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Particle engineering has opened the floodgates to material science in both fundamental and application
field. However, covalent interactions have not yet been adequately designed in the particle engineering
for functional colloidal photonic crystals (CPCs). Herein, we achieved covalent coupling between carboxyl-
rich poly(styrene-acrylic acid) (P(St-AA)) monodispersed colloidal particles and amine-rich carbon dots
(CDs) based on an feasible and universal particle engineering strategy. The designed CDs-grafted P(St-AA)
monodispersed colloidal particles initiate a hydrogen bond-driven assembly mode and ensure the con-
struction of large-scale crack-free CPCs. Moreover, the CDs equipped with selective broad-band absorp-
tion capacity could improve the saturation of structural colors for high-visibility CPCs. Furthermore, an
injectable photonic hydrogel (IPH) is developed to design CPC supraball hydrogel via integrating the CDs-
grafted P(St-AA) CPC supraballs with supramolecular hydrogel. Combining superior flexibility, sufficient
self-healing capacity of supramolecular hydrogel with visual optical information of our CPC supraballs, a
cyclically reversible coding and decoding system was developed. Meanwhile, we firstly demonstrated the
novel strategy of 3D supraballs-based passive cooling. The designed 3D CPC supraball hydrogel presents
nearly full observation angle reflections behavior and excellent water evaporation capacity and achieves
3.6°C temperature drops, showing the application advantages in 3D thermal management. This work not
only provides a new insight for manipulating optical properties of CPCs, but also demonstrates an easy-

to-perform platform, as well as indicates the direction for the promising application of CPCs.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Particle engineering, aimed at desired synthesis, functional
modification and structural design of nano/micro particles, has
been aroused a growing exploration in fundamental and applied
science [1-3]. Particle engineering designs have been widely ap-
plied in the construction of functional nanomaterials such as opti-
cal and electric, especially in regulating the assembly structure, en-
riching the photoelectric function [4]. Diversiform approaches have
been proposed in particle engineering, including ligand-coated
strategy [5], doping modification [6], and even coupling technique
[7]. Obviously, strong covalent force, which can establish robust
chemical interaction between nano/micro particles, is high concern
in particle engineering [8,9]. For instance, Dey et al. demonstrated
a highly robust three-dimensional (3D) nanoparticle supercrystals
(NPSCs) driven by covalent bonding interactions. These covalently
bonded NPSCs were outstanding in solvent and high-temperature
stability [10]. Liu et al. combined covalent conjugation strategies
and neural regeneration technique, suggesting the great potential
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of the covalent interactions between cells and biomaterials in tis-
sue regeneration [11]. In addition, covalent interactions are essen-
tial to ensure the application performance of functional particles,
and efficiently avert the performance attenuation ascribed by func-
tional group stripping on particle surface. In contrast, it is hard to
achieve for common weak intermolecular forces, such as van der
Waals forces and hydrogen bonding interactions [12,13]. However,
covalent interactions have not yet been adequately designed in
the particle engineering for the formation of functional monodis-
persed particles. Thus, the high-efficient and easy-to-perform co-
valent coupling route towards monodispersed particles remains
highly desired.

Colloidal photonic crystals (CPCs) with distinct optical prop-
erties, which are derived from the assembly of monodispersed
colloidal particles, have been broadly applied in optical displays,
anti-counterfeiting encryption, and sensing detection [14-17]. Es-
pecially, particle engineering of monodispersed colloidal particles
originated from the covalent interactions could exert positive
effects in improving structure and performance of CPCs. In this
aspect, Chen [18] et al. obtained wettability-encoded CPC patterns
based on the clickable reaction of alkyl-modified sub-micrometer
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Fig. 1. (a) Schematic illustration of the covalent grafting of amine-rich CDs on monodispersed P(St-AA) colloidal particles. (b) Explanation of the regulation mechanism in
structure and optical performance of the CDs-grafted CPCs. (c) Design of 3D CPC supraballs hydrogel arrangement for passive cooling. (d) Description of the fabrication of
CPC supraballs hydrogel fibers using a developed IPH system and their application for visually digital coding.

silica particles. Zhang et al. [19] prepared Methyl viologen (MV)
loaded SiO, particles by silane chemistry, and the assembled CPCs
features highly saturated and tunable structural colors. Recently,
our group firstly ensured the in-situ covalent coupling between
sub-micro SiO, monodispersed colloidal particle and nano-scale
carbon dots (CDs) for fluorescent CPCs. The bi-optical respon-
siveness of the fluorescent CPCs presents significant application
advantages towards veterinary drug detection [20]. And thus, the
particle engineering is vital for facilitating the progress of the
functional and high-quality CPCs. More promisingly, the passive
cooling capacity of CPCs conforms to the social trends of energy
saving and carbon reduction, would also set off a new wave of
applied research [21,22]. The particle engineering would bound
to create a powerful approach to the design of photothermal
properties of CPCs.

