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Structural Color for Wood Coloring: A Review
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The color, texture, and natural defects of wood are important factors
affecting its commercial value. Change of wood’s surface color is a primary
way to improve its value. This study analyzes and summarizes the
development status and existing problems of the traditional wood dyeing
process and induced discoloration process. It is proposed that color
improvement with photonic crystal structure color is a clean and pollution-
free ecological biomimetic coloring technology. Its research status in the
fields of fiber, fabric, wood, wood-based panel surface color improvement,
new coatings for wood, and lignocellulose nanocrystalline structure color
film are reviewed. The following aspects were studied: 1) construction and
mechanistic study of the wood surface structure color film, 2) light
response and interface mechanistic study of the wood surface structure
color film, 3) large-scale application technology study of the wood surface
biomimetic structure color film, and 4) preparation and functional
development of structural color films of lignocellulose nanocrystal.
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INTRODUCTION

Wood Color Improvement Technology and Existing Problems

As one of the materials with the closest relationship with humans, and the most
harmonious development with the environment, wood is widely used in the buildings and
furniture of the human living environment, due to its good environmental characteristics
and excellent thermoelectric insulation (Kanaya et al. 2016; Strobel et al. 2017). Compared
with other commonly used building materials, such as steel and concrete, wood has the
advantages of low density, high strength-to-weight ratio, easy processing, beautiful texture,
rich color, good elasticity, and it is a renewable natural resource (Knudson and Brunette
2015; Borrega et al. 2015; Bao et al. 2016; Wang et al. 2016; Gamaliel et al. 2018; Liu et
al. 2019; Yang et al. 2019). One of the important factors affecting the commercial value of
wood is its material color and texture. The natural appearance defects of wood, such as
large irregular color difference and monotonous color, can be eliminated by bleaching,
dyeing, and surface finishing, which improve wood’s visual characteristics and decorative
properties. At the same time, the value of low-quality wood can be improved by imitating
the color of wood from highly valued trees.

Traditional Wood Dyeing Process and Existing Problems

Dyeing is an important step from an industrial perspective. The desired color of
wood is achieved by using chemical colorants. To change the color of wood or simulate
the texture of wood, the usual method is to use chemical dyes to react with wood, i.e., the
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wood dyeing process. However, the dyes used have some problems, such as poor light
resistance, low color fastness, chemical stability, and some dyes contain toxic heavy metal
components, such as lead and chromium. Additionally, in the traditional wood dyeing
process, water consumption is large, and the dye loss rate is much higher than that in textile
dyeing process (Vakhittova and Safonov 2003). More importantly, various auxiliaries
(osmotic agents, dyeing aids, etc.) added during dyeing are passed forward, in large
quantities, to the wastewater (Gogate and Pandit 2004; Kusi¢ et al. 2007). Most of these
dyes and auxiliaries are synthesized artificially and have poor biodegradability. Such a
process will not only lead to a waste of resources, but also they will contribute to high
chroma, high content of organic and inorganic salts, high chemical oxygen demand (COD),
and low biochemical oxygen demand (BOD) in wastewater. The biodegradability index
(BOD/COD) decreased, which due to the application of complexity and variability
organics that are difficult to biodegrade (You et al. 2018). This phenomenon will lead to
poor water quality and long-term harm to the natural environment.

Wood has a natural porous structure. Dye molecules enter the wood through the
multilevel infiltration channels of wood cells, adsorbing, settling, and fixing on the cell
surface to achieve the purpose of dyeing (Hu et al. 2016). Among the common dyes, acid,
basic, and direct dyes combine with wood components through intermolecular forces and
hydrogen bonding, resulting in poor color fastness (Ghafarzadeh et al. 2018). Reactive
dyes can be covalently linked with wood components through active groups, resulting in
excellent dye uptake and color fastness (Schmidt et al. 2003; Wang et al. 2018; Jaxel et al.
2020). However, chemical groups that modify the hue of a colorant, such as hydroxyl or
amino substituent group associated with aromatic rings, in the dye molecular structure are
easily oxidized by light to produce free radicals and light aging (Yang et al. 2020). Using
textile dyeing technology for reference, natural plant dyes are used in wood dyeing
research, but their color fastness is poor (Zhu et al. 2018).

