cells were successfully fabricated using 6 um-thick MWCNT-COF/PI composite films, delivering outstanding specific powers of 8998
and 7749 W kg™, along with efficiencies of 26.6% and 31.5% (AMO), respectively. These results underscore the potential for high-performance
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applications in space and energy systems. This work offers valuable insights into the development of high-performance flexible GaAs solar cells

based on ultra-thin and robust PI films for a wide range of applications.

KEYWORDS Covalent organic frameworks; Carbon nanotubes; Polyimide; Composite films; High-specific-power flexible solar cell

1 Introduction

The rapid advancement of aerospace vehicles has created
new demands for solar cell arrays that power these systems,
particularly in terms of higher specific power and improved
photoelectric conversion efficiency [1-3]. Flexible GaAs-
based III-V solar cells are widely utilized in satellite and
aerospace vehicle power systems due to their excellent spec-
tral matching, high photoelectric conversion efficiency, and
robust mechanical strength [4]. For aerospace applications,
especially in constrained spaces, achieving high specific
power is essential without compromising performance [5-7].
Consequently, ultra-thin flexible GaAs solar cells are emerg-
ing as a key development direction for the future. However,
current flexible substrates typically have densities exceeding
1 g cm™, limiting the potential to reduce the mass of flex-
ible thin-film solar cells. Therefore, optimizing the density
of the flexible substrate while ensuring its mechanical com-
patibility with the ultra-thin photoactive layer is critical for
enhancing the specific power of flexible GaAs solar cells [8].

To fulfill the stringent requirements for flexible GaAs
solar cell substrates, high-performance polymers such as
polyimide (PI) are widely utilized due to their excellent
mechanical properties and thermal stability [9, 10]. While
conventional PI films exhibit high strength, they typically
have densities exceeding 1.3 g cm™, posing a significant
challenge for further weight reduction. This issue is par-
ticularly critical in weight-sensitive applications, includ-
ing space solar arrays, drone-integrated photovoltaics, and
wearable electronics, where substrate mass directly impacts
launch cost, endurance capability, and wearing comfort.
In response to the growing demand in microelectronics,
aerospace, and renewable energy, there is an urgent need
to develop porous PI films with low densities that do not
compromise mechanical strength [11-14]. However, intro-
ducing porosity often leads to significant deterioration in
mechanical properties, and higher porosity inevitably results
in greater mechanical loss. Thus, resolving the inherent
trade-off between density reduction and mechanical rein-
forcement is a central challenge. The fabrication of ultra-
thin and robust PI films is essential to meet the combined
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requirements of mechanical strength, thickness, and low-
density for various high-performance applications.

To enhance the mechanical properties of porous PI
films, hybrid films incorporating carbon nanotube (CNT)
fillers are commonly employed [15, 16]. For instance, Lu
et al. developed a series of films that demonstrated flex-
ibility, a low coefficient of thermal expansion (CTE), and
improved mechanical properties through the introduction of
carboxylated carbon nanotube (C-CNT) [17]. The C-CNT/
PI composite films exhibited the lowest CTE and the high-
est mechanical properties among the tested samples, along
with enhanced thermal stability. Despite these advances,
the mechanical performance of CNT-enhanced porous PI
film remains insufficient. This limitation can be attributed
to three primary factors: (i) severe agglomeration of CNTs
within the PI matrix, particularly constrained by the porous
structures, which leads to stress concentration and defects;
(i) weak interfacial interactions between pristine or car-
boxylated CNTs and the PI matrix, hindering efficient load
transfer from the polymer to the reinforcing filler; and (iii)
the challenge of constructing a continuous three-dimensional
(3D) reinforcement network using conventional physical
blending methods, which significantly restricts the rein-
forcement efficiency of CNTs. Therefore, novel strategies are
urgently required to achieve uniform dispersion of CNTs and
efficient load transfer within the PI matrix through rational
interfacial design and architectural engineering.

Covalent organic frameworks (COFs), a class of porous
crystalline materials composed of light elements (such as
C, N, O) linked by strong covalent bonds, have recently
garnered attention due to their unique properties, which
include uniform pore sizes, customizable surface functional
groups, ordered channel structure, and excellent thermal and
chemical stability [18, 19]. Incorporating COFs into polymer
films is anticipated to impart low-density and porous char-
acteristics while preserving or even enhancing mechanical
properties. Zhao et al. introduced COFs into PI films, result-
ing in cross-linking networks that enhanced the breakdown
strength and thermal stability of the PI matrix [20]. Simi-
larly, Li et al. demonstrated that COF nanospheres embed-
ded in polymer films improved their mechanical flexibility
and self-supporting capability [21]. However, despite these
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promising advancements, two critical issues remain unre-
solved: (i) most COF materials exhibit lower thermal sta-
bility than PI, which can compromise the high-temperature
performance of COF/PI composites; and (ii) existing studies
have primarily focused on bare COFs or simple COF/poly-
mer blends, without fully exploiting the synergistic rein-
forcement effects between CNTs and COFs. Additionally,
by combining CNTs with COFs through a coaxial core—shell
structure, a synergistic effect can be achieved. In this con-
figuration, the CNTs serve as the polymer framework, pro-
viding mechanical support, while the COFs can be chemi-
cally bonded to the surface of the CNTs to create covalent
interfacial bonds. This ensures effective stress transfer and
ultimately results in a more robust composite film.

To address these research gaps, we present a strategy
that leverages covalently bonded coaxial MWCNT-COF
hybrids incorporated into a PI matrix via in situ polym-
erization, successfully fabricating ultra-thin, robust, and
ultra-lightweight MWCNT-COF/PI composite films for
high-specific-power flexible GaAs solar cells. The ultra-
thin MWCNT-COF/PI composite films were facilely
formed by introducing the obtained porous MWCNT-
COF coaxial hybrids into a poly (amic acid) (PAA)
precursor solution through in situ polymerization pro-
cesses. The resulting ultra-thin porous MWCNT-COF/
PI composite films exhibited significant enhancements
in mechanical properties, including a 109% increase in
Young’s modulus and a 35.4% increase in tensile strength
compared to bare PI films. Moreover, the density of the
composite films was reduced by 45.1%. It’s suggested
that these improvements are attributed to the 3D inter-
connected layered and porous nature of the MWCNTs-
COF composites, which significantly contribute to the
high specific power of flexible GaAs solar cells. High
efficiencies of 26.6% and 31.5% (AMO) were achieved
for the flexible dual-junction and triple-junction GaAs
solar cells based on 6-um-thick MWCNT-COF/PI com-
posite film substrates, enabling ultra-high-power densi-
ties of 8998 and 7749 W kg~!, respectively. This work
presents a promising approach for developing high-spe-
cific-power flexible GaAs solar cells with ultra-thin and
ultra-strong properties, thereby opening new possibilities
for their application in various fields.
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2 Experimental Section
2.1 Materials

MWCNTs (95%) were obtained from Glatt (Shanghai)
Information Technology Co., Ltd. 3, 3’,4,4’-Biphenyl
tetracarboxylic acid dianhydride (s-BPDA, 97%) and
4,4’-diaminodiphenyl ether (ODA, 99.45%) were pur-
chased from Shanghai Bide Pharmaceutical Technol-
ogy Co., Ltd. N-methylpyrrolidone (NMP, 99.5%) and
Pyromellitic dianhydride (PMDA, 96%) were sourced
from Shanghai Maclean’s Biochemical Technology
Co., Ltd. N, N-dimethylacetamide (DMAc, 99.5%) and
Methyl acrylate (MA, 99%) were purchased from Shang-
hai Aladdin Biochemical Technology Co., Ltd. Con-
centrated sulfuric acid (H,SO,, 95%) and concentrated
nitric acid (HNO;, 65%) were purchased from Sinopharm
Chemical Reagent Co., Ltd. Aminopropyl double-termi-
nated dimethicone (APPS, 99%) and absolute ethanol
(C,HsOH, 99.7%) were purchased from Shanghai Mer-
rell Biochemical Technology Co., Ltd.

