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Abstract: Layered double hydroxides (LDHs) containing Eu* activators were synthesized by
coprecipitation of Zn?*, AI**, and Eu®* in alkaline NO; ~-rich aqueous solution. Upon calcination,
these materials transform into a crystalline ZnO solid solution containing Al and Eu. For suitably
low calcination temperatures, this phase can be restored to LDH by rehydration in water, a feature
known as the memory effect. During rehydration of an LDH, new anionic species can be intercalated
and functionalized, obtaining desired physicochemical properties. This work explores the memory
effect as a route to produce luminescent LDHs intercalated with 1,3,5-benzenetricarboxylic acid
(BTC), a known anionic photosensitizer for Eu**. Time-dependent hydration of calcined LDHs in a
BTC-rich aqueous solution resulted in the recovery of the lamellar phase and in the intercalation with
BTC. The interaction of this photosensitizer with Eu* in the recovered hydroxide layers gave rise to
efficient energy transfer from the BTC antennae to the Eu>* ions, providing a useful tool to monitor
the rehydration process of the calcined LDHs.

Keywords: layered double hydroxide; memory effect; rare earth; europium; 1,3,5-benzenetricarboxylic
acid

1. Introduction

Layered double hydroxides (LDHs), also called cationic clays, are a class of anion-exchange
materials with a general chemical formula of MY, ML (OH), [ [AM /] yH20 (M: metal, A:
anion). The isomorphic substitution of divalent metal cations (MY) in otherwise neutral brucite-like
M!(OH), sheets with trivalent cations (M) introduces positive charges in the hydroxide layers. In the
overall LDH structure, these charges are compensated by the intercalation of anions (A"~) in the
interlamellar space, as illustrated in Figure 1.

Synthetic LDHs exhibit a wide flexibility in their composition, as a score of metal cations and
polyvalent anions can be introduced in the structure, tuning their chemico-physical properties [1-3].
By changing both the interlayer and the metal components, LDHs have been tuned towards different
applications, serving as heterogeneous catalysts, catalyst supports [4], water treatment agents [5],
luminescent materials [6-9], etc.

Crystals 2019, 9, 153; d0i:10.3390/ cryst9030153 www.mdpi.com/journal/crystals


http://www.mdpi.com/journal/crystals
http://www.mdpi.com
https://orcid.org/0000-0001-7463-7432
https://orcid.org/0000-0003-3499-0455
https://orcid.org/0000-0001-5453-1737
http://www.mdpi.com/2073-4352/9/3/153?type=check_update&version=1
http://dx.doi.org/10.3390/cryst9030153
http://www.mdpi.com/journal/crystals

Crystals 2019, 9, 153 20of 11

MII(OH),
Octahedral unit

Basal spacing (d)

Interlayer region

o Anionic ligand

Metallic layer

Figure 1. Layered double hydroxides (LDHs) are built up from sheets of ME, _ ML (OH), <+
octahedral units intercalated with anions. Each octahedron is formed from a metal cation (MU or
M) 6-coordinated to OH™ groups (red spheres).

The introduction of trivalent rare earth elements (RE3*) in LDH matrixes has revealed a series
of 2D structured materials that have promising luminescent properties [7,10]. Rare earth elements
form a subgroup of column 3 in the periodic table and exhibit very low influence of the ligand field
in the energy of their spectral lines. This characteristic optical property results from the shielding
of the 4f sub-shell by their filled 5d and 6s most external sub-shells [11,12]. Additionally, RE3* ions
present very low molar extinction coefficients because their 4f intraconfigurational transitions are
forbidden, as demonstrated by Laporte’s rule (A¢ = & 1). To increase the total observable luminescence,
it is necessary to embed these elements in highly light-absorbing matrixes that serve as harvesting
antennae, transferring the harvested energy to the luminescent center (antenna effect). This increases
the excited state population of the RE*, thereby increasing the overall luminescence [13-15].

