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Tb3+-doped Zn-Al (ZnAlTb) hydrotalcites with tunable blue-green emission synthesized by co-
precipitation. The compositions and properties of the samples were characterized by X-ray diffraction 
(XRD), Fourier-transform infrared spectroscopy (FTIR), and photoluminescence. XRD and FTIR results in-
dicate that the samples were in a pure hydrotalcite-like phase. The fluorescence spectra indicate that the 
ZnAl hydrotalcite exhibited blue fluorescence at 350–450 nm. Under an excitation wavelength of 231 nm, 
ZnAlTb hydrotalcite exhibited the characteristic green emission of 5D0–7FJ of Tb3+, and the fluorescence life-
time of the sample was 0.8442 ms. At different excitation wavelengths, ZnAlTb hydrotalcites can exhibit 
emission from green to blue wavelengths, which indicates that ZnAlTb hydrotalcites are potential multicolor 
functional materials. 

Keywords: Zn-Al hydrotalcites, Tb3+-doped Zn-Al hydrotalcites, luminescence properties, multicolor.  
 
 
 
ПОЛУЧЕНИЕ И ЛЮМИНЕСЦЕНТНЫЕ СВОЙСТВА ПОДОБНЫХ  
Zn-Al-ГИДРОТАЛЬЦИТУ СОЕДИНЕНИЙ, ЛЕГИРОВАННЫХ ИОНАМИ Tb3+ 
 
L. H. Zhang*, Y. L. Li, Y. B. Zhou, C. Y. Zhang 

УДК 535.37 

Университет Пиндиншань, Пиндиншань, Китай; e-mail: 15290759930@139.com 
 

(Поступила 12 августа 2021) 
 

Легированные ионами Tb3+ гидротальциты Zn-Al (ZnAlTb) с перестраиваемым сине-зеленым из-
лучением синтезированы путем совместного осаждения. Состав и свойства образцов охарактери-
зованы с помощью рентгеновской дифракции, ИК-Фурье-спектроскопии и фотолюминесценции. Ре-
зультаты рентгенографии и ИК-Фурье-спектроскопии свидетельствуют о том, что образцы нахо-
дятся в чистой гидротальцитоподобной фазе. Показано, что гидротальцит ZnAl проявляет синюю 
флуоресценцию при 350—450 нм. При возбуждении с  = 231 нм для гидротальцита ZnAlTb наблю-
дается характерное зеленое излучение Tb3+ на переходе 5D0–7FJ с временем жизни флуоресценции 
0.8442 мс. При различных длинах волн возбуждения гидротальциты ZnAlTb могут проявлять излуче-
ние от зеленых до синих длин волн. Подтверждено, что гидротальциты ZnAlTb являются потенци-
альными многоцветными функциональными материалами. 

Ключевые слова: гидротальциты Zn-Al, легированные ионами Tb3+ гидротальциты Zn-Al, люми-
несцентные свойства, многоцветность. 

 
Introduction. The unique 4f electronic structure of rare-earth elements contributes to their lumines-

cence. Such elements can emit light from the near-ultraviolet (UV) to far-infrared. Therefore, materials 
based on rare-earth elements are a rich source of luminescent materials [1–3]. The emission of Tb3+ is main-
ly from the 5D4→7FJ (J = 0–6) transition. Therefore, Tb3+-doped phosphors are an active area of research. 
For example, Sun et al. used a high-temperature solid-state method to prepare a CaLuBO4:Tb3+ yellow–
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green phosphor that is suitable for UV excitation [4]. Seiya et al. synthesized green-emitting Tb3+-doped pol-
lucite (Cs1−3xTbx)AlSi2O6 (x = 0.01–0.13) phosphors with emission at ~543 nm under excitation at 238 nm [5]. 
Zhao et al. reported a blue-emitting Sr5(PO4)2SiO4:Ce3+,Tb3+ phosphor; the samples exhibited a wide and 
strong emission band located at 405 nm [6]. Mi et al. synthesized a series of SrMg2(PO4)2:Ce3+,Tb3+ phos-
phors with tunable emission spectra of blue–green light by controlling the dopant concentration [7]. Vijay et al. 
reported a Tb3+-activated Sr2P2O7 green phosphor under vacuum-UV and UV excitation for plasma display 
panel applications [8]. Layered double hydroxides (LDHs) are commonly termed Mg–Al hydrotalcites. Met-
al cations with a suitable ionic radius (close to the 0.072-nm ionic radius of Mg2+) and charge number can 
form hydrotalcite-like compounds (HTlcs). The general formula of HTlcs is [MII