To improve the light resistance of dyed wood, a series of studies have been
conducted. It was found that the light resistance of dyed wood is related to the structure
and composition of substrate, the type and structure of dyes, the combination mode of dyes
and wood, and the wavelength and temperature of light radiation (Liu et al. 2015). To solve
the problem of light fastness of dyed wood, acetylation, benzoylation, chitosan solution
treatment of wood, ultraviolet light absorbers, such as benzotriazole and benzophenone,
and light stabilizers, such as steric amine and polyethylene glycol (PEG) 4000, can
effectively prevent and control the photochromism of dyed wood (Mamnickal and
Czajkowski 2012; Rajan et al. 2012; Xiao et al. 2012; Choi and Chung 2013; Liu et al.
2013; Li et al. 2015). The free amino group in chitosan can accept positively charged
hydrogen ions under acidic conditions, reducing the repulsion between anions and dyes on
the surface of the wood fiber and improve the dye uptake. At the same time, the NH2 groups
in the chitosan molecule can react with the sulfonic group in the dye under acidic conditions
to form sulfonate, which helps in color fixation (Wang et al. 2016). Like the chitosan
solution, many amino groups are present in water-soluble organic resin, such as melamine
urea formaldehyde resin, which can improve the dyeing effect and color fastness of dyes
(Hansmann et al. 2006; Deka et al. 2007).

Techniques of Wood Induced Discoloration and Existing Problems

In addition to dyeing the wood to change its color, other methods have been
explored to improve the functionality of wood’s color. Fungal infection can discolor the
wood and form mycorrhizal wood. A series of studies have been conducted on wood fungus
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dyeing methods, dyeing conditions, wood properties, and mechanisms (Robinson et al.
2007, 2014; Gutierrez and Robinson 2017; Hinsch and Robinson 2018; Liu et al. 2020b).
However, limited by the randomness of fungal growth footprints and uniform staining,
directional regulation of decorative texture cannot be achieved presently. With the
development of microbial technology, it is necessary to further explore whether it can
induce microorganisms to regulate the decorative texture of the wood surface, and whether
it can regulate the growth footprint of microorganisms to dye the wood evenly.

Wood heat treatment technology can effectively improve the dimensional stability
of wood. After heat treatment, the wood color is deepened, and the brightness is reduced.
The color of ash, Douglas fir, and other wood materials (Bekhta and Niemz 2003;
Sundgvist et al. 2006; Esteves et al. 2008; Cakicier et al. 2011; Li et al. 2011; Salca et al.
2016) can be adjusted closely to the color of a selected high-valued wood, and the original
appearance defects of the wood can be covered simultaneously. However, during use,
under the influence of temperature, humidity, light, rain, and other factors, the lignin
content will gradually decrease, holocellulose will become the main component of cell
wall, and the surface wood color will gradually turn gray (Huang et al. 2012).

Temperature-sensitive toners are used in wood surface finishes. After heating up or
cooling down to the response temperature of the toner, the color of the coated material will
be converted to a colorless form, or a polychromatic phenomenon will be observed. During
fading, the wood color gradually becomes like that of wood without adding toner. When
transparent varnish was applied, the discoloration would exhibit a hysteresis phenomenon
(Zhu et al. 2017, 2018). Through building a WO3 nanometer modification layer on the
wood surface, wood can achieve reverse photochromic ability. After modification, the
brightness of the wood color decreases. When excited by UV light, the color of modified
wood changes from warm to cold (meaning generally changing from yellowish in the
direction of greenish), the b* values showed great variation, with a* constant in the
Commission Internationale de L'Eclairage (CIE) Lab coordinates (Sun and Song 2018).

In view of the traditional wood dyeing technology, although the light fastness can
be improved by using dyes, wood treatment, adding light absorbents, and other methods,
the environmental pollution has not been solved. However, there are some problems, such
as uncontrollable processes and effects, poor weather resistance, and limited application
range in the new technology of wood color improvement, as well as induced discoloration.
According to the principle of color production, learning from nature and introducing
structural color into the field of wood color improvement can fundamentally solve the
problems of color fading and environmental protection of dyed wood.