Herein, we achieved covalent coupling between poly(styrene-
acrylic acid) (P(St-AA)) monodispersed colloidal particles and CDs
via a feasible and universal particle engineering strategy. The syn-
thesized CDs-grafted P(St-AA) monodispersed colloidal particles
ensure the construction of robust and high-performance CPCs, and
greatly expand the application prospect of CPCs in digital coding
and passive cooling. This work demonstrates the following distinct
strengths: (1) We synthesized CDs-grafted P(St-AA) monodispersed
colloidal particles via particle engineering, where strong covalent
interaction generates from the amination reaction between amine-
rich CDs and carboxyl-rich P(St-AA) colloidal particles (Fig. 1a). The
CDs-grafted P(St-AA) monodispersed colloidal particles with de-
sired monodispersity (PDI < 0.05) and stability could be employed

as the desirable building block of CPCs. (2) Hydrogen bond-driven
assembly mechanism is proved based on the CDs-grafted P(St-AA)
monodispersed colloidal particles, ensuring large-scale crack-free
lattice structure. The morphology and chemical structure of CDs
can be well adjusted and designed at the nanoscale (<10 nm), and
thus the nanoscale CDs could be firmly anchored on the surface
of colloidal particles based on particle engineering. The obtained
CDs-grafted P(St-AA) monodispersed colloidal particles provide en-
hanced hydrogen bond-driven force towards near-periodic lattice
structure. Meanwhile, the CDs could act as a light-scattering ab-
sorber to uniformly absorb the strong incoherent scattering light,
achieving the optimization of the saturation of structural colors
for high-visibility CPCs (Fig. 1b). (3) We proposed a novel 3D
supraballs-based passive cooling method. The designed 3D CPC
supraballs hydrogel establishes nearly full observation angle reflec-
tions to effectively shield the solar radiation, while the water evap-
oration in the 3D hydrogel network accelerates heat dissipation.
Significantly, 3.6°C temperature drops of the 3D CPC supraballs
hydrogel successfully achieves the purpose of 3D thermal man-
agement (Fig. 1c). (4) Meanwhile, the visual optical information,
superior flexibility and sufficient self-healing capacity of the CPC
supraballs hydrogel fibers ensure a cyclically reversible coding and
decoding of visual recognition system (Fig. 1d). We therefore be-
lieve that this work will provide reliable reference for the design
of functional and high-quality CPCs, and lay a meaningful founda-
tion for further applications of CPCs.

Aimed at regulating the structure and optical properties of
CPCs, we designed CDs-grafted P(St-AA) monodispersed colloidal
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Fig. 2. (a) SEM image of the pure P(St-AA) CPCs. (b) SEM image of CDs-grafted
P(St-AA) CPCs. Inset: crystal lattices of the CDs. (c) FTI-IR spectra of the pure
P(St-AA) CPCs (blue), CDs (red), and CDs-grafted P(St-AA) CPCs (gray). (d) Micro-
IR images corresponding to N-H, C-N characteristic absorption peaks of the CDs-
grafted P(St-AA) CPCs.

particles. To this end, blue amine-rich chiral CDs with an optimal
excitation wavelength of 380 nm, optimal photoluminescence (PL)
emission wavelength of 450 nm and an absorption peak of 345 nm
was developed (Figs. S1 and S2 in Supporting information) [23].
Meanwhile, carboxy-rich P(St-AA) colloidal particles were adopted
(Fig. S3 in Supporting information). As shown in Fig. S4 (Support-
ing information), the resultant P(St-AA) colloidal particles possess
high monodispersity (polydispersion index (PDI) < 0.05) with an
average particle size of 284nm. In an amidation reaction, the ro-
bust covalent interaction was built between the carboxyl group
of P(St-AA) colloidal particles and the amino group of CDs, and
the CDs-grafted P(St-AA) colloidal particles were obtained. The size
of the CDs-grafted P(St-AA) colloidal particles is 288 nm, which
proved that the impact on particle size is negligible during the
grafting process. Meanwhile, the PDI of the CDs-grafted P(St-AA)
colloidal particles is below 0.05, meaning the excellent monodis-
persity for generating high-quality CPCs (Fig. S5 in Supporting in-
formation).

