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Abstract Eu-doped ZnAl-layered double hydroxides
(ZnAl-LDHs) with various Zn>t/(APT+Eu®") molar
ratios from 1:1, 2:1, 3:1, to 4:1 were first synthesized by
the coprecipitation method at room temperature and the
Eu**/AI’* molar ratio of 0.06 was almost maintained. The
obtained solids were characterized by powder X-ray dif-
fraction (XRD), photoluminescent spectrum (PL), scanning
electron microscope (SEM), infrared spectroscopy (IR),
and thermogravimetric (TG) analysis. XRD results show
that the crystallinity of the Eu-doped products gradually
was improved when the Zn> /(AP +Eu*") molar ratio
was higher than 2. The photoluminescent spectra of the
Eu-doped ZnAl-LDHs are described by the well-known
>Do-"F; transition (J = 1, 2, 3, 4) of Eu®" ions with the
strongest emission for J = 2.

Introduction

Studies on layered double hydroxides (LDHs), known as
hydrotalcite-like anionic clays materials, have been con-
ducted over the past several decades since they have many
possibilities of the applications for anion exchangers, cat-
alysts, biosensor, and the immobilization hosts of func-
tional molecules by intercalation into their layers [1-5].
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LDHs consist of positively charged brucite-like layers,
where a fraction of the divalent cations was replaced by
trivalent cations. The positively charged layers were sep-
arated by the charge-balancing anions and water molecules
[6]. Up to the present time, most of studies on LDHs were
focused on ion-exchange [7], organic-intercalation [8, 9],
and exfoliation/self-assembly [10], etc. For the application
of fluorescent probe in biology or medical diagnosis, rare
earth ions doped into LDHs should be meaningful. In fact,
with rare earth-based host layers and tunable interlayer
guests, the rare earth-doped LDHs compounds may be of
interest not only for biomedical materials but also for
magnetic, catalytic, and optoelectronic materials, etc.

Rare earth complexes, especially those containing
europium and terbium, have been the subject of extensive
research because of their sharp and intense emission bands
arising from f~f transitions [11, 12]. Recently, some
attempts to intercalate rare earth ions complex into inter-
layer of LDH have been reported [13—17], and some lay-
ered rare earth hydroxides have been investigated [18-21].
Lee et al. have successfully synthesized the rare earth
hydroxides of RE(OH),5(NO3)g5s - xH,O (RE = Gd, Eu,
and Sm) by a hydrothermal reaction and studied ion-
exchange reactivity between NO3~ and diverse organic
anions [18]; Monge and coworkers [19] have also suc-
cessfully prepared two ytterbium catalytically active MOF
materials which are bifunctional catalysts in redox and acid
processes; Geng et al. [20, 21] have reported the synthesis
of a series of rare earth layered hydroxides with a com-
position of RE(OH),5Cly50.8H,O (RE: Eu, Tb, etc.)
through the homogeneous precipitation of RECI;xH,O
with hexa-methylenetetramine (HMT).

As we all know, the rare earth elements are expensive
compared with that of the common elements. With the
views of the cheap materials and application, it is
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worthwhile to investigate the RE-doped LDHs. However,
to the best of our knowledge, the study on the RE ions
doped into layers of LDH was hardly reported. In this
paper, we first reported the Eu ions doped into layers of
Zn/Al-LDH. It is very important as a fluorescent probe for
the potential application in biology or medical diagnosis by
various photoluminescent properties resulted from different
interlayer guests. This probe fabricated with inorganic
materials should have more high thermal stability and less
toxicity compared with those probes fabricated with
organic materials.

Experimental procedure

chlz, A1C13 . 6H20, EuZ03, NH"; . Hzo, and HCI were of
A.R. grade, and were purchased from Chemistry Reagent
Corporation of National Medicine Group. CO,-free
deionized water was used in all experiments. ZnCl, and
AlCl; - 6H,O were dissolved in CO,-free deionized water
to make into 0.5 mol - L™' ZnCl, and 0.25 mol - L™!
AICl; solution, respectively. And EuCl; (0.06 mol - Lfl)
solution was prepared with 12 mol - L™ HCI and CO»-
free deionized water. Then Eu-doped ZnAl-Cl LDHs with
starting Zn>"/(AI**++Eu*") molar ratios of 1/1, 2/1, 3/1,
and 4/1, and an Eu>T/(APT+Eu®") ratio of 0.06 were
prepared by the coprecipitation method [22]. The proce-
dure was as follows: NH; - H,O solution was gradually
added to the mixed solutions (pH = 1-2) of ZnCl,, AlCls,
and EuCl; with certain molar ratios and continuous stirring.
After precipitation (pH = 8), the slurry was filtrated,
washed with CO,-free deionize water, and dried at 70 °C
for 12 h. The Eu-doped ZnAl-Cl-LDHs prepared from
starting Zn>"/(AI**+Eu*") molar ratios of 1/1, 2/1, 3/1,
and 4/1 were signed as Zn;—AlEu, Zn,—AlEu, Zn;—AlEu,
and Zns—AlEu, respectively. The undoped ZnAl-CI-LDH

with starting Zn>*/AI** molar ratio of 2/1 was prepared by
the same method as above and signed as Zn,—Al.