1–xMIII
x(OH)2]x+(An−)x/n 

mH2O. Here, MII is a divalent metal cation such as Mg2+, Zn2+, Ni2+, or Cu2+; MIII is a trivalent metal cation 
such as Al3+, Cr3+, Fe3+, or Sc3+; An− is an inorganic or organic ion such as CO3

2−, NO3
−, PO4

3−, Cl−, SO4
2−, 

C6H4(COO−)2, or a complex anion. When x is between 0.17 and 0.33, LDHs with a complete structure can be 
generated [9–11]. Co-precipitation is a common method for preparing HTlcs because of its simple operation, 
the ease with which one can control the precipitation, and low energy input. In recent years, fluorescent ma-
terials based on hydrotalcite or hydrotalcite-like materials have become an active area of research. For ex-
ample, Song et al. prepared fluorescent films of a Na9[EuW10O36]/Mg2Al–LDH nanocomposite by layer-by-
layer assembly [12]. Chen et al. reported Mg-Al-Eu ternary hydrotalcite-like LDHs with a 5D0–7FJ transition 
(J = 1–4) of Eu3+ ions, with the strongest emission for J = 2 [13]. Chen et al. synthesized Mg-Al-Tb ternary 
hydrotalcite-like LDHs by co-precipitation [14]. In the [15–18] a Zn-Al layered double hydroxide was pre-
pared. Herein, Tb3+-doped Zn-Al HTlcs were prepared by coprecipitation. The photoluminescence properties 
of ZnAl hydrotalcite and Tb3+-doped ZnAl hydrotalcite were studied. 

Experimental. Analytical grade zinc sulfate (ZnSO4  7H2O) and aluminum sulfate [Al2(SO4)2  18H2O] 
were obtained from Beijing Chemical Reagent Factory (Beijing, China). Tb2(SO4)3 (99.99% pure) was ob-
tained from Shangdong Desheng (Shandong, China). ZnAl HTlcs were synthesized by co-precipitation. Zinc 
sulfate and aluminum sulfate were used as raw materials to prepare mixed salt solutions with different mole 
ratios of Zn2+/Al3+. The pH was adjusted to 8–9 with aqueous sodium hydroxide. Then, the precipitation was 
aged at 65°C for 24 h. The samples were centrifuged and dried at 60°C for 24 h. The synthesis of Tb3+-doped 
ZnAl HTlcs was the same as described, but an appropriate quantity of Tb2(SO4)2 was added to replace some 
of the Al3+. Phase identification was performed by X-ray diffraction (XRD; Bruker, Japan). The scanning 
rate was 10°/min, and the scanning range was 10 to 80°. The photoluminescence (PL) of ZnAl HTlcs and 
Tb3+-doped ZnAl HTlcs was analyzed using an F-7000 fluorospectrophotometer. The excitation slit was 
2.5 nm and the emission slit 2.5 nm. A 360-nm filter was used. 

Results and discussion. Phase identification analysis. Figure 1a–d show the XRD patterns of ZnAl 
HTlcs with different Zn/Al ratios. The results indicate that the synthesized samples were pure, as evaluated 
by the hexagonal phase of ZnAl HTlcs with the standard diffraction data of JCPDS No. 38-0486 [19, 20]. 
Figure 1e shows the XRD pattern of a 5% Tb-doped ZnAl hydrotalcite sample. The pattern indicates that 
a small quantity of Tb3+ did not change the hydrotalcite-like phase. The sample was still a pure hydrotalcite-
like phase. 

