Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Luminescent Transparent Wood from Balsa wood
(Ochroma pyramidale) Loaded by Graphite Carbon
Nitride for Implication of Photoelectric Device

Xuefeng Yin
Shaanxi University of Science and Technology

Yaqgian Zhang
Shaanxi University of Science and Technology

Yongjian Xu (% xuyongjian@sust.edu.cn )
Shaanxi University of Science and Technology

Research Article

Keywords: transparent wood, graphite-phase carbon nitride, encapsulating materials, luminescent
materials, photoelectric device

Posted Date: August 24th, 2022
DOI: https://doi.org/10.21203/rs.3.rs-1974379/v1

License: © ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Page 1/18


https://doi.org/10.21203/rs.3.rs-1974379/v1
mailto:xuyongjian@sust.edu.cn
https://doi.org/10.21203/rs.3.rs-1974379/v1
https://creativecommons.org/licenses/by/4.0/

Abstract

In this study, metal-free wood-based encapsulating materials for WLED was obtained by using renewable
transparent wood as the biological support and the light scattering component, and graphite carbon
nitride as the color light emitting component. The graphite phase carbon nitrides with blue and green
color were prepared by thermal polymerization through structural regulation of raw materials. The
resulting different color phosphors were mixed with epoxy resin, respectively, and then blue epoxy resin,
green epoxy resin and red epoxy resin were mixed with a mass ratio of 4:2:1 and adding a proper amount
of curing agent. The delignified balsa wood with high porosity was vacuum impregnated with epoxy resin
mixture to obtain white luminescent transparent wood (g-C3N4 (W)@TW) with better performance such
as high transmittance and high haze. It provides a feasible solution for the sustainable development of
transparent wood and the application of transparent wood to photoelectric materials.

Introduction

Natural wood is a low-cost, natural, renewable and resource-rich material (Chen et al. 2020). Untreated
wood is generally brownish yellow and opaque mainly due to the existence of light absorbing materials,
while the opacity is mainly attributed to the existence of the interfaces between pore and cell wall. The
refractive index of the material in the cell wall is quite different from that of air in the pore. This is the
reason that the light produces refraction, scattering and reflection at the interfaces between pore and cell
wall during the propagation of light, and the light cannot pass through the wood. At the same time, part
of the light is absorbed by the chromogenic material and the color produces (Zhu et al. 2021). In wood,
lignin is the absorption material and accounts for about 30%, especially the chromogenic groups of lignin
can make wood have strong light absorption in the visible light region (Wu et al. 2020). Wood also
contains other mixed substances that cause light refraction and scattering, such as resin, tannin, pectin,
etc. These substances also have different effects on wood color and opacity.

After delignification, the impregnated polymer, which is close to the refractive index of cellulose in cell
wall, is selected to fill the pores in the delignified wood. Refractive index mismatch is significantly
reduced between cell walls and polymers after impregnation, and light can propagate along the wood
growth direction without incident angle (Li et al. 2018). The refraction, reflection and absorption of
incident light greatly reduce because the removal of chromogenic substances and the slightly difference
of refractive index between pore and cell wall, which makes the wood from opaque to transparent. The
transparent wood has high impact resistance and ductility, low thermal conductivity, and can collect
sunlight to the maximum extent (Zhang et al. 2019; Fu et al. 2020; wu et al. 2019; Tang et al. 2018;
Wang et al. 2019). These characteristics allow the transparent wood to be employed directly as building
materials, such as windows. In addition, the transparent wood can be used as a matrix for conductive
and magnetic materials (Tang et al. 2018; Wang et al. 2019; Gan et al. 2017). In the preparation of
transparent wood, some functional materials can be used to impregnate synchronously and give the
transparent wood special functions, which further expand the functionalization direction of wood and its
application fields.
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High porosity of delignified wood allows fluorescent materials in a certain size range to be doped during
polymer impregnation, which can endow the transparent wood with photoluminescence properties (Li et
al. 2018; Li and Fu et al. 2018; Liu et al. 2020; Hoglund et al. 2020; Fu et al. 2020). Therefore, the
transparent wood can be applied to optoelectronic materials. Chave et al (2006) reported that the wood
density varied from 0.11 g/cm? to 1.39 g/cm?, with an average of 0.64 g/cm?. For the preparation of
transparent wood, the high porosity of low-density wood is conducive to polymer impregnation, which
can improve the uniformity of polymer distribution in wood and the transparency of transparent wood.
Balsa (Ochroma pyramidale) is a typical low-density wood because of its fast growth, up to 20 min
height and 75 cm in diameter in 5-8 years (Fletcher 1951). Its density values vary from 0.01 to 0.38
g/cm3and typically range between 0.10 and 0.25 g/cm? (Da et al 2007; Borrega et al. 2015), and balsa
wood is an excellent raw material for making transparent wood.