Scanning electron microscope (SEM) images were taken aimed
to evaluate the differences in morphology and distribution of
P(St-AA) colloidal particles before and after CDs grafting. Two
kinds of circumstances here under, the pure P(St-AA) colloidal par-
ticles are regularly spherical in morphology and uniform in size
and distribution, while the assembly structure of these particles
is relatively disorderly (Fig. 2a). After grafting CDs, the size of the
CDs-grafted P(St-AA) colloidal particles increased slightly and the
arrangement is more compact (Fig. 2b). Thus, the CDs could ef-
fectively promote the assembly of colloidal particles and form a
regular hexagonal close-packed lattice. The inset of Fig. 2b points
out the lattice structure of CDs (0.28 nm lattice spacing). To some
extent, these results reveal the successful synthesis of the CDs-
grafted P(St-AA) colloidal particles. We further verified the chem-
ical composition of the pure CDs, pure P(St-AA) and the CDs-
grafted P(St-AA) colloidal particles by Fourier-transform infrared
(FT-IR) spectroscopy (Fig. 2c). For pure CDs (red curve), the absorp-
tion peaks appear at 3430, 1630 and 1350 cm™~!, corresponding to
characteristic groups of amines, respectively, suggesting the abun-
dant amino group on the CDs surface [24]. Compared to the pure
P(St-AA) colloidal particles, the FT-IR curve of CDs-grafted P(St-
AA) (gray curve) appears two new absorption peaks at 1630 and
1350 cm~!, which belong to the characteristic peaks of N-H
and C-N in CDs, confirming the grafting of CDs onto the P(St-
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Fig. 3. (a) Optical photographs, (b) intensity of reflection peaks and (c) CIE
chromaticity plots of structural color films constructed by CDs-grafted P(St-AA)
monodispersed colloidal particles with different CDs concentration (0 wt%, 0.25
wt%, 0.5 wt%, 1 wt%, 2 wt%, and 5 wt%) and different P(St-AA) particles sizes (210,
284, and 302 nm). Scale bar is 1cm.

AA) colloidal particles. Furthermore, the micro-IR images of the
CDs-grafted P(St-AA) colloidal particles present the N-H and C-N
groups with high intensity, which further confirming the forma-
tion of amide bond (Fig. 2d). The crystalline structure of the pure
P(St-AA) and CDs-grafted P(St-AA) colloidal particle is recorded by
X-ray diffraction (XRD) (Fig. S6 in Supporting information). Both
pure P(St-AA) colloidal particles (20 =19°) and CDs-grafted P(St-
AA) colloidal particles (260 =20°) show the almost similar wide
diffraction peak, indicating their amorphous structure. Whereas,
due to the introduction of highly disordered CDs, the characteris-
tic diffraction peak of the CDs-grafted P(St-AA) colloidal particles
shifts slightly to the right [25]. These above characterizations suc-
cessfully confirmed the grafting of CDs on the P(St-AA) colloidal
particles surface based on the proposed particle engineering strat-
egy, and clearly indicated the robust covalent interaction.