 

 

Fig. 1. X-ray diffraction patterns of the samples: (a) Zn1.3Al hydrotalcite-like compound (HTlc);  
(b) Zn2Al HTlc; (c) Zn3Al HTlc; (d) Zn4Al HTlc; (e) Zn1.3Al0.95Tb0.05 HTlc. 
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Infrared spectra of Zn1.3Al0.95Tb0.05 HTlcs. The infrared spectra of the Zn1.3Al0.95Tb0.05 HTlcs exhibited 
the typical characteristic peaks of the hydrotalcite-like sample (Fig. 2). The absorption peaks at 428, 615, 
and 805 cm–1 were attributed to the vibration peaks of metal–oxygen and metal–oxygen–metal (Zn–O,  
Al–O, and Zn–O–Al) bonds in the Zn–Al LDH compound. The bending vibration peak of the OH group of 
the crystal water was evident near 1661 cm–1 [21]. The broad peak near 3429 cm–1 corresponds to the νOH 
of the hydrotalcite-like sample. The strong absorption peak at 1113 cm−1 was attributed to the stretching vi-
bration of SO4

2−. Thus, SO4
2− ions were intercalated in the Zn1.3Al HTlcs and Zn1.3Al0.95Tb0.05 HTlcs.  

 

Fig. 2. Fourier-transform infrared spectra of Zn1.3Al0.95Tb0.05 hydrotalcite. 
 

Luminescence properties of ZnAl HTlcs. Figure 3 shows the PL spectra of a representative ZnAl HTlc. 
The maximum emission peak was 399 nm at the maximum excitation peak of 248 nm. Sun et al. also report-
ed ZnAl HTlcs with blue fluorescence, with a maximum emission located at 443 nm at an excitation wave-
length of 375 nm [22]. 
 

Fig. 3. Excitation and emission spectra of ZnAl hydrotalcite. 
 

Luminescence properties of Zn–Al–Tb HTlcs. Upon excitation into the 4f 8–4f 75d 1 transition at 231 nm, 
the PL spectra of Zn1.3Al0.95Tb0.05 HTlcs exhibited a series of bands because of the 5D4→7FJ (J = 3–6) of 
Tb3+ ions (Fig. 4) [4–7]. The strongest emission peak was at 547 nm, corresponding to the 5D4→7F5 transi-
tion of Tb3+. Moreover, the weak bands at 350–450 nm originated from the emission of the ZnAl–HTlc ma-
trix. The excitation spectra of Zn–Al–Tb HTlcs were monitored by the 547-nm emission of Tb3+ (5D4→7F5). 
The maximum excitation peak was at 231 nm, attributable to the absorption of the charge transfer band be-
tween O2−→Tb3+ (because of the 4f–5d transition allowed by Tb3+). The excitation peaks at 274 nm were at-
tributed to the spin-forbidden transition of Tb3+, and the remaining weak excitation peaks at 300–400 nm 
were from 4f 8 in the shell transition, which is usually very weak [23, 24].  
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Fig. 4. Excitation and emission spectra of Zn1.3Al0.95Tb0.05 HTlcs. 
 
Optimal Zn3+/Al3+ ratios and the optimal extent of Tb3+ doping. To study the influence of the Zn/Al ratio 

and the quantity of Tb3+ on the luminescence properties, the fluorescence spectra of different ratios and ex-
tents of doping were measured at an excitation wavelength of 231 nm (Fig. 5). The fluorescence spectra in-
dicate that the (Zn2++Tb3+)/Al ratio of 1.3:1 exhibited the strongest intensity. By increasing the quantity of 
Tb3+ dopant, it was determined that 5% Tb3+-doped ZnAl hydrotalcite exhibited a good intensity. When the 
quantity of Tb3+ was increased to 20%, the intensity of the Tb3+ decreased. Therefore, the suitable mole ratio 
of Zn/Al was 1.3:1, and the suitable quantity of Tb3+ dopant was 5%.  

 

 

Fig. 5. Photoluminescence emission spectra (ex = 231 nm) of samples with (a) various Zn3+/(Al3+) ratios  
and (b) various quantities of Tb3+:  a – Zn1.3Al0.95Tb0.05 HTlcs (1), Zn2Al0.95Tb0.05  HTlc (2),  Zn3Al0.95Tb0.05  

HTlc  (3),  and  Zn4Al0.95Tb0.05 HTlc  (4);  b – Zn1.3Al0.97Tb0.03 HTlc (1), Zn1.3Al0.95Tb0.05 HTlc (2), 
Zn1.3Al0.9Tb0.1 HTlc (3), and Zn1.3Al0.8Tb0.2 HTlc (4). 