White light emitting diode (WLED) has become an indispensable part of our life and has brought great
convenience to our daily life. Common LED phosphors in the market mostly adopt rare earth elements,
which are a precious national resource and non-renewable (Zhang et al. 2019; Guo 2019; Li et al. 2019;
Cheng et al. 2020; Rao et al. 2020). Its preparation process is complex and energy consumption is high
(Gaddam et al. 2019; Wang et al. 2017; Zhang et al. 2020). Therefore, developing a renewable fluorescent
material with high quantum efficiency as an alternative material has become a problem for scholars.
Graphite phase carbon nitride (g-C5N,) is an organic and pollution-free fluorescent material, which has
the advantages of simple preparation method, low energy consumption and good biocompatibility (Yang
et al. 2018; Jigyasa et al. 2021). It is expected to replace rare earth elements as alternative materials for
LED lamps.

In this study, balsa wood chips were delignified to remove chromogenic substances and used as the base
material of transparent wood. The (g-C3N,)-based blue and green phosphors were synthesized and their
luminescent properties were tested. The mixture of two synthesized phosphors, red phosphors purchased
and epoxy resin was impregnated into delignified wood chips to prepare the white luminescent
transparent wood for the application of LED optoelectronic devices. The preparation scheme is illustrated
in Fig.1.

Materials And Methods

Materials

The balsa wood chips used in this study were obtained from Fujian Province, China with dimensions of
30 mm x 30 mm x 2 mm (radial Direction). Dicyandiamide and 2,4-diamino-6-phenyl-1,3,5-triazine were
purchased from Aladdin Chemical Reagent Co., Ltd. The epoxy resin and curing agent were obtained from
Wenzhou Yichen Industrial Co., Ltd, China. Red phosphor was purchased from Shenzhen Diweisheng
Technology Co., Ltd, China.

Delignification
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Balsa wood chips were immersed directly in NaOH solution with a concentration of 5 wt. % at 90°C for 2
hours. The chips were washed and then moved into NaClO, solution for delignification at pH 4.6 and

temperature 80°C until being white.
Constituent analysis of wood

Chemical constituents of wood were determined according to the standard method by Technical
Association of Pulp and Paper Industry (TAPPI).The wood chips were ground into particles and then
screened, and the components passing a 40-mesh screen and remained on a 60-mesh screen were
obtained, noted as R60/P40. The R60/P40 components were extracted by the mixture of benzene and
alcohol according to TAPPI 204 cm-07. The extracted residues were used for the determination of the
chemical composition through TAPPI 211 om-07 for ash, TAPPI 222 om-06 for Klason lignin, TAPPI 203
cm-09 for a-cellulose and TAPPI 249 cm-00 for holocellulose. The hemicellulose content was calculated
from the difference between the contents of holocellulose and a-cellulose.

Preparation of transparent wood

The epoxy resin was mixed with a proper amount of curing agent. Then this mixture was used to
impregnate the delignified wood chips under vacuum, and the impregnated samples were cured at room
temperature for 72 hours to prepare the transparent wood chips.

