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Spectroscopically enhanced far-red phosphor Li2Mg3TiO6: Cr3+ and 

its application prospects to cold resistance of rice

Yibiao Maa,b, Siying Lia,b, Jiaqi Weia,b, Weifang Liaoa,b, Beibei Quana,b, Maxim S. Molokeeva,d, Ming 

Chengc, Xiaoyan Chenc, Zhi Zhou*,a,b and Mao Xia*,a,b

Chemical unit co-substitution is a very effective strategy to improve the properties of phosphors. Due to the mismatch of 

the radii between substituted ions, unexpected properties are usually produced. Such properties are of profound 

significance to expand the research field. In this study, Mg2+-Ti4+ in Li2Mg3TiO6: Cr3+ was replaced by Al3+-Al3+ and Ga3+-Ga3+, 

while charge balance was maintained. Ion substitution changed the crystal field environment of activator ion, which 

increased the luminescence intensity by 180% and 184% respectively, accompanied by a slight decrease in thermal stability. 

In addition, the quantum efficiency was increased from 35.1% to 73.1%. The electroluminescence spectrum of the 

encapsulated pc-LED was examined, and the overlap with the absorption profile of the phytochrome Pfr was 61%. In order 

to verify the application prospect of far-red phosphor. A 15-day rice growth experiment was set up to detect surface traits, 

soluble sugars, soluble proteins, and the expression of OsphyA and OsCBF3 genes. It was demonstrated that rice under far-

red light irradiation had significant resistance enhancement.

1. Introduction

Since human society entered the 21st century, the process of 

social industrialization has been accelerating, leading to a 

deterioration of the environment and a decrease in agricultural 

production1-3. Crops grown outdoors are highly susceptible to 

extreme weather, which can make it difficult to get high-quality food. 

Plant factory, as efficient agricultural facilities, can handle these 

issues well4, 5. The most important component in a plant factory is 

the light source. Light sources are indispensable for plant growth and 

affect the whole period of the plant's growth. Light acts on plants 

through photoallergens6. Typically, plants absorb both blue and red 

light, with red light being divided into red light and far red light. This 

corresponds to the response of different biological pigments in 

plants to light: chlorophyll A absorbs red light in the 420 nm to 663 

nm, chlorophyll B absorbs blue light in the 460 nm to 645 nm range, 

the phytochrome Pr absorbs red light with a peak at 660 nm and 

phytochrome Pfr absorbs far-red light with a peak at 730 nm7, 8. In the 

field of plant factories, the light source used for plant lighting is 

usually pc-LED. This complementary light method has the advantage 

of being small and energy-efficient, and can accurately correspond 

to the spectral absorption of the plant. Zhong and Zhou et al. 

investigated the method of blue LED chip and red phosphor for plant 

lighting with remarkable results, which marks the broad application 

prospects of pc-LED in the plant field9. In addition to blue and red 
light, far-red light can affect plant growth and development. 

Generally, far-red light has two effects on plants: shading and 

flowering induction10. When exposed to far-red light, the plants 

appear to be blocked by other leaves, which causes them to grow 

taller for more sunlight. From this, the plant height can be tuned by 

adjusting the red/far-red light ratio. liu et al11. reported a novel 

phosphor Ga2O3: Cr3+ that perfectly matches the absorption of 

phytochrome Pfr, and two kinds of plants “Aglaonema” and “P. 

amboinicus” were selected for application study. Gai and Xia et al. 

also prepared Mg2SnO4:Cr3+ phosphor and the experiment of tomato 

quality was carried out12.