2.2 Purification and Carboxylation of MWCNTSs

The MWCNT powders were initially oxidized in air
and subsequently refluxed in a concentrated sulfuric
acid/nitric acid mixture (3:1 v/v) to remove metal cata-
lyst impurities and introduce carboxyl groups onto the
MWCNT surface. Typically, 600 mg of MWCNTs were
heated in an oven at 300 °C for 1 h. The thermally treated
MWCNTs were then transferred to a 100 mL three-neck
flask equipped with a reflux condenser, to which 30 mL
of concentrated sulfuric acid and 10 mL of concen-
trated nitric acid were added. The mixture was heated
and magnetically stirred at 60 °C for 12 h. After cooling
to room temperature, the suspension was diluted with
300 mL of deionized water and allowed to stand until
the MWCNTs had completely precipitated. The super-
natant was decanted, and the residue was further diluted
with another 300 mL of deionized water, filtered, and
washed until the filtrate was neutral. The resulting black
MWCNT filter cake was then vacuum-dried at 60 °C for
24 h to yield carboxylated MWCNTs (MWCNT-COOH).

@ Springer
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2.3 Synthesis of PI-Based COF and COF-Modified
MWCNTs

During the polymerization process of siloxane block poly-
imide (API), 1 to 5 wt% APPS were added. After thermal
imidization to form the film, API-1 to API-5 films were
obtained, which were named API-1, API-2, API-3, API-
4, and API-5, respectively. In addition, a total of 136 mg
of MWCNT-COOH powders were dispersed in 100 mL of
NMP via sonication for 1 h. Subsequently, 983 mg of PMDA
and 165 pL of deionized water were added, and the mixture
was heated and stirred at 80 °C for 2 h. After cooling to
room temperature, the suspension was subjected to further
sonication. Then, 378 mg of MA dissolved in 20 mL of NMP
was added dropwise under sonication, and the mixture was
stirred at room temperature for 6 h. The resulting solution
was transferred to an oven and maintained at 210 °C for
24 h. After cooling to room temperature, the solid products
were collected by suction filtration and sequentially washed
with NMP, absolute ethanol, and deionized water. The final
MWCNT-COF solids were freeze-dried for 36 h. For com-
parison, the bare PI-based COF (PI-COF) powders were
synthesized using the same procedure without the addition
of MWCNT-COOH [22].

2.4 Preparation of Composite Films

Firstly, 1 mg of MWCNT-COF powder was dispersed in
10 mL of DMAC using ultrasonication for 1 h. Then, 396 mg
of ODA and 40 mg of APPS were added to form a mixed
solution. Subsequently, 596 mg of s-BPDA was added in
batches. The reaction solution was stirred at 30 °C for 5 h to
obtain the MWCNT-COF/PAA composite precursor solu-
tion. The precursor solution was cast onto a glass plate using
a 250 pum scraper to form a film. The film was then heated
programmatically at 60, 90, and 120 °C, each for 30 min.
Following this, the film underwent imidization at 150, 180,
and 300 °C, each for 1 h. After peeling the film off the glass
substrate, the MWCNT-COF/PI film was obtained (denoted
as 0.1 wt% MWCNT-COF). Depending on the varying
masses of MWCNT-COF added to the solution, the samples
with MWCNT-COF amounts of 1, 2, 5, 10, and 20 mg were
named 0.1 wt% MWCNT-COF, 0.2 wt% MWCNT-COF,
0.5 wt% MWCNT-COF, 1 wt% MWCNT-COF and 2 wt%
MWCNT-COF, respectively.

© The authors

2.5 Theoretical Calculations

The computational approach was as follows: molecu-
lar structures were constructed in GaussView 6 and their
geometries were optimized within Gaussian 16 using den-
sity functional theory (DFT) at the B3LYP/6-31G level.
For more accurate energy calculations, single-point energy
calculations were performed on the optimized structures
using the larger 6-311 + G (d, p) basis set. Throughout this
process, the scf =xqc keyword was employed to ensure the
convergence of the self-consistent field procedure.

2.6 Characterization Methods

Powder samples were analyzed using Fourier transform
infrared spectroscopy (FTIR, Thermo Scientific Nicolet
iS20, USA) in ATR mode for film samples. The UV—Vis
spectra were obtained with a UV-VIS spectrophotometer
(UV-3600i Plus, Japan). For surface analysis of all pow-
der samples, Raman spectroscopy (Horiba Lab RAM HR
Evolution, Japan) with a 532 nm laser wavelength, as well
as X-ray photoelectron spectroscopy (XPS, Thermo Scien-
tific K-Alpha, USA) were employed. The morphology and
elemental composition were examined using a scanning
electron microscope (SEM, ZEISS Gemini SEM 360, Ger-
many, 5 kV), while the microstructure of the materials was
characterized by atomic force microscopy (AFM, FastScan
Bio, USA) operating in tapping mode, and transmission
electron microscope (TEM, JEOL JEM-F200, Japan) at a
voltage of 200 kV. Thermal stability was evaluated using
thermogravimetric analysis (TGA, Netzsch STA 449 F5,
Germany), with the temperature ramped from 25 to 800 °C

at a rate of 10 °C min™~!

in a nitrogen atmosphere. Mechani-
cal properties were assessed with an electronic universal
testing machine (INSTRON3367, USA), using film sam-
ples with dimensions of 15 mm X 10 mm, each tested five
times. The static water contact angle was measured using
a video contact angle tester (Chengde Dingsheng JY-82C,
China). The current—voltage (J-V) characteristics and exter-
nal quantum efficiency (EQE) of solar cells were measured
with standard solar cell testing equipment (Spectrolab X25A
Mark II, China) under AMO conditions at 25 °C. For density
measurement of the films, a precision balance was used to
obtain the film weight and a vernier caliper to measure the
film thickness. The volume of the film was then calculated,

https://doi.org/10.1007/s40820-026-02326-1
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and the density was obtained using the appropriate density
calculation formula.

3 Results and Discussion

3.1 Design and Structure of MWCNT-COF/PI
Composite Films

The synthesis process for the MWCNT-COF coaxial hybrid
material and MWCNT-COF/PI composite films is shown
in Figs. 1 and S1. Initially, MWCNT-COOH was prepared
to ensure the uniform distribution of COF materials on the
MWCNT surface. During the solvothermal process, the
polymerization of MA and PDMA occurred, resulting in the
formation of a porous PI-based COF layer that is covalently
attached to the MWCNT surface. The resulting MWCNT-
COF coaxial hybrid was then introduced into the siloxane-
containing PAA (s-BPDA/ODA/APPS) solution, forming a
well-dispersed MWCNT-COF hybrid suspension within the
PAA precursor. Following successive film casting, drying,
and thermal imidization steps, ultra-thin, porous MWCNT-
COF/PI composite films were obtained. Compared to tradi-
tional bare PI films, this ultra-thin and robust PI film struc-
ture can withstand lateral tensile forces and longitudinal nail
penetration to a certain extent, thanks to the anchoring effect
of chemical bonds from both CNTs and COFs within the PI
substrate. Moreover, the interwoven layered distribution of
the 3D CNT composite network imparts a degree of poros-
ity to the PI substrate, which greatly reduces the density of
the flexible PI substrate. This type of PI film, characterized
by low density, light weight, and high toughness, is ideally
suited as a base for flexible solar cells, offering high power-
to-weight ratios and providing continuous energy for wear-
able devices and aerial vehicles.