In addition, the optical property of the CDs-grafted P(St-AA)
CPC is probed deeply. Fig. 3a presents a series of CDs-grafted
P(St-AA) CPC films with different reflections, which were obtained
via varying the CDs concentration and the particle size of P(St-AA)
colloidal particle. Obviously, the effect of incorporation CDs onto
P(St-AA) colloidal particles on the particle size and PDI is fully neg-
ligible (Fig. S7 in Supporting information). Therefore, blue, orange,
and red structural colors films were derived from colloidal parti-
cles of 210, 284 and 302 nm, respectively. In the case of the pure
P(St-AA) CPCs, the structural color is relative dim due to negative
incoherent light scattering [26]. Whereas, the CPC films made of
CDs-grafted P(St-AA) colloidal particles show the enhanced bright-
ness and saturation, which could be explained by the fact of the
broadband absorption ability of CDs in the visible region, elimi-
nating incoherent scattering and regulating the Bragg diffraction of
the CPCs [27-30]. Obviously, the high-intensity, broad background
signal of CPCs was reduced by the CDs-grafted P(St-AA) colloidal
particles [31]. The reflection spectra of each of the structural color
films were characterized (Fig. 3b, Figs. S8 and S9 in Supporting in-
formation) to explore the difference in optical properties. The re-
flection intensity of CPC film was gradually increased with the CDs
concentration (from 0 wt% to 1 wt%). Whereas, the reflection in-
tensity begins to recede as the excessive incorporation of CDs (with
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Fig. 4. (a) Optical micrographs of P(St-AA), CDs-grafted P(St-AA) CPC film with the
structural color of yellow and IR images of characteristic peaks at 3430, 1716 and
1630 cm~'. Scale bar: 50um. (b) Optical images of the assembly process of the
pure P(St-AA) colloidal particles (upper) and CDs-grafted P(St-AA) colloidal parti-
cles (lower) with same solid content (25 wt%) and similar particle sizes (302 nm)
on hydrophilic substrate. (c) Schematic illustration of the evaporation induced self-
assembly process of pure P(St-AA) and CDs-grafted P(St-AA) colloidal particles.

CDs concentrations > 1 wt%) due to raised absorption. In compari-
son, the reflection spectra of pure CPC show a wide and weak peak
on account of the high incoherent scattering. It is worth noting
that the grafting of CDs (1 wt% concentration) expands the gamut
area and greatly increases the color saturation of CPCs (Fig. 3c).
And thus, the CDs concentration was determined as 1 wt% for sub-
sequent experiments. Moreover, these results strongly indicate the
regulation of CDs on the optical property of CPCs, facilitating the
development of CPCs with high-visibility structural color.
Employing bar-coating method, P(St-AA) and CDs-grafted
P(St-AA) CPC film were constructed on glass substrate. It is worth
noting that visible cracks scattered on the P(St-AA) CPC film, re-
sulting in its poor structural color. By contrast, after grafting CDs,
cracks of CPC film are suppressed. To reveal the cause of crack dis-
appearance, micro-IR images of P(St-AA) and CDs-grafted P(St-AA)
CPC films were taken. As shown in Fig. 4a, the absorption peaks
at 3430, 1716 and 1630 cm~! of CDs-grafted P(St-AA) CPC films
are enhanced, corresponding to -OH, C=0 and N-H groups, re-
spectively. It is verified that the enhanced hydrogen bond inter-
action of CDs-grafted P (St-AA) CPC ensures the orderly assembly
of colloidal particles and inhibits cracks and defects [32,33]. Fur-
thermore, we compared the assembly behavior of the CDs-grafted
P(St-AA) colloidal particles with the pure P(St-AA) colloidal parti-
cles (temperature: 30 °C, humidity: 60%, solid content: 25 wt%).
Fig. 4b shows the assembling process of monodispersed colloidal
particles on a hydrophilic substrate. In the pure P(St-AA) colloidal
particles case, the droplet reached surface dry state after 500s.
Based on the evaporation-induced self-assembly, a ring-like de-
posit with dim color and severe cracks formed. While the CDs-
grafted P(St-AA) colloidal particles demonstrate an assemble time
as short as 380s, which is only about 76% of pure P(St-AA) col-
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loidal particles [20]. The enhanced assembly efficiency and excel-
lent assembly performance are desired in CPC application. Taken
the above results into consideration, a hydrogen bond-driven self-
assembly mechanism of the CDs-grafted P(St-AA) colloidal particles
is shown in Fig. 4c. In the most cases, just like P(St-AA) colloidal
droplet, the free evaporation self-assembly process of CPCs could
produce outward capillary forces, which can eventually lead to the
formation of coffee rings at the edges and the occurrence of ob-
vious cracks [34]. Then, the hydrogen bond-driven force of CDs-
grafted P(St-AA) colloidal particles opens a more uniform and effi-
cient assembly mode. Therefore, the assembly efficiency of CPCs is
greatly enhanced. In addition, the interaction of particles-medium
and particle-particle is also enhanced, and the outward capillary
flow is destroyed in the CDs-grafted P(St-AA) colloidal droplets, re-
sulting in the disappearance of cracks [35,36].

