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Large-area, flexible, and conductive porous film of interlinked 
carbon nanospheres for UV light filter and resistive heater
Meng-Qi Zhao‡a, Tian-Yi Li‡a, Chuan-Bin Li‡a, Hui-Qun Huanga, Yong-Sheng Wanga, Ling-Yu Donga, 
Xiao-Dong Shia, Yu-Tai Wua, Guang-Ping Hao*a, and An-Hui Lu*a

Abstract: Conductive and flexible thin film is promising for wearable electronic devices, and is challenging in fabrication due 
to its multiple requirements on structural and functional integration. Here, we present a chemical method for the 
preparation of large-area carbon film by in situ linking uniform carbon nanospheres that derived from stiff-shell polymeric 
crystals. The proof-of-concept interlinked carbon film features a dual-porous structure, consisting of the intrinsic micropores 
within the nodes of carbon spheres and the in-plane macropores within the interlinked carbon spheres patterned in mono-
/few layer. The success in preparation of such interlinked carbon film relies on the unique combination of the liquid-solid 
configuration of polymeric stiff-shell and soft core, which induce a series of dynamic transformation from phase expansion, 
fusion, linking, and eventually form large-area interlinked porous carbon nanospheres patterned in one layer. Such thin 
carbon films can be transferred onto various rigid or flexible substrates, and perform well as light filter that can block > 90% 
UV light, as electrical-heating material that delivered a heating efficiency up to 45.8 oC/μm. This work provides a smart 
engineering platform and benefit the design of future electronic skin and intelligent wearable devices.

Introduction
Large-area, flexible, and conductive porous carbon films have 
attracted considerable research interest for optical and thermal 
management applications, driven by the ongoing trend toward 
miniaturization and integration in electronic devices.[1-5] As optical 
functional materials, monolayer nanocarbon material is one 
important option due to their lightweight and tunable 
microstructures.[6,7] However, conventional nanocarbon materials 
exhibit limited spectral tenability. For instance, high-quality single-
layer graphene films show near-complete light transmission,[8] while 
other nanocarbons, e.g., carbon nanospheres, display the full-band 
absorption properties,[9] making the selective light-filtering highly 
difficult. For personal thermal management, it demands wearable 
Joule heaters, for which a thin conductive carbon film with high 
thermal conductivity is ideally required.[10,11] Integrating both 
functions in one film material is highly challenging, which calls for 
targeted structural design of naoncarbons at both the microscopical 
and macroscopical level.

From microscopic aspect, the surface/interface structures of 
nanocarbons would improve the selective light absorption or 
scattering.[12,13] In particular, surface structure with nano-patterns is 
one typical feature that could increase the accessible area, facilitate 

encoding surface properties,[14,15] thus tuning optical 
characteristics.[16-19] To date, various methods were explored to 
engineer fine surface structures in carbon spheres, which include 
emulsion polymerization,[20] surface coating,[21] and other post-
modifications.[22] From macroscopic aspect of a monolayer 
nanocarbon assembly, it needs to connect all the individual 
nanocarbons into a complete film, which not only ensures the 
electron conductivity, but also preserves selective light transmission 
pathways. Although significant advances have been made in 
developing diverse nanocarbon materials,[23-29] few studies can fulfil 
both of the aforementioned requirements.

Herein, we developed a chemical mimicry approach to construct 
a stiff-shell, soft-core polymeric structure, which spontaneously 
evolves into interlinked porous carbon nanospheres patterned in 
large-area monolayer film. For the core material, thermotropic 
polymer such as liquid crystals were reasonably employed 
considering their soft crystalline feature,[30,31] which potentially 
reveal favorable melting properties and thus create interactions 
between particles upon heating. Meanwhile, the highly crosslinked 
and stiff polymers were proposed as shell material that can resist the 
complete meltdown during thermal treatment.[32] We showcased 
the fine control of the formation of the two components in spite of 
their fast and competitive reaction kinetics between nucleation and 
subsequent polymerization.[33,34] The devised large-area monolayer 
film composed of interlinked nanocarbon spheres with controllable 
surface structures are well beyond the conventional nanocarbon 
films with multifunctionality that can effectively filter > 90% UV light 
and enable thin and wearable Joule heating.

a.State Key Laboratory of Fine Chemicals, Frontier Science Center for Smart 
Materials, Liaoning Key Laboratory for Catalytic Conversion of Carbon Resources, 
and School of Chemical Engineering. Dalian University of Technology. Dalian 
116024, P. R. China. E-mail: guangpinghao@dlut.edu.cn (G.-P. H.), 
anhuilu@dlut.edu.cn (A.-H. L.)