Synthesis of g-C3N, phosphors

The dicyandiamide in a crucible was heated to 550 °C at a rate of 5 °C/min in a muffle furnace, and then
calcined for 2 hours. The resulting product was refluxed at 80°C in 5 mol/L concentrated nitric acid for 6
h, followed the centrifugation and wash until neutral. The products obtained were stripped with ultrasonic
treatment in acetone solution, and the blue g-C5;N, phosphor was prepared after the centrifugation, noted

as (g-C3N4 (B)).

The 2,4-diamino-6-phenyl-1,3,5-triazine in a quartz boat was heated to 400°C at a rate of 3°C/minin a
tubular furnace, and calcined for 40 minutes. After being cooled to room temperature, the resulting
products were dispersed with ultrasonic treatment in acetone solution, and the green g-C3N,

phosphor was obtained after the centrifugation, noted as g-C3N, (G).

Preparation of white luminescent transparent wood

The g-C5N,4 (B), g-C3N,4 (G) and red phosphors purchased were dispersed in epoxy resin, respectively, and
the blue epoxy resin (BER), green epoxy resin (GER) and red epoxy resin (RER) were obtained. The BER,
GER and RER were mixed with a mass ratio of 4:2:1, and adding a proper amount of curing agent at the
same time. Finally, this mixture was used to prepare the white luminescent transparent wood by the same
method as the preparation of transparent wood, noted as g-C3N, (W)@TW, and g-C3N,4 (W) represents the

white g-C3N, phosphor.
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Characterizations

Porosity and pore size distribution of wood chips were measured on a Micrometritics Autopore IV 9500
mercury porosimeter. Ultraviolet-visible absorption spectra and fluorescence spectra were recorded with
an Agilent Carry 500 spectrophotometer and an Edinburgh F55 fluorescence spectrophotometer. The
morphology was observed by Hitachi S-4800 field-emission scanning electron microscopy (SEM). The
chemical structure of g-C3N, was characterized by Fourier transform infrared (FTIR) spectra over a Bruker
vector-2 spectrophotometer with the potassium bromide (KBr) assay method at the spectral range
400-4000 cm™. The phase structure of the products was determined by X-ray diffraction measurement
(XRD, Rigaku, and D/MAX 2200) operated with Cu target radiation (A = 1.54 A).

Results And Discussion

Characteristics of delignified wood

The xylem in balsa wood is mainly composed of three types of cells: fibers, vessels, and rays (Fig. 2a).
Easterling et al. and Da Silva et al. reported that the volume fraction of fibers and rays in balsa are about
80%—-90% and 8%—15% respectively, with vessels making up the rest (Da 2007; Easterling 1982). The
diameter of fibers is between 14 and 52 ym, while that of the vessels is between 189 and 352 ym, and
the rays normally has a rectangular geometry when viewed from the cross section with the size of (14-
23) umx(29-58) um (Borrega et al. 2015). The cell size of balsa wood used in this research is consistent
with that described in the literatures (Fig. 2a and 2b). The diameter of pits on the cell wall varies from
hundreds of nanometers to several microns (Fig. 2c). The pore size distribution shows that the pore
diameter in nature balsa wood ranges from 500 nm to 350 um (Fig. 2f), which is basically consistent with
the observationof SEM.

Wood is mainly composed of three chemical components: cellulose, hemicellulose, lignin and
additionally a small amount of inorganic substances, coloring pigments, tannins and other polyphenols.
Among them, lignin, coloring pigments, tannins and other polyphenols have chromogenic groups, which
can absorb the light with the wavelength of 380-780 nm in the visible light area and make the wood
present the corresponding color. This is disadvantageous to the preparation of transparent wood.
Therefore, the chromogenic substances must be removed to avoid the light absorption in order to obtain
the high light transmittance. Coloring pigments, tannins and other polyphenols can be removed by
dissolving in hot alkali solution, while lignin with high content and high relative molecular weight needs to
be oxidized and degraded with strong oxidizing chemicals and then dissolved out of the wood chips.