 
Decay curves. Figure 6 shows the decay curve of Zn1.3Al0.95Tb0.05 HTlc phosphor when the excitation 

and emission wavelengths were 231 and 547 nm, respectively. The lifetime decay curves perfectly fit the bi-
exponential functional equation: 

0 1 1 2 2exp( / ) exp( / ).y y A x t A x t                          (1) 

The average lifetime was calculated from 

   avr 1 1 2 2 1 2/ .t A t A t A A                                                    (2) 

The fluorescence lifetime of Zn1.3Al0.95Tb0.05 HTlc phosphor was 0.8442 ms.  
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Fig. 6.  Room-temperature  photoluminescence  lifetime  decay  curve  
of Zn1.3Al0.95Tb0.05 HTlcs phosphor excited at 231 nm. The fit is shown in blue. 

 

Excitation-wavelength-dependent photoluminescence. The luminescence of Zn1.3Al0.95Tb0.05 HTlc re-
sults from a combination of the emission of the ZnAl–HTlc matrix at 350–450 nm and the 5D4→7FJ  
(J = 3–6) green emission of Tb3+. Figure 7 shows the emission spectra of Zn1.3Al0.95Tb0.05 HTlcs at various 
excitation wavelengths. At the maximum excitation wavelength of 231 nm, the sample exhibited strong 
green fluorescence emission. With increasing excitation wavelength, the blue luminescence intensity of the 
ZnAl–HTlc matrix increased, whereas the green emission intensity of Tb3+ decreased. Under near-UV exci-
tation at 254 nm, the luminescence of the sample exhibited the strong blue fluorescence of the matrix and the 
weak green fluorescence of the doped terbium ions.  
 

 
 

Fig. 7. Excitation-wavelength-dependent photoluminescence of Zn1.3Al0.95Tb0.05 HTlcs. 
 
International Commission on Illumination chromaticity coordinates analysis. To observe the color of 

the phosphor directly, the International Commission on Illumination (CIE) color coordinates were converted 
in accordance with the spectra. Figure 8 shows the chromaticity diagram. The CIE color coordinates of the 
ZnAl HTlc phosphor were 0.1721, 0.1009, labeled as “a” in Fig. 8a. ZnAl HTlc exhibited blue emission  
at an excitation wavelength of 248 nm. The CIE color coordinates of the ZnAlTb HTlcs were calculated  
to be 0.2323, 0.4508, located in the green region (Fig. 8b). Therefore, ZnAlTb HTlc is a green fluorescent 
material under UV excitation.  

By gradually adjusting the excitation wavelength at 231, 240, 245, and 254 nm, respectively, the corre-
sponding CIE color coordinates gradually changed to 0.2323, 0.4508; 0.2176, 0.3631; 0.1999, 0.2637, and 
0.1924, 0.2252; and their luminescence changed from green to sky blue. Thus, they are potential multicolor 
fluorescent materials. The sample still emitted some green light with color coordinates of 0.2115, 0.3488  
at an excitation wavelength of 270 nm, although this is the spin-forbidden transition of Tb3+ (Fig. 8d). 
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Fig. 8.  Chromaticity  coordinates  of  ZnAl  hydrotalcite  (a)  and  Zn1.3Al0.95Tb0.05  hydrotalcite  
at various excitation wavelengths: (b) 231 nm; (c) 240 nm; (d) 270 nm; (e) 245 nm; (f) 254 nm. 

 

Conclusions. Zn1.3Al0.95Tb0.05 HTlc was synthesized by low-temperature co-precipitation. The 
Zn1.3Al0.95Tb0.05 HTlc exhibited the characteristic emission of Tb3+ ions 5D4→7FJ (J = 3–6) under 231-nm 
UV excitation. The CIE coordinates of the sample were 0.2323, 0.4508, and the fluorescence lifetime τ was 
0.8442 ms. At different excitation wavelengths, the luminescence of Zn1.3Al0.95Tb0.05 HTlc gradually 
changed from green to sky blue; thus, they are potential multicolor fluorescent materials. 
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