‡ M.-Q. Z., T.-Y. L. and C.-B. L. contribute equally.
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Results and Discussion
The synthesis of quasi-liquid polymeric crystals (LPCs) is based on the 
rapid formation of Schiff-based liquid crystals as initial seeds, 
surrounding which highly crosslinked polymer shells in situ grow 
(Figure 1a, left). The heterogeneous stiff-shell and soft-core 
structure forms in one-step in solution phase via cascading 
polymerization between Schiff-base seeds and benzoxazine 
monomers. First, the Schiff-base condensation between 
terephthalaldehyde (TPA) and p-phenylenediamine (p-PDA) initiates 
the rapid chain propagation and thus a fast nucleation at the early 
stage, owing to the highly reactive nucleophilic addition of aromatic 
amine to carbonyl group.[35] The π-π stacking and rigid C=N bonds 
ensures the ordered arrangement of molecular chains, endowing the 
core with soft polymeric structure.[36] Subsequently, the unoccupied 
-NH2 in the outer layer of the Schiff-base core provides ample 
heterogeneous nucleation sites for Mannich reaction upon 

introducing p-hydroquinone (HQ). During subsequent aging, the 
networks in the outer layer further crosslink, ending with the 
formation of dense stiff shell. Upon heating, the highly uniform and 
monolayer LPCs sequentially expanded, fused, shrank, and 
transformed into interlinked nanocarbon monolayer film (denoting 
MLCF, Figure 1a right).

We also screened different kinds of amines and phenols for this 
synthesis (Figure S1-S3), which failed to form such uniform 
nanospheres. This indicates that the reaction at the para-position of 
TPA, p-PDA, and HQ is unique for the tri-component reactions and 
subsequent distribution of the soft and hard components. Notably, 
this self-assembly strategy exhibits exceptional substrate universality, 
which enables the formation of high-quality film over diverse 
substrates including silicon wafers, quartz glass, and flexible 
polyethylene terephthalate (PET) (Figure 1b, Figure S4). In addition, 
by controlling the thermal treatment conditions, nanocarbons in 
dispersed powder form can also be prepared, which denote DPC.

Figure 1 Illustration and morphological characterizations of LPCs and MLCF. (a) Schematic of the synthesis of LPCs and monolayer interlinked nanocarbon film. (b) 

Monolayer coating of the LPCs on substrates of glass and plastic of PET. (c) SEM image of the LPCs. Inset: high magnification image. (d) Optical microscopy images of LPCs 

with normal light and cross-polarized light. (e) In situ PXRD patterns during reversibly thermal treatment. (f) SEM image of the monolayer film of interlinked nanocarbon 

spheres. (g) Optical image of the monolayer film of interlinked nanocarbon spheres under light emitting diode. The SEM images in (c, f) and optical images in (d, g) were 

collected at room temperature.

The scanning electron microscopy (SEM) images confirm that 
the resultant LPCs are highly uniform spheres with size of 600 nm 
in diameter (Figure 1c). The images of transmission electron 
microscopy (TEM) and scanning electron microscope-focused ion 
beam (SEM-FIB) reveal that the LPCs are solid structure (Figure S5). 
Notably, the LPCs are not standard spheroids, but rather deformable 

due to the quasi-liquid nature of the soft core. The crystalline feature 
of the LPCs was first evaluated by cross-polarized optical microscopy 
(Figure 1d, Figure S6). A dark cross (known as “Maltese cross”) was 
observed on LPCs, which is typical feature of spherulites. Spherulites 
are spherical polymer crystals with radially aligned crystalline 
polymer lamellae.[37] This observation suggests that the soft-core of 
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LPCs is essentially the nano-sized Schiff-base sheets assembled in 
spherical configurations.