Taken application into consideration, we fabricated spherical
CPCs in a continuous and controllable manner using a single-
emulsion microfluidics chip. The generated water-in-oil colloidal
droplets through microfluidics chip were regarded as soft spheri-
cal mold, which ensuring the spherical morphology and highly or-
dered arrangement of the obtained CPC supraballs (Fig. S10 in Sup-
porting information) [37,38]. CPC supraballs with different struc-
tural color could be attained via regulating the size of building
blocks. Dazzling blue, green, orange, and red CPC supraballs were
prepared from 210, 244, 284, and 302nm CDs-grafted P(St-AA)
monodispersed colloidal particles, respectively. The superimposed
light absorption, enhanced reflection, and reduced incoherent scat-
tering of the CDs-grafted CPC supraballs effectively achieved the
bright and saturated colors that are visible to the naked eye (Fig.
S11 in Supporting information) [24,39]. As the control, the supra-
balls built by pure P(St-AA) colloidal particles presented whitish
color through the naked eye observation. The accurate discrimina-
tion of color of these pure CPC supraballs need to be assisted by
reflection spectrum or optical microscope, which restricts the ac-
quisition of optical information for application (Fig. S12 in Support-
ing information) [26]. These CDs-grafted CPC supraballs maintain
highly uniform spherical morphology with sizes of ~500um. The
microstructure of the as-prepared CDs-grafted CPC supraballs was
characterized by SEM (Fig. S13 in Supporting information), show-
ing that the CPC supraballs present regular spherical morphology
and assembled by close-packed particles. High-resolution SEM im-
ages demonstrated that CDs-grafted P(St-AA) monodispersed col-
loidal particles crystallized into hexagonal close-packed arrange-
ment throughout the whole of supraball. The as-prepared CPC
supraballs still exhibit excellent structural and optical stability af-
ter being stored in water for up to 45 days (Fig. S14 in Supporting
information). Additionally, the colors of these CPC supraballs are
noniridescent, which provide a distinct advantage in wide-angle
CPC applications (Fig. S15 in Supporting information) [40].

To account for these, we constructed injectable photonic hy-
drogel (IPH) employing the microfluidics-based CPC supraballs as
coloration materials [41]. As shown in Fig. S16 (Supporting in-
formation), the absorption peaks appear at 1723, 1635 and 1451
cm~!, corresponding to C=0, -CO-NH-, C=N groups, indicating
the successful synthesis of the P(HPA-co-VI)/GelMA hydrogel. Be-
ing different from the ordered self-assembly of monodispersed par-
ticles, we attempted to disperse the CDs-grafted CPC supraballs
into P(HPA-co-VI)/GelMA hydrogel precursor to produce an IPH. In
this respect, these as-prepared CPC supraballs were supported by
the supramolecular hydrogel system. Plentiful hydrogen bonds are
formed between the CPC supraballs and the hydrogel network, and
thus, enhanced mechanical property was achieved (Figs. S17 and
S$18 in Supporting information). Furthermore, we learned that hy-
drogel precursors have different physical morphology at different
temperatures. It is obvious that when the temperature is above
25 °C, it shows a flow state. While the temperature is below
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CPC hydrogel fibers ensure a cyclically reversible coding and decoding

Fig. 5. (a) Cartoon illustration of the preparation of self-supporting CPC supraball hydrogel fibers using an IPH system composed of hydrogel scaffold and CPC supraballs.
(b) CPC supraball hydrogel fibers with different structural color represent specific numeric-coded character. Scale bar is 1 mm. (c) Photographs of a sakura-shaped photonic
hydrogel pattern in different bending states. (d) Optical images of the dot-in-line structural color pattern originated from the IPH. (e) Schematic illustration of the CPC

supraball hydrogel fibers for encoding and recoding.

25 °C, the gelation takes place extremely quickly. Meanwhile, tak-
ing advantages of the UV-induced polymerization capacity, a fixed
structural photonic hydrogel was achieved by photopolymerization
under 365nm UV light.