Mn4+ is considered the most typical activator of phosphors used in 

plant lighting, and can emit red or far-red light, for example: LaAlO3: 

Mn4+(centered at 726 nm) 13, SrLaAlO4: Mn4+(centered at 730 nm) 14, 

CaYAlO4: Mn4+(centered at 713 nm) 15. With the development of 

science and technology, it was gradually discovered that the non-rare 

earth element Cr3+ also has excellent properties. Specifically, 

compared to Mn4+, the luminescence of Cr3+ is more susceptible to 

the crystal field strength (CFS), under which Cr3+ can produce a 

tunable spectrum from the far-red to the near-infrared. The 

excitation range is from 200 to 650 nm. Most studies have shown 

that the boundary Dq/B value between strong and weak crystal fields 

is 2.3. In a strong crystal field, the electron makes a 2�H4A2 

transition, emitting far-red light. When in the weak crystal field, 
4T2H

4A2 transitions, emitting near infrared light. In the intermediate 

crystal field, 4T2H
4A2 transitions and 2�H4A2 transitions and emit 

near infrared and far-red light16, 17. Due to this property, Cr3+ excited 

phosphors can be widely used in the field of near-infrared 

luminescence. For plant illumination, the performance of Cr3+ in far-

red illumination is utilized. For example, the emission peak of 

phosphors such as Na3AlF6: Cr3+, K3AlF6: Cr3+, Rb2NaAlF6: Cr3+, KMgF3: 

a.School of Chemistry and Materials Science, Hunan Agricultural University, 

Changsha 410128, PR China.
b.Hunan Optical Agriculture Engineering Technology Research Center, Changsha 

410128, PR China.
c. Dongguan Ledstar Optoelectronics Technology Co., Ltd.
d.World-Class Research Center “Advanced Digital Technologies”, University of 

Tyumen, Tyumen 625003, Russia.
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Cr3+, is around 730 nm18-21. However, these phosphors all contain 

fluoride, and hydrofluoric acid is used in the preparation process, 

which is extremely unfriendly to agricultural ecology and the social 

environment. Therefore, the current research focuses on oxide 

phosphors, and also have excellent luminous properties. Garnet 

phosphor Gd3Al2Ga3O12: Cr3+ (IQE=97.3%, EQE=70.1%)22, and has 

excellent thermal stability. Other garnet-structured phosphors such 

as Gd2.4Lu0.6Ga4AlO12: Cr3+ 23, Gd3Sc1.5Al0.5Ga3O12: Cr3+ 24 also have 

good photometric properties.

Chemical unit co-substitution can tune the emission spectrum in 

an efficient way by simultaneously changing the two structural units 

to adjust the coordination environment of the activator ions. Zhong 

et al. improved the quantum efficiency of Ca14Ga10Zn6O35:Mn4+ from 

38.0% to 50.9% by unit co-substitution strategy25. Zhang et al. 

substituted W6+-Ga3+, W6+-Al3+ for Ti4+-Sb5+ and increased the 

luminescence intensity of LaTiSbO6: Mn4+ by 204% and 182%, 

respectively26. Li2Mg3TiO6: Cr3+ has perfect octahedral site points, 

which can provide a coordination environment for Cr3+ ions. In 

addition, it is exciting to adjust the emission peak shift of this 

phosphor beyond 200 nm by the concentration of Cr3+27 (from 720 

nm to 920 nm).

In this work, Li2Mg3TiO6:Cr3+ phosphor was successfully prepared. 

In previous studies, it has been known that the phosphor emission 

peak is affected by the Cr3+-Cr3+ substitution of Mg2+-Ti4+27, so we 

have chosen the appropriate Cr3+ concentration for better 

optimization. By replacing the Mg2+-Ti4+ sites with Al3+-Al3+ and Ga3+-

Ga3+ ions, the far-red emission of the material is enhanced with a 

slight decrease in thermal stability. This is a valid and exciting result. 

A lot of testing and analysis was done. Finally, LED devices packaged 

with blue-light chips and the experiment on the improvement of cold 

resistance of rice by far red light was added. This indicates that as-

prepared phosphor has a wide range of potential applications in the 

field of plant lighting.

2. Experimental sections

2.1 Samples synthesis

A series of Li2Mg3TiO6:Cr3+ phosphor were prepared by high 

temperature solid phase method. Li2CO3 (99.99%), MgO (99.99%), 

TiO2(99.99%), and Cr2O3 (99.99%), Al2O3(99.99%), Ga2O3(99.99%) 

was used as raw material, weighed by stoichiometric ratio, 

transferred to an agate mortar for full reaction for 30min, and then 

the mixture was filled into a corundum crucible for firing in two steps: 

First, it was fired for 4h in the air atmosphere of the box furnace at 

800°C. After cooling, it was re-ground and then fired for 6 h at 

1280°C. All fired samples are ground into powder for subsequent 

testing.