BIOMIMETIC STRUCTURE COLOR

Natural Biological Structure Coloring

Light is an electromagnetic wave with a single or mixed frequency, and it has no
color of its own. Color is the reflection of human visual system to visible light. The color
of visible light is an electrical signal produced by chemical changes in the photoreceptors
in the retina caused by light entering the eye. The signal is transmitted from the optic nerve
to the visual center of the brain, and the result is translated by the brain, i.e., the visible
light of a certain frequency band produces certain color reflection (Nassau 2001).

In nature, animals and plants often use their own colors and patterns to achieve
specific biological functions, such as concealment, interspecific recognition, intraspecific
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communication, attracting heterosexual partners (courtship), and repelling natural enemies.
The color of an organism originates from its pigment color and/or structure color. The
coloring mechanism of pigment color is related to electronic transition and molecular
orbital theory, while structural color is the color produced by the diffraction or scattering
of light caused by the microstructure of the surface of organism. If the microstructure and
its components remain unchanged, structural color will never fade (Kinoshita and
Yoshioka 2005; Takeoka 2012, 2013).

Structural color is a gift from nature. According to the interactions of visible light
and microstructure, the structure color can be produced in the form of film interference,
grating diffraction, and photonic crystals. Among them, the color generation of photonic
crystal structures can be attributed to the band gap characteristics of the forbidden effect
on specific frequency band light, conforming to the Bragg diffraction theorem (Born and
Wolf 1999). In the visible spectrum, the photonic crystals that produce structural colors
have a periodicity equal to half of the wavelength of light wave, which is about 170 to 370
nm. Moreover, the reflected light will change with the angle of observation and exhibit an
iridescence effect. In natural organisms, a three-dimensional (3D) photonic crystal
structure composed of nanoparticles widely exists (Zi et al. 2003; Galusha et al. 2008;
Prum et al. 2009; Saranathan et al. 2010; Yin et al. 2012; Chen et al. 2015). As shown in
Fig. 1 (a, b, and c), photonic crystal structures arranged by microspheres of similar diameter
exist in the chest and abdomen of Enallagma civile, and in the corolla of Lepidothrix
coronata, and Cystoseira tamariscifolia, presenting bright structural color (Prum et al.
2004; Forster et al. 2010; Lopez-Garcia et al. 2018).

iy 7Y o ol < .
Fig. 1. (a) Enallagma civile and its epidermal cell microstructure (Prum et al. 2004) (reproduced
with permission from the Company of Biologists Ltd.); (b) Lepidothrix coronata and its cut-in
microstructure (Forster et al. 2010) (reproduced with permission from John Wiley and Sons); (c)
Cystoseira tamariscifolia and its epidermal cells (Lopez-Garcia et al. 2018) (a derivative of “Light-
induced dynamic structural color by intracellular 3D photonic crystals in brown algae” by Lopez-
Garcia et al. licensed under CC BY)

Inspired by the biomimetic nature, researchers began to artificially prepare
photonic crystal structures, obtained different colors by adjusting their lattice parameters,
and applied them to decoration, pigment, anticounterfeiting, sensing, switching, display,
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information storage, and other fields (Honda et al. 2009; Wang et al. 2012; Xuan and Ge
2012; Chen et al. 2013; Giese et al. 2014; Inan et al. 2017; Luo et al. 2017; Takeoka 2017;
Isapour and Lattuada 2018; Wilts and Saranathan 2018).

Biomimetic Photonic Crystal Self-assembly Preparation Technology

Colloidal microspheres self-assemble to form photonic crystal structures with an
ordered arrangement of high and low refractive index materials, which is effective in the
generation of structural color (Mesnage et al. 2012). Compared to hole drilling, beam,
micro processing, micro etching, and other photonic structure construction technologies,
self-assembly technology of colloidal microspheres has become an important method for
the preparation of photonic crystal structure due to its simple method, easy access to raw
materials, and low cost. During self-assembly, to achieve the minimum free energy of the
system, the colloidal microspheres automatically prepare a 3D ordered structure with
highly ordered hexagonal close packing (HCP) or face centered cubic packing (FCC)
(Pusey et al. 1989; Cheng et al. 1999; Wang et al. 2006; Miguez et al. 2007; Finlayson and
Baumberg 2013), conforming to the Bragg diffraction theorem.

