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ABSTRACT: Because structural color is fadeless and dye-free,
structurally colored materials have attracted great attention in a
wide variety of research fields. In this work, we report the use of a
novel structural coloration strategy applied to the fabrication of
colorful colloidal fibers. The nanostructured fibers with tunable
structural colors were massively produced by colloidal electro-
spinning. Experimental results and theoretical modeling reveal
that the homogeneous and noniridescent structural colors of the
electrospun fibers are caused by two phenomena: reflection due
to the band gap of photonic structure and Mie scattering of the
colloidal spheres. Our unprecedented findings show promise in
paving way for the development of revolutionary dye-free technology for the coloration of various fibers.
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■ INTRODUCTION

Dyeing is an ancient technique for coloring the fabrics by fixing
the natural or synthetic dyes, which absorb and reflect light at
specific wavelengths to give human eyes the sense of color.1

However, the dyeing process causes severe water pollution due
to contamination from residual colorants, which is impossible
to naturally degrade.2 Although many new dyeing technologies
have been introduced in an attempt to reduce the pollution, it is
inevitable that chemical dyes and synthetic pigments will be
used in the coloration process for textile products.3,4 To
transcend this obstacle, a revolutionary coloration strategy is
required to replace the dyeing process.
Countless colors can be found in nature, and some are

caused by diverse interactions between light and complicated
nanostructures. These colors, called structural colors,5−8 are
formed without the incorporation of dyes. The physical
mechanisms of structural colors have been subject to intensive
investigation by researchers.9−15 One explanation for structural
coloration ascribes this phenomenon to the photonic band gap
of ordered photonic structures, which mostly appear in the
feathers of birds and skins of beetles.9,10 The incident light is
coherently scattered by periodic photonic crystals (PCs). This
scattering results in strong reflection of specific frequencies of
light, which determine the object’s color. Additionally, because
of the anisotropic structure of PCs, the observed color depends
on the angle of incident light; this phenomenon is known as
iridescence.11,12

Mie scattering is another mechanism used to explain
coloration in some natural phenomenon.16−25 Incident light
scattered by a single scatter results in portions of light within
certain frequencies being strongly scattered. The frequency of
the scattered light always corresponds to certain electro-
magnetic multipolar modes supported by the scattering. When
the scattering is randomly distributed in space, incoherent
multiple scattering appears, significantly differing from periodic
structure. In such cases, the light is strongly scattered within a
resonant frequency range determined by the properties of a
single scatter. Therefore, the randomly arranged scattering
results in noniridescent color.17−25

Because of increased awareness of ecological sustainability,
development of dye-free fibers based on natural coloration is a
growing area of research.26−33 Several groups have recently
attempted fabricating structurally colored cylindrical fi-
bers,26−30,33,34 with a general concept of using colloidal spheres
to form a periodic structure along the fibers. Colors observed in
the resulting fibers are due to coherent scattering caused by the
periodicity in the radial direction, giving constructively reflected
light in a certain frequency. Because of the axial symmetry of
structures with cylindrical geometry, the color of the periodic
structured fiber is noniridescent when the direction of the
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incident light is perpendicular to the fiber axis. However,
iridescence still appears if the axial direction component of the
incident light is nonzero. Although several ways to fabricate of
structural-colored fibers was reported,26−33 there are currently
no practical fabrication methods that are compatible with
industrial textile applications. Three concerns must be
addressed when considering industrial applications: mass-
production, linear density of yarn, and homogeneous nondirec-
tional observation of color. The liner density of yarn is notable,
as this property determines fabric warmth and comfort, and
directly correlates to the fiber diameter. Fabrication of
structural color fiber with the diameter of only several
micrometers has not yet been achieved, and its realization is
key to its applicability for uses in the textile industry. Because of
usage habits developed over thousands of years, people are
already familiar with homogeneous and nondirectional
observation of the color in their clothing and other textile-
based possessions. Although normal artificial structural colors
possess unique special properties with beneficial applications,
their unfamiliar iridescent effect and inhomogeneous scattering
create reluctance for widespread usage of structural colors in
the textile industry.
In this work, we massively produced uniform colloidal fibers

via colloidal electrospinning method. After being treated with
water, the dye-free eletrospun fibrous membrane (FM) with
tunable structural colors was successfully prepared. And the
special optical properties of the prepared colorful membranes
were studied by both experiment and computer simulation. The
homogeneous and noniridescent coloration method may
provide a step toward the development of dye-free coloration
strategies for textiles and other practical coloration processes.

