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Abstract This study presents a direct-writing structure color patterns on electrospun colloidal fibers by inkjet printing. The colloidal
fiber was obtained by electrospinning the aqueous mixture of colloidal particles of poly(styrene-methyl methacrylate-acrylic acid) and
poly(vinyl alcohol). The pattern was obtained by directly inkjet printing water onto the electrospun colloidal fiber. The pattern formation
was attributed to the morphological transition of the colloidal fiber from the fiber aggregation to latex aggregation and the corresponding
color change due to the dissolution of poly(vinyl alcohol) by water. Interestingly, a clear and clean image was successfully obtained on the
ethanol-treated colloidal fibers film in comparison to a confused and blur image onto the freshly-made film. It is because the treatment
process can compact the fiber structure and lower the spreading/wetting behavior of ink on the fiber structure, contributing to the
formation of high-quality pattern. Various letters or quick response code were flexibly designed and printed on to colloidal fibers.
Furthermore, the pattern can be easily transferred onto flexible substrate, i.e., a flexible printed bracelet. This work will be of great

significance for the development of novel wearable functional materials/devices based on electrospun colloidal fibers.
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INTRODUCTION

Colloidal crystals (CCs) have been developed for great
potential applications in various optical devices based on the
light manipulation properties in the past decades.'l In
particular, patterned CCs constitute an important express way
for various optical applications in sensing, displaying,>*:9711]
anticounterfeiting, and optical devices owing to their im-
proved response speed for detecting sensors,l'“!3] especially
unique application in anti-counterfeited patterns and optical
encryption. Currently, wearable optic materials are of grow-
ing research interest for next-generation artificial intelligence
equipment,!'723] having integrated multiple functionalities,
such as high bendability or stretchability, transparency, and
many others. A series of research works have been developed
to create wearable CC-based optic materials/devices.[!923]
Combining CCs with fibers altogether has become an impor-
tant research topic,**33 such as directly electrospinning
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colloidal fiber®*-2%1 and coating CCs on the surface of fiber
or fabric.3'#?) For example, Sun et al.1*®] and Zhang et al.3"]
presented a reversible color change by stretching/releasing
fiber based on electrophoretically depositing polymer micro-
spheres on continuously aligned carbon nanotube sheet or dip
coating the latex particles on commercially available poly-
mer fibers. Electrospun colloidal fiber offers a more direct
approach for the fabrication of structure color fiber toward
wearable materials.**2%) Typically, Yuan et al.l**! and Yuan
and Zhang!®! reported a detailed investigation on the elec-
trospinning process of colloidal suspension (mixture of poly-
mer microspheres and poly(vinyl alcohol) (PVA)), present-
ing colloidal fiber films with non-iridescent structure color.
This work makes it possible to achieve dye-free textile
coloration. However, it is greatly expected to develop novel
applications of such highly desired structure color fibers.
Particularly, few reports refer to directly writing pattern on
the electrospun colloidal fiber owing to the prompt wetting
and spreading of water on the as-spun fiber,?"! although
some research work is related to the melt electrospinning
writing of highly ordered large volume scaffold architec-
tures for tissue engineering and regenerative medicine re-
search.[*3#4] Fabrication of pattern on colloidal fiber will
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greatly extend their functionality and applications toward
wearable optic materials/devices. Herein, we demonstrated a
direct-writing structure color colloidal patterns on electro-
spun fiber by inkjet printing. The colloidal fiber was obtain-
ed by electrospinning the aqueous mixture of colloidal parti-
cles of poly(styrene-methyl methacrylate-acrylic acid) (P(St-
MMA-AA)) and PVA. The pattern was obtained by directly
inkjet printing water onto the electrospun colloidal fiber. The
pattern formation is attributed to the morphological transition
of the colloidal fiber from fiber aggregation to latex aggre-
gation and the corresponding color change owing to the
dissolution of PVA by water. Interestingly, a clear and clean
image was successfully obtained on the ethanol-treated col-
loidal fiber in comparison to a confused and blur image on-
to the freshly-made film. It is because of the fact that the
treatment process can compact the fiber structure and lower
the spreading/wetting rate of the ink on the fiber structure,
which contributes to the formation of high-quality pattern.
Various letters or two-dimensional code were flexibly de-
signed and printed onto colloidal fibers. Furthermore, the
pattern can be easily transferred onto a flexible substrate, i.e.,
a flexible printed bracelet. The work will be of great sig-
nificance for the development of novel wearable functional
materials/devices based on electrospun colloidal fibers.

