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Abstract: With the whole society’s demand for intelligence, the smart highway has become the
inevitable trend of road development. Luminescent road marking made of long persistent luminescent
coating is a new type of functional marking that is designed with long afterglow luminescent
material as the raw material and has many features such as safety, beauty and energy saving. Here,
SrA1,04:Eu?*,Dy3* green long afterglow phosphors were prepared using a high-temperature solid
state method. The green phosphors obtained at 1350 °C have two traps with a shallow trap depth of
0.66 eV and a deep trap depth of 0.8 eV. The green afterglow can be seen in the dark for more than 8 h
after sunlight excitation for 2 h. The green long persistent luminescent coatings were synthesized
using the blending method. The uniformity of each component can be improved by adding 1.25%
Si0O, into the luminescent coatings. The addition of 3.5% CaCO3 will improve the compactness of the
coatings and reduce water absorption. After soaking in water for 120 h, the afterglow intensity of the
coating decreases to 76% of the original, showing good water resistance. After daylight excitation in
different weather conditions (cloudy, sunny, rainy), the afterglow can reach more than 5 h; therefore,
it can be applied to a smart highway.
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Highways. Coatings 2023, 13, 1050. Due to the promotion of energy conservation and emission reduction all over the
https://doi.org/10.3390/ world, long afterglow materials have attracted great attention with their excellent char-
coatings13061050 acteristics. Long afterglow materials can store energy and emit light of different colors

at the same time under the irradiation of different light sources (ultraviolet light, visible
light or near infrared light), electron beams or high energy rays. When the external energy
Received: 12 May 2023 stops irradiating, the stored energy can be slowly released in the form of light to achieve
Revised: 31 May 2023 non-electric luminescence; therefore, it is also known as luminous material [1,2]. At present,
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@ Among them, SrA1204:Eu2+,D 3+ is one of the most studied green long afterelow phos-
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phors. It has several advantages, including stable luminescence, high efficiency, less toxicity
than sulfide, and good afterglow luminescence properties [10-12]. In addition, it can be
This article is an open access article  €XCited effectively by sunlight or visible light to emit green light. The main synthesis
distributed under the terms and ~ Methods reported by researchers include sol-gel, combustion and high-temperature solid
conditions of the Creative Commons  State methods [13-16], all of which can produce a sample with a long green afterglow.
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of artificial intelligence and big data, intelligent transportation has become an inevitable
trend of road development. In order to meet the needs of a smart highway, new pavement
materials with self-capture [20], self-illumination [21], self-regulation of temperature [22]
and self-healing functions [23] have been proposed. In recent years, long afterglow phos-
phor has received much attention among luminescent coatings [24-27]. With the deepening
of technology research and application, the use of long afterglow energy storage lumines-
cent coatings made of road markings can improve the recognition and safety in dust, haze
or other harsh environments; at the same time, it will also save a lot of power resources.
However, the research of luminescent coating based on road marking is still in its infancy,
and there are still many theoretical and application problems to be solved. For example,
the luminescent coating prepared by adding phosphor into the coating cannot achieve
the ideal luminescent effect and cannot guarantee the stability of luminescent coating in
the external environment. Therefore, the research on the best components and processes
of the long afterglow energy storage luminescent coating has become a hot topic. The
composition of luminescent coating is mainly composed of film-forming material, long
afterglow phosphors, fillers and additives [28]. The film-forming material has the ability to
adhere to substances and form a film. It is the base of paint, sometimes also known as the
base material. The addition of the fillers SiO; and CaCO3 can improve the compactness
and uniformity of each component in luminous coatings, along with reducing the cost.

In this study, we successfully synthesized the SrA1,0,:Eu?*,Dy>* phosphor using a
high-temperature solid state method. The phosphor was selected as the raw material for
luminescent coating and acrylic emulsion was used as the film-forming material. Using the
blending method, SrA1,04:Eu?*,Dy>* phosphors, acrylic emulsion, SiO, and CaCO; were
mixed evenly under the action of additives to obtain green long persistent luminescent
coatings. X-ray diffraction (XRD), field-emission scanning electron microscopy (FE-SEM),
excitation (PLE) spectrum, emission (PL) spectrum, afterglow spectrum and afterglow
decay curves were used to characterize the phosphor and coatings. Through composition
regulation, green long persistent luminescent coating was successfully prepared, which
exhibited a potential application in a smart highway.