Powder X-ray diffraction (PXRD) studies were conducted to 
further identify the crystal structure of LPCs. In situ XRD patterns 
were collected in a temperature range from 50 oC to 350 oC, and then 
back to 50 oC (Figure 1e). The phase structures are consistent with 
the reported Schiff-base materials.[38] The relatively sharp diffraction 
peak at 2θ of 20.4° coincides with the (110) planes of Schiff-base 
crystals. When the temperature increases to 350 oC, LPCs still largely 
preserve its crystalline structure, while the (110) plane at 20.4° 
moves to lower angles, indicating the thermally induced cell 
expansion. The structure change is highly reversible in the tested 
temperature range. We did not observe visible morphological 
changes of LPCs after the temperature cycling, which confirmed their 
structural stability (Figure S7).

We then assembled the LPCs into monolayer film on silicon (Si) 
wafer (Figure S8). The thermal treatment of the LPCs patterned in 
monolayer manner at 800 oC led to the formation of the nanocarbon 
films. To our surprise, we observed two unique features of such 
nanocarbon films. One is its unique morphology with uniform surface 
folding with depth of 2040 nm determined by atomic force 
microscopy (Figure S9, Figure 1f). This is distinct to common 
homogeneous polymer precursors, which resulted in smooth surface 
(Figure S10). Previous simulation and experimental results at 

macroscopic scale suggest that such gyrus-like nanofolds may arise 
from the joint effect of bending the hard shell and compressing the 
soft-core.[39-41] We speculate that the non-synchronous structure 
transformation for LPCs followed similar way due to the induced 
stress difference during heating. The structural evolution will be 
discussed in the next section of the formation mechanism. The other 
feature is that the nanocarbon spheres in monolayer are interlinked 
with each other (Figure S11). Each nanocarbon sphere functions as a 
node and connects with its neighboring by “nano-necks” (Figure 1f). 
The formation of the nano-necks is likely stemmed from the melting 
Schiff-base core, which seep through the softening shell during 
heating. In this way, the monolayer carbon nanospheres were 
interlinked, forming an entire and complete film (MLCF). We 
transferred the MLCF to the flexible and transparent subtract of 
polydimethylsiloxane (PDMS). The obtained PDMS supported MLCF 
is rather transparent. Moreover, the digital camera image shows that 
the film displays vivid grating colors under light (Figure 1g). This can 
be interpreted that the wavelengths of light are selectively 
propagated upon interaction with periodically arranged micron or 
submicron structures, which also indicates the uniform size of the 
nanocarbon nodes. Notably, the large area film exhibited electron 
conductive property (Figure S12), suggesting its structural integrity 
with the interlinked feature.

Figure 2 Chemical structure of the inner core in LPCs. (a, b) Low magnification and high magnification SEM images of LPCs derived nanocarbon spheres. (c) In situ FTIR 

spectra for LPCs collected at different reaction stages from 10 s to 2 h. (d) TEM image of LPCs after leached by HCl solution. (e) MALDI-TOF mass spectrum of composition 

released from the inner core of LPCs. (f) DSC curves of LPCs. The SEM images in (a, b) and TEM image in (d) were collected at room temperature.

As mentioned above, the nanocarbon spheres with surface folds 
can be either in interlinked patterns or in dispersed powder form. 
When we thermally treat the dispersed polymer spheres in the 
powder state, the resultant carbon spheres are highly uniform in size 
and the gyrus-like surface folds are well maintained (Figure 2a, b). Of 
notice, our method is facile and versatile. The size and surface 
topography of the carbon nanospheres can be precisely controlled 
simply by adjusting the polymerization temperature. Specifically, as 
the temperature increases from 25 oC to 90 oC, the diameter of 

obtained carbon nanospheres can be continuously tuned from 270 
nm to 460 nm with high size uniformity. Concurrently, the folding 
depth on the carbon sphere surface could be synchronously 
modulated from 10 nm to 40 nm under corresponding preparation 
conditions (Figure S13). This direct temperature-mediated 
regulation offers a simple pathway for the multiscale morphological 
design of functional carbon materials. In addition, we evaluated the 
porous structures and surface chemistry by gas adsorption using a 
series of molecular probes including N2 at 77 K, CO2 at 273 K, and H2O 
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at 298 K. (Figure S14a, b, c). The N2 adsorption isotherm of DPC is 
typically type I, indicating its microporous feature. The specific 
surface area was determined to be around 529 m2 g-1 according to 
the Brunner-Emmet-Teller theory. Furthermore, the dominated pore 
size of DPC is distributed at 0.48 nm, which is determined based on 
the non-local density functional theory (Figure S14a). While for H2O 
adsorption, it displays a sharp water uptake from the starting point 
to a relative humidity of 40% RH (Figure S14c), indicating its relatively 
hydrophilic feature.

