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Abstract

Improving the energy efficiency of buildings is critical to achieving net-zero and
addressing the global energy and climate crises. By adopting simple spin-coating, a
solar-blocking coating (Cso33WO3) was prepared on transparent wood (TW).
Meanwhile, a liquid and transparent flame retardant (BPDP) was employed to enhance
its fire safety. The chemical composition, physical morphology, the thermal stability,
and the fire safety of the resulting heat-shielding TW were analyzed using FTIR, XRD,
SEM, TGA, and Cone, respectively. Field tests and simulations were conducted to
evaluate the solar-blocking capacity and energy-saving potential of the heat-shielding.
The char yield (CY) of heat-shielding TW was increased from 7.3% to 17.1% due to
the catalytic carbonization effect of BPDP and inorganic coating. The heat-shielding
TW demonstrated significant solar-blocking capabilities, with a 46.63% reduction in
solar transmission compared to the original TW. The interior surface temperature (Ts)
of the heat-shielding TW model was 10.2°C lower than that of normal glass, indicating
its remarkable heat shielding performance. Energy-saving simulations based on
experimental findings revealed that such heat-shielding TW achieved energy savings of
9.6%, 7.7%, and 6.2% in Hong Kong, Shanghai, and Singapore, respectively, when
compared to traditional glazing glass. Overall, the prepared heat-shielding TW shows
promise as a novel candidate for window applications, offering improved energy
efficiency.

Keywords: Transparent wood, Heat-shielding, flame retardant, energy saving,
sustainable materials.



Introduction

Buildings account for approximately 40% of global energy consumption. Among the
various components of modern buildings, windows are particularly energy-inefficient,
contributing to approximately 60% of total energy loss due to their inadequate thermal
management capabilities [1, 2]. The most commonly used glazing material (i.e., glass)
are suffering from a high thermal conductivity (~1 W-m !-K™"), brittleness, and an
energy-intensive production strategy. The glass manufacturing industry alone emits
more than 60 million tons of CO; annually[3]. Meanwhile, the inevitable reflecting and
glare effect of glass also lead to visual discomfort, lower working efficiency, poor
emotional well-being, and even occasional accidents[4]. Consequently, there is a
pressing need to explore glazing materials that offer improved energy efficiency,
enhanced visual comfort, and sustainable manufacturing processes, while meeting
minimum commercial safety and performance standards, to help achieve the goal of a
carbon-neutral society, aligned with global initiatives for net-zero emissions by 2050[5-
71.

Given the ease of processing, broad availability, low thermal conductivity and excellent
mechanical performance, wood has been widely used throughout history for a range of
structural and aesthetic applications. Recently, a novel wood product — transparent
wood (TW) — has attracted wide attentions due to its high transmittance, sustainability,
and low thermal conductivity [8-10], making it a promising material for window
(among many other) applications. The preparation of TW commonly involves a
discoloration process, specifically delignification or lignin-modification of a standard
wood substrate, succeeded by polymer impregnation or a compression process. While
the initial TW substrates have demonstrated potential as promising candidate for a wide
range of applications, they have not yet attained the requisite properties to meet the
demands of specialized functionalities in e.g., flame retardant applications. Despite
outperforming traditional glasses in many aspects, TW faces challenges regarding fire
safety, similar to those faced by established timber-based products[11]. Both the wood
scaffold and impregnated polymers are highly flammable[12, 13], necessitating the
consideration of fire safety before practical applications of TW. The organophosphate,
tert-Butylphenyl Diphenyl Phosphate (BPDP), is a commercially available commonly
used flame retardant (FR). It acts via a char formation mechanism, to physically protect
the bulk material from further decomposition, and prevent any further flame spread
while also minimizing smoke production[14]. Moreover, the liquid and transparent
nature of BPDP provides chances for creating TW without unacceptable decreases in
the optical properties.