2. Experimental Section
2.1. Preparation of Phosphor

The SrAl,04:0.01Eu?*,0.02Dy** phosphor was prepared using a high-temperature
solid state method. The raw materials were analytical-grade reagents SrCO3, Al,O3, Euy O3,
Dy;03 and H3BO;3, all purchased from Sinopharm Chemical Reagent Co. LTD (Shanghai,
China) with a purity of 99.9%. The ingredients were accurately weighed according to the
stoichiometric ratio, and then 5% of the mass of the matrix material H3;BO3; was weighed as
the flux. After grinding the powders in agate mortar for 30 min, the phosphor was obtained
by calcination for 2 h in a reducing atmosphere of 10% H;/90% N, at 1350 °C.

2.2. Preparation of Long Persistent Luminescent Coating

The film-forming substance was acrylic emulsion purchased from Hebei Taiji Chemical
Industry Co. LTD (chemically pure, Hebei, China). The additives were a thickening agent,
film-forming agent, anti-sedimentation agent and silane coupling agent purchased from
Shenzhen Jitian Chemical Co. LTD (chemically pure, Shenzhen, China), and the fillers
were SiO, and CaCOj; purchased from Sinopharm Chemical Reagent Co. LTD (99.99%
pure, Shanghai, China). First, the required reagents were weighed according to the raw
material ratio. Using the blending method, water, thickening agent, SiO; and CaCO3; were
mixed and then mixed with acrylic emulsion and film-forming agent directly. After stirring
for 10 min, SrAl,O4:Eu?*,Dy** phosphors, anti-sedimentation agent and silane coupling
agent were added, following by stirring for 15 min, to obtain a green long persistent
luminescent coating.
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2.3. Characterization Techniques

The purity of the phase was measured by X-ray diffraction (XRD, Model SmartLab,
Rigaku, Tokyo, Japan). The diffraction data were detected at 40 kV /40 mA, and the Cu Ko
radiation was filtered by nickel. The scanning speed and scanning range were 10.0° 20 /min
and 10°-70°, respectively. The microscopic morphology of the samples was observed with
field-emission scanning electron microscopy (FE-SEM, Model S-4800, Hitachi, Tokyo, Japan)
at an acceleration voltage of 15 kV. The photoluminescence spectra, afterglow spectra and
afterglow decay curves of phosphor and luminescent coating were measured by a Model JY
FL3-21 spectrophotometer (Horiba, Kyoto). After exposure to a 365 nm UV light for 5 min
at room temperature, the thermoluminescence glow curve of the phosphor was measured
on a spectrometer (Model FJ-427A TL, Beijing Nuclear Instrument Factory, Beijing, China)
at a heating rate of 1 K-s~1.

3. Results and Discussion

Figure 1a shows the XRD pattern of the SrAl,O4:Eu®*,Dy** phosphor. It can be seen
that all diffraction peaks of the sample match well with the peaks of the standard diffraction
of SrAl,O4 (JCPDS No. 34-0379), indicating that a pure phase sample has been obtained.
The diffraction peaks are very sharp, which indicates the high crystallinity of the sample.
Figure 1b shows the FE-SEM morphology of the SrAl,O4:Eu®*,Dy** phosphor, in which it
can be seen that the selected particle size is approximately 15 um. The elemental mapping
results in Figure 1c confirm that all elements are evenly distributed in the particle. It is
further proved that the sample obtained is a solid solution.
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Figure 1. (a) XRD pattern and (b) FE-SEM image of the SrA1204:Eu2+,Dy3Jr phosphor. (c) Elemental
mapping images of Sr, Al, Eu and Dy for the selected particle.