Gravity deposition (McGrath et al. 2007), vertical deposition (Jiang et al. 1999; Li
and Marlow 2006), centrifugal method (Aguirre et al. 2010), pull-out method (Moon et al.
2005), and electrophoretic deposition (Trau et al. 1996; Rogach et al. 2000) are common
ways to self-assemble colloidal microspheres to photonic crystals. The principle of these
methods is to balance the attractive and repulsive forces to make the spheres self-assemble
into photonic crystals. The colloidal crystal system becomes stable by utilizing entropy
driving force, capillary force, electrostatic repulsion, and the gravity of the microspheres
(Denkov et al. 1993; Visschers et al. 1997). There is no covalent bonding force between
the microspheres. The stability of the colloid and the size and morphology of the
microspheres significantly affects the optical properties of the assembled photonic crystals.
The stability of the colloids can be improved by stereoscopic or electrostatic interactions
in space. A colloidal system with good stability and high monodispersity can ensure
thermodynamic stability during assembly (Schubert et al. 2007).

After hundreds of millions of years of natural selection and evolution, organisms
have evolved a variety of microstructures, achieving the integration of structure and
function. Bright structural colors are just one of them. By referring to the biological
microstructure and combining the technology of artificial preparation of photonic crystals
with wood, the dependence of wood color changes on pigment can be avoided and endow
wood the ability to control light waves and structure coloring.

APPLICATION OF BIOMIMETIC STRUCTURE COLOR IN MATERIAL COLOR
IMPROVEMENT

Application in Textile Field

Like wood dyeing, textile dyeing has the problem of severe environmental pollution
caused by waste liquid, affecting the green development of the textile industry. Therefore,
in the textile field, studies on structural color fiber and fabric have attracted wide attention
(Liu et al. 2015; Liu et al. 2016; Gao et al. 2017). Photonic crystals have been constructed
on the surface of cotton, silk, polyester, nylon, and other fabrics with different materials,
colors, and textures.
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Kolle et al. (2013) coated polymers with different refractive indices to form a
composite film and wrapped the film on the surface of a glass fiber with a diameter of 20
um, thus obtaining fibers with structural color. Use of hydrofluoric acid to remove glass
fiber could form a hollow fiber with excellent tensile recovery performance. Through
electrophoretic deposition, microspheres with different diameters could be assembled on
carbon fiber and given different colors (Zhou et al. 2013). Monodisperse microspheres
were mixed with binder and carbon black, such as polyacrylate (PA) and polyvinyl alcohol,
and then sprayed and atomized on the surface of cotton and silk fabrics. The structural
color patterns could be obtained through self-assembly (Zeng et al. 2017; Li et al. 2018).
Yuan et al. (2017) used magnetron sputtering to prepare a nano Ag/TiO2 composite film
on polyester fabric to obtain textiles with structural color and achieve photoelectric
functionalization. Liu et al. (2017) configured colloidal microsphere emulsions with
different particle sizes into inks and achieved structural color printing of fabric by using
inkjet. Park et al. (2015) prepared PS-b-P2VP structural color films using an ionic liquid
polymer and regulated the color of films by adjusting the voltage. The films could be
directly transferred from one substrate to another.

Application in the Wood Field

In recent years, structural color has been applied to the wood field. Microspheres
are used for the color improvement of wood surface, mainly polystyrene (PSt) (Zhang et
al. 2003; Cong et al. 2013; Tang et al. 2014; Kohri et al. 2017) and silicon dioxide (SiOz2)
(Wang et al. 2010; Zhao et al. 2011; Takeoka et al. 2013; Lei et al. 2014). PSt microspheres
are prepared by emulsion polymerization. During synthesis, under the action of emulsifier
and mechanical agitation, the monomer can form a stable emulsion in water or nonagueous
medium to achieve homogeneous or heterogeneous polymerization and form an emulsion
polymer with colloidal solution characteristics. In contrast, SiO2 microspheres can be
prepared using the Stober method (Stober et al. 1968). The reaction principle is that organic
substances, such as ethyl orthosilicate (TEOS), are catalyzed by ammonia in an alcohol
solution and form spheres after hydrolysis and condensation reactions.