To investigate the source of ultra-light and ultra-strong
properties of MWCNT-COF/PI composite films, the micro-
structures of the composite films were examined through
SEM characterization. The SEM images of MWCNT,
MWCNT-COOH, and MWCNT-COF hybrids are dis-
played in Fig. 2a—c. As shown in Fig. 2a, MWCNT features
a smooth surface, while the carboxylated MWCNT exhibits
arough surface, reduced length, and a scattered distribution.
In contrast, the MWCNT-COF hybrid (Fig. 2c) exhibits a
rougher surface, indicating the successful growth of COFs
on the MWCNT surface [23]. As shown in Fig. S2a—f, the

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

upper surface of the MWCNT-COF/PI composite films
develops a uniformly dispersed network structure as the con-
tent of MWCNT-COF hybrid increases, which is conducive
to obtaining ultra-light and ultra-strong properties of com-
posite films. TEM images of MWCNTs, MWCNT-COOH,
and MWCNT-COF hybrids are shown in Fig. 2d—{f. It can be
clearly observed that the lattice fringes of MWCNT-COOH
display a smooth surface (Fig. 3e), whereas the MWCNT-
COF surface (Fig. 3f) is characterized by the chemical bonds
of PI-COFs, resulting in a rougher structure and a more
robust composite film. EDS results (Fig. 3g—j) indicate a
uniform distribution of C, N, and O elements throughout the
MWCNT-COF hybrid, confirming the successful growth of
PI-COFs on MWCNTSs, which is consistent with the SEM
observations.

The FTIR spectra and XRD spectra of the COF materi-
als are shown in Fig. 3a, b. The diffraction peak of XRD
spectra at 4.19° is attributed to the (100) plane, indicating
that the COFs possess a crystalline structure with a 2D
ordered layered arrangement. The peaks at 8.55° and 12.07°
are attributed to the (110) and (210) planes, respectively.
Furthermore, the peak at 27.66° correlates with the (001)
plane, suggesting the existence of interlayer n-r stacking
between the layers of COFs. The AFM images of the PI-
COF nanosheet (Fig. 3c) reveal that the thickness of the
2D PI-COF nanosheet structure is approximately 2 nm. The
FTIR spectra of MWCNT, MWCNT-COOH, and MWCNT-
COF materials are shown in Fig. 3d. We can see that the
peak at 3348 cm™! corresponds to the vibrational mode of
the hydroxyl groups on the MWCNTSs. The characteris-
tic peak at 1689 cm™! is attributed to the carboxyl group,
confirming the successful carboxylation of the MWCNTs.
Additionally, the vibrational peak at 1536 cm™' represents
the E,, vibrational mode of the MWCNT wall, indicating
the presence of a graphite structure. In MWCNT-COF,
the peak at 1436 cm™! is assigned to the C—N bond in the
imide formed by the condensation reaction of PMDA and
MA, demonstrating the formation of a COF linked by C-N
bonding [22]. The Raman spectra (Fig. 3e) indicate that the
D band and G band of MWCNT-COF appear at 1344 and
1592 cm™!, respectively. The intensity ratio of the D band to
the G band for MWCNT-COF decreases from 1.254 to 0.982
compared to that of MWCNT, confirming that the in situ
grown COF layer successfully encapsulated the CNTs and
may passivate surface defects through chemical bonding.
Meanwhile, the G band exhibits a positive shift, indicating

@ Springer
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Fig. 1 Schematic illustration of synthesis process and the ultra-thin, robust PI film structure formed through the anchoring of CNTs by COFs

a strong interaction between PI-COFs and MWCNTs in the
MWCNT-COF structure [22]. To meet the thermal cycling
characteristics of the composite films in space, the TGA
diagrams of MWCNT, MWCNT-COOH, and MWCNT-
COF powder materials are displayed in Fig. 3f. It can be
observed that the weight loss of MWCNT is only 10%, indi-
cating excellent thermal stability. After acidification treat-
ments, the weight loss increases to 22%, confirming the
presence of 13.3 wt% carboxyl functional groups. However,
upon further modification of the MWCNTs with COF lay-
ers, the weight loss increases to 32.5%, corresponding to
approximately 19.2 wt% COF layers. Within the temperature

© The authors

range of 300 ~400 °C, there is a noticeable weight loss for
MWCNT-COF, which is attributed to the significant thermal
decomposition of the amino functional groups present in
the MWCNT-COF. The valence states of each element in
the MWCNT-COF hybrid were further analyzed by XPS.
The C 1s spectrum (Fig. 3g) reveals peaks corresponding to
C=C, C-N, and C=0 bonds. The N 1s spectrum (Fig. 3h)
shows two characteristic peaks at 399.3 and 400.4 eV, attrib-
uted to C-N bonds in the COF and C=N bonds in the MA
unit, respectively. The O 1s spectrum (Fig. 3i) displays a
single characteristic peak corresponding to C=0 bonds on
the MWCNT surfaces [24].

https://doi.org/10.1007/s40820-026-02326-1
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Fig. 2 Characterization of composite materials. SEM images of a MWCNT, b MWCNT-COOH, and ¢ MWCNT-COF hybrids, with insets
showing magnified views of each; TEM images of d MWCNTs, e MWCNT-COOH, and f MWCNT-COF hybrids, with insets showing the sur-
face morphology of MWCNTSs with different surface modifications; EDS mapping images of MWCNT-COF: g SEM, h C,i N and j O

3.2 Thermodynamic and Physical Properties
of Composite Films

Moreover, the FTIR spectra of API, COFs/PI, and
MWCNT-COF/PI composite films (Fig. 4a—c) display
characteristic peaks of the imide groups. The symmetric
and asymmetric stretching vibrations of C=0 at 1703 and
1774 cm™, the stretching vibration of C-N at 1363 cm™!,
and the bending vibration of C=0 at 733 cm~! confirm
the successful imidization of PI. Notably, no characteristic

=
{} SHANGHAI JIAO TONG UNIVERSITY PRESS
&

peaks corresponding to the PAA intermediate (1660 cm™)
are observed, indicating complete conversion [25]. Addi-
tionally, the characteristic peaks between 1000 and
1100 cm™! correspond to the Si—O-Si stretching vibra-
tions, demonstrating the successful incorporation of APPS
into the PI molecular chain [25]. In practical applica-
tions, such as solar cells, composite substrates inevitably
encounter water vapor in their environment. The failure of
these devices is often linked to water absorption and the
subsequent cracking of the polymer substrate, ultimately