Figure 2a shows the photoluminescence excitation (PLE) and photoluminescence
(PL) spectra of the SrAl,O4:Eu?*,Dy>* phosphor. The PLE spectrum monitored at 522 nm
contains a broad band from 300 nm to 500 nm, with the maximum at ~397 nm. Thus,
the sample can be effectively excited by daylight or visible light. When excited by UV
light at 397 nm, the sample exhibits a green emission with a peak at 522 nm, which is
attributed to the 5d!—4f” transition of Eu?* [29]. Figure 2b shows the afterglow spectrum of
the S1‘A1204:Eu2+,Dy3+ sample. The afterglow emission wavelength is 522 nm, which is
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assigned to the 5d1-4f’ transition of Eu?* [30]. The CIE chromaticity diagram is utilized
to analyze the afterglow emission color and indicates that the color is located in the green
region with coordinate of (0.284, 0.543), as shown in Figure 2c. The afterglow decay curve
in Figure 2d describes how the green afterglow of the sample can last more than 1000 s,
which is detected at 522 nm after 5 min excitation by a 365 nm UV lamp. The afterglow phe-
nomenon is determined by the existence of traps in the materials. The thermoluminescence
(TL) curve is an important method to characterize the trap in phosphors [31]. In Figure 2e,
the traps of the sample are tested and analyzed. The TL curve of phosphor covers a wide
range from 320 K to 420 K, with two peaks centered at 342 K and 395 K. The following
function is used to calculate the depth of the trap (E) [32]:

_Tm

= 500 )

where T}, is the temperature of the peak maximum in the TL curves (Kelvin temperature).
The trap depths of the sample are 0.68 eV for 342 K and 0.79 eV for 395 K, respectively.
Among them, the shallow trap at 0.68 eV leads to a high initial afterglow intensity and the
deep trap at 0.79 eV leads to long lasting afterglow phenomena. After sunlight excitation
for 2 h, a green afterglow lasting more than 8 h in the dark can be seen by the naked
eye (Figure 2f). Therefore, SrAl,O4:Eu?*,Dy>* can serve as a potential long afterglow
luminescence material for application in a smart highway.
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Figure 2. (a) PLE and PL spectra of SrA1204:Eu2+,Dy3+ phosphor, with inset showing the digital
photo under 365 nm UV light irradiation of phosphor. (b) Afterglow spectrum, (c) CIE chromaticity
coordinates, (d) afterglow decay curve and (e) TL glow curve of the SrAle4:Eu2+,Dy3+ phosphor
obtained after 5 min illumination with 365 nm UV light. (f) Afterglow images of SrAl,O4:Eu?*,Dy>*
phosphor taken after sunlight excitation for 2 h.

The green long persistent luminescent coating is prepared by using the blending
method. Then, it is coated on the substrate and dried at room temperature to obtain the
green luminescent coating (Figure 3), which can be tested and analyzed later.



Coatings 2023, 13, 1050

50f12

(a)

Intensity (a.u.)

‘o

Substrate Acrylic emulsion # SrALO :EuDy ° CaCO; Sio,

Figure 3. Schematic illustration of the preparation process of luminescent coating.

As can be seen from the XRD pattern in Figure 4a, the diffraction peaks of green lumines-
cent coating correspond exactly to the positions of the diffraction peaks of SrAl,O4:Eu?*,Dy>*
phosphor, but the peak intensity drops a lot [33,34]. The crystal structure of phosphor is
not changed when SrAl,O4:Eu?*,Dy>* phosphor is used to prepare luminescent coating.
Therefore, the characterization and analysis of green luminescent coating can be carried
out. Figure 4b shows an FE-SEM image of the cross section of green luminescent coating.
The irregularly shaped particles of approximately 10-30 pm in the luminescent coating
are SrAlO4:Eu?*,Dy** phosphor, indicating that there is no agglomeration of phosphor
during the preparation of luminescent coating [35,36]. The element mapping analysis
(Figure 4c¢) is performed on the selected region of the luminescent coating cross section. It is
shown that Sr, Al, C, Si and Ca elements are detected. Furthermore, the SrA1204:Eu2+,Dy3+
phosphor, SiO, powder and filler CaCOj3 are dispersed in the acrylic emulsion, and the
green luminescent coating with uniform dispersion of each component is obtained.