■ EXPERIMENTAL SECTION
Materials. All chemicals are reagent grade and were used without

further purification as purchased. Styrene (St), methyl methacrylate
(MMA), acrylic acid (AA), ammonium persulfate (APS), sodium
dodecyl benzenesulfonate (SDBS), ammonium bicarbonate, ethanol,
concentrated sulfuric acid (98%), and diluted hydrofluoric (HF) acid
were purchased from Shanghai Chemical Reagent Co. Ltd. (China).
Poly(vinyl alcohol) (PVA, Mw =145 000, 99% hydrolyzed) was
purchased from Sigma-Aldrich. Deionized (DI) water was used in all
the experiments. Fused silica (10 μm in diameter) capillary tubes
(SCT) were purchased from Polymicro Technologies.
Synthesis of Monodispersed P(St-MMA-AA) Composite

Nanospheres. Monodispersed composite latex spheres of poly-
(styrene-methyl methacrylate-acrylic acid) (P(St-MMA-AA)) were
synthesized by emulsion polymerization following reported proce-
dures.35 Briefly, St (20 g), MMA (1 g), AA (1 g), DI water (100 g),
SDBS (0−0.004 g), and ammonium bicarbonate (0.5 g) were added
sequentially into a four-necked flask equipped with an N2 inlet, a reflux
condenser and a mechanical stirrer at stirring speed of 300 rpm. The
reaction mixture was initially performed at 70 °C for 30 min.
Following the addition of a aqueous solution APS (0.48 g dissolved in
15 g DI water), polymerization was carried out at 80 °C for 10 h with
continuous stirring. The resulting latex spheres were washed three
times by centrifugation and redispersed in DI water by ultrasonication.
Preparation of Colloidal Fiber and Colorful FM. As shown in

Figure 1, the electrospun precursor solution was prepared by blending
1 mL P(St-MMA-AA) colloidal dispersion with high concentration of
40 wt % and a measured amount of poly(vinyl alcohol) (PVA)
solution with 13 wt % concentrations. The weight ratio of PVA to
P(St-MMA-AA) colloidal spheres was 1:4, in which the latex spheres
dominated in the blend solution.36 The mixture was stirred vigorously
for at least 3 h at room temperature and ultrasonically treated for 5
min to obtain a homogeneous milky solution. The resulting viscous
solution was transferred into a 5 mL plastic syringe connected with a

metallic needle of 0.5 mm inner diameter. The syringe was fixed
vertically and the solution was fed at a constant and controllable rate of
0.5 mL/h by using a microinjection pump (LSP02−1B, Baoding
Longer Precision Pump Co., Ltd., China). Using a power supply (DW-
P303−1AC, Tianjin Dongwen High Voltage Co., China), a high
voltage of 10 kV was applied between the needle and collector,
generating a continuous jetting stream. The white electrospun
membranes were collected on the surface of a grounded copper
plate covered by aluminum foil, with collecting distance of 15 cm.
Finally, the obtained electrospun FMs were fixed on the black PE
plates (2 cm × 2 cm) and immersed into 100 mL DI water for 2 h at
room temperature. The treated membranes dried under vacuum for 4
h, resulting in the structurally colored FMs.