@ Springer
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leading to severe performance degradation. Therefore,
enhancing the surface hydrophobicity of polyimide films
is essential for improving their environmental stability.
The water contact angle of bare PI films and MWCNT-
COF/PI composite films was measured, with the results
shown in Figs. S3 and 4d. The bare PI film exhibits a
static water contact angle of 57.8°, indicating its hydro-
philic nature. Upon the introduction of the MWCNT-COF
hybrid, the contact angle gradually increases with rising
filler content. When the MWCNT-COF loading reaches 2
wt%, the contact angle exceeds 80°, demonstrating that

© The authors

the incorporation of the MWCNT-COF hybrid signifi-
cantly enhances the surface hydrophobicity of PI films.
This improvement effectively reduces the condensation of
atmospheric moisture on the substrate, thereby minimizing
the adverse effects of water vapor on electronic devices.
The optical transmittance of the composite substrates was
also investigated in order to obtain better light conversion
characteristics for solar cells. As shown in Fig. 4e, PI films
with varying composite ratios exhibit high transmittance
across the wavelength range of 500-800 nm.
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Fig. 4 Surface and functional properties of bare PI and MWCNT-COF/PI composite films. FTIR spectra of a PI, b COFs/PI, and ¢ MWCNT-
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Comparison of porosity in film density using density-based calculations and SEM image analysis

The TGA analysis of the composite films (Fig. 4f, g) indi-
cates that the addition of MWCNT-COF into the PI matrix
does not significantly alter the degradation mechanism of the
PI films. All films exhibit similar thermogravimetric curves,
demonstrating good thermal stability, with no significant
mass loss observed below 500 °C. In addition, the cross
sectional SEM images of bare PI, COFs/PI, and MWCNT-
COF/PI composite films are presented in Figs. S4a—f and
S5a—f. As the content of MWCNT-COF increases, the 3D
interconnected layered structure becomes more promi-
nent, accompanied by a reduction in density due to the 3D

SHANGHAI JIAO TONG UNIVERSITY PRESS

network arrangement of the CNT composites. The CNTs
anchored with COF are embedded within the polymer, form-
ing a porous, layered structure. Moreover, the incorporation
of the 3D interconnected layered and porous MWCNT-COF/
PI composites not only enhances the tensile strength, flex-
ibility, and other mechanical properties of the films but also
significantly reduces their weight, thereby improving the
power density of electronic devices such as solar cells.

The density values of composite films are shown in
Fig. 4h. As the doping ratio of MWCNT-COF increases,
the porosity of the films gradually rises, while their density
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gradually decreases. Notably, the density of the 2 wt%
MWCNT-COF/PI composite films drops to 0.73 g cm™
(compared to 1.33 g cm™ for the bare PI films), represent-
ing a 45.1% decrease in density following the addition of
MWCNT-COF hybrids. This emphasizes the crucial role of
the 3D interconnected layered and porous MWCNT-COF
coaxial hybrid in improving the performance of PI films.
Moreover, we performed a quantitative porosity analysis
using both density-based calculations and SEM image anal-
ysis. Figure 4i shows the calculated porosity for different
doping ratios of MWCNT-COF, along with a comparison
to the change in film density derived from both methods
including density-based calculation and SEM image analysis
(Fig. S6a-e). The increasing trend in porosity calculated by
both methods is consistent. The slight differences in porosity
values between the two methods can be attributed to the fact
that the highly doped and low-density MWCNT-COF occu-
pies more space within the original PI substrate, resulting
in slightly lower values obtained through SEM image analy-
sis compared to density-based calculations. The MWCNTSs
coated with COF are embedded within the polymer, forming
a porous structure that significantly reduces the film’s weight
while enhancing its mechanical properties. The quantitative
results confirm that the observed density reduction (from
1.31 to 0.73 g cm™) is attributable to the highly porous
structure introduced by the MWCNT-COF network.

3.3 Mechanisms of Mechanical Reinforcement
in Composite Films

The stress—strain properties of PI films, COFs/PI films, and
MWCNT-COF/PI composite films are presented in Figs.
S7a, b and Sa—f. The mechanical properties of the composite
films show significant improvement with the incorporation
of MWCNT-COF. For example, the 0.5 wt% MWCNT-COF/
PI composite film (Fig. 5d) demonstrates a tensile strength
of 86.82 MPa, reflecting a 20.6% increase in comparison
with the bare PI film, which exhibits a tensile strength
of 72.01 MPa. Further enhancements are observed with
increased MWCNT-COF content. The tensile strength of
the 1 and 2 wt% MWCNT-COF/PI composite films increases
by 26.59% to 91.16 MPa, and by 35.44% to 97.53 MPa,
respectively. The functionalization of MWCNTs has proven
to be an effective strategy for mitigating agglomeration and
enhancing load transfer at the MWCNT-matrix interface.

© The authors

These modified MWCNTSs act as both rigid crosslinkers and
linear reinforcements, effectively minimizing the shrink-
age of PI during the preparation process. Moreover, the
MWCNT-COF coaxial hybrid nanomaterials are organized
in a neat, porous structure, evenly distributed throughout the
PI matrix. The adjacent MWCNTs form a 3D interconnected
network, further enhancing the mechanical properties of the
films. These results reveal that the in situ covalent growth
of di-imide COF materials on the outer wall of MWCNTs
effectively addresses challenges such as poor interface
bonding, uneven dispersion, and structure instability com-
monly encountered in traditional physically mixed compos-
ites. Consequently, the ultra-thin composite films exhibit
improved mechanical matching strength. The Young’s
modulus results for bare PI and MWCNT-COF/PI compos-
ite films (Fig. 5Se) display a clear enhancement trend, with
values significantly increasing as the MWCNT-COF hybrid
content rises. It has been established that the relationship
between the Young’s modulus (GPa) and the volume fraction
(%) of MWCNTS can be accurately described by polynomial
equations [26]. Based on the following Eq.(1), the polymer
Young’s modulus for MWCNTs-filled films is a function of
the MWCNT volume fraction (V) [26]:

E = 1.09464 + 0.67723Veyr — 0.28276 V2. (1)

where V. represents the volume fraction (%) of MWC-
NTs. According to Ref. [26], the percentage increase in
Young’s modulus is estimated to reach 100% at a CNT vol-
ume fraction of approximately 2%. The MWCNT volume
fractions investigated in our study fall within this estimated
range, thereby validating the applicability of Eq. (1) to our
MWCNT-COF/PI composite system.

Although significant theoretical work has been conducted
to predict the mechanical properties of MWCNT-reinforced
composites, some of these models are quite complex, par-
ticularly for nanocomposites [15-17]. A modified form of
mixing rules and Halpin—Tsai equations has been specifically
adapted to predict the Young’s modulus of MWCNT-COF/
PI composites [26]. These models take into account both
the volume fraction of MWCNTs and the length-to-diame-
ter ratio to estimate the Young’s modulus of the composite.
According to the mixing law, it is assumed that MWCNT-
COF and PI are thoroughly integrated, with MWCNT-COF
evenly distributed within the PI matrix, resulting in a uni-
form stress distribution throughout the composite films. In
the case of MWCNT-COF/PI composites, it is assumed that
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the endpoint of the MWCNT

the MWCNT-COF adopts a randomly oriented, short fibrous
packing arrangement [26, 27].