This strategy provides a novel guideline for colorant structure
by combination of high-visibility CPC supraballs with hydrogel pre-
cursor. At this point, we developed dot-in-line CPC supraball hy-
drogel fibers based on the IPH and microfluidics-constrained as-
sembly strategy. Typically, the IPH was programmed pumped into
a bar mold (20 mm x 1mm) through a round glass capillary with
an 800pum tapered orifice. Based on the microfluidics-constrained
assembly, CPC supraballs are arranged into a line in the mold.
The packed CPC supraballs could be rapidly fixed (below 25 °C) in
the hydrogel precursor due to the temperature-stimulated phase
transition behavior of GelMA. Meanwhile, a robust self-supporting
CPC supraball hydrogel fiber was easily peeled from mold after
UV photopolymerization (Fig. 5a). As shown in Fig. 5b, homoge-
neous structural color hydrogel fibers were obtained using a single
channel. The homogeneous fibers were composed of CPC supra-
balls with the same reflected wavelength and displayed uniform
structural color. Analogously, a Y-channel was designed to pro-
duce CPC supraball hydrogel fibers that could appear alternat-
ing colors. Consequently, various of CPC supraball hydrogel fibers
with different color arrangements were achieved, such as orange-
orange (-0-0-), blue-blue (-B-B-) homogeneous CPC supraball hy-
drogel fibers and orange-blue (-O-B-), and blue-red (-B-R-) hetero-
geneous CPC supraball hydrogel fibers [42]. Intriguingly, we further
designed a sakura-shaped dot-to-facet pattern that could be arbi-
trarily bended and restored, showing superior flexibility (Fig. 5c)
[43]. Besides, dot-in-line structural color patterns could be fabri-
cated with the assistant of tailor-made mold. The “PCN” pattern
consisting of linear CPC supraballs keeping their non-iridescent op-
tical property (Fig. 5d). This technique is easy processing, and it is
sufficient to achieve CPC supraball hydrogel fibers with arbitrary
length and structural color sequence. Meanwhile, structural color
patterns could be reliably customized.

The as-designed CPC supraball hydrogel fibers demonstrated
specific angle-independent structural color, stability, programma-

bility and efficient readability. Given these excellent properties, we
extended this CPC supraball hydrogel fibers to establish a coding-
decoding system. Herein, CPC supraball hydrogel fibers with same
structural color are employed to represent a specific numeric-
coded character, such as green-green (-G-G-) CPC supraball hydro-
gel fibers represent the number 0, -O-O- CPC supraball hydrogel
fibers indicate as the number 1, and -G-B- CPC supraball hydro-
gel express as the number 9 (Fig. 5b). Furthermore, these individ-
ual CPC supraball hydrogel fibers were assembled to line-to-plane
hydrogel fiber sequence exploiting the self-healing property. Simi-
lar to previously reported self-healing gels [44], and as the Micro-
IR image showed in Fig. S19a (Supporting information), both hy-
droxyl (3440 cm~1) and carboxylic (1737 cm~1) groups at the cut
edge of CPC supraball hydrogel fibers have larger red area with
relatively high intensity of characteristic peaks. Subsequently, the
red area of these characteristic groups gradually weakens, corre-
sponding the new occurrence of hydrogen bonding with relatively
uniform green, suggesting the establishment of hydrogen bond in-
teractions between hydroxyl group and carboxyl group (Fig. S19b
in Supporting information). Therefore, the self-healing properties
of the CPC supraball hydrogel fibers could contribute to the re-
combination of intermolecular hydrogen bonding (Figs. S19b and
S20 in Supporting information) [45,46]. Thus, the fiber sequence
could be regarded as a numeric-coded character set to realize the
coding of numeral information. It is worth mentioning that such
line-to-plane assembly process was reversible, that is, the assem-
bled CPC supraball hydrogel fiber sequence could be simply sepa-
rated into individual fibers to erase the character set information.
And these separated individual fibers can re-emerge as a charac-
ter for number recoding (Fig. 5e). Fig. S21 (Supporting informa-
tion) reveals the fiber sequence composed of the self-supporting
CPC supraball hydrogel fibers, all of these fibers display saturated
and bright structural color that is sufficient to ensure accurate
reading of optical information via naked eyes. Comparing the CPC
supraball hydrogel fiber sequence to its digital coding table, we
can quickly decode the optical information of CPCs and obtain the
numeric-coded character set (88259186240362) by visual recog-
nition. Meanwhile, the gel fiber sequence could provide another
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prepared by 3D CPC supraball hydrogel. (c) Optical images and infrared thermal im-
ages of the P(HPA-co-VI)/GelMA and CPC supraballs hydrogel after 20 min solar ir-
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character set of 86829120542638 by reversible recoding. The con-
nection between fibers is strong suffice to be lifted, and the CPC
supraball hydrogel fiber sequence could be hanged in the air for a
long time (Fig. S22a in Supporting information). Moreover, the CPC
supraball hydrogel sequence could be attached on different sub-
strates (glass, paper), providing a wide range of application envi-
ronments (Fig. S22b in Supporting information).