Characterization. The morphologies of colloidal spheres, colloidal
crystal fibers, colloidal crystal film, electrospun membranes before and
after water treatment were observed by a field emission scanning
electron microscope (FE-SEM) (S-4800, Hitachi Ltd., Japan). The
samples were sputtered with gold film before SEM observation. The
mean size and polydispersity of colloidal spheres were measured by
dynamic light scattering (Zetasizer Nano S90, Malvern Instruments
Ltd., England). The diameters of electrospun fibers were measured
from SEM images using image analysis software (ImageJ 1.44p,
National Institutes of Health, USA). At least 100 measurements were
analyzed per sample and the resulting measurements were made from
multiple images. Fourier transform infrared (FTIR) spectra were
recorded in the range 200−4000 cm−1(Thermo Nicolet 5700, Thermo
Fisher Scientific Inc., USA). Thermal property analysis of the colloidal
electrospun FM was studied using a thermogravimetric analyzer
(Diamond TG/DTA, PerkinElmer), at temperatures ranging from 30
to 600 °C, increasing at a rate of 5 °C/min. Pictures of colorful
electrospun FMs were taken by Nikon DSLR camera (D5100) under
ordinary white light. Optical images of colloidal crystal fibers were
taken by dark-field optical microscope (BX51W1, Olympus, Japan).
All reflective and scattering spectra were collected from angle-resolved
microspectroscopy system (ARM160, Ideaoptics, PR China).

■ RESULTS AND DISCUSSION
The P(St-MMA-AA) composite colloidal sphere was chosen as
the solid content of the electrospinning dope. Figure 2a shows

Figure 1. Schematic illustration of the process of colloidal electro-
spinning and fabrication of colorful FMs.

Figure 2. (a) Typical SEM image of P(St-MMA-AA) composite
colloidal sphere. (b) FTIR spectra of pure PS and P(St-MMA-AA)
colloidal spheres. The diameter of the composite colloidal sphere is
220 nm.
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the SEM image of obtained latex spheres with diameter of 220
nm. It can been seen clearly that the composite colloidal
spheres with spherical shape and smooth surface were
exceptionally uniform in size distribution. According to
previous research,35 large amounts of carboxyl groups were
grafted on the surface of P(St-MMA-AA) composite colloidal
spheres. To verify the above results, the pure PS and P(St-
MMA-AA) composite colloidal sphere were analyzed by FTIR
spectra as shown in Figure 2b. In addition to the typical
absorption bands of PS, the composite colloidal sphere has the
characteristic bands of hydroxyl (−OH) and carbonyl (CO)
at 3430.7 and 1729.8 cm−1, which certified the existence of
carboxyl groups on the surface of P(St-MMA-AA) colloidal
sphere. Massive carboxyl groups anchored upon the surface of
latex spheres, contributing to the formation of hydrogen bonds
between colloidal spheres and PVA during the subsequent
mixing and electrospinning process.
Subsequently, colloidal fibers are massively produced by