2.2 Samples characterizations

The X-ray diffraction (XRD) patterns of the powders were obtained 

by using a diffractometer (Bruker, Germany) with the ��7JR radiation 

and test range of 10-80°. The fluorescence spectra (PL and PLE), 

thermal resistance and quantum yield were detected by a 

fluorescence spectrophotometer (Edinburgh FLS1000, UK). The UV-

vis diffuse reflectance (DR) spectra was obtained by a 

spectrophotometer (SHIMADZU UV-2600i, Japan). The 

electroluminescence (EL) spectra and electro-optical conversion 

efficiency of the LED devices were recorded by a measurement 

system (ATA-500, Everfine, China).

2.3 PC-LED fabrication

Using A mixture of LMTGO: Cr3+ and epoxy resin (A:B=1:10), dot 

coating on the blue light chip. Transfer it to the oven at 120°C for 12 

hours to fully cure it and conduct subsequent tests. 

2.4 Experiment on rice growth variation 

2.4.1 Crops grown

The experiment was conducted in the optical plant laboratory of 

Hunan Agricultural University, with the rice variety XiangZaoxian24, 

at a temperature of 25±5°C and humidity of 50±10%. The planting 

area was 60×120×200 (cm).

2.4.2 Planting conditions

Disinfection with a solution of sodium hypochlorite at a 

concentration of 5% for 20 minutes. The seeds were repeatedly 

rinsed with tap water and soaked in more than 1 L of water for 24 h. 

The water was changed every 12 h. The sterilized soaked rice seeds 

were placed in a 37 °C incubator to germinate for 36 h. Rice with a 

root length of about half a grain was selected and sown on a seedling 

tray with a size of 30×60×10 (cm) and a total of 169 holes, with 4 

seeds per hole, using nutrient-free vermiculite as the substrate. The 

whole nutrient solution was used for cultivation and planting, and 

the nutrient solution was changed every 3 days. After 15 days of 

planting, some plants were randomly selected for follow-up testing. 

The plants were then subjected to white light at a low temperature 

of 4°C and 400 ± 10ummol/s light intensity for one day to simulate 

the phenomenon of spring cold, and then a portion of the sample 

was stored in an ultra-low temperature refrigerator at -80 °C for 

subsequent testing.

2.4.3 Rice trait testing

Plant height and stem base width are measured by tape rulers and 

vernier calipers respectively. Above-ground and below-ground parts 

of rice seedlings planted under two light conditions for 15 d were 

taken separately, rinsed with distilled water, and then the surface 

water was drained with filter paper and the fresh weight was 

weighed, after which they were transferred to an oven and dried at 

105°C to a constant weight and weighed as dry weight. Weighing 0.2 

g fresh sample, grinding it well, setting the speed at 3000r/min, 

centrifugation for 10 min, taking 1.0 mL supernatant, adding 5 mL of 

100 mg/L Coomasil bright blue, shaking well, and placing it for 2 min. 

Absorbance was measured with 595 nm enzyme spectrometer, and 

soluble protein content was calculated. The expressions of OsphyA 

and OsCBF3 genes were analyzed by real-time fluorescence 

quantitative RT-PCR with a reaction volume of 10 W�& Includes cDNA 

2 W�  Hieff®qPCR SYBR GreenMasterMix 5 W�  forward primer 0.2 W�  

reverse primer 0.2 W�  and ddH2O 2.6 W�&

3. Results and discussion

3.1 Phase Identification and Crystal Structure
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3.6 Experiment on cold resistance of rice