(220)

(221)

SrALO,:Eu**,Dy** phosphor (b)

Luminescent coating

JCPDS NO.34-0379 SrAl,O,

(031)

Figure 4. (a) XRD patterns of SrAl,O4:Eu®*,Dy>* phosphor and luminescent coating. (b) FE-SEM
image for cross section of luminescent coating. (c) Elemental mapping images of C, Sr, Al, Si and Ca
for the selected region.

Figure 5 shows cross sections of the morphology of the luminescent coating with
different SiO, contents. It can be seen that when the incorporation content is small, pores
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will be generated in the coating (Figure 5a), which will affect the compactness of the
luminescence coating. If the content is too high, the components in the coating will gather
(Figure 5e), which may affect the luminescence performance. Therefore, the proper addition
of 1.25% SiO, to the luminescence coating will make the coating more evenly dispersed
(Figure 5d), and thus, make it achieve the best luminous effect [37,38].

% 30 i
[l s

Figure 5. FE-SEM images of luminescent coating cross sections with different SiO, contents: (a) 0.5%,
(b) 0.75%, (c) 1%, (d) 1.25% and (e) 1.5%.

The water absorption of a material is closely related to its porosity and pore structure
characteristics. The water absorption of luminescent coatings with different CaCO3 contents
are tested and calculated according to the following formula [39]:

my = 2= 1000, @)
mq

where m; is water absorption of the sample, m; is mass of the sample before soaking and
mjy is mass of the sample after soaking. It can be seen from Figure 6 that all curve trends
are divided into two stages. At the initial stage, the water absorption of the luminescent
coating increases rapidly with the increase in soaking time. After about five days, the water
absorption of coatings basically no longer has a large change, reaching saturation. At the
saturation stage, the water absorption of the luminescent coating mixed with 3.5% CaCOs
is the lowest, which is close to 26%. As depicted in Figure 6, the initial water absorption is
nonlinearly fitted using Equation (3) [40]:

my = K-t" (3)

where m; is the water absorption of the coating at time t and K and n are constants. When the
process exhibits ideal Fickian behaviour, # is equal to 0.5. The 1 values of the luminescent
coatings with different CaCO3 contents are all close to 0.5. Therefore, the diffusion behavior
of water in the coatings basically conforms to the ideal Fickian behavior. On this basis, the
diffusion coefficient can be calculated using Equation (4) [41]:

m _4VD
ms L7

where m; is the water absorption of the coating at time ¢, 1 is the water absorption of the
coating when it is saturated, L is the coating thickness (cm) and D is the diffusion coefficient
(cm?-s71). Equation (4) shows that m;/m; is proportional to t1/2 and such that the diffusion
coefficient can be obtained by linear fitting [42]. It can be seen from Figure 7 that with the

4)
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increase in CaCOj3 content, the diffusion coefficient increases first and then decreases, and
the diffusion coefficient of the coating mixed with 3.5% CaCOs is the lowest. Therefore,
appropriate addition of CaCO3 will improve the density of the luminescent coating and
reduce the water absorption. The hardness of the luminescent coating with 3.5% CaCOs3 is
0.5 GPa, as tested by an automatic microhardness tester.
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Figure 6. Water absorption of luminescent coatings with different CaCOj3 contents. The inset is the
fitting diagram of water absorption.
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Figure 7. The relationship between water absorption and immersion time of luminescent coatings
with different CaCOj3 contents.