The highly selective reflection capacity of CPCs could effectively
reflect heat back into the surrounding environment for passive
cooling [47,48]. Therefore, in another experiment, we were focused
on exploring the cooling performance of the 3D CPC supraballs
hydrogel. Meanwhile, the water-absorbing properties of hydrogel
can absorb water from the air for evaporative cooling [49]. There-
fore, taken the synergistic effect of reflective cooling and evapo-
rative cooling into consideration, the 3D CPC supraballs hydrogel
was applied for 3D thermal management. As shown in Fig. 6a,
the CDs-grafted CPC supraballs display excellent humidity response
ability. As the ambient humidity increases from 40% to 70%, the
color of the CDs-grafted CPC supraballs gradually changes from
the original bright green to yellow, accompanied by the redshift
of the reflection peak (570nm to 581 nm) [50]. Currently, faced
with the growing global warming and energy consumption issues,
passive cooling researches are on the rise. In this regard, the 3D
CPC supraballs hydrogel was designed as Bragg reflectors to se-
lectively reflect solar radiation at close to full observation angle.
Meanwhile, the water evaporation of the 3D CPC supraballs hydro-
gel achieves heat dissipation, which is a promising candidate to
3D passive cooling (Fig. 6b). Fig. 6¢c shows the optical images and
infrared thermal images of P(HPA-co-VI)/GelMA and CPC supraballs
hydrogel, the corresponding surface temperature is 37.8 and 39.5°C
after 20min under 1000 W/m? simulated solar radiation, respec-
tively. The surface temperature of the CPC supraballs hydrogel is
slightly higher than that of P(HPA-co-VI)/GelMA, which could be
attributed to the excellent thermal absorption properties of CDs.
In addition, we placed P(HPA-co-VI)/GelMA, commercial fever cool-
ing patch, CPC supraballs hydrogel on PMMA substrates and traced
their internal temperature (Fig. S23 in Supporting information). Af-
ter 40 min irradiation (intensity of 1000 W/m?2), the temperature
increase occurs on the P(HPA-co-VI)/GelMA and commercial fever
cooling patch, and eventually settles at 42.2 and 39.9 °C. while the
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temperature of CPC supraballs hydrogel increased from 27.6°C to
38.6°C (Fig. 6d). These results indicate that the excellent properties
of nearly full observation angle reflection and evaporative cooling
of the designed 3D CPC supraballs hydrogel could provide an effec-
tive approach for 3D thermal management.

In summary, we proposed a feasible and universal particle engi-
neering strategy to construct CPC films and supraballs with highly
tunable and saturated structural color by covalent coupling the as-
prepared P(St-AA) monodispersed colloidal particles with amine-
rich CDs. The synthesized CDs-grafted P(St-AA) monodispersed col-
loidal particles not only demonstrate a hydrogen bond-driven as-
sembly mechanism, but also provide broad-band absorption capac-
ity, ensuring the achievement of large-scale and crack-free CPCs
with high-visibility structural color. By integrating the IPH with
microfluidics technology, we designed the structural color-encoded
CPC supraballs hydrogel. In virtue of superior flexibility, sufficient
self-healing capacity, and visual optical information of our CPC
supraballs hydrogel fibers, a cyclically reversible coding and de-
coding visual recognition system was developed. This creates great
prospect in the new-generation information encryption and anti-
counterfeiting devices. In addition, 3D supraballs-based passive
cooling was firstly demonstrated by taking advantage of the nearly
full observation angle reflection and excellent water evaporation of
the 3D CPC supraballs hydrogel, a maximum temperature drops of
3.6°C under 1000 W/m? solar radiation was attained by the 3D CPC
supraballs hydrogel, setting off a great wave of 3D passive cool-
ing. This work provides a feasible and universal strategy for the
improvement of the high-quality and high-visibility CPCs, and pro-
vides novel insights into microfluidics-based CPC supraballs toward
digital coding and passive cooling applications.
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