RESULTS AND DISCUSSION

Fig. 1(a) schemes the fabrication process of colloidal fiber

Fig. 1

from electrospinning approach. It is carried out by filling the
aqueous dispersion of P(St-MMA-AA) latex particles (40
wt%) and PVA (15 wt%) with weight ratio of 4:1 into a
syringe, and the electrospun fiber is obtained by imposing a
positive voltage of 10 kV and a negative voltage of 4.5 kV.
The soft PVA acts as binder to adhere colloidal spheres.[>+2®]
The wrapped colloidal spheres are packed and stretched into
the fibers. The locally hexagonal packing of latex particles
appears on the surface of the colloidal fibers. As further
confirmed by the SEM images in Fig. 1(c2) (Figs. S1 and S2,
in electronic supplementary information, ESI), the well-
ordered latex assembly produces iridescent structure color.
Fig. 1(b1) schemes the fabrication process of the CC pattern
from inkjet printing on the electrospun film; the designed
colorful pattern can be obtained by printing H>O onto the
colloidal fiber film. Pattern formation is mainly based on the
morphological transition from fiber aggregation (non-print
region, Fig. 1b2) to colloidal aggregation (print region, Fig.
1b3) and the corresponding color change is owing to the
dissolution of PVA by water.

To clearly understand the structure color of the electro-
spun fiber, we investigated the single colloidal fiber by op-
tical microscopy images as shown in Fig. 2(a). An iridescent
structure color is observed from the single colloidal fibers.
The red, green, and blue single colloidal fibers are as-
sembled from latex particles with diameter of 265, 210, and
180 nm, respectively, as seen in Figs. 2(a;)—-2(a3). The struc-
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Schematic illustrations of (a) electrospun set-up of colloidal fiber, and (b;) CC pattern
fabricated by inkjet printing on electrospun fibers. The pattern formation is mainly owing to the
morphological transition from fiber aggregation (b2, non-print region) to latex aggregation (b3, print-
region) and structure color change arises from water dissolution of PVA. SEM images of the as-
prepared electrospun colloidal fiber: (c1) the large-area colloidal fiber and (c2) the magnified image of
the single colloidal fiber. The latex particles are well orderly arranged in the fiber.
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ture color of single fiber can be detected from the reflection
spectra in Fig. 2(b), which shows multi-stopband character-
istic for single fiber assembled from the monodispersed latex
particles. These multi-stopbands are clearly confirmed from
multi-color domains in the optical microscopy image (Fig. 2a)
and multi-assembly structure in SEM images (Fig. S1 in
ESI). Typically, the stopbands of red, green, and blue single
colloidal fibers locate at 674 (465), 549 (721), and 471 (611)
nm, that is, assembling from latex particles of 265, 210, and
180 nm, respectively. The main stopbands of 674, 549, and
471 nm are attributed to Bragg diffraction effect of the well-
ordered latex assembly, and the values are close to the theor-
etical stopbands of 637, 505, and 432 nm calculated from
Bragg equation (Table S1 in ESI). The difference between
theoretical and experimental value is owing to the dis-
ordered latex assembly that arose from the electrospun pro-
cess.[24-281 Other spectra can be attributed to Mie scattering
of either latex particles or fiber-like assembly.[24:41.42.45-52] Tp
our case, peak at 465 nm is ascribed to the Mie scattering of
latex particles for red colloidal fiber, while peaks at 721 and
611 nm are due to the Mie scattering of fiber-like assembly
for green fiber and blue fiber, respectively. Owing to the an-

isotropy of the fiber-like assembly, the corresponding Mie
scattering is polarized-dependent (Fig. S3 in ESI). For in-
stance, the refection intensity at 611 nm changes from weak
to strong when changing the polarized angle from 0° to 45°.
The distinct structure color of single- or thin-layer electro-
spun colloidal fibers (Fig. 2¢) is mainly originated from the
selective reflection (Figs. 2d, and 2d;) based on Bragg dif-
fraction effect of the well-ordered assembly structure,[53-55]
similar to conventional CCs in Fig. 2(d,). The structure col-
ors of colloidal fibers can be attributed to the photonic band
gap effect related to coherence scattering by partial ordered
nanosphere arrangement and the resonant Mie scattering re-
lated to incoherence scattering by numerous disordered
nanosphere scatters.[41:42:45-52]