Figure 8 shows the PLE spectra, PL spectra, afterglow spectra and afterglow decay
curves of luminescent coatings with different ratios of phosphor to emulsion. As shown in
Figure 8a, the excitation spectra include a broad band centered around 397 nm. Therefore,
the green luminescent coatings can be effectively excited by sunlight or visible light. In
addition, under the excitation of 397 nm, the emission of the luminescent coating is a broad
peak ascribed to the 5d'-4f’ transition of Eu?*. The optimal emission peak is located at
522 nm (Figure 8b). Theoretically, if the phosphor content of the luminescent coating is
too small, its total emission intensity will be weak. With the increase in the amount of
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phosphor, the emission intensity of the coating will increase. The results obtained in this
experiment correspond to that, with the decrease in the phosphor content, the intensity
of the excitation and emission peaks of luminescent coatings decrease. After 5 min of
irradiation by a 365 nm UV lamp, the afterglow spectra and afterglow decay curves of the
green coatings with different ratios of phosphor to emulsion were analyzed. As shown
in Figure 8¢, the afterglow emission wavelength of all luminescent coatings is located
at 522 nm. With the reduction of long afterglow phosphor contents, the intensity of the
afterglow decreases. Figure 8d shows the afterglow decay curves of green luminescent
coatings. All of the curves show a similar trend: the intensity of the afterglow decays
very fast in the first few minutes and gradually slows down over time. Considering the
practical application of luminescent coatings, the coating is exposed to sunlight for 2 h
(Figure 8e). It can be clearly seen that the afterglow brightness of each coating darkens with
the increase in time, and the afterglow time can last for more than 5 h. Due to the high price
of long afterglow phosphor, if its use content is too large, the cost of luminescent paint will
increase. Considering the luminescent effect and cost, this work shows that the best ratio of
phosphor to emulsion is 1:2.
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Figure 8. (a) PLE spectra and (b) PL spectra of luminescent coatings with different ratios of phosphor
to emulsion. (c) Afterglow spectra and (d) afterglow decay curves of luminescent coatings with
different ratios of phosphor to emulsion obtained after 5 min illumination with 365 nm UV light.
(e) Afterglow images of luminescent coatings taken after sunlight excitation for 2 h with different
ratios of phosphor to emulsion.

Figure S1 shows the PLE spectra, PL spectra, afterglow spectra and afterglow decay
curves of luminescent coatings with different SiO, contents. It can be seen that the addition
of SiO; does not affect the luminous color of the luminescent coating. Figure Slc shows the
afterglow spectra and afterglow decay curves of the luminescent coatings. Incorporation of
510, with increasing concentrations from 0.5% to 1.25% causes an increase in the afterglow
intensity. When the SiO; content is 1.5%, the afterglow intensity decreases. This is because
the components in the luminescent coatings are evenly dispersed when the 1.25% SiO, pow-
der is added, as shown in the above FE-SEM image in Figure 5d. Thus, SrAl;O4:Eu?*,Dy>*
phosphor can achieve the best luminous effect in the luminescent coating. Figure Sle
shows the afterglow photos of the luminescent coating after sunlight excitation for 2 h
which can prove that the afterglow brightness is the highest when 1.25% SiO; is added,
which corresponds to the above spectra. Therefore, the optimal incorporation of SiO; is
determined to be 1.25%.

Figure S2 shows the PLE spectra, PL spectra, afterglow spectra and afterglow decay
curves of luminescent coatings with different CaCOj3 contents. It can be seen that the peak
shape and peak position of PLE/PL spectra do not change after the addition of CaCOs.
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With the increase in CaCOj3 content, the intensity of the excitation and emission peaks of the
coatings increase first and then decrease, and the luminescence reaches the highest intensity
when the coating is mixed with 3.5% CaCOs;. After 5 min of irradiation by a 365 nm UV
lamp, the afterglow spectra and afterglow decay curves of luminescent coatings were
obtained, as shown in Figure S2¢,d. It can be seen that the afterglow emission wavelength
is 522 nm. With the increase in CaCOj3 content, the afterglow intensity of luminescent
coatings first increases and then decreases. Figure S2e shows the afterglow images of the
luminescent coating. With the increase in time, the brightness of the afterglow of the coating
darkens, and the change of intensity corresponds to the afterglow decay curves. When
3.5% CaCOjs is added, luminescent coating has the best afterglow performance. The results
show that when the coating has the best compactness, it has the highest afterglow intensity.
Therefore, the optimum content of CaCOj is determined to be 3.5%.