All measurements for characterization were performed
at room temperature. X-Ray powder diffraction (XRD)
patterns were recorded on a Bruker D8 Focus (40 kV,
40 mA) with Cu-K,, radiation. The XRD patterns of all the
samples were measured with step size of 0.02°, scanning
rate of 2°/min, and 260 ranging from 4.0° to 70°. The
Fourier Infrared spectra (FTIR) of the samples were
obtained with Shimadzu IR Prestige-21 FTIR spectrometer
by the KBr method.

Chemical contents of Zn, Al, and Eu were determined
by inductively coupled plasma atomic emission spectros-
copy (ICP-AES, OPTIMA 5300DV, AMERICAN PE
COMPANY). Thermogravimetry (TG), differential ther-
mogravimetry (DTG), and differential thermal analysis
(DTA) data were collected using synchronous thermal
analyzer (PYRIS DIAMOVD, AMERICAN PE COM-
PANY). The chemistry formula was estimated from the
results of ICP and TG analyses.

Scanning electron microscope (SEM) observation was
carried out using a Quanta 200 FEG (FEI COMPANY)
operated at 20.00 kV. The photoluminescent property of
the samples was studied with the help of F-4600 FL
Spectrophotometer.

Results and discussion

The Zn*T/(AI**+Eu’") ratios in the precipitates were
given in Table 1. There was a slight discrepancy between
calculated and observed ratios, indicating that almost all
Zn, Al, and Eu ions were almost precipitated during syn-
thesis. The estimated formula considers that chloride is the
only compensating anion and does not take into account the
presence of small carbonate impurities in the interlayer

Table 1 Determination of Zn/(A1+Eu) ratios by chemical analyses and of a and ¢ parameters for the original precipitate

Samples Zn* /(AP 4-Eu*™) ratio Eu® /AT ratio Cell parameters and
Hexagonal symmetry
*Cal. ++Obs. *Cal.(t*Obs.) a (A) ¢ (A) doos spacing
Zny—-Al 2.0 1.97 0(0) 3.095 (2) 23.49 (2) 7.85
Formula Zn,Al(OH)¢Cl - 1.2H,0
Zn;-AlEu 1.0 0.98 0.06 (0.061) 7.82
Zn,~AlEu 2.0 1.93 0.06 (0.059) 3.097 (2) 23.50 (3) 7.85
Formula 7Zn,Alg 94Eug 06(OH)¢Cl1 - 1.2H,O
Zn;-AlEu 3.0 2.98 0.06 (0.063) 3.098 (2) 23.52 (1) 7.86
Zn,~AlEu 4.0 3.96 0.06 (0.064) 3.101 (4) 23.55 (6) 7.90

* Calculated for charged materials, ™" Observed for the precipitation
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space (seen in Table 1). The crystallographic parameters, a
and c, of the ternary Zn—Al-Eu LDHs and binary Zn-Al
LDH were calculated using the least squares method
assuming a hexagonal crystal system, where the ¢ param-
eter corresponds to 3 times the distance between adjacent
brucite-like layers, and the a parameter is almost the same
as that of brucite (3.10 1&) (shown in Fig. 1). The interlayer
distance, d, is approximately 7.9 A. This value is in the
literature range [23-25]. The a parameter increased as the
Zn/Al ratio increased due to substitution of the Al cation
(r = 0.53 A) by the larger Zn cation (r = 0.745 A).The ¢
parameter also increased with the increasing substitution.
Since the synthetic parameters were kept constant for all
the compounds, while varying only the composition of the
metal ions, the increase in the ¢ parameter is due to an
increase of Zn content. Based on the electrostatic interac-
tions between the layers and the anions, the larger
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Fig. 1 XRD of (a) Zn,—Al, (b) Zn,—AlEu, (¢) Zn,—AlEu, (d) Zn;—
AlEu, and (e) Zny—AlEu, respectively

interlayer distance was found for the sample with the
higher Zn**/(AI**+Eu®") ratio which posses of lower
charge density. So the ¢ parameter of LDHs gradually
increases with the increasing ratio of the Zn*'/
(AIPT+Eu®™). In addition, both @ and ¢ parameters slightly
increased after the substitution of the Zn cation
(r = 0.745A) by the bigger Eu cation (r = 0.95 A).