colloidal electrospinning method.36,37 Colloidal electrospinning
is related with but significantly varies from conventional
electrospinning,38,39 as it incorporates the colloidal nano-
particles into the polymer solution. Figure 1 shows the setup
used to fabricate the colloidal fibers. The uniform colloidal
fibers were electrospun from a blend solution of P(St-MMA-
AA) composite colloidal spheres and PVA solution; PVA served
to adhere the spheres, forming colloidal fibers. In our previous
research,36 it has been indicated that a thin layer PVA was
wrapped on P(St-MMA-AA) spheres during the mixing
process. The soft shell acts as binder to provide the adhesive
force between colloidal spheres. During the electrospinning, the
wrapped colloidal spheres were packed and thinned into the
fibers. To quantify the mass ratio of PVA and P(St-MMA-AA)
composite spheres to form colloidal fibers, we performed
thermogravimetric analysis (TGA) on the obtained electrospun
FM as shown in Figure S1 in the Supporting Information. The
decreases in mass at 17.2643 and 80.8231% were attributed to
the decomposition of PVA and P(St-MMA-AA) at different
temperature stages, which indicated the weight ratio (PVA/
P(St-MMA-AA)) was about 1:4.6 in the electropun colloidal
FM. The massively produced colloidal fibers were deposited on
the collector to form the nonwowen FM during the
electrospinning process. Figure 3a shows the picture of
prepared electrospun FM composed of colloidal fibers with
220 nm colloidal sphere. The SEM image of electrospun FM
(Figure 3a) with low magnification as shown in Figure 3b
indicates that the colloidal fibers were extremely uniform in size
distribution. Despite being packed with 220 nm colloidal
spheres, the diameter of the obtained colloidal fiber was only
1.35 ± 0.3 μm, as shown in Figures S2 in the Supporting
Information. Figure 3c−e shows the SEM images of colloidal
fibers with 220, 246, and 280 nm colloidal spheres, respectively.
It was clearly that the colloidal spheres were cylindrically
packed with a local hexagonal order, as shown the areas marked
with red dotted line in Figure 3c−e. The massively produced
colloidal fibers were as soft as commercial textile fibers such as
cotton and polyester. Single strand of the colloidal fiber can
even be folded in half, as shown in Figure 3f; these fibers are
more flexible than colloidal crystal structures self-assembled in
certain patterns.26 However, the prepared FMs were white
(Figure 3a) without any structural color, and their spectral
reflectance reached 70% in the range of visible wavelength, as
shown in Figure S3 in the Supporting Information. We
speculate that the resulting FMs were colorless because of the

low refractive index contrast and P(St-MMA-AA)’s low
intrinsic absorption in the visible region.
To verify our conjecture, we immersed the electrospun FMs

in deionized water for 2 h and dried at room temperature.
Interestingly, the membrane appeared colored after water
treatment. In this process, a large amount of PVA was dissolved
in water and removed from the structure, increasing the
refractive index contrast.40 Although being treated with water,
the FM preserved its fibrous shape, as shown in SEM images
with different magnification of Figure 4a−c. The treated
colloidal fibers were piled up randomly to form the colorful
FMs. Some of the undissolved PVA connected the colloidal
spheres with structure of nanofibers as shown in the area
marked with red dotted line of Figure 4c. Green, red, and
purplish-red FMs were prepared using colloidal spheres
measuring 220, 246, and 280 nm, respectively. The optical
images and corresponding reflective spectra of the FMs are
shown in Figure 4d−f and Figure S4 in the Supporting
Information. The typical reflective spectra of the colorful FMs
possessed two characteristic peaks that contribute to their
structural colors. The FMs composed of 220 and 246 nm
spheres had peaks located in the ultraviolet range, at 327 and
371 nm, respectively. These FMs also had peaks at 533 and 604
nm, just within the visible range, resulting in green and red
colors. The FM prepared using 280 nm spheres had two longer
reflective peaks at 417 and 678 nm, exhibiting color mixing due
to the dual visible reflections. Furthermore, the bendability of
the colorful FM was studied as shown in Figure S5 in the
Supporting Information. The colorful FM was tightly attached
on the PE substrate after water treatment, Figure S5a in the

Figure 3. (a) Optical image of the electrospun FM of colloidal fibers
(with 220 nm colloidal sphere). (b) SEM image of the area marked
with red solid line in (a) with low magnification. (c−e) Clear
morphologies of colloidal fibers composed of 220, 246, and 280 nm,
respectively. The local hexagonal order along fibers was marked with
red dotted line. (f) SEM image of the colloidal fiber with fold
structure, and the folded area along the fiber was marked with red solid
line (with 220 nm colloidal sphere).
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Supporting Information shows the identical color of FM with
different bending angles from 0 to 30°. The microstructure of
FM was retained after bending 10 times with small angle (30°)
as shown in the SEM image of Figure S5b in the Supporting
Information, and also both the reflection peaks unshifted after
bending 10 times in the reflection spectra (Figure S5c in the
Supporting Information). However, the colorful FM would
form cracks if bending with large angle because of the low
adhesive force among the colloidal spheres after water
treatment.
To further investigate the physical mechanism of the

structural color induced by multiple reflection peaks, we
assembled the colloidal nanospheres in capillary (Figure S6) to
fabricate colorful colloidal crystal fibers (CCFs), as shown
Figure 5a. The typical structure of CCFs is curved face-centered
cubic (f.c.c.) (Figure 5b). The cross-sectional structure of the
CCF, shown in the inset of Figure 5b, demonstrates that the
curved (111) surface is parallel to the wall of capillary tube.41