Meanwhile, TW with various functionalities have also been developed [15], including
heat shielding TW [16-18]. For example, Yu et al. prepared TW with NIR shielding by
impregnating a cesium tungsten oxide (CsxWO3) into the wood scaffold [16]. CsxWOs
is a dark blue powder with excellent solar shielding additive that has potential



applications in smart windows, as it possesses high near-IR absorbency and reflectivity,
while also retaining excellent visible light transparency. However, most of heat-
shielding TW reported to-date were prepared by pre-functionalization, i.e., incorporated
into the mixture with the refractive index (RI) matched polymers during the
impregnation stage of TW formation. This approach requires a significant number of
functional components, with only a small portion being integrated into the wood
scaffold while the majority is wasted; it is an inefficient process that yields poorer TW
substrate performance. Therefore, post-functionalization, referring to surface
engineering and coating, might be promising way to achieve more effective heat-
shielding functionality, with less functional components and less waste.

In this study, TW was prepared by lignin modification, followed by epoxy impregnation.
TW with high luminous transmittance and remarkable near infrared (NIR) shielding
ability was prepared by introducing a layer of Cso33WOs; onto its surface
(FRTW@CWOx). The physical morphology, chemical structure, fire performance,
energy-saving potential, and spectra of FRTW@CWOx were investigated. The
FRTW@CWO.75 exhibited a luminous transmittance of 64.50%, making it ideal for
window applications, while allowing only 11.04% of solar NIR irradiation to pass
through. Field tests confirmed that FRTW@CWOy.75s effectively reduced indoor
temperatures by 10.2°C compared to conventional glass. Furthermore, energy
simulations indicated that FRTW@CWOy .75 could achieve energy savings of 9.6%,
7.7%, and 6.2% in annual heating and cooling consumption for Hong Kong, Shanghai,
and Singapore, respectively. Meanwhile, the flame retardancy of TW was improved by
introducing a commercially available liquid flame retardant (BPDP), which results in a
reduction of 27.7 % in HRR compared to original TW. In addition, the intrinsic near-
IR heat absorbing properties of Cso33WO3 were hypothesized to enhance the FR
properties of the BPDP. With the combination of Cso33WO3 coating and BPDP, the char
yield (CY) of heat-shielding TW was increased from 7.3% to 17.1%. The impressive
heat-shielding capabilities, coupled with its fire safety position FRTW@CWOy. 75 as a
highly promising option for energy-efficient windows.



Experiment
Materials and chemicals

Sodium silicate, sodium hydroxide, magnesium sulfate, diethylenetriaminepentaacetic
acid, and hydrogen peroxide (30wt%) were provided by Macklin. Balsa wood
(longitudinal) was supplied by Zhuhai DeChi Co., Ltd. Aero-Marine epoxy resin (#300
and #21) was used for polymer impregnating. Polyvinylpyrrolidone (PVP, Mw=58000,
Acros Organic) were used to prepared coating solution. A commercially available liquid
flame retardant (BPDP, Tert-Butylphenyl Diphenyl Phosphate, Fig. S1) was provided
by Yarui chemical Co., Ltd. Cso33WO3 was purchased from Shanghai Yingcheng New
Materials Co., Ltd. All chemicals were used without further purification and deionised
(DI) water (18 MQ) used, in all cases.