In this study, the color of balsa wood chips changes from light brown to white after hot alkali extraction
and delignification (Fig. 2a and 2d), the intercellular layer and fiber cell wall appear more loose compared
with that of natural wood (Fig. 2b) and 2d), and lignin content decreases from 24.4% to 0.2% (Fig. 2e),
indicating that most of the lignin had been removed. The porosity of wood chips increases from 87.2% to
96.8% due to the swelling of water and the dissolution of lignin and other components (Fig. 2e), and the
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pore volume increases significantly in the range of 1-200 pm (Fig. 2g). The increase of small-size pore
volume should be attributed to the swelling of fiber pits, the removal of lignin in middle lamella and cell
wall, and the dissolution of some cellulose and hemicellulose. The increase of large-size pore volume
should be attributed to the water swelling of cell lumen and the dissolution of contents in the lumen.

The increase of wood porosity and pore size after delignification can provide more channels for
subsequent resin impregnation and improve the impregnation rate and uniformity.

Characteristics of g-C3N,4(B) and g-C3N,(G)

There are two basic units of triazine ring and 3-s-triazine ring in g-C3N,, and the two basic units extend
infinitely to form a two-dimensional lamellar structure similar to graphene, which are combined by van
der Waals force (Dong et al. 2014; Sun et al. 2019). The chemical structures of the g-C3N,(B) and g-
C3N,4(G) were confirmed by using FTIR spectra. It can be seen in Fig. 3a that the absorption peak near
808 cm™ corresponds to the bending vibration absorption of triazine derivatives and the peak in the
region of 1240-1650 cm™ corresponds to the C-N aromatic heterocycle, and the peak between 3065 and
3270 cm is the N-H stretching mode. The characteristic absorption peak of g-C5N,(G) is similar to that
of g-C3N,4(B), indicating that the main functional groups and structures are similar (Zhang et al. 2020;
Jigyasa et al. 2021).

XRD analysis results in the Fig. 3b show that there are two characteristic peaks of g-C3N, (B) at 12.68°
and 27.28° respectively, while the g-C3N, (G) has only a broad characteristic peak of 27.28°. The 12.68° is
attributed to the (100) crystal faces and the 27.7° is ascribed to (002) crystal faces. The (100) peak
results from the periodic in-plane structure stacking of aromatic systems. The (002) crystal faces are
caused by the interaction of the stacking layers of triazine ring in the aromatic system. The decrease in
the absorption peak area of the g-C3N, (G) is due to the reduction of the number of graphitic

layers. Doping of benzene ring makes the absorption wider, which is due to the decrease of the plane size
of the layer at the same time during the blocking effect (Zheng 2020; Porcu et al. 2020; Xu et al. 2019;
Pattnaik 2019).

C3N, is a typical polymer semiconductor, in which CN atoms are sp2 hybridized to form a highly

delocalized m conjugated system (Che et al. 2019). The Npz orbital and the Cpz orbital constitutes the
highest occupied molecular orbital of g-C3N, and the lowest unoccupied molecular orbital, respectively,

with a band gap of ~2.7 eV (Zhu et al. 2017; Tay et al). Therefore, the C3N, phosphors can absorb blue

and violet light with a wavelength less than 475 in the solar spectrum to produce fluorescence. The
structure of g-C3N, synthesized by different ways is different, and the performance will also change
greatly. The luminescence performance of g-C3N4(B) and g-C5N4(G) is detected by fluorescence
spectrophotometer as shown in Fig.3c and 3d. The g-C3N,4(B) emits blue light under the excitation of
ultraviolet light, indicating that the phosphor can be effectively excited by ultraviolet light. When the
excitation wavelength is 369 nm, the peak emission wavelength of g-C3N4(B) is 439 nm, and its CIE
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coordinates are (0.1735, 0.1388 (Fig. 3c). The g-C3N,(G) emits green light under the excitation of
ultraviolet light (Fig. 3d). It shows that the phosphor is also excited effectively in the ultraviolet region.
When the excitation wavelength is 365 nm, the peak emission wavelength of g-C3N4(G) is 529 nm, and its
CIE coordinates are (0.3128, 0.4755).