In terms of wood surface color improvement, styrene was used as the main
monomer to prepare monodisperse poly(styrene-methyl methacrylate-acrylic acid) (P(St-
MMA-AA)) core-structure colloidal microspheres through emulsion polymerization (Liu
et al. 2020a). Photonic crystal films were fabricated on the surface of the wood using the
static drop method. Through changing the diameter of the microspheres, the optical
properties of films could be adjusted, and different colors could be obtained (Fig. 2).

Fig. 2. Structure color film of P (St-MMA-AA) colloidal microspheres on the wood surface

Shown in Fig. 3a is the transmission electron microscopy images of colloidal
microspheres obtained by emulsion polymerization, where the dark part in the center of a
single P(St-MMA-AA) microsphere is the PSt core and the light part at the edge is the
P(MMA-AA) soft shell. Shown in Fig. 3b is the surface and cross-section scanning electron
micrograph of the photonic crystal structures preliminarily prepared on the wood surface.
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The microspheres were arranged orderly on the wood surface to form the photonic crystal
structure, in which there may be FCC or hexagonal close-packed structures. Although the
photonic crystal structures of the film had some defects, it still showed the structural color.
Shown in Fig. 3c is the change in film color due to different viewing angles, indicating that
the film is like animal tissues and organs, and the structural color is angle dependent. In
nature, animals can be courted or camouflaged with such structural color functions (Fig.
3d).

Fig. 3. (a) P(St-MMA-AA) core-shell structure of the colloidal microspheres; (b) Photonic crystal
structures formed by self-assembly of P(St-MMA-AA) on the wood surface; (¢) Angle dependence
of the color of biomimetic structure film on the wood surface; (d) Lophorina superba unfurls a
thoraco-shield feather with an angle-dependent structural color during courtship

According to the surface structure color decoration of different species of wood,
Nufez-Montenegro et al. (2020) selected the wood of Handroanthus chrysotrichus,
Dipteryx odorata, Hymenaea courbaril, Quercus robur, Pinus pinaster, and Bowdichia
nitida with different colors. Through self-assembly with UV light as the heat source, both
polymer colloidal microspheres and SiO2 microspheres constructed a structural color
coating on the wood surface. However, the coating structure color of the SiO2 microspheres
was not obvious, and the SiO2 microspheres exhibited a certain aging property in the
dispersion. After a long time of storage, the size of the microspheres changed, which was
not conducive to their self-assembly into photonic crystals. The microsphere emulsion was
mixed with PA emulsion, and the PA could fill the microsphere gap in the photonic crystal
structure. Then, the microsphere glue was combined to improve the wear resistance and
hydrophobicity of coating. In this study, the structural color of light wood surface was more
brilliant, and the iridesis effect was more obvious than in the case of dark wood.
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For the surface color of bamboo wood-based panels, Shen et al. (2012) mixed a
poly(styrene-butyl acrylate-acrylic acid) (P(St-BA-AA)) soft polymer colloidal
microsphere emulsion with SiO2 particles to form a nanocomposite dispersion solution. A
structure color coating was formed on the surface of bamboo particleboard by the self-
assembly of the polymer and SiO: particles. Because the P(St-BA-AA) microsphere had a
low glass transition temperature, it deformed and merged when the microsphere was
assembled independently, filling the space between the spheres, and forming a transparent
film. In this study, the size of the SiO2 particles was about 20 nm, which could be filled
between P(St-BA-AA) microspheres in the process of common self-assembly. Due to the
difference in refractive indexes between the polymer and SiOz, the structural color was
generated. Compared with glass and plastic, bamboo particleboard substrates contain more
hydroxyl groups and formed hydrogen bonds with the carboxyl groups on the surface of
the microspheres. Thus, the coatings on the surface exhibited higher reflectivity and
adhesion. The film’s self-assembly temperature was adjusted to endow reagent
responsiveness. At 30 °C, the self-assembled film was colorless and transparent. When
water, ethanol, acetone, and other reagents were added to the surface, the film exhibited
bright color (Shen et al. 2013). At the same time, the colorless film had good
superhydrophobic properties (Shen et al. 2018).

In the field of new pigments for wood, Aguirre et al. (2010) prepared 3D photonic
crystals by centrifugal deposition. The powder photonic crystal was mixed with nano
carbon black to form a low-angle-dependent photonic crystal pigment. The pigment was
coated on the surface of wood and other materials with adhesive to provide different colors
to the materials. When the photonic crystals were mixed with carbon black, the multiple
scattering of light was greatly reduced, and the structure color saturation was enhanced.