Preparation of flame-retardant TW substrates

The balsa wood was cut into 30 mm % 30 mm and 100 mm x 100 mm (For field test)
slices with the thickness of 1.5 mm. The samples for cone calorimeter (cone) test were
in the size of 10 cm x 10 cm %3 mm. The preparation of TW follows previous reports
with few modifications[19]. The lignin modification solution (DI water as solvent) was
prepared by mixing following chemicals: sodium silicate (3.0 wt%), sodium hydroxide
(3.0 wt%), magnesium sulfate (0.1 wt%), and diethylenetriaminepentaacetic acid (0.1
wt%), hydrogen peroxide (8.0 wt%). The balsa strips were immersed in the prepared
solution and maintained at 70 °C for around 2 hours. Then the white wood strips were
washed several times with DI water before being stored in ethanol for further use. Aero-
Marine epoxy resin (#300 and #21) was used for polymer impregnation. The Epoxy
resin #300 and curing agent #21 were mixed at a ratio of 2:1, while the ratio of BPDP
to total epoxy weight was set to 10%. Lignin-modified wood strips were submerged in
the epoxy precursor in a petri dish. Then, a vacuum of 0.1 atm was applied to the
mixture for 15 mins, allowing the infiltration of epoxy in to the wood scaffold. The
vacuum was repeated three times to ensure complete impregnation, after which, wood
strips were sandwiched between two PET film sheets, and the samples cured at room
temperature for 48 hours. Finally, the formed transparent wood (TW) was peeled off
from the PET film. The resulting products were named as FRTW.

Preparation of heat-shielding TW

The prepared TW was used as the substrate for heat-shielding coating. The Cso.33WO3
(0.25 g, 0.5 g and 0.75 g) and 0.5 g of PVP were dispersed in 10 ml ethanol solution
with stirring. Then, the mixture was sonicated in the ultrasonic bath for 30 mins to
obtain uniform solution. Before the coating process, TW substrates were washed with
ethanol in ultrasonic bath for 2 mins. Finally, Cso33WO3; was spin-coated on the TW



substrate with the spinning speed of 1000 rpm using 500 uL of the coating solution.
The resulting products were named as FRTW@CWOq .25, FRTW@CWOy.50 FRTW and
FRTW@CWOQq.75.

Characterization

The morphologies of the samples were observed by Field Emission Scanning Electron
Microscope (SEM, Tescan MAIA3). The transmittance spectra of samples across 200
nm to 2400 nm were collected by PERKIN ELMER UV-Vis-NIR Spectrometer with a
150 mm of integrating sphere. The transmittance T(A) and reflectance R(A) across 200-
2400 nm were obtained from PERKIN ELMER UV-Vis-NIR Spectrometer with a 150

mm of integrating sphere. The Tsol, Rsol, and Tium were determined by the following

formula:
Tsol = [0 @so1(X) - TA) dA/ [0 @sor (W) dA- - - - - - - - (1)
Rsol = [ @sor (W) - RO A/ [0 @eor () dh- - - - - - - - )
Thim = [ @um) - TO) A/ [ @rum (W) dA- - - - - - - - (3)

The solar modulation was determined by the following formula: here the @so1 (A) is the
solar irradiance spectrum distribution for AM 1.5 (corresponding to the sun standing
37° above the horizon with 1.5 atmosphere thickness and the presence of a solar zenith
angle of 48.2°); eum()) is the standard luminous efficiency function of photopic vision
for the wavelength of 380-800 nm[20]. T(A) and R(A) are the transmittance spectrum
and reflectance spectrum. XRD patterns of CWO was collected by Rigaku SmartLab
9kW-advance using Theta/2 Theta mode, while other XRD patterns were collected by
Rigaku SmartLab 9kW across the range of 20-80° with step size of 0.02° and scan rate
of 10°/min under the 2 Theta mode. The glancing angle was set to 2°. The cone
calorimeter (cone) test was performed on an apparatus of Fire Testing Technology
according to ISO 5660. The samples of 100 x 100 x 3 mm?® were burnt under an external
heat flow of 35kW/m?. The vertical burning test was carried out on a laboratory
assembled UL 94 vertical flame chamber according to ASTM D3801 with sample sizes
of 130x 13 x3.2mm?. Thermogravimetry analysis (TGA) was obtained from
PerkinElmer TGA 4000 System. 1-5 mg of the sample was heated from 25°C to 800 °C
with the heating rate of 10 °C /min under the air flow of 50 mL/min. The thermal
conductivity was obtained from a thermal conductivity meter equipped with a Hot Disk

Kapton sensor, at a power of 200 mW and measuring time of 40s.