Although the single- or thin-layer colloidal fibers present
structure color (Figs. 2a and 2c¢), the freshly-made thick col-
loidal fiber film is relatively fluffy with an increased dis-
tance among the fiber layers and appears white without any
structure color (Fig. S2 in ESI). That is, a disordered aggre-
gation of colloidal fibers introduces more interface and pro-
duces scattering/interference effect,[*9-321 which greatly de-
grades the selective reflection of the well-ordered assembly
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Fig. 2 Optical microscopy images of the electrospun single colloidal fiber from latex particles with diameter
of (a1) 265, (a2) 210, and (a3) 180 nm, and (b) the corresponding reflection spectra. There exist multi-
stopbands in the spectra, indicating the combination of stopband and the Mie diffraction of latex particles and
fiber structure. (c) Photos of thin-layer colloidal fiber film assembled from latex particles of 265, 210, and 180
nm showing iridescent structure color; Schemes of the selective reflection of (di) the conventional CCs, (d2)

the single-, and (d3) thin layer colloidal fiber
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structure, leading to the disappearance of structure color of
the thick film (Fig. 3a;). It was found that the suitable sol-
vent treatment of the colloidal fiber generates a dense fiber
structure, decreasing the interface and improving the select-
ive reflection of the film (Figs. 3a, and 3a3). The 1s*-treated
film refers to that the freshly-made multilayer fiber mem-
brane is immersed in alcohol for 1 s, and then dried with cold
air. The resultant sample presents a primary treatment color
because the treatment process could effectively remove the
air interface among fibers and decrease the scattering effect.
The 2nd-treated film means that the 15-treated sample is im-
mersed into water for 2 min and dried with cold air. The pro-
cess can compact fiber structure by removing PVA, contri-
buting to a great improvement of the optical properties(24]
(Fig. 3a3). It should be mentioned that directly treating the
freshly-made fiber by water would make the film twisted and
broken, which is infeasible for the further use. Fig. 3(c)
presents the reflection spectra of as-prepared multilayer col-
loidal fibers that experienced the 15- or the 2"-treatment, re-
spectively. The freshly-made colloidal fiber is white without
any characteristic peak in the spectrum (black curve in Fig.
3c¢). In contrast, a slight red color is discerned and a charac-

Ethanol

al\\\/ az\\\\/

C
—

Freshly-made film

1%-treated film

teristic peak appears at 637 nm (pink curve Fig. 3¢) for the
sample that experienced the 15-treatment. Subsequently, an
obvious (red) color enhancement occurs; the intensity of the
peak at 619 nm rises and its FWHM narrows (red curve in
Fig. 3¢) for sample which experienced the 2"-treatment. The
reflection peak intensifies gradually for the sample that ex-
perienced the 15- and 2M-treatment. As seen from SEM im-
ages (Fig. 3b, Figs. S4 and S5 in ESI), an intact colloidal
fiber has crossed arrangement with more interfaces for the
freshly-made multi-layer fiber (Fig. 3b;). The fiber structure
is twisted and deformed, forming fiber bundle after the 15-
treatment (Fig. 3b,, Fig. S4 in ESI), which indicates a great
reduction of the fiber interface and an obvious improvement
of selective reflection.

The dissolution of PVA and the fusion of fiber occurred for
sample which experienced 2M-treatment process (Fig. 3b;
Fig. S5 in ESI) led to a collapsed fiber structure and sepa-
rated latex particles. This could greatly decrease the fiber in-
terface and improve the optic properties of the film as shown
in Fig. 3(c). Fig. S6 (in ESI) shows the images of the large-
scale colorful electrospun film which experienced 2"-treat-
ment (Fig. 4d). The films present a clear non-iridescent
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Fig. 3 Schemetic illustration of (a1) the decreased selective reflection of thick-layer colloidal fiber owing to an
increased scattering and interference effect among fibers and (a2, a3) the reproduction of structure color of the
sample which experienced (az) 1*-treatment and (a3) 2"d-treatment; SEM images of (b1) freshly-made electrospun
colloidal fiber and sample which experienced (b2) 1%-treatment or (b3) 2"-treatment (The insets are the photos of
water droplet on the as-prepared colloidal fiber.) and (c) the corresponding reflection spectra. The structure
color/optic signal is enhanced for samples which experienced 1%- and 2"d-treatment. (d) Red colloidal fiber which
experienced 2"-treatment (inserted flat CCs) with varying observing angle from 0° to 40°
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structure color,[*-52] as is proved from varying-angle reflec-
tion spectra in Fig. 3(d) and Fig. S8 (in ESI). Evidently, little
change can be observed for the stopband position of as-fab-
ricated colloidal fiber when varying the observing angle
from 0° to 40°, which is very different from the dramatic
change of stopband for the traditional flat CCs when varying
the observing angle (inset in Fig. 3d). This non-iridescent
structure color is particularly useful for the potential applica-
tions in display devices.[46:49-35]