The crystallinity of the Eu-doped products depends on
the Zn>*/(A>"+Eu®") molar ratios. No diffraction lines
were observed as the Zn>T/(AI**+Eu®") molar ratio was
of 1/2 (Figure not shown here). With the Zn*t/
(Al3++Eu3+) molar ratio increased from 1/1, 2/1, 3/1, to
4/1, the diffraction peak intensity became stronger.
Namely, the crystallinity of the product was improved
when the Zn>*/(AI**+Eu’") ratio was in excess of the 2/1,
which is very similar to that of the undoped ZnAl-C1 LDH
[25]. Patzko' et al. [26] have studied the synthesis of ZnAl—
LDHs with various Zn/Al ratios from 1:1 to 4:1 by the sol-
gel method, and observed some peaks at 30°—40° attributed
to ZnO phase as Zn/Al ratios increasing to 2:1 and 4:1 for
their samples. However, this case did not occur for our
products, which may be due to the different starting
materials and synthetic processing. No diffraction peaks
attributed to europium salts was observed, suggesting the
Eu’" ions incorporated in the framework of LDHs. All the
XRD patterns of the undoped ZnAl-LDH and Eu-doped
ZnAl-LDHs were similar to that of the literature ZnAl-Cl-
LDHs [24, 25, 27].

The TG-DTA-DTG curves of representative samples
were shown in Fig. 2. The results of the thermogravimetric
analyses were summarized in Table 2. The mass losses of
LDHs started at room temperature and completed at around
650 °C. Figure 2 showed similar thermal characters of the
Zn,—Al and Zn,—AlEu, indicating the similar structure.
Theoretically, three major mass losses should be observed.
However, three mass losses were observed clearly in the
TG-DTG curves of the representative samples. The first
loss step happened at 70 and 85 °C with mass losses of 6.8
and 6.7% for the Zn,—Al and Zn,—AlEu, respectively,
corresponding to the loss of the adsorbed water and the
interlayer water. The second loss step took place at around
230 and 250 °C with mass losses of 14.2 and 13.9% for the
Zn,—Al and Zn,—AlEu, respectively, attributed to the
dehydroxylation of layers and small carbonate anions
impurities. The third loss step with mass losses of 11.5 and
11.3% took place at 494 and 510 °C for the Zn,—Al and
Zn,—AlEu, respectively, most probably due to the elimi-
nation of Cl~ intercalated in the LDH interlayers.

Based on the thermogravimetric analyses and phase
transitions of ZnAl-LDHs depending on annealing tem-
peratures (published elsewhere) between room temperature
and 700 °C, the decomposition of the samples can be
concluded as:
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Fig. 2 TG-DTA-DTG curves of Zn,—Al and Zn,~AlEu
anAl(OH)6Cl -1.2H,0 = anAl(OH)(’Cl + 1.2H,0
(1)
anAl(OH)6Cl = 27n0 + 1/2A1,05 + 5/2H,0 + HCl
(2)

Zn2A10,94Eu0_06(OH)6C1 . 12H20
= Zn2A10494Eu0,06(OH)6C1 + 12H20 (3)

Zn2A10A94Eu0,06(OH)6C1 = 27n0 + 0.94/2 A1203
=+ 0.06/2 Eu,03 + 5/2H,0
+ HCl

(4)

Reaction (1) corresponds to the loss of the adsorbed water
and the interlayer water of Zn,—Al LDH, and reaction (2)
corresponds to the dehydroxylation of layers and the
elimination of Cl™ intercalated in the Zn,—Al LDH. In the
same way, reactions (3) and (4) correspond to the losses of the
adsorbed and interlayer water, and the dehydroxylation of
layers and the elimination of C1™ intercalated in the Zn,—AlIEu
LDH, respectively. These results indicated that the
thermogravimetric analyses were in agreement with the
chemical formulas. According to the results of
thermogravimetric analyses, the obtained LDHs presented
better thermal stability than those reported by other authors
[28-30].

The FT-IR spectra of the LDHs samples were shown in
Fig. 3. An intense and broad peak at 3490 cm™' was
ascribed to the stretching vibration of hydroxyl groups of
LDH layers and interlayer water molecules [31]. The
deformation vibration of water molecules was responsible
for the band at 1619 cm ™. It is noteworthy that despite the
use of CO,-free deionized water in all experiments, a weak
band in the region 1500-1400 cm ™" attributed to carbonate
anions [3, 32] was observed, suggesting small carbonate
anions adsorbed during the synthesis. The band around
2350 cm™' was attributed to CO, contaminated during
measurement [33]. The contamination could not be avoided
with longer scanning time. The band around 1265 cm™'
may be due to ammonia adsorbed [34]. The AI-OH
deformation mode was recorded as a shoulder at ca.
945 cm™ " and the band close to 584 cm ™" was due to both
Al-OH and Zn—OH translational modes [35]. These results
were in agreement with that of the XRD.