Green, orange, and red-colored CCFs were observed by the
dark-field optical microscope. Corresponding reflective spectra
were measured by angle-resolved microspectroscopy.29 The
CCFs’ reflective spectras were calculated in accordance with the
rigorous coupled wave analysis (RCWA) method based on the
photonic band gap theory (detailed discussions in the
Supporting Information, Figure S7).
Figure 5c shows a comparison of the FMs’ and CCFs’

reflective spectra, performed by redrawing the spectra as a
function of the size parameter, πr/λ. The x-axis shows the

dimensionless ratio of particle radius to light wavelength,
eliminating particle size effect by normalizing the sizes. Two
common features are observed around 0.65 and 1.06 for
different FM samples. At 0.65, the spectra of FMs and CCFs
show similar reflection peaks at the same size parameter,
indicating those reflection peaks have the same physical
origination. Because CCFs’ optical properties have a highly
periodic structure, the coincident peaks at 0.65 indicate the
reflection peaks appearing at 533, 604,and 678 nm (Figure
4d−-f) are caused by the photonic band gap effect. The
reflection around 1.06, as shown in Figure 6c, is attributed to
Mie scattering,42,43 as the reflection of CCFs does not exist
around this region. The black-dashed curve in Figure 5c shows
the scattering cross section of a single dielectric nanosphere
(reflective index 1.6) embedded in air, calculated by Mie
theory.44 The general shape of the FMs’ reflection spectra is
similar to the reflection spectra explained by Mie theory. The
lowest order Mie scattering peak appears around 0.9, and
explains the high reflection of FMs around 1.06. The mismatch
of the results between single particle Mie theory and FMs
(composed of touching nanospheres) could be due to the
multiple scattering processes of nanosphere clusters and
coupling between the adjacent spheres.45,46 As shown in Figure
S8 in the Supporting Information, the electrospun FM packed
with 280 nm spheres had a mixed color of purpl-red, which
attributes to the dual visible reflections. However, the
corresponding CCF and flat colloidal crystal film prepared by
the same size spheres were purely red in color as a result of a

Figure 4. Typical SEM images of electrospun FM (with 220 nm colloidal sphere) after water treatment with different magnifications. (a) ×1000; (b)
×5000; (c) ×20 000. The optical images of colorful FMs and corresponding reflective spectra with (d) 220, (e) 246, and (f) 280 nm colloidal
spheres, respectively. The colorful pictures was cut and rebuilt from the original pictures as shown in Figure S3 in the Supporting Information.
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single peak in photonic reflection. It is evident that the
structural colors of FM can be attributed to two mechanisms:
photonic band gap effect relating to coherence scattering by
partial ordered nanosphere arrangement, and resonant Mie
scattering relating to incoherence scattering by numerous
disordered nanosphere scatters.
In Figure 5d, the FMs’ reflective peaks in the spectra are

converted to Commission Internationale de L’Eclairage (CIE)
tristimulus values (Table S1 in the Supporting Information);
the corresponding chromaticity x and y values were plotted
onto the CIE chromaticity diagram. The CIE values of CCFs
structure are also plotted for comparison (Table S2 in the
Supporting Information). The corresponding colors in CIE
diagram match the observed color of the real fibrous samples. It
is possible to almost cover the entire visible spectrum using the
FMs from only three nanosphere sizes (220, 240, 280 nm);
however, it is impossible to have such wide coverage through
use of CCFs only with these three sizes. The wide coverage of
these FMs is due to the mixture of colors from photonic band
gap reflection and resonant Mie scattering.
Figure 6 shows FM color changes under different observation