To understand the formation pathway of the LPCs, we 
conducted in situ Fourier transform infrared spectroscopy (FTIR) test 
(Figure 2c). In 10 seconds, an absorption band at 1612 cm-1 was 
observed, which can be assigned to C=N stretching vibration, 
evidencing the fast nucleation of Schiff-base core.[42] Moreover, the 
C-N stretching band at 1195 cm-1 became obvious as the reaction 
continued, confirming the formation of crosslinked polybenzoxazine 
networks due to the co-polymerization of TPA, HQ, and p-PDA.[32] 

The C1s and N1s X-ray photoelectron spectra of LPCs also show the 
coexistence of C-N bonds and C=N bonds (Figure S15). Considering 
the chemical property of the Schiff-base core, we tried to extract it 
by dissolving in acid or organic solvents. For instance, after soaking 
in 0.18 M HCl solution or 1-butanol for 24 h, the soft-core was indeed 
leached out (Figure 2d, Figure S16, S17). We found that the leached 
nanospheres failed to form the fold structures after the identical 
thermal treatment, which evidenced the crucial role of the soft-core 
for the formation of the surface folding (Figure S18). Subsequently, 
we analyzed the extracts by matrix-assisted laser desorption 
ionization time-of-flight mass spectroscopy (MALDI-TOF MS). The 
mass distribution of the extracts is shown in Figure 2e. The molecular 
mass of the adjacent peaks is exactly with a fixed interval of 206 
Dalton, which equals the molecular mass of a repeating unit of the 
Schiff-base. These results nicely verified the structure and 
composition of the soft Shiff-base core in the LPCs.

Figure 3 In situ visualization of the dynamic structure evolution during thermal treatment and the proposed linking mechanism. (a) In situ SEM images collected at 20 
oC, 50 oC, 450 oC, and 800 oC during the thermal transition of monolayer LPCs. Heating rate: 10 oC min-1. (b) In situ PXRD patterns collected during heating the LPCs from 

20 to 450 oC, with pauses to take a set of XRD scans at an interval of 50 oC. The dashed line indicates the shift of the peak to lower angles. Inset: the model of the 

crystalline structure of LPCs inner core viewing in the direction perpendicular to the chains. (c) The proposed formation process of neck-like links in MLCF.

Next, we studied the thermotropic behavior of LPCs by 
thermogravimetric analysis (TGA) (Figure S19) together with 
differential scanning calorimetry (DSC) (Figure 2f). Based on the TG 
curve, we speculate the conversion of LPCs experienced two stages. 
The weight loss in the first stage from RT to 450 oC is within 3%, which 

is relevant to the adsorbed water. Meanwhile, two endothermic 
peaks are observed at 170 oC and 261 oC in DSC curve, which can be 
attributed to the glass transition of stiff-shell and crystalline melting 
of soft Schiff-base core. Similar observations were reported on other 
Schiff-base polymeric crystals.[43,44] The sample experienced a 
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significant weight loss about 53% during the second stage of 450-
1000 oC, which was due to the decomposition of polymeric molecular 
chains and subsequent evolution towards carbon structures. 
Notably, the formation of nanofolds structure started at around 500 
oC, which coincides well with the TGA-DSC results.