Figure 4 showed the photoluminescent spectra of the
products under excitation at 380 nm. In the 520-720 nm
spectral range, no emission occurred for the undoped ZnAl
LDH, while the Eu-doped ZnAl-LDHs revealed the red-
emitting characteristic of Eu®" ions from the transitions
’Dy-"F; (J = 1-4) centered around at 593, 616, 654, and

Table 2 Results of mass losses of the TG-DTG for the selected samples

Step 1 Step 2 Step 3 Total mass loss (%)
Mass loss (%) Temp. (°C) Mass loss (%) Temp. (°C) Mass loss (%) Temp. (°C)

Zn,—-Al 6.8 70 14.2 230 11.5 494 32.5

Zny—AlEu 6.7 85 13.9 250 11.3 510 31.9
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Fig. 3 IR spectra of (a) Zny—Al, (b) Zn;—AlEu, (¢) Zn,—AlEu,
(d) Zn;—AlEu, and (e) Zns—AlEu, respectively

700 nm, respectively. The narrow-band emission at
616 nm was characteristic of the hypersensitive *Dy—'F,
transition of Eu3+, which was much more intense than the
SDo-F; transition at 593 nm. This observation was con-
sistent with the fact that the Eu®" centers did not possess
inversion symmetry [36, 37]. As can be seen, the relative
intensities spectral profiles of the *Dy—'F, transitions
(J = 1-4) were very similar, indicating that the Eu>" ions
were in similar chemical environments in the compounds.
The transitions > D0—7F 7 (J = 1-4) were often observed in
other Eu-doped systems and its photoluminescent spectrum
(PL) intensity comes up to or even more than those of
Eu-doped systems [16, 17, 38, 39]. Figure 5 showed the
excitation spectra of the products with emission wave-
length of 600 nm. The optimal excitation wavelength for
all the samples was at 375-400 nm.

SEM micrographs of products were shown in Fig. 6. No
obvious lamellar structure was observed in our samples. As
the Zn/Al ratio increased to 4/1 from 1/1, the SEM images
of the products almost did not change. Benito and Patzko’
have observed the lamellar structures of ZnAl-LDH with
Zn/Al ratio of 2/1, but as the Zn/Al ratio increased to 3/1
and 4/1, some rod-like particles due to ZnO were detected
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Fig. 4 Emission spectra of (a) Zn,—Al, (b) Zn,;—AlEu, (c) Zn,—AlEu,
(d) Znz—AlEu, and (e) Zngs—AlEu, respectively. (ex = 380 nm)
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Fig. 5 Excitation spectra of (a) Zn,—Al, (b) Zn;—AlEu, (¢) Zn,—AlEu,
(d) Zn3—AlEu, and (e) Zns—AlEu, respectively. (e, = 600 nm)

[22, 26]. This difference in micrographs of products for
different research groups may be due to different synthetic
processes.

Conclusions

In conclusion, Eu-doped ZnAl-layer double hydroxides
with various Zn*™/(APT+Eu®") ratios from 1:1 to 4:1
were prepared by the coprecipitation method. XRD, SEM,
ICP, thermal analysis, infrared spectroscopy, and PL were
powerful methods employed in the characterization of
hydrotalcite-type ~materials. The effect of Zn*'/
(AP +Eu’") ratios on the crystallinity of the hydrotalcite
materials showed that adding the Zn2+/(Al3++Eu3+) ratios
favored the formation of the hydrotalcite. The variation of
Zn* /(AP +Eu®") ratios showed that at low ratio no
hydrotalcite-type structure formed, with the increase of
Zn* /(AP T+Eu* ™) ratio, the crystallinity was improved.
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Fig. 6 SEM images of a Zn,—
Al, b Zn,—AlEu, ¢ Zn,~AlEu,
and d Zn,—AlEu, respectively

The high crystallinity with no impurity phase was at the
Zn> /(AP +Eu®") ratios of 2-4. Some intense emissions
attributed to transitions *Dy—'F; (J = 1-4) were observed
in all the Eu-doped products, suggesting the permission of
>Dy-F; transitions for Eu®>" ions in the ZnAl-Cl-LDHs
system. It is important as a fluorescent probe for the
potential application in biology or medical diagnosis.
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