Importantly, the structure color pattern is easily obtained
by inkjet printing H,O onto the colloidal fiber. Fig. 4(a;)
presents the red pattern of “QUST” fabricated from inkjet
printing H,O ink onto the 15-treated electrospun film, where
a color enhancement appears upon ink touching, forming a
designed pattern. The printing mechanism is mainly based on
the distinct spectral signal/morphology for the sample which
experienced the 15t-treatment and 2"-treatment in Figs. 3(b)
and 3(c). Green. blue, and red ‘QUST’ patterns are clearly
printed on the colloidal fibers which experienced the 1%t-
treatment (Fig. S9 in ESI). There appears a notably clean and
smooth print brim for the pattern. It is the first report of
printing structure color pattern on electrospun fiber. To fur-
ther understand the printing characteristic, we investigate the
print (pattern) and non-print (non-pattern) region by optical
microscopic images (Fig. 4b; and Fig. S10 in ESI) and SEM
images (Figs. 4b,—4b,, Fig. S11 in ESI). Compared with
non-print region, the print region is brighter with a narrower

reflection spectra (Fig. 4c) owing to the close-packed latex
particles and the disappearance of fiber interface (Fig. 4b,).
Interestingly, an obvious boundary is observed between the
print and non-print region in Fig. 4(b). It can be attributed to
a washout and accumulation of PVA over the boundary as
indicated by SEM images in Fig. 4(b,). The boundary is
formed owing to the coffee-ring effect during the washout
process. It is also confirmed by the change of the chemical
composition between print- and non-print regions (FTIR spe-
ctra, Fig. S12 in ESI), as the intensity of characteristic band
at 3350 cm! (assigned to OH group of PVA) decreases for
the sample which experienced the 15%- and 2"-treatment, in-
dicating the removal of PVA from the fiber system during
solvent treatment process. To investigate the printability of
the system, a complex pattern (such as a quick response
(QR) code, Fig. 4a,) was printed on blue colloidal fiber. The
QR code is clearly identified when being scanned by some
device like a smartphone. Meanwhile, a high-resolution pat-
tern (‘PC’, Fig. 4a;) is also printed on a blue colloidal fiber
film which experienced the 15-treatment as well. Interest-
ingly, the electrospun colloidal films can be easily trans-
ferred onto any substrate. For example, the film is trans-
ferred onto flexible substrate to fabricate a flexible bracelet
with green color, and the specific character can be printed on
the flexible bracelet in Fig. 4(e). Creating various patterns on
electrospun colloidal fibers is of great importance for the de-
velopment of novel wearable optical materials/devices based

. 1 cm

a3 200 pm
c 70
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——— Non-print region
S 60k
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Fig. 4 Patterns of (a1) ‘QUST’ on red colloidal fibers which experienced 1%-treatment, (a2) a QR code (The scale bar is
1 cm), and (a3) ‘PC’ on blue substrate which experienced 1%-treatment; (b1) Optical microscopic images, (b2, b3, bs) SEM
images, and (c) reflection spectra of the boundary between non-printing region (bs) and print region (b4); Photos of (d)
electrospin film that experienced 2"-treated film and (e) printed bracelet from electrospun colloidal fiber film
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on electrospun colloidal fiber films. This work is promising
for wide applications in light-weight, flexible, wearable dis-
play materials/devices.