Based on the modified form of model [26], the composite
modulus is expressed as:

Ec=(nmoEenr - Epr) Venr + Epp ()

SHANGHAI JIAO TONG UNIVERSITY PRESS

. .. _1_ Tanh(a«(l/d))
where 7, is length efficiency factor, n, =1 @)

3E . . . .
a=,/—=——"%— and 7, is orientation efficiency factor,
V 2EqyrIn(Venr)

1o = 0.2, for randomly oriented fillers.
The equations above are derived for randomly oriented
composite materials. The primary reason the modulus
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increases linearly with the volume fraction is that V. corre-
spondingly increases with the addition of MWCNT-COF in
the PI matrix (Fig. 5d), indicating that the assumptions made
to derive the equations align closely with experimental con-
ditions. Moreover, the tensile load is effectively transferred
to the nanotubes through the MWCNT-COF/PI interface.
As COFs grow on the surface of the MWCNTs, the tube
diameter () increases, which in turn causes E- value to rise
with the increase in both V- and #,.

From Fig. 5f and Table 1, the mechanical and density
properties of the MWCNT-COF/PI films developed in this
work surpass those of previously reported PI-based films
[28-33], further highlighting their promising application
prospects in various high-performance fields. In addition,
Gaussian computational studies conducted at the same
theoretical level provide a comprehensive analysis of the
PI-COFs + PAA and MWCNT-COF + PAA systems. The
results indicate that the incorporation of COF-grafted
MWCNTs significantly enhances material stability, as
shown in Fig. 5g—i. A comparison of the relative energies
per unit model reveals that the structure formed by the reac-
tion of PI-COFs at the middle of MWCNT exhibits lower
energy (approximately 0.552715 Hartree lower than that of
the endpoint structure), making it thermodynamically more
stable. However, transition state calculations demonstrate
that the endpoint site, due to its structural defects and high
curvature, possesses a lower activation energy barrier. This
suggests that the reaction is kinetically controlled and pref-
erentially occurs at the endpoint sites [34]. Furthermore,
electronic structure analysis shows that the introduction of
MWCNTs effectively extends the conjugated system, result-
ing in a reduced HOMO-LUMO gap. This is consistent with

the theoretical expectation that enhanced conjugation leads
to greater electron delocalization [35]. Collectively, these
findings demonstrate that COF-grafted MWCNTs effec-
tively modify the PAA composite material by synergistically
enhancing its thermodynamic stability and kinetic reactivity
while optimizing its electronic structure.

Moreover, the cross sectional SEM images of MWCNT-
COF/PI composite films after tensile fracture were further
examined, as shown in Fig. S8a—f. It can be observed that
the addition of the MWCNT-COF hybrid facilitates load
transfer by creating additional mechanical interlocking sites.
During the film stretching, the strong adhesive interactions
between MWCNT-COF and the polymer matrix generate
stress. Compared to bare PI films, MWCNT-COFs predomi-
nantly fracture near the surface of the PI matrix, leading
to local plastic deformation and a rough fracture surface.
This behavior indicates an improved interfacial adhesion
between MWCNT-COF and the PI matrix, making it more
challenging for MWCNT-COFs to be pulled out during film
facture. These results demonstrate that the MWCNT-COF
hybrid material is evenly dispersed throughout the films,
promoting more uniform force transfer during stretching
[36]. As is well known, the high surface-to-volume ratio of
nanofillers significantly enhances material properties [37].
The increased surface-to-volume ratio of MWCNT fur-
ther augments the filler—matrix interaction. Additionally,
the uniform distribution of the nanofillers improves load
transfer during the tensile process. While COFs introduce
ordered pores into the films, their presence on the surface of
MWCNT further enhances mechanical performance. COFs
act as covalent bridges between MWCNT and the PI matrix,
improving interfacial bonding and facilitating load transfer.

Table 1 Mechanical and density properties of PI substrates compared with previous reports

Sample Stress (MPa) Young’s modulus (GPa)  Density (g cm™) References
Fluorine-based dianhydrides PI 82 2.0 1.51 [28]
Bare PI 160 4.1 1.43 [29]
Bare PI 90 1.1 1.2 [30]
hydroxyl and bis-tert-butyl PI 74 2.0 1.29 [31]
BPDA-BAPP PI 95 1.0 1.30 [32]
Cu-PI 132 2.33 1.23 [33]
1 wt% MWCNT-COF/PI 90.21 141 0.81 This Work
2 wt% MWCNT-COF/PI 97.53 1.53 0.73 This Work

Bold is used to highlight the performance metrics of this work (our method), serving as a visual emphasis to distinguish our results from those of

the other compared approaches

© The authors
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The formation of covalent bonds between the COFs and
the PI matrix enhances mechanical properties by improv-
ing load transfer between MWCNTSs and the surrounding
matrix. Moreover, the larger surface area of MWCNT-COFs
per unit volume enables more efficient load transfer to the
nanotube network, greatly enhancing the mechanical proper-
ties of the composite films.

3.4 Photoelectric Conversion Properties of Flexible
Solar Cells

To demonstrate the practical application of ultra-thin
PI films modified with MWCNT-COF, GaAs solar cells

were fabricated using a 6 um-thick PI film substrate,
employing epitaxial inverted growth and low-temperature
metal bonding technology. Figure 6a presents the physi-
cal image and cross sectional view of the flexible GaAs
solar cell, which was fabricated using the MWCNT-COF/
PI composite films through a flip-chip transfer process
[38]. It can be observed that the flexible solar cell exhib-
its minimal wrinkling, indicating that the MWCNT-COF-
modified PI substrate provides high toughness. This
enhanced flexibility enables the MWCNT-COF/PI com-
posite film to effectively support the epitaxial layer of
the solar cell, leading to improved photoelectric perfor-
mance. Figure 6b-e illustrates the current—voltage (J-V)
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Fig. 6 Optical and J-V characteristics of ultra-thin GaAs solar cells. a GaAs solar cells fabricated via the inversion transfer process and their
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triple-junction solar cell; e J-V characteristics of GaAs solar cells with different junctions under standard test conditions (AMO, 25 °C)); Effi-
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characteristics and external quantum efficiency (EQE)
of the GaAs solar cell, measured using standard solar
cell testing equipment under standard test conditions
(AMO, 25 °C) [39]. The EQE of single-junction, dou-
ble-junction, and triple-junction GaAs solar cells based
on the MWCNT-COF/PI composite film substrate in the
300-1200 nm wavelength range all exceed 90%, demon-
strating remarkable absorption across this spectrum. Fur-
thermore, the triple-junction GaAs solar cell achieves the
highest current density (J,,=16.2 mA cm™2), an open-
circuit voltage of 3.08 V, and a fill factor of 0.85. As
shown in Table S3, when compared to other solar cells
with different substrates [4, 40—-44], the ultra-thin dual-
junction and triple-junction GaAs solar cells based on
MWCNT-COF/PI with conversion efficiency of 26.6%
and 31.5% demonstrates exceptional specific powers of
8998 and 7749 W kg~!, respectively.

Notably, as shown in Fig. 6f, the ultra-thin flexible
GaAs solar cell exhibits almost unchanged J-V curves,
corresponding to high efficiency retention at different
bending radii. More importantly, when the flexible solar
cells were subjected to continuous bending for 2000
cycles at a bending radius of R =10 mm, they still dem-
onstrated excellent efficiency retention (Fig. 6g), high-
lighting their significant potential for flexible and light-
weight photovoltaic systems in both terrestrial and space
applications. As illustrated, this ultra-thin and robust PI
film structure can withstand lateral tensile forces and
longitudinal nail penetration to a certain extent, owing to
the anchoring of robust MWCNTSs and covalently bonded
COF layers within the PI substrate.