Followingly, we conducted a thorough investigation on the 
formation process of MLCF. The thermal transformation emerges as 
a pivotal stage in creating neck-like junctions among spheres. To 
directly observe this process, we employed in situ SEM and in situ 
XRD to provide a visual insight into the thermal transformation of 
LPCs as well as a comprehensive picture of the MLCF formation 
process (Figure 3a, b). As shown, the monolayer of LPCs were 
originally hexagonally assembled on the substrate (Figure 3a 
bottom). Due to the non-standard spheroid shape of the polymer 
sphere, between which there left discernible gaps. Upon heating the 
sample to 450 oC, each PLC exhibited volume expansion and thus 
squeezed each other, completely filling the interstitials (Figure 3a 
middle). Further heating induced the fusion and connection of the 
thermotropic liquid crystals with adjacent spheres. However, the stiff 
shell of the LPCs prevented them from completely merging. As 
heating to 800 oC, the size of the obtained nanospheres shrank to 
450 nm. However, each sphere was still interlinked with its 

neighboring spheres by the “nano-necks”; meanwhile, each sphere 
shows gyrus-like surface nanofolds (Figure 3a top).

Figure 3b provides the results of in situ XRD measurements 
during thermal treatment process. The dashed line shows the 
evolution of the most obvious features of the samples during thermal 
transformation. In the heating process of 20-450 oC, the sharp peak 
at 20.4° (110) moves to lower angles, due to the expansion of the 
unit cell (Figure 3b inset). Further increasing the temperature to 450 
oC and above (Figure S20), the XRD patterns changed obviously, and 
the peak of 20.4° disappeared and transformed into (002) peak of 
graphitic carbons, indicating the formation of nanocarbon structures. 
Based on these data, we summarized the formation process in Figure 
3c. In brief, the nanolinks stem from the melting of quasi-liquid 
crystal core. Upon heating, the melting core partly penetrated 
through the softening shell and fused with the neighboring. 
Meanwhile, the heterogeneous polymeric spheres gradually shrunk, 
which pulled the neighboring spheres apart. Such tension forces 
induced the nanowire drawing, ending with the neck-like junction 
among nanocarbon spheres. In contrast, we found that the carbon 
nanospheres derived from pure stiff polymer failed to link with the 
surroundings (Figure S21). These results reveal that the unique 
combination of stiff-shell and soft-core structure is crucial for the 
formation of such interlinked nanocarbon arrays.

Figure 4 The UV light filtering and resistive heating properties of MLCF. (a) SEM image of MLCF prepared at 500 oC. Inset: the visible assessment of transparency of the 

monolayer film of MLCF-500. (b) Schematic illustration of UV light and HEBL filtering through MLCF. (c) UV–vis transmission spectra of sample LPCs-RT and thermally 

treated MLCF at different temperatures. SEM images of Si supported CF-1L (d), CF-2L (e), and CF-3L (f). Inset: the cross-section of the CF-1L and its 2-layer (CF-2L) and 3-

layer (CF-3L) counterpart. (g) Time-dependent temperatures of MLCF with different layers with the applied potential of 11 V. (h) A performance comparison diagram of 

ΔT with thickness normalization for different film materials with the applied potential of 15 V.[10,46-51] (i) Optical image of flexible monolayer film of interlinked nanocarbon 

spheres on PDMS substrate with area of 126 cm2. The SEM images in (a, d, e, f) and optical image in (i) were collected at room temperature.
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The monolayer assembly of LPCs can easily proceed on flexible 
substrates such as PDMS. The evident folding surface increases the 
adhesion to the substrate surface, thereby warranting a high 
successful rate for device fabrication (Figure S22). The monolayer 
film of interlinked nanocarbon spheres in such large area motivated 
us to explore its application as light filters. The monolayer of LPCs 
underwent thermal treatment at 500 oC, yielding MLCF-500 (Figure 
4a, Figure S23). Compared with the monolayer of LPCs without 
thermal treatment (Figure S24), the formed voids in MLCF-500 due 
to the volume shrinkage of LPCs during thermal treatment allow light 
transmitting freely (Figure 4a inset).