Solar blocking test



The solar blocking capacity (i.e., how much solar irradiation is transmitted) was simply
evaluated by detecting the solar intensity behind the target sample at constant irradiance
and at both ambient temperature and humidity. The center of solar light, solar intensity
detector, and the center of the sample lie on the same straight line parallel to the table.
Meanwhile, the lamp-sample and sample-detector distance were 15cm and 30 cm,
respectively. For the blank sample, the sample holder was removed, allowing the light
reading directly on the detector. Then the detected solar intensity was recorded after
stabilization. The whole set was shown in Fig. S2.

Heat shielding simulation

The heat-shielding performance of normal glass, FRTW, and FRTW@CWOo.75 were
conducted using a custom heat shielding test configuration. A box made of expanded
polypropylene (EPP) with the size of 340mm x 220mm x180 mm (wall thickness ~20
mm), the whole setup is shown in Fig S3). The FRTW, normal glass, and
FRTW@CWOy.75 (100 mm x 100 mm) were fixed on the top of the box. The light
center and the center of the window lie on a straight line parallel to the table. The
distance between the light center and the window center was set to 45 cm to ensure the
solar intensity received at the window location is around 1000 W/m?. A PT 100
temperature sensor was fixed at the bottom surface of the box, while another sensor was
put in the box to monitor the indoor air temperature. The temperature data was exported
by a MT21111-M2101 module (Smacq). The irradiation exposure was maintained for
15 mins, and then the bottom surface and indoor air were allowed to cool down to
original temperature. Both the heating and cooling process were recorded. The
environment temperature for the whole test was around 24 °C.

Energy saving simulation

The energy consumption simulation was conducted on Energy Plus V22-2, where a
medium office prototype building model, as defined by the US Department of Energy,
was used (Fig S4)[21]. The fagcade of the model and HVAC parameters are presented in
Table S1. The building has a total area of 4982.19 m? with a 33% window to wall ratio.
The glazing system has a total window area of 652.83 m?. The optical properties of
FRTW@CWOy.75 and normal glass are shown in Table 2 (parameters of normal glass
is cited from Wang’s report[22]). Three typical cities (Hong Kong, Singapore, and
Shanghai) were selected for the simulation. The building energy saving performance
values are obtained by comparing the annual and monthly heating/cooling energy
consumption between the different window materials.



Result and discussion

Structure and morphology
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Figure. 1 (A) FTIR spectra of natural wood, delignified wood, lignin-modified wood,
and transparent wood. (B) FTIR spectra of EP, TW, FRTW, and FRTW@CWOy.75. (C)
XRD patterns of CWO, TW, FRTW, and FRTW@CWOy.75. (D-F) Cross-sectional SEM
images of natural wood (D), LMW (E), and FRTW (F).

TW substrates used here were prepared from decoloring process followed by epoxy
impregnation. The decoloring process was prepared by lignin modification route[19].
The FTIR spectra of natural wood (NW), delignified wood (DW), lignin-modified
wood (LMW) and TW are shown in Fig.1A. The presence of the characteristic lignin
peak (1507 cm™) in NW and LMW indicates the preservation of the lignin skeleton [23].
The FTIR spectra in Figure 1B show the comparison between pure epoxy (EP), TW,
flame-retardant TW (FRTW), and FRTW@CWOy.75. The presence of the peak at 960
cm’! (P-O-C) indicates the inclusion of BPDP in the TW matrix [24]. While the peak at
1650 cm™ is ascribed to the vibration of amide group in PVP. Although the
characteristic peaks of CWO are not clearly visible in the FTIR spectra, the XRD
pattern in Fig. 1C confirms its presence (#96-152-4693). The SEM image of CWO in
Fig S5 displays particle sizes of approximately 50 nm. The cross-sectional SEM images
of NW (Fig. 1D) and LMW (Fig. 1E) suggest that the highly aligned microchannels
were well reserved after lignin modification, providing the space for subsequent
polymer impregnation. As shown in Fig. 1F, the microchannels were fully impregnated
with epoxy, showing no gaps between polymer and wood scaffold even after the
incorporation of BPDP. This suggests that the flame retardant has remarkable
compatibility with the epoxy matrix.