4 Conclusions

In summary, ultra-thin, lightweight, and robust PI films
were successfully prepared through the in situ incor-
poration of MWCNT-COF coaxial hybrid materials for
ultra-thin, high-specific-power GaAs solar cells. The
synergy between MWCNTSs and a covalently anchored
porous COF layer, combined with the thermally stable
molecular structure of PI, conferred remarkable strength
and reduced weight to the films. The resulting ultra-
thin porous MWCNT-COF/PI composite films, with a

© The authors

thickness of 6 um, exhibited a high Young’s modulus
of 1.53 GPa and a tensile strength of 97.53 MPa, along
with a low density of 0.73 g cm ™. Compared to bare PI
films, these composites demonstrated a 109% increase
in Young’s modulus and a 35.4% enhancement in tensile
strength, attributed to the anchoring effects of MWC-
NTs and the covalently bonded COF layers, while also
achieving a 45.1% reduction in density. This underscores
the critical role of the 3D network formed by MWCNT-
COF coaxial hybrids in enhancing the performance of PI
films. Additionally, Gaussian computational simulations
confirmed that COF-grafted MWCNTs effectively modi-
fied the PAA composite material, further improving the
mechanical properties of PI. Flexible dual-junction and
triple-junction GaAs solar cells, utilizing the 6-um-thick
MWCNT-COF/PI composite films as substrates, achieved
a photoelectric conversion efficiency of 26.6% and 31.5%
with high specific powers of 8998 and 7749 W kg~!,
respectively. The design concept presented in this work
may pave the way for the development of ultra-thin,
lightweight, and robust films applicable in various fields.

Acknowledgements This work was financially supported by
Natural Science Foundation of Shanghai (23ZR1430100 and
23ZR1443000), Postgraduate Education Reform and Quality
Improvement Project of Henan Province (YJS2025GZZ09),
Project of Central Plains Science and Technology Innovation
Leading Talents (254200510013), Natural Science Foundation
of Henan (252300420986), National Natural Science Founda-
tion of China (62501392), the Key Research and Development
and promotion projects in Henan Province (262102240118)
and University-Industry Cooperation Foundation of the Eighth
Research Institute of China Aerospace Science and Technology
Corporation (USCAST2022-44). The Henan Key Laboratory of
Information Functional Materials and Sensing Technology and
Instrumental Analysis Center of Shanghai Jiao Tong University
for the analytical support were also acknowledged.

Author contributions B. L. contributed to writing—original
draft, conceptualization, and conduction of experiments. Z. G.
contributed to conduction of experiments and editing. Q. W. con-
tributed to writing and conduction of experiments. M. Y. contrib-
uted to supervision and reviewing. X. S. contributed to reviewing
and editing. L. Y. contributed to supervision and writing. C. L.
contributed to reviewing and editing. Y. Z. contributed to conduc-
tion of experiments and editing. W. X. contributed to conduction
of experiments and editing. L. J. contributed to supervision and
reviewing. L. S. contributed to conduction, reviewing and editing.
F. S. contributed to conceptualization, reviewing and editing. X.
L. contributed to resources and reviewing. N. H. contributed to
validation, reviewing and editing.

https://doi.org/10.1007/s40820-026-02326-1



Nano-Micro Lett. (2027) 19:31

Page 15 of 17 31

Declarations

Conlflict of interest The authors declare that they have no known
competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper. Nantao Hu, an
editorial board member for Nano-Micro Letters, was not involved in
the editorial review or decision to publish this article.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s40820-026-02326-1.

References

1. K. Nassiri Nazif, A. Daus, J. Hong, N. Lee, S. Vaziri et al.,
High-specific-power flexible transition metal dichalcogenide
solar cells. Nat. Commun. (2021). https://doi.org/10.1038/
s41467-021-27195-7

2. S. Ye, H. Rao, M. Feng, L. Xi, Z. Yen et al., Expanding the
low-dimensional interface engineering toolbox for efficient
perovskite solar cells. Nat. Energy 8(3), 284-293 (2023).
https://doi.org/10.1038/s41560-023-01204-z

3. H. Wu, F. Ye, M. Yang, F. Luo, X. Tang et al., Silicon het-
erojunction back-contact solar cells by laser patterning.
Nature 635(8039), 604—609 (2024). https://doi.org/10.1038/
s41586-024-08110-8

4. J. Schon, G.M.M.W. Bissels, P. Mulder, R.H. van Leest, N.
Gruginskie et al., Improvements in ultra-light and flexible
epitaxial lift-off GaInP/GaAs/GalnAs solar cells for space
applications. Prog. Photovoltaics 30(8), 1003—-1011 (2022).
https://doi.org/10.1002/pip.3542

5. B. Hailegnaw, S. Demchyshyn, C. Putz, L.E. Lehner, F. Mayr
et al., Flexible quasi-2D perovskite solar cells with high spe-
cific power and improved stability for energy-autonomous
drones. Nat. Energy 9(6), 677-690 (2024). https://doi.org/10.
1038/541560-024-01500-2

6. Y.Li, X. Ru, M. Yang, Y. Zheng, S. Yin et al., Flexible silicon
solar cells with high power-to-weight ratios. Nature 626(7997),
105-110 (2024). https://doi.org/10.1038/541586-023-06948-y

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

10.

11.

12.

13.

14.

15.

16.

17.

18.

F. Han, Z. Zhang, H. Wu, H. Yuan, L. Lu et al., Homog-
enize strain distribution via molecular network engineer-
ing for mechanically reliable flexible perovskite solar cells.
Nano-Micro Lett. 18(1), 218 (2026). https://doi.org/10.1007/
s40820-026-02079-x

T.S. Kim, H.J. Kim, D.-M. Geum, J.-H. Han, I.S. Kim et al.,
Ultra-lightweight, flexible InGaP/GaAs tandem solar cells
with a dual-function encapsulation layer. ACS Appl. Mater.
Interfaces 13(11), 13248-13253 (2021). https://doi.org/10.
1021/acsami.1c00006

X. Liu, H. Zhang, Y. Pan, J. Ma, C. Liu et al., A transpar-
ent polymer-composite film for window energy conservation.
Nano-Micro Lett. 17(1), 151 (2025). https://doi.org/10.1007/
s40820-025-01668-6

Y. Gao, Y. Sui, Z. Liu, Z. Tang, X. Zeng et al., Nacre-inspired
coordination networks for transparent, ultra-stable polyimide
films in flexible electronics. Adv. Funct. Mater. 36(1), e13521
(2026). https://doi.org/10.1002/adfm.202513521

Y. Zhou, Y. Zhang, Y. Pang, H. Guo, Y. Guo et al., Thermally
conductive Ti;C,T, fibers with superior electrical conductiv-
ity. Nano-Micro Lett. 17(1), 235 (2025). https://doi.org/10.
1007/s40820-025-01752-x

P. Zhang, C. Huang, H. Liu, J. Sun, Y. Yao et al., Enhance-
ment of thermo-oxidative stability of polyimide composites by
functionalized polyimide film surface modification. Compos.
Commun. 52, 102118 (2024). https://doi.org/10.1016/j.coco.
2024.102118

H. Bai, Y. Hu, Y. Zhao, X. Zhu, J. Hu et al., Mechanically
strong, transparent polyimide composite thin films with a low
dielectric constant. Compos. Commun. 52, 102129 (2024).
https://doi.org/10.1016/j.coco.2024.102129