We then optimized the thermal treatment conditions (Figure 
S25), and the typical films demonstrate a high transmittance for 
visible light while effectively filtering most harmful UV light and high 
energy blue light (HEBL) (Figure 4b). Among the tested samples, 
MLCF-450 and MLCF-500 demonstrated favorable filtration 
capabilities toward both UV and HEBL. In contrast, MLCF-50 was 
largely impermeable to these wavelengths, and MLCF-800 failed to 
selectively shield UV light and HEBL. The excellent performance of 
MLCF-500 is ascribed to its appropriate preparation temperature, 
which preserves the aromatic ring in the polymer as well as the C–
N/C=O bonds. These functionalities enable efficient absorption of UV 
light radiation and subsequent conversion of its energy into heat and 
fluorescence via π→π* transitions in the conjugated aromatic system 
and n→π* transitions related to carbon–heteroatom bonds (Figure 
S26).[45] As a result, MLCF-500 achieved a high transmittance for 
visible light while blocking 90% and above UV light and HEBL (Figure 
4c), making it promising for optical applications.

In addition, the large area monolayer film exhibited consistent 
optical performance after exposure to high-power UV light 
irradiation for 72 h (Figure S27). Even after immersing in water at 
different temperatures, the UV light transmittance of MLCF-500 only 
increased slightly by 1.2% (Figure S28). The outstanding durability is 
ascribed to the inherent stability of carbon materials. Furthermore, 
we investigated the effect of the incident angle of light. As the light 
incident varied from 6 to 76 degrees, the transmission of light in both 
UV light and visible spectra decreased to some extent. However, it 
maintains over 90% absorption of UV light as well as considerable 
transparency in all the conditions (Figure S29). To our knowledge, 
this is the first demonstration that large-area transparent monolayer 
film of interlinked nanocarbon spheres can be used for UV light 
protection. This might be useful for biological protection from UV 
light damage.

Due to the excellent conductivity and ultrathin properties of 
MLCF, we further investigated its potential application as resistive 
heating materials. By repeating the single-layer assembly process of 
LPCs, carbon film resistance heaters with an area of 24 cm2 and 
different layers (Figure 4d-f, S30, S31) were successfully fabricated 
and named CF-1L, CF-2L, and CF-3L in turn. The electrothermal 
performance tests demonstrated that when a voltage of 11 V was 
applied across a 3.0 cm × 3.0 cm sample, the surface temperature of 
only 1.2 μm thick CF-3L rapidly reached 43 oC (Figure 4g). 
Furthermore, we observed that as the number of MLCF layers 
increased, the electrical heating performance of the resistance 
heater increased regularly. Specifically, for every 0.4 μm increase in 
thickness, the surface temperature increased by about 9 oC (Figure 
S32). 

The repeatability over successive heating-cooling cycles is 
critical for the practical application of wearable heaters. The CF-3L 
heater consistently reached a maximum temperature of 
approximately 70 oC over 12 cycles under alternately switching 
on/off 18 V, with no significant performance degradation (Figure 
33a). The corresponding SEM image confirmed the structural 
integrity after heating-cooling cycles (Figure S33b). This 
demonstrates electrothermal stability and mechanical robustness of 
the device.

Figure S34 further showed that the surface temperature of CF-
3L was proportional to the square of the applied voltage, following 
Joule's law (Q=U2R-1t), providing a theoretical basis for accurate 
temperature control of resistance heaters. It is important to note 
that CF-3L exhibited both efficient heat generation under low-
voltage conditions (< 36 V) and guaranteed operational safety (Figure 
S35). Compared with the previously reported non-metallic ultrathin 
Joule heating materials, MLCF demonstrated significant advantages 
in terms of thickness control and thermal conductivity (Figure 4h, 
Table S1). In addition, the material preparation process exhibited 
good scalability, and its dimension was primarily constrained by the 
substrate area and heat treatment furnace capacity. For example, we 
have successfully prepared large area MLCF samples with dimension 
up to 21.0 cm × 6.0 cm (Figure 4i).

Conclusions
We demonstrated a facile fabrication of large-area conductive 
porous film of interlinked nanocarbon spheres derived from quasi-
liquid polymeric crystals with hybrid core-shell structure. Such core-
shell structure was prepared via cascading polymerization strategy 
that allows the surface evolution toward nanofolds morphology. The 
conductive and flexible films based on interlinked monolayer 
nanocarbons can serve as ideal candidates for optical materials such 
as UV light filtering glasses and electrically heated materials such as 
wearable heating devices. This scalable solution synthesis and the 
facile transformation represent a smart engineering platform at 
nanoscale for the design of electronic skin and intelligent wearable 
devices. 
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