Optical properties and heat shielding performance
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Figure. 2 (A) The transmittance of FRTW and FRTW@CWQO in the solar spectrum. (B)
The thermal conductivity of normal glass, TW, FRTW, and FRTW@CWO. (C) The
detected solar intensity behind each sample at the distance of 45 cm. (D) The air

temperature (T,) inside of the box and the temperature at the bottom surface (Ts) during
the irradiation on process and natural cooling process.
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As shown in Fig S6, the visible transmittance of FRTW exhibited a slight decrease
compared to the original TW. This suggests that BPDP has minimal impact on the
optical properties of TW. The optical transmittance of RFTW and FRTW@CWO,
crossing the UV-Vis-Near Infrared (200-2400 nm) are presented in Fig. 2A. A detail
comparison in terms of transmission for FRTW and FRTW@CWO was provided in
Table 1. FRTW allowed UV-VIS-NIR to pass through, leading to an increase of indoor
temperature. While the total transmission was decreased with the increase of CWO
concentration of the coating solution. The transmission in the NIR range for FRTW was
67.87%, while it decreased to 22.11% for FRTW@CWOy.7s, representing a reduction
of 67.23%. FRTW@CWOy.75 exhibited the lowest NIR transmittance (~47.20%) is
probably due to the high absorption of Cso33WO3 in the NIR range [25]. This suggests
that FRTW@CWOy.75 may exhibit excellent heat-shielding performance for window
applications, leading to significant energy savings. It is worth noting that both FRTW
and coated FRTWs demonstrated low (7.05% to 16.04%) UV transmission, which is
beneficial for prolonging the service life of indoor items such as furniture [26].
Additionally, FRTW@CWOQO.75 shows a transmittance (60.15%) in the visible range,



which is totally acceptable for window applications. The photograph of FRTW and
FRTW@CWOy.75 with the size of 10 cm X 10 cm are shown in Fig. S7. The symbols
underneath of FRTW and FRTW@CWOy.75 can be seen clearly, suggesting their
considerable visual transmittance.

Table 1. Transmittance in different wavebands

Sample UV /% VIS / % NIR / %
FRTW 16.04 83.39 67.87
FRTW@CWOo.25 10.94 74.15 46.22
FRTW@CWOo.50 9.88 69.25 36.73
FRTW@CWOo.75 7.05 60.15 22.11

Thermal conductivity is another critical parameter for energy-saving performance. The
thermal conductivity of glass, TW and FRTW@CWO are shown in Fig. 2B. Glass
shows the highest thermal conductivity (~1.12 W-m™'k"), which is approximately six
times higher than that of TW (~ 0.18 W-m'k!), indicating the poor thermal insulating
capacity of traditional glasses. This is one of the primary reasons why glasses are
considered the most energy-inefficient part of a building envelope [27].
FRTW@CWOy 75 exhibits a close thermal conductivity (~0.19 W-m™'k™!) to that of TW
(~ 0.18 W-m''k!), suggesting that the CWO coating has minimal impact on thermal
conductivity, and far superior to that of conventional glass substrates. The slight
fluctuations in thermal conductivity are likely due to acceptable machine errors.

To assess the solar blocking performance, a simple solar blocking test was conducted
using a setup shown in Fig S2. The solar irradiation intensity was measured by a TES
1333R solar meter. As depicted in Fig. 2C, the blank sample had a solar intensity of
approximately 989.4 W/m? at a lamp-solar meter distance of 45 cm. Glass exhibited
limited solar-blocking capacity, resulting in a solar intensity of 884.4 W/m?. FRTW
demonstrated a significantly lower detected solar intensity of 415.8 W/m? due to its
inherent light scattering effect. FRTW@CWOy .75 exhibited a solar intensity of 221.9
W/m?, indicating a reduction of 46.63%, which aligns with the calculated reduction
based on the spectra.