H. Lin, H. Fan, C. Yang, S. Zhu, T. Xie et al., Porous poly-
imide films with low dielectric constant prepared by inte-
grated strategy containing construction of pore structure
and crosslinking network engineering. Polymer 319, 128000
(2025). https://doi.org/10.1016/j.polymer.2024.128000

0. Aghababaei Tafreshi, Z. Saadatnia, S. Ghaffari-Mosanen-
zadeh, A. Kumar, M. Salari et al., Flexible, thermally stable,
and ultralightweight polyimide-CNT aerogel composite films
for energy storage applications. ACS Appl. Mater. Interfaces
15(43), 50360-50377 (2023). https://doi.org/10.1021/acsami.
3c11539

Z. Wu, J. Dong, C. Teng, X. Li, X. Zhao et al., Polyimide-
based composites reinforced by carbon nanotube-grafted car-
bon fiber for improved thermal conductivity and mechanical
property. Compos. Commun. 39, 101543 (2023). https://doi.
org/10.1016/j.c0c0.2023.101543

C. Lu, F. Lin, H. Shao, S. Bi, N. Chen et al., Carboxylated
carbon nanotube/polyimide films with low thermal expansion
coefficient and excellent mechanical properties. Polymers
14(21), 4565 (2022). https://doi.org/10.3390/polym14214565
S. Ge, K. Wei, W. Peng, R. Huang, E. Akinlabi et al., A com-
prehensive review of covalent organic frameworks (COFs) and
their derivatives in environmental pollution control. Chem.
Soc. Rev. 53(23), 11259-11302 (2024). https://doi.org/10.
1039/d4cs00521j

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-026-02326-1
https://doi.org/10.1007/s40820-026-02326-1
https://doi.org/10.1038/s41467-021-27195-7
https://doi.org/10.1038/s41467-021-27195-7
https://doi.org/10.1038/s41560-023-01204-z
https://doi.org/10.1038/s41586-024-08110-8
https://doi.org/10.1038/s41586-024-08110-8
https://doi.org/10.1002/pip.3542
https://doi.org/10.1038/s41560-024-01500-2
https://doi.org/10.1038/s41560-024-01500-2
https://doi.org/10.1038/s41586-023-06948-y
https://doi.org/10.1007/s40820-026-02079-x
https://doi.org/10.1007/s40820-026-02079-x
https://doi.org/10.1021/acsami.1c00006
https://doi.org/10.1021/acsami.1c00006
https://doi.org/10.1007/s40820-025-01668-6
https://doi.org/10.1007/s40820-025-01668-6
https://doi.org/10.1002/adfm.202513521
https://doi.org/10.1007/s40820-025-01752-x
https://doi.org/10.1007/s40820-025-01752-x
https://doi.org/10.1016/j.coco.2024.102118
https://doi.org/10.1016/j.coco.2024.102118
https://doi.org/10.1016/j.coco.2024.102129
https://doi.org/10.1016/j.polymer.2024.128000
https://doi.org/10.1021/acsami.3c11539
https://doi.org/10.1021/acsami.3c11539
https://doi.org/10.1016/j.coco.2023.101543
https://doi.org/10.1016/j.coco.2023.101543
https://doi.org/10.3390/polym14214565
https://doi.org/10.1039/d4cs00521j
https://doi.org/10.1039/d4cs00521j

31

Page 16 of 17

Nano-Micro Lett. (2027) 19:31

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

G.M. Jaid, A.A. AbdulRazak, H. Meskher, S. Al-Saadi,
Q.F. Alsalhy, Metal-organic frameworks (MOFs), covalent
organic frameworks (COFs), and hydrogen-bonded organic
frameworks (HOFs) in mixed matrix membranes. Mater.
Today Sustain. 25, 100672 (2024). https://doi.org/10.1016/j.
mtsust.2024.100672

W. Zhao, Z. Wei, C. Lu, Y. Tong, J. Huang et al., Con-
struction of all-organic low dielectric polyimide hybrids
via synergistic effect between covalent organic framework
and cross-linking structure. Nano Mater. Sci. 5(4), 429-438
(2023). https://doi.org/10.1016/j.nanoms.2023.02.002

H. Li, Z. Xie, C. Yang, J. Kwon, A. Lainé et al., Flexible
all-organic nanocomposite films interlayered with in situ
synthesized covalent organic frameworks for electrostatic
energy storage. Nano Energy 113, 108544 (2023). https://
doi.org/10.1016/j.nanoen.2023.108544

H. Duan, K. Li, M. Xie, J.-M. Chen, H.-G. Zhou et al.,
Scalable synthesis of ultrathin polyimide covalent organic
framework nanosheets for high-performance lithium-sulfur
batteries. J. Am. Chem. Soc. 143(46), 19446-19453 (2021).
https://doi.org/10.1021/jacs.1c08675

Y.-Y. Wang, W.-J. Sun, D.-X. Yan, K. Dai, Z.-M. Li, Ultra-
light carbon nanotube/graphene/polyimide foam with hetero-
geneous interfaces for efficient electromagnetic interference
shielding and electromagnetic wave absorption. Carbon 176,
118-125 (2021). https://doi.org/10.1016/j.carbon.2020.12.
028

X.-X. Luo, W.-H. Li, H.-J. Liang, H.-X. Zhang, K.-D. Du
et al., Covalent organic framework with highly accessible
carbonyls and m-cation effect for advanced potassium-ion
batteries. Angew. Chem. Int. Ed. 61(10), e202117661 (2022).
https://doi.org/10.1002/anie.202117661

Y. Qin, Q. Yin, J. Lyu, X. Wang, X. Liu, Preparation of poly-
imide films with ultralow dielectric loss at high frequency by
reducing intermolecular friction. Polymer 309, 127432 (2024).
https://doi.org/10.1016/j.polymer.2024.127432

S. Kanagaraj, F.R. Varanda, T.V. Zhil’tsova, M.S.A. Oliveira,
J.A.O. Simdes, Mechanical properties of high density poly-
ethylene/carbon nanotube composites. Compos. Sci. Tech-
nol. 67(15-16), 3071-3077 (2007). https://doi.org/10.1016/j.
compscitech.2007.04.024

A. Mokhalingam, D. Kumar, A. Srivastava, Mechanical
behaviour of graphene reinforced aluminum nano composites.
Mater. Today Proc. 4(2), 3952-3958 (2017). https://doi.org/
10.1016/j.matpr.2017.02.295

Y.-C. Chen, Y.-C. Lin, E.-C. Chang, C.-C. Kuo, M. Ueda et al.,
Investigation of the structure—dielectric relationship of poly-
imides with ultralow dielectric constant and dissipation factors
using density functional theory. Polymer 256, 125184 (2022).
https://doi.org/10.1016/j.polymer.2022.125184

J. Yi, C. Liu, Y. Tian, K. Wang, X. Liu et al., Improving
dimensional stability at high temperature and toughness of
polyimide films via adjustable entanglement density. Polymer
218, 123488 (2021). https://doi.org/10.1016/j.polymer.2021.
123488

© The authors

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

H. Ku, H. Wang, N. Pattarachaiyakoop, M. Trada, A review on
the tensile properties of natural fiber reinforced polymer com-
posites. Compos. Part B Eng. 42(4), 856-873 (2011). https://
doi.org/10.1016/j.compositesb.2011.01.010