Both of the g-C5N, (B) and the g-C3N, (G) are relatively uniformly particles (Fig.3e and 3f). The particle
size of g-C5N, (B) is mainly distributed between 35~130 nm (Fig.3e), with an average of 77.36 nm and a
dispersion coefficient of 0.122; While the particle size of g-C3N, (G) is mainly distributed between
200~300nm (Fig.3f), with an average of 244.1 nm and a dispersion coefficient of 0.230. The g-C3N, (B) is
smaller than g-C3N, (G), and its particle size is more evenly dispersed. During the preparation of
transparent wood, g-C3N, enters the adjacent cell wall or lumen with the resin through the pits or pores
formed by dissolved lignin. The minimum pore size is about 500 nm in the delignified wood (Fig 2f),
which is significantly larger than the particle sizes of g-C3N, (B) and g-C5N,4 (B) synthesized. Therefore,
the synthesized fluorescent particles can be successfully entered into the delignified wood.

Light scattering effect of transparent wood

In the cell wall of delignified wood, there are many natural pores and micropores formed by dissolution
of lignin, tannin and other substances, which can provide a channel for polymer impregnation (Zhu et al.
2016). After resin impregnation and curing, those pores/micropores, intercellular layer and cell lumen are
filled with epoxy resin (Fig. 4a). Disappearance of the interfaces results in a significant reduction in the
refraction, reflection and absorption of light, thus transparent wood is successfully prepared with good
transparency (Fig. 4b and 4c).

To study the light scattering behavior of transparent wood, a single green beam with a wavelength of 532
nm is used as the source of incident light. When the incident light passes through the transparent wood,
as shown in Fig. 4d, light scattering is perpendicular to the wood growth direction and appears ellipsoid,
while the light scattering behavior of glass is very weak only to form a spot in Fig. 4g. When the incident
light is in parallel to the wood fiber growth direction, it can propagate along the wood fiber growth
direction (Fig. 4e). Whether the angle of incident light makes any transformation, the entire plane of
transparent wood can be illuminated (Fig. 4f). This is because the scattering occurs on the interface
between the wood cell wall and the impregnated polymer and in the pore of wood cell wall when the
photons are transported inside the material (Li et al. 2016; Liu 2017). When a parallel light passes
through the glass, the light forms a light column inside, and the propagation angle of light column varies
with the angle of incident light as shown in Fig. 4h and 4i. This suggests that stronger light scattering
effects in the wood interior can achieve directional scattering compared to glass. Therefore, transparent
wood has the excellent development prospect in the areas of photo shaping diffusers, optical building
materials and lighting.

Characteristics of g-C3N,(W)@TW
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After the g-C53N, (B), g-C3N,4 (G) and red phosphors were mixed with epoxy resin and the delignified wood
was impregnated, the g-C5N, (W)@TW was obtained as shown in Fig. 5a. In the natural light, the letters
below the g-C3N, (W)@TW can be clearly observed, so that the g-C3N, (W)@TW shows excellent light
transmittance. SEM image of g-C3N, (W)@TW shows that phosphor particles are evenly distributed in the
cured epoxy resin (Fig. 5b). Under the irradiation of ultraviolet light, the g-C3N, (W)@TW emits bright
white light (Fig. 5c¢).

The traditional white principle of the light emitting diode is that when the current stimulates the blue
photons through the blue phosphor, the blue photon binds to the surface yellow phosphor to produce
white light, but it is discontinuous due to the instability of the electrons. Photoluminescent transparent
wood enables ultraviolet light to bind directly with the phosphors inside the wood to produce white light,
and the combination of the three phosphors avoids the disconnection of the beams due to the uneven
proportion of the phosphors. The g-C3N, (W)@TW produced by mixing of g-C3N, (B), g-C5N, (G) and red
phosphors can produce the white light, so that it has a certain development space in the field of lighting
and optoelectronic devices.

The UV-vis spectrophotometry was used to detect the light transmittance and haze of g-C3N, (W)@TW
(Fig. 5d). The light transmittance of natural wood is negligible because of the light scattering between
pore interfaces and the interface of different chemical components, and the absorption of light by lignin
in the wood cell wall and middle lamella. Lignin removed, the absorption of light reduces and the
transmittance of delignified wood slightly increases. When the delignified wood is impregnated with the
epoxy resin with a refractive index similar to that of cellulose, their refractive index mismatch decreases
and the transparent wood presents a higher transmittance (Zhang et al. 2020). As shown in the Fig. 5d,
the light transmittances of TW and g-C5N, (G)@TW are relatively high, due to the decrease in refraction
after polymer impregnation and the less lignin content (Wu et al. 2020).