To further investigate the heat-shielding performance of TW composites, a field test
was conducted with a setup displayed in Figure S3. Glasses, FRTW, and
FRTW@CWOy.75 were fixed as windows on the top of an EPP box. Two PT 100
temperature sensors were used to continuously monitored the air temperature (Ta.)
inside the box and the temperature at the bottom surface (Ts) of the box (Fig 2D). A
PLS-SXE300D xenon lamp was used to simulate solar irradiation, ensuring that the
light spot was centered on each sample. The distance between the window and lamp
was fixed at 45 cm to achieve a detected solar irradiation power of around 1000 W/m?.
After approximately 15 minutes of solar irradiation, the Ts of glass reached 45.5°C,
while those of FRTW and FRTW@CWOy.75 decreased to 38.7°C and 35.3°C,
respectively. In terms of indoor air temperature (T.), glass increased to 34.2°C after 15
minutes of solar irradiation. In the case of FRTW, T, increased to 32.5°C, which is



1.7°C lower than that of glass. FRTW@CWOy 75 exhibited the lowest T, of 31.9°C after
15 minutes of irradiation, representing a reduction of 2.3°C compared to normal glass.
The desired reductions in Ta and Ts demonstrate the remarkable heat-shielding
performance of FRTW@CWOy.75. These results suggest that FRTW@CWOy.75 could
be a promising candidate for window applications, particularly in hot areas and climates.

Energy Consumption Simulation
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Figure. 3 (4-C) Simulated monthly energy consumption comparisons between glass,
FRTW and RTW@CWOQOy.75 in Hong Kong (Zone 2A4), Shanghai (Zone 3A4), and

Singapore (Zone 0A4). (D) Annual heating and cooling energy consumption of glass, TW
and FRTW in Hong Kong, Shanghai, and Singapore.

To quantitatively demonstrate the energy saving potential of RTW@CWOq.75, energy
saving simulation was conducted using EnergyPlus (V22.2). Three typical cities (Hong
Kong (Zone 2A), Singapore (Zone 0A4), and Shanghai (Zone 3A)) were selected for the
simulation. Energy saving potential of RTW@CWOy.75 was compared with normal
glass and FRTW. The monthly energy consumption of RTW@CWOy.75, FRTW and
normal glass were shown in the Fig. 3A-C. FRTW@CWOy.75 exhibited the lowest
monthly HVAC consumption among three selected cities. While FRTW showed almost
the same monthly HVAC consumption as the normal glass due to is high solar
transmission. The annual heating and cooling energy consumption was presented in Fig.
3D. The RTW@CWOy.75 showed an energy saving rate of 9.6 %, 7.7%, and 6.2 % in
Hong Kong, Shanghai, and Singapore, respectively. Overall, FRTW@CWOq.75
demonstrated the lowest annual heating and cooling energy consumption, highlighting
its potential for significant energy savings in buildings.



Flame retardancy and thermal properties
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Figure. 4 TG(A) and DTG(B) curves of EP, TW, FRTW and FRTW@CWOo.75 under
nitrogen atmospheres.

Despite the promising energy-saving properties, the fire safety of TW composites is
usually considerably lower than traditional glasses, which are completely
nonflammable. To address the fire safety concerns associated with TW composites,
BPDP was incorporated into the TW matrix to enhance its fire resistance, thereby
making it more suitable for real-world applications. The thermal stability of EP, TW,
FRTW and FRTW@CWOy .75 are measured by TGA under nitrogen flow, TG and DTG
curves are presented in Fig. 4. The decomposition temperature (Tq, temperature at 5%
mass loss), the temperature at maximum weight loss rate (Tmax) and the char yield (CY)
at 700 °C, are listed in the Table 2.