C. Yuan, Z. Sun, Y. Wang, Synthesis and characterization
of a novel organo-soluble polyimide containing hydroxyl
and bis-tert-butyl substituted triphenylpyridine units. J.
Polym. Res. 27(8), 220 (2020). https://doi.org/10.1007/
$10965-020-02208-z

C.-C. Kuo, Y.-C. Lin, Y.-C. Chen, P.-H. Wu, S. Ando et al.,
Correlating the molecular structure of polyimides with the
dielectric constant and dissipation factor at a high frequency
of 10 GHz. ACS Appl. Polym. Mater. 3(1), 362-371 (2021).
https://doi.org/10.1021/acsapm.0c01141

B. Mu, W. Li, Y. Li, W. Zhang, B. Kou et al., Polyimide films
with high strength and toughness synthesized utilizing a syn-
ergistic strategy of stiffness-flexibility harmonization. High
Perform. Polym. 37(6-7), 390—402 (2025). https://doi.org/10.
1177/09540083251358874

R. Liang, Y. Hu, G. Li, Photochemical synthesis of magnetic
covalent organic framework/carbon nanotube composite and
its enrichment of heterocyclic aromatic amines in food sam-
ples. J. Chromatogr. A 1618, 460867 (2020). https://doi.org/
10.1016/j.chroma.2020.460867

D. Bradley, C.P. Branley, M.D. Peeks, A straightforward
method to quantify the electron-delocalizing ability of
n-conjugated molecules. Phys. Chem. Chem. Phys. 24(19),
11486-11490 (2022). https://doi.org/10.1039/d2cp01497a

J. Wang, X. Jin, H. Wu, S. Guo, Polyimide reinforced with
hybrid graphene oxide @ carbon nanotube: toward high
strength, toughness, electrical conductivity. Carbon 123,
502-513 (2017). https://doi.org/10.1016/j.carbon.2017.07.055

M.A. Kashfipour, N. Mehra, J. Zhu, A review on the role of
interface in mechanical, thermal, and electrical properties
of polymer composites. Adv. Compos. Hybrid Mater. 1(3),
415-439 (2018). https://doi.org/10.1007/s42114-018-0022-9

X. Wang, B. Li, L. Zhou, X. Shi, L. Sun et al., Improving
the irradiation resistance of inverted flexible 3] solar cells
by adjusting the structure. Sol. Energy 249, 744-750 (2023).
https://doi.org/10.1016/j.solener.2022.12.012

H. Chen, A. Cattoni, R. De Lépinau, A.W. Walker et al.,
A 19.9%-efficient ultrathin solar cell based on a 205-nm-
thick GaAs absorber and a silver nanostructured back mir-
ror. Nat. Energy 4, 761-767 (2019). https://doi.org/10.1038/
s41560-019-0434-y

R. Cariou, J. Benick, F. Feldmann, O. Hohn, H. Hauser et al.,
TII-V-on-silicon solar cells reaching 33% photoconversion effi-
ciency in two-terminal configuration. Nat. Energy 3, 326-333
(2018). https://doi.org/10.1038/s41560-018-0125-0

F. Xu, E. Aydin, I. Yavuz, C. Deger, E. Ugur et al., Stabilized
perovskite phases enabling efficient perovskite/perovskite/sili-
con triple-junction solar cells. Nat. Mater. 25, 259-266 (2026).
https://doi.org/10.1038/s41563-025-02367-8

https://doi.org/10.1007/s40820-026-02326-1


https://doi.org/10.1016/j.mtsust.2024.100672
https://doi.org/10.1016/j.mtsust.2024.100672
https://doi.org/10.1016/j.nanoms.2023.02.002
https://doi.org/10.1016/j.nanoen.2023.108544
https://doi.org/10.1016/j.nanoen.2023.108544
https://doi.org/10.1021/jacs.1c08675
https://doi.org/10.1016/j.carbon.2020.12.028
https://doi.org/10.1016/j.carbon.2020.12.028
https://doi.org/10.1002/anie.202117661
https://doi.org/10.1016/j.polymer.2024.127432
https://doi.org/10.1016/j.compscitech.2007.04.024
https://doi.org/10.1016/j.compscitech.2007.04.024
https://doi.org/10.1016/j.matpr.2017.02.295
https://doi.org/10.1016/j.matpr.2017.02.295
https://doi.org/10.1016/j.polymer.2022.125184
https://doi.org/10.1016/j.polymer.2021.123488
https://doi.org/10.1016/j.polymer.2021.123488
https://doi.org/10.1016/j.compositesb.2011.01.010
https://doi.org/10.1016/j.compositesb.2011.01.010
https://doi.org/10.1007/s10965-020-02208-z
https://doi.org/10.1007/s10965-020-02208-z
https://doi.org/10.1021/acsapm.0c01141
https://doi.org/10.1177/09540083251358874
https://doi.org/10.1177/09540083251358874
https://doi.org/10.1016/j.chroma.2020.460867
https://doi.org/10.1016/j.chroma.2020.460867
https://doi.org/10.1039/d2cp01497a
https://doi.org/10.1016/j.carbon.2017.07.055
https://doi.org/10.1007/s42114-018-0022-9
https://doi.org/10.1016/j.solener.2022.12.012
https://doi.org/10.1038/s41560-019-0434-y
https://doi.org/10.1038/s41560-019-0434-y
https://doi.org/10.1038/s41560-018-0125-0
https://doi.org/10.1038/s41563-025-02367-8

Nano-Micro Lett. (2027) 19:31

Page 17 of 17 31

42.

43.

M. Yu, J. Long, Q. Sun, Z. Chen, X. Wu et al., Achieving
flexible higher efficiency GalnP/GaAs/InGaAs solar cells
by 40-period quantum well superlattices. Nano Energy 136,
110718 (2025). https://doi.org/10.1016/j.nanoen.2025.110718

X. Huang, J. Long, D. Wu, S. Ye, X. Li et al., Flex-
ible four-junction inverted metamorphic AlGalnP/AlGaAs/
In, ,Ga, g3As/Ing 4;Ga 53As solar cell. Sol. Energy Mater.
Sol. Cells 208, 110398 (2020). https://doi.org/10.1016/j.s0l-
mat.2020.110398

44. T. Kim, H. Kim, D. Geum, J. Han, I. Kim et al., Ultra-light-
weight, flexible InGaP/GaAs tandem solar cells with a dual-
function encapsulation layer. ACS Appl. Mater. Interfaces 13,
13248-13253 (2021). https://doi.org/10.1021/acsami.1c00006

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.nanoen.2025.110718
https://doi.org/10.1016/j.solmat.2020.110398
https://doi.org/10.1016/j.solmat.2020.110398
https://doi.org/10.1021/acsami.1c00006

	Covalent Organic Framework-Anchored Carbon Nanotubes Enabling Ultra-Thin Robust Polyimide Films for High-Specific-Power Flexible GaAs Solar Cells
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Materials
	2.2 Purification and Carboxylation of MWCNTs
	2.3 Synthesis of PI-Based COF and COF-Modified MWCNTs
	2.4 Preparation of Composite Films
	2.5 Theoretical Calculations
	2.6 Characterization Methods

	3 Results and Discussion
	3.1 Design and Structure of MWCNT-COFPI Composite Films
	3.2 Thermodynamic and Physical Properties of Composite Films
	3.3 Mechanisms of Mechanical Reinforcement in Composite Films
	3.4 Photoelectric Conversion Properties of Flexible Solar Cells

	4 Conclusions
	Acknowledgements 
	References