The hazes of impregnated transparent wood are shown also in Fig. 5d. Compared with other high
transmittance materials such as glass and plastics, transparent wood not only has high transmittance,
but also has high haze (Wu et al. 2019). Moreover, the haze of g-C3N, (W)@TW is similar to that of the
transparent wood, indicating that the fluorescent quantum dots do not significantly affect the haze of
transparent wood.

The heat flux can propagate along the transverse and longitudinal direction of wood lumen because both
the natural wood and the transparent wood are anisotropic materials (Qiu et al. 2020). It can be seen that
the thermal conductivity of natural wood is much weaker than that of glass as shown in Fig. 5e. The
thermal conductivity of g-C3N, (W)@TW is slightly higher than that of natural wood but still much lower
than that of glass. This suggests that glass is a heat conductive material, while natural wood and
transparent wood are insulating materials. High thermal conductivity of glass leads to a higher heat flow
around the glass, which makes the temperature of surrounding environment higher (Mi et al 2020). As an
insulating material, wood can effectively cool down the temperature of surrounding environment and
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produce a temperature difference from the external temperature. The thermal conductivity of the
transparent wood-based composites is low, which may be phonon scattering effects caused by the
phonon resistance between the wood cell wall and multiple interfaces (Zhang 2019).

The g-C3N, (W)@TW with high light transmittance, high haze, and low thermal conductivity provides a
feasible solution for the sustainable development of transparent wood and the application of transparent
wood to photoelectric materials.

Conclusion

In this study, the chromogenic group of low-density balsa wood was removed by alkali treatment and
delignification, and its pore size and porosity were increased at the same time to obtain a transparent
wood substrate. The graphite phase carbon nitrides with blue and green color were prepared by thermal
polymerization through structural regulation of raw materials. The luminescent transparent wood was
prepared by impregnating delignified balsa wood with resin and mixture of blue, green and red phosphors
according to the mass ratio of 4:2:1. Luminescent transparent wood with high transmittance and high
haze are obtained. Additionally, the impregnation of epoxy resin and luminescent phosphors is slightly
effect on the thermal conductivity of balsa wood. The luminescent transparent wood not only retains the
excellent properties of transparent wood, but also provides the possibility to apply for optoelectronic
field.
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Figure 1

Schematic illustration of the preparation for white luminescent transparent wood
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Figure 2

(@) SEM image and photo of natural balsa wood; (b) Local magnification for SEM image of natural balsa
wood; (c) SEM image of pits in cell wall of natural balsa wood; (d) SEM image and photo of delignified
balsa wood; (e) Chemical constituent analysis and porosity of balsa wood; (d) Pore size distribution of
balsa wood
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Figure 3

(@) FTIR of the g-C5N,4(B) and g-C3N,4(G); (b) XRD of the g-C3N,(B) and g-C5N, (G); (c) The excitation
spectrum and emission spectrum of g-C3N,(B); (d) The excitation spectrum and emission spectrum of g-
C3N,4(G); (e) Size distribution and SEM photo of g-C3N, (B); (f) Size distribution and SEM photo of g-C5N,
(G)
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Figure 4

(a) Glass; (b) Transparent wood; (c) SEM image of transparent wood; (d-f) Light illumination diagram of
transparent wood at vertical, parallel and 45° angles; (g-i) Light illumination diagram of glass at vertical,
parallel and 45° angles
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(@) The g-C3N,(W)@TW; (b) SEM image of g-C3N,(W)@TW,; (c) The g-C3N,(W)@TW under the ultraviolet
light excitation; (d) Transmittance and haze of the g-C3N,(W)@TW; (e) Thermal conductivity of the g-

CsN,(W)@TW
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