Table 2 Thermal decomposition data for EP, TW and TW composites.

Sample T4/ °C T imax / °C ‘CY / wt %
EP 166.3 393.0 7.3

T™W 146.3 383.2 8.9

FRTW 117.0 368.8 12.9
FRTW@CWOo75  165.0 338.2 17.1

a Temperature at 5% of weight loss. b Temperature at maximum decomposition rate. ¢
Residue yield at 700 °C.

Two distinct stages of decomposition can be readily observed in the TG and DTG
curves. The decomposition temperature (Tq) of the epoxy (EP) is noticeably lower
(~166.3 °C) compared to previous findings[28, 29], which can be attributed to the
specific epoxy composition employed in this study. The Tq of TW is lower than that of
EP due to the presence of wood scaffold. While the T4 was decreased to 117.0 °C upon
the incorporation of BPDP, indicating an acceleration of the decomposition process at
the initial stage[30, 31]. Such accelerating effect can be ascribed to catalytic effect of
the phosphorus-based acids generated by the phosphorus-containing flame retardant.



Notably, the Tq of FRTW@CWOo.75 increased to 165.0 °C due to the presence of the
CWO coating. Similarly, the Tmax of FRTW decreased in comparison to pure EP,
indicating that the degradation products of the flame retardant might facilitate the
earlier degradation of epoxy chains. The DTG curve demonstrates a significant
reduction in the maximum decomposition rate after the incorporation of BPDP,
suggesting that despite the promotion of early degradation, BPDP may inhibit the
overall decomposition rate. Additionally, the char yield (CY) of FRTW exhibited a
substantial increase (from 7.3% to 12.9%), indicating the carbonization effect induced
by BPDP. Interestingly, this value further increased to 17.1% following CWO coating,
highlighting the catalytic carbonization effect exhibited during the decomposition
process, akin to other inorganic substances[32-34]. The promoted carbonization effect
may contribute to the formation of protective char layers during combustion.
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Figure. 5 HRR (4A), THR (B), SPR(C) and TSR (D) curves of EP. TW, FRTW, and
FRTW@CWOy7s.

To further investigate the fire safety of TW composites, Cone and vertical burning test
was performed. HRR (heat release rate), THR (total heat release), SPR (smoke
production rate), TSP (total smoke production) curves and related combustion
parameters are presented in the Fig. 5 and Table 3, respectively.



Table 3 Combustion parameters of TW composites |

Sample TTI HRR/ THR/  SPR/ TSP/ COY UL-94
/s kWm? MJIm? m?>s! m’ /kg-kg!
EP 18  1146.23 93.58  0.18 13.57 0.11 \2
™ 13 73264 109.75 0.06 7.44 0.15 \2
FRTW 9 57743 7654 0.12 843 0.15 VI1(7+ 15, 8+1°)

FRTW@CWOo75 14  529.55  65.93 0.09 7.19 0.22 VI1(7+ 15, 7+1°9)

TTI: time to ignition; HRR: peak heat release rate; THR: total heat release; SPR: peak smoke
production rate; TSP: total smoke production; COY: average carbon monoxide yield; ?
Completely burn out after the first ignition, no rating; ® The average self-extinguish time after
the first 10 s ignition; © The average self-extinguish time after the second 10 s ignition.