The antenna effect has been demonstrated in RE-containing LDHs synthesized by direct
coprecipitation with anionic antenna molecules or by exploiting anion exchange to intercalate
anionic sensitizer ligands in the interlamellar space. A series of anionic sensitizers, including
4-biphenylacetate [8], sulfonates, and other carboxylates [16,17], have been intercalated in LDHs
to incorporate RE®* in their hydroxide layers. Several authors have also reported LDHs intercalated
with Eu®* complexes, where not only the ligand, but also the RE** is located in the interlamellar
space [6,18].

Controlled thermal decomposition of LDHs converts their structure into a mixed metal
oxyhydroxide phase, before reaching a fully oxidic end product [5,9,19,20]. Starting from the
oxyhydroxide phase, the lamellar LDH structure can be recovered by re-hydrating the product in
aqueous solutions containing anions, a phenomenon known as the memory effect [5,9,20-23]. During
this process, selective adsorption of dissolved anionic species A"~ can efficiently occur, as indicated by
the large anion exchange capacity observed for thermally treated samples [24]. The most frequently
investigated application of the memory effect in LDHs involves the adsorption and subsequent removal
of anionic dyes from waste water [5,25]. A less explored application is its use for the intercalation of
anionic photosensitizing molecules.

The memory effect of the layered double hydroxides has been described in the literature for a
large number of combinations of metal cations [21,23,26,27]. Different applications can be explored for
different chemical compositions. For instance, Wong et al. [27] have shown that the memory effect of
LDHs containing Li and Al can be used to sense water uptake in organic coatings. Ni et al. [25] have
explored the memory effect of Zn/Al LDHs in the removal of methyl orange from aqueous solutions.
Targeting environmental remediation, Gao et al. [23] have investigated the influence of humic acid on
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the memory effect of Mg/ Al and Zn/Al LDHs. The removal of boron species from waste water was
also explored [28].

In this work, an underused strategy for generating luminescent LDHs via the memory
effect was explored. The luminescent and structural properties of thermally treated
[Zny Aly 95Eug 95(OH)e]-(NO3 ™) LDHs after hydration in the presence of 1,3,5-benzenetricarboxilate
(BTC) were investigated. Calcination was performed at 350 and 600 °C, followed by a time-dependent
rehydration process in a BTC-rich aqueous solution, equilibrating the samples over a period between
1 min and 5 days. The resulting hydrated phases were characterized by both powder X-ray diffraction
and luminescence spectroscopy.

2. Materials and Methods

H3BTC (97 mol%, Sigma-Aldrich), Zn(NO3),-6H,O (98 mol%, Vetec), AL(NO3)3-9H,O (98 mol%,
LabSynth), and NaOH (97 mol%, Vetec) were used without further purification. Eu(NO3)3-6H,0
was prepared by dissolving Eu, O3 (CSTARM, 99,99 mol%) in concentrated nitric acid, which led
to the subsequent crystallization of Eu(NO3)3-6H,O in accordance to the procedure described by
Silva et al. [29].

2.1. Sample Preparation

Layered double hydroxides with nominal molar composition [ZnyAly gsEug 05(OH)g]-(NO3 ™)
(ZnAIEu-NO3 LDH) and [Zny Alg g5Eug 05(OH)g]-(BTC3 ™) 33 (ZnAlEu-BTC LDH) were synthesized
by coprecipitation. A volume of 10 mL of a 1 mol L~! solution containing the metal precursors
Zn(NO3),-6H,0, AI(NO3),2-9H,0, and Eu(NO3),-6H;0 in the ratio 2:0.95:0.05 was added dropwise
(~10 mL h~') to 200 mL of an alkaline (pH 8) solution containing the dissolved ligands. During the
synthesis, this solution was continuously stirred, purged with Ny(g), and pH-stated at pH 8 using an
automatic titrator (Metrohm 785 DMP Titrino). The resulting suspension was equilibrated in a closed
vessel at 60 °C for two days, followed by centrifugation and subsequent rinsing with distilled water.
The resulting solid phase was dried in air at 60 °C for three days.