The water resistance of luminescent coating with different CaCO3 contents is sys-
tematically tested, as shown in Figure 9a. After soaking in water for 120 h, the surface
of the coating is smooth without blistering. It can be seen from the afterglow emission
spectra in Figure 9b that the afterglow emission of the coatings is located at 522 nm and
the peak position does not change. Corresponding to the variation trend of the afterglow
emission intensity of the coatings without soaking water, the afterglow intensity is the
highest when 3.5% CaCOj is added. Figure 9c shows the afterglow decay curves measured
by the luminescent coatings doped with 3.5% CaCOj soaked in water for different lengths
of time. The afterglow intensity of the coating gradually decreases with the increase in
soaking time. The inset in Figure 9c is the afterglow photo of the coating excited by the
ultraviolet lamp at 365 nm after soaking for 120 h, which can still output a bright green
afterglow. Figure 9d shows the change rate of the afterglow intensity obtained at different
times. After soaking for 120 h, the afterglow intensity reaches 76% of the original at 1000 s,
indicating that the luminescent coating has good water resistance and practical applicability.
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Figure 9. (a) Photographs of luminescent coatings with different CaCO3 contents after immersion in
water. (b) Afterglow spectra of luminescent coatings with different CaCOj contents after immersion
in water for 120 h obtained with 5 min illumination of 365 nm UV light. (c) Afterglow decay curves
of 3.5% CaCOj3 doped luminescent coating after immersion in water for different lengths of time
obtained after 5 min illumination with 365 nm UV light. The inset is the afterglow image of 3.5%
CaCOj3 doped luminescent coating after immersion in water for 120 h taken after 10 s illumination
with 365 nm UV light. (d) The change rate of afterglow intensity of 3.5% CaCO3; doped luminescent
coating after immersion in water for different lengths of time. The inset is the afterglow images at
1000 s after excitation.
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Figure 10 shows the afterglow photos of the luminescent coating during daylight
excitations on cloudy, sunny and rainy days in different weather. With the increase in
time, there is little difference in the brightness of the afterglow obtained under different
weather conditions, and the afterglow can last for more than 5 h. This shows that weather
conditions have no effect on the intensity of the coating afterglow. Therefore, this kind of
luminescent coating can meet the application requirements of a smart highway.

Figure 10. Afterglow images of luminescent coatings taken after sunlight excitation for 2 h in different
weather conditions.

4. Conclusions

In this work, we successfully synthesized SrAl,O,:Eu?*,Dy>* green long afterglow
phosphor via high-temperature solid state reactions in a reducing atmosphere. The phos-
phor was used as a raw material to prepare a green long persistent luminescent coating
using the blending method. The main methods of characterization were XRD, FE-SEM,
PL/PLE, TL, afterglow spectra, afterglow decay curves and water absorption. The green
phosphor calcined at 1350 °C has two traps of appropriate depths, a shallow trap (0.66 eV)
and a deep trap (0.8 eV), showing good afterglow properties. After 2 h of sunlight excitation,
the afterglow can reach more than 8 h. The optimum ratios of different substances in the
long persistent luminescent coating were determined. The ratio of phosphor to emulsion is
1:2, and the incorporation amounts of SiO; and CaCOj3 are 1.25% and 3.5%, respectively.
The addition of S5iO, improves the uniformity of each component in the coating and makes
the coating achieve the best luminous effect. By adding CaCOj to adjust its content, the
compactness of the coating is improved, and the water absorption is reduced. After soaking
for 120 h, the afterglow intensity decreased to 76% of the original. When it is applied in
practice, the afterglow intensity of luminescent coatings is not significantly affected after
daylight excitation in different weather conditions (cloudy, sunny, rainy), and can reach
more than 5 h; therefore, it can be applied to a smart highway.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/coatings13061050/s1, Figure S1: (a) PLE spectra, and (b) PL
spectra of luminescent coatings with different SiO;, contents. (c) Afterglow spectra, and (d) Afterglow
decay curves of luminescent coatings with different SiO, contents obtained after 5 min illumination
with 365 nm UV light. (e)Afterglow images of luminescent coatings taken after sunlight excitation
for 2 h with different SiO, contents. Figure S2: (a) PLE spectra, and (b) PL spectra of luminescent
coatings with different CaCOj3 contents. (c) Afterglow spectra, and (d) Afterglow decay curves of
luminescent coatings with different CaCOj3 contents obtained after 5 min illumination with 365 nm
UV light. (e) Afterglow images of luminescent coatings taken after sunlight excitation for 2 h with
different CaCOj3 contents.
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