In addition to the application of structural color in wood materials, cellulose
nanocrystals prepared from wood materials can self-assemble under certain conditions to
form films with structural color. Ligneous nanofiber crystals were prepared by strong acid
hydrolysis combined with high-pressure homogenization, and self-assembly induced by
ultrasonic treatment to form chiral arranged photonic crystal films and produce structural
colors (Revol et al. 1994; Dong et al. 1998; Isogai et al. 2011; Majoinen et al. 2012; Kelly
et al. 2013b; Qing et al. 2013). Kelly et al. (2013a) mixed lignocellulose nanocrystals with
acrylamide monomer, crosslinker, and 2,2-diethoxyacetophenone initiator to prepare
nanocomposite hydrogels with light response through evaporation-induced self-assembly
and photo-polymerization. When the mixture ratio of cellulose nanocrystals and
acrylamide monomer was 1:0.52, the chiral nematic hydrogel showed a near-infrared
rainbow color. When a small amount of NaCl was added to the mixture, the ionic strength
of emulsion increased, and the reaction of the hydrogel to light wave resulted in a blue shift
after self-assembly. Yao et al. (2017) prepared cellulose nanocrystalline/PEG composite
films with large size and smoothness. When the ratio of the two was adjusted to 9:1, 8:2,
and 7:3, three structural colors of blue, green, and red could be endowed to the film. In this
study, the chiral column structure underwent reversible swelling and drying shrinkage due
to the change in humidity of the external environment, leading to a change in film color
and exhibiting excellent humidity sensing performance. Meanwhile, due to the addition of
PEG, the composite film exhibited better mechanical strength and thermal stability.

Based on the mechanism of color generation of photonic crystal structures, a long-
range ordered structure was constructed on the surface of the wood with submicron spheres
as the basic structural unit. Through the self-assembly behavior of submicron spheres, the
biomimetic construction of a photonic crystal structure film on the wood surface can
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modulate photons, improve the wood color, and effectively avoid the fading and pollution
of dye dyeing. Cellulose nanocrystals made of wood as raw material can form a chiral array
structure with circular dichroism and structural color through self-assembly.

CONCLUDING REMARKS

At present, wood biomimetics research is increasing. Through applying structural
color to improvement of wood color, we can learn from nature from three aspects of surface
microstructure, optical function, and color, to achieve the integration of structure and
function, provide new ideas, principles, and methods for wood color improvement, expand
the means of wood color improvement, and consolidate its theoretical basis, which can
considerably improve the value of wood. The application field has important research
significance. The research on wood structure color biomimetics will promote the cross
fusion between wood science and optics, color science, nano science, and interface science.
The mechanism of light response and interface combination in the field of wood optical
biomimetics will be extended, and the connotation of wood science and wood biomimetics
will be further explored with great scientific significance.

In conclusion, future research of wood biomimetic structure color should focus on
the following four aspects. The first topic should (a) investigate the new approach of
construction and mechanism of structural color film on a wood surface. The thermal,
kinetic, and molecular dynamics of self-assembled colloidal microspheres should be
simulated to elucidate the constructing mechanism of films with ordered photonic crystal
structures. The second aspect should (b) study the light response and interface mechanism
of wood surface structure color film. More varieties of colors should be presented to enrich
the decorative effect of the wood surface and the interface nanostructure between structural
color film and wood surface should be simulated to reveal the mechanism of interface
regulation. The revelation of the mechanism will be helpful for the directional preparation
of the structural color film of wood surface. The third discussion should (c) study the
construction technology of large size and patterned biomimetic structure color film on
wood surface that can be developed by spraying and digital inkjet printing. This technique
can imitate the color, luster, and texture of precious wood, mother-of-pearl inlay, and stone.
In this way, the value of low-quality wood can be improved. Lastly, the fourth aspect
should elaborate on the (d) methods for the preparation of chiral structural color materials
with specific colors and functions, which can be explored using lignocellulosic
nanocrystals as the main raw material. This material will be used in intelligent display,
intelligent windows, sensing, anticounterfeiting, stealth, among other fields.
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