For the LDHs intercalated with NO3;~, the nitrate anions originated from the precursor metal
salts. For LDHs intercalated with BTC3~, the amount of BTC (2.3 x 10~ mol) was chosen to exceed
the positive charges in the hydroxide layers by a factor of at least 2, with BTC/Al = 2:3.

Calcination of the dried ZnAIEu-NO3; LDHs was performed by heating the LDH in a muffle
furnace for four hours at, respectively, 200 °C (C-LDH-200), 350 °C (C-LDH-350), or 600 °C
(C-LDH-600), ramping up the oven temperature from ambient to the final temperature at a rate
of 5°C min~ 1.

Rehydration of the calcined samples was achieved by suspending 100 mg of the calcined LDHs in
10 mL of a 12 mmol L~! BTC aqueous solution. This solution was prepared by dissolving BTC in a
heated (60 °C) aqueous solution, subsequently titrated with a 1M NaOH solution (ca. 0.3 mL) to finally
reach a pH between 3.5 and 4.0. Rehydration of the LDH was performed under continuous stirring
(~300 rpm), varying the rehydration time from 1 min up to five days.

2.2. Characterization

A thermogravimetric analysis was performed on 13 mg of the ZnAlEu-NO3 LDH using a TGA
Q500 (TA Instruments, New Castle, DE, USA), by ramping up the temperature from room temperature
to 800 °C at a rate of 5 °C min~! using an air flow of 60 mL min~".

Powder X-ray diffraction (PXRD) analyses were performed using a D8 Discover (Bruker, Atibaia,
Brazil) diffractometer in Bragg-Brentano geometry using Cu Ko radiation (A = 1.5418 A). Data were
recorded from 4° to 70° 20 in steps of 0.05° using an integration time of 1 s.

Luminescence spectra were obtained on a SPEX® Fluorolog® 3 (Horiba, Sao Paulo, SP, Brazil)

equipped with a 450 W Xenon lamp as an excitation source.
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3. Results and Discussion

X-ray diffraction patterns of the as-prepared ZnAlEu-NO3; LDHs (Figure 2A) readily revealed the
characteristic (003) and (006) basal reflections at 9.90° and 19.85° 26, which indicated a basal spacing
(see Figure 1) of 8.96 A, typical for NO3 ~-intercalated LDHs [30]. From the partially overlapped
(110) and (113) reflections around 60.45 26, the metal-to-metal distance within the hydroxide layers
could also be estimated as ‘a = 2d(110) = 3.06 A’ [3]. The (001) basal reflections of the ZnAlEu-BTC
LDHs at 6.6°, 13.2°, 20.2°, and 26.2° 26 confirmed the basal spacing of 13.4 A previously reported for
BTC-intercalated LDHs (as illustrated in Figure 2C) [7].
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Figure 2. Powder X-ray diffraction patterns of (A) the as-prepared ZnAlEu LDHs and (B) ZnAlEu-NO3
LDHs calcined at 200 °C (C-LDH-200), 350 °C (C-LDH-350), and 600 °C (C-LDH-600). Starred peaks
are related to the formation of a ZnO-like phase. The diffractogram of ZnO is shown for comparison.
(C) Intercalation scheme and basal spacing for LDHs with 1,3,5-benzenetricarboxilate (BTC) and
NO;3;~ [30].

LDHs can be dehydrated and dehydroxylated by calcination at temperatures as low as 200 °C [31].
For the ZnAlEu-NO3; LDHs, thermogravimetric analysis showed three main mass loss events (Figure 3).
The first one, centered around 90 °C, is related to the desorption of physisorbed and weakly bound
surface water. A more pronounced mass loss was observed at 220 °C, related to the removal of
crystal water, the dehydroxylation of vicinal OH groups within the same layer, and the subsequent
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condensation of OH groups from adjacent layers when