In fact, the coffee-ring effect is one of the important
factors influencing the quality of printing pattern. Modifying
the coffee-ring effect can greatly improve the printing resol-
ution of pattern fabricated on electrospun fibers. The wettab-
ility of colloidal fiber plays an important role in the coffee-
ring effect. Taking the freshly-made colloidal film (with wa-
ter contact angle (CA) of 0°) and 15t-treated colloidal fiber
(with water CA of 28°) as examples, we investigated in situ
wetting of droplet spreading onto the above films and the
corresponding printing process in Fig. 5. Fig. 5(a) schemes
the distinct printing process of a droplet on the freshly-made
film and 1t-treated film. There appears a dramatic “coffee-
ring cavity” on the freshly-made film (Figs. 5a, and 5a;, Fig.
S13, Movie S1 in ESI) when droplet is spreading onto it,
leaving little fiber/particles at the center of the ring (Figs. 5a;
and 5b;, Figs. S13b and S14c in ESI) but plenty of fiber and
particles around the cavity (Figs. 5a; and 5b,, Figs. S13a,
S14a, and S14b in ESI). In comparison, a smooth coffee-ring
print region has been left on the 1s-treated film (Figs. 5a,’
and 5a;’, Movie S2 in ESI) under similar droplet spreading
condition. Little morphological change can be observed for
the sample between brim and central part of the round print-

ing region (Figs. 5b," and 5b,’, Figs. S15 and S16 in ESI).
The above-mentioned dramatic change of spreading condi-
tion can be attributed to the distinct wettability of droplet on
the two fiber structures. Specifically, the water droplet eas-
ily wets, spreads and rapidly immerses into the freshly-made
film (Figs. 5¢;—5¢;, Movie S3 in ESI) in 0.25 s; the rapid
wetting/spreading process disrupts the hydrophilic and loose
fiber structure of freshly-made film, forming a large coffee-
ring cavity after water evaporation. All of these contribute to
a confused and blur pattern printed on freshly-made fiber
film as shown in Fig. 5(d). In comparison, the water droplet
spreads on the dense treated film (with less hydrophilicity) in
a slower way, leaving certain amount of water over the sur-
face (Figs. 5¢i—5¢5, Movie S4 in ESI) in 0.55 s. This pro-
cess removes PVA without destroying the structure of the
film (Figs. 5a,’, 5a3', 5by’, 5b,’, Figs. S15 and S16, Movie S2
in ESI), retaining just a clear and clean printing region. The
process is beneficial to the improved printing resolution, and
thus favors the fine printed pattern in Fig. 5(d").

CONCLUSIONS

In conclusion, this work presents a direct-writing structure
color colloidal pattern on electrospun colloidal fibers by
inkjet printing. The pattern formation is attributed to the

~ Wetting
region

Norn-wetting region

CI,

Fig. 5 Schematic illustration of the distinct water print process on (a1, a2) freshly-made film and (ar’, a2') the 15-
treated film; Optical microscopy images of the water droplet on the (a3) freshly-made film and (a3’) the 1%-treated
film. A cavity structure is formed on the fresh-made film when the water droplet (0.25 pL) spreads upon it; in
contrast, only a smooth print brim is left on the 1¥-treated film for the same water droplet on it; SEM images of the
water droplet wetting region on (b1, b2) freshly-made film and (bi’, b2’) the 1%-treated film. A dramatic structure
collapse occutrs to the freshly-made film for water droplet spreading upon it, while a slight printing brim is left on the
1%-treated film. Photos of dynamic wetting process of the water droplet (1 puL) on (c1—c3) the freshly-made film and
(c1'—c3') the 1%-treated film. A rapid wetting/spreading process occurs for water droplet on the freshly-made film,
while a slow spreading occurs to the droplet on the 1%-treated film; Photos of printed film on (d) freshly-made
colloidal fiber film and (d’) the 1%'-treated film. A confused and blur image appears on the fresh-made film, while an
image with smooth and fine structure shows up on the 15-treated film.
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morphological transition of colloidal fiber from the fiber
aggregation to latex aggregation and the corresponding color
change is owing to the dissolution of PVA by water. It was
found that a confused and blur image is obtained when
directly printing H>O ink onto the freshly-made film, while a
clear and clean image is successfully printed onto colloidal
fiber treated with ethanol. The treated process can compact
the fiber structure and lower the spreading and wetting be-
havior of the ink on the fiber structure, thereby contributing
to the formation of high-quality pattern. Various patterns
including letters and QR code are desirably printed on the
electrospun fiber film. And the pattern is easily transferred
onto flexible substrate, such as a flexible printed bracelet.
This work will be of great significance for the development
of novel wearable materials/devices based on electrospun
colloidal fiber film.
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