angles. Due to the cylindrical shape of the fiber and its
electrospinning-induced disorder, the obtained FMs colors
appear homogeneous and noniridescent. This characteristic is
desirable because it is similar to the dye-based coloration
presently used in industry. Figure 6a shows reflective spectra
taken at different incident angles (0−40°) for a FM consisting
of 220 nm nanospheres. The reflective peaks of the FM are
independent of incident angles, since the spectral shifts of the
peaks are unperceivable. The same angle independency was
observed for FMs composed of 246 and 280 nm nanospheres
(Figure S11 in the Supporting Information). In contrast to

FMs, highly ordered 3D photonic crystal films (Figure S10 in
the Supporting Information) prepared by self-assembly of the
220 nm nanospheres show strong angle dependence (the inset
image of Figure 6a). Figure 6b shows dark-field colors of FM
and flat photonic crystal film corresponding to the reflection
spectra at different angles. The flat photonic crystal film colors
shifted dramatically from green to blue as the incident angle
changed from 0° to 40°; FM colors were unchanged.
Furthermore, the optical pictures of FM packed with 246 nm
nanospheres were taken with different observation angles from
0° to 40°, as shown in Figure S12 in the Supporting
Information. It can be clearly observed that the colors are
unchanged. The scattering property of the colorful FM was
measured by fixing the incident angle at 0° (perpendicular to
the surface of the sample, Figure S9 in the Supporting
INformation) and collecting the scattered light around the
reflective angle. Two reflective peaks of FM were unshifted
(Figure 6c); the intensity of the reflective peaks gradually
decreased when the collection angle deviated from reflective
direction. For the flat photonic crystal films, scattering quickly
vanished once it deviated from reflective direction (the inset
image of Figure 6c). Figure 6d shows the dark-field colors from
the scattering spectra. For the flat photonic crystal film, only
green was exhibited in the direction of the reflection, whereas
FM colors could be observed in directions deviating from the
reflection. This indicates that FM exhibits isotropic color
properties that are independent of incident and observing
angles. Therefore, the coloration of the FM is similar to the
color property in dyes, which are adapted from interpretations
made by human vision.

Figure 5. (a) Dark-field images of CCFs. (b) Typical SEM images of the surface and cross-section of CCF with 220 nm colloidal sphere. (c) CCFs
and FMs reflective spectra as a function of the size parameter, πr/λ. FMs are marked in solid, whereas CCFs are marked with dashed lines; the black
dashed curve is the scattering cross-section calculated by Mie theory. (d) CIE tristimulus values and chromaticity values of three colorful FMs and
CCFs.
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■ CONCLUSIONS

In conclusion, dye-free electrospun FMs with noniridescent and
tunable structural colors were fabricated via electrospinning.
The obtained FMs are composed of individual colloidal fibers,
several micrometers in diameter. The colloidal fibers are
composed of monodisperse colloidal spheres possessing short-
range order. The optical spectra indicate that the FMs’
noniridescent and homogeneous colors originate from the
reflectance of photonic band gap and Mie scattering. Full color
display is achievable by changing the size of the colloidal
spheres; it is possible to cover most of the entire visible
spectrum using only three sizes of nanospheres. As this method
is based on structural coloration rather than pigmentation, it
presents an ecologically conscious alternative to the harmful
dyeing practices used by the textile industry. This novel
coloration method can be scaled up, making dye-free textile
coloration possible. In the future, inorganic spheres with higher
reflective indices (such as Fe3O4

47,48 and silicon49,50) can be
used to fabricate colloidal fibers with polymer binders, via
electrospinning. Because of the high refractive index contrast,
the electrospun FM will show structural color without
removing the binder, which can further increase the mechanical
properties of such colored fibers.
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