Rice originated in the tropics and is widely cultivated around the 

world, with more than half of the world's population relying on rice 

as their primary food. After rice breeding, even if transplanted to the 

southern region, it is often faced with a sudden temperature drop 

below 10 °C, and even snow and ice weather. This extreme climate 

can severely affect the physiological state of the rice, negatively 

affecting its overall metabolism and grain yield. In this work, rice 

growing under white light was used as a control, and far-red light 

radiation was added to the experimental group to explore the effect 

on cold resistance of rice, as shown in Fig. 8c-d.

a b

a a

a a

a a

b a
a a

White White+Far red
0

40

80

120

160

200

240

W
ei

g
h

t 
(m

g
)

Light quality

 Underground fresh weight

 Aboveground fresh weight

 Total fresh weight

 Total dry weight

 Underground dry weight

 Aboveground dry weight

a
b

b a

White White+Far red
0

5

10

15

20

25

30

H
ei

g
h

t(
cm

)/
w

id
th

 (
m

m
)

Light quality

 Plant height (cm)

 Stem width (mm)

b

a

White White+Far red
0

2

4

6

8

10

12

1
0

-3

Light quality

 Seedling index 
a cb

Fig. 9 Apparent data of rice under white light and white light plus far-red light. Vertical bars present the mean value. Capped bars above 
represent the standard error. Duncan’s multiple range test (P < 0.05) was used to test for differences between averages.
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Fig. 10 (a)Soluble total sugar content, (b)soluble protein content, 

(c)relative expression of phyA gene, and (d)relative expression of CBF 

gene in rice under white light and white light plus far-red light. 

Vertical bars present the mean value. Capped bars above represent 

the standard error. Duncan’s multiple range test (P < 0.05) was used 

to test for differences between averages.

Two groups of rice growing under white light irradiation and far 

red light + white light irradiation were selected as research objects. 

(Fig.8c-d) After 15 days of growth, Phenotypic images and trait data 

of rice were obtained, scale bars=10 cm (c and d). The addition of 

some far-red light irradiation under white light increased the stem 

base width and the dry and fresh weights of the above-ground parts 

of rice (Fig. 9). The plant height decreased by 14.94%, the stem base 

width increased by 6.29%, and the whole plant fresh weight 

increased by 1.14%, which finally led to an increase of 16.6% in the 

sturdy seedling index of rice, which means that rice will be stronger. 

More importantly, plant traits are generally influenced by gene 

expression, for example, increased expression of the photosensitive 

pigments phyA and CBF genes can improve the robustness index of 

rice by affecting the ABA/GA ratio. To investigate the mechanism of 

the effect of far-red light on cold tolerance in rice, some 

representative changes in sugar, protein and gene expression were 

studied. As shown in Fig. 10, the soluble sugars of rice under far-red 

light irradiation increased by 26.21% and soluble proteins increased 

by 1.08%. And for the gene expression, the expression of phyA 

increased by 277.03% and the expression of CBF3 increased by 

425.64%.

Conclusions

In this work, Li2Mg3TiO6: Cr3+ phosphor was successfully 

prepared, and XRD patterns showed that the material was 

successfully synthesized and did not contain other impurities. 

The photoexcitation spectra show that the material has an 

optimal excitation band of 400-500 nm and an emission band of 

600-850 nm (peak at 707 nm). By replacing Mg2+-Ti4+ with Ga3+-

Ga3+ and Al3+-Al3+ ions, the luminosity of the Li2Mg3TiO6: Cr3+ 

phosphors was increased by 180% and 184%, respectively, with 

a slight thermal quench (from 57.9% to 51.1% and 50.3%, 

respectively, at 423K). The variation in luminosity properties is 

explained by the thermal activation energy and the optical band 

gap. Even more exciting is that the quantum efficiency of the 

phosphor has been improved by 2.08 times. After conducting 

experiments on rice growth, it was found that rice irradiated 

with far-red light had better resistance to cold, which could be 

analyzed and explained at the epigenetic and genetic level: 

Plant height and stem width decreased, seedling strength index 

increased by 16.6%, soluble total sugar increased by 26.21%, 

soluble protein increased by 1.08%, OsphyB expression 

increased by 277.03%, CBF3 expression increased by 425.64%. 

Such an exciting result is a sign of the excellent application of 

this job in the field of biological lighting.
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