The inclusion of BPDP in the system leads to a decreased time to ignition (TTI),
indicating an accelerated degradation of epoxy chains, as indicated by the TG results.
Interestingly, the TTI of FRTW@CWOo.75 (14 s) was significantly higher than that of
FRTW (9 s), possibly due to the heat irradiation shielding effect of the CWO coating.
TW shows a HRR value of 732.64 kW-m2, whereas HRR of FRTW was decreased
significantly (~21.2% of reduction, 577.43 kW-m) due to the presence of BPDP. The
decreased HRR may results from the promoted char formation by the decomposition
products of BPDP, as well as the phosphorous free radicals contained in the pyrolysis
products. The HRR of FRTW@CWO,.7s was further decreased to 529.55 kW-m™ (a
reduction of 27.7 % compared to the original TW) due to the catalytic carbonization
effect of CWO, forming more protective char layers during the combustion. Compared
to the TW, the incorporation of BPDP brings 30.3 % (from 109.75 to 76.54 MJ-m™)
reduction of THR, indicating the remarkable flame-retardant efficiency. After CWO
coating, this value was further decreased to 65.93 MJ-m? due to the catalytic
carbonization effect of CWO. TW exhibits a SPR of 0.06 m?s™!, while this value fallen
to 0.12 m?-s! after incorporating BPDP into TW. The enhanced SPR is also observed
for other phosphorous-containing flame retardants[35]. FRTW@CWOy .75 shows a TSP
of 7.19 m?, which is slightly higher than that of FRTW (8.43 m?), revealing the smoke
suppression effect of CWO particles. The COY was increased after the incorporation
of BPDP due to more incomplete combustion, which resulted from the insufficient
oxygen supply (caused by the barrier effect of the protective char layers). The pure EP
and TW are burn out completely after the first ignition. However, with the addition of
BPDP (10 wt%), FRTW and FRTW@CWOq.75 can reach the rating of V1. This may
indicate that though the CWO coating have synergetic effect on combustion behaviors
from a micro perspective combustion (e.g., reduced HRR and SPR compared to FRTW),
it may have limited impact on macro combustion behaviors (i.e., unchanged UL-94
rating compared to FRTW). Overall, both the cone results and the vertical burning test
indicate the improved fire safety.



FRTW@CWO00.75

Figure.6 Side (up) and top (bottom) photographic view of char residues after cone test.

Fig. 6 displays the digital photos obtained after the cone test, revealing the outcomes of
the different samples. It is evident that EP and TW were completely consumed with
very limited rigid char layers. In contrast, both FRTW and FRTW@CWOo.75 exhibited
a notable intumescent effect, characterized by the formation of continuous protective
char layers. These findings collectively indicate that the inclusion of BPDP contributes
to enhanced fire safety.



Conclusion

This study presents the first reported preparation of a combined heat-shielding and
flame-retardant transparent wood (TW) using a post-functionalization approach. The
surface of TW was successfully coated with Cso33WO3 to block NIR irradiation, and a
liquid and transparent flame retardant (BPDP) was introduced to enhance fire safety.
The FRTW and FRTW@CWOy.75s canreach a UL-94 rating of V1. Moreover, compared
to the original TW, FRTW@CWOo.75 demonstrated improved fire safety due to the
incorporation of BPDP, resulting in a 27.7% reduction in heat release rate (HRR). The
two components also seemingly had a synergic effect in improving the relevant flame-
retardant characteristics; both the ignition time and the HRR were increased with the
Cs033WO3 addition, as compared to BPDP performance alone. With the combination of
Cs033WO3 coating and BPDP, the char yield (CY) of heat-shielding TW was increased
from 7.3% to 17.1%. FRTW@CWOy.75 exhibited considerable solar-blocking capacity
and thermal insulating performance, enabling it to be a promising candidate for energy
saving applications. FRTW@CWOy.75 exhibited a favorable visible transmittance of
60.15% for window applications, while allowing only 22.11% of NIR irradiation to
pass through. Field tests confirmed that FRTW@CWOQO 75 effectively reduced indoor
temperatures by 10.2°C compared to glass. Energy simulations also indicated that
FRTW@CWOy.75 could achieve energy savings of 9.6%, 7.7%, and 6.2% in annual
heating and cooling energy consumption for Hong Kong, Shanghai, and Singapore,
respectively. With its desirable combination of synergistic heat-shielding performance
and enhanced fire safety features, FRTW@CWOy.75 emerges as a highly promising
candidate for energy-efficient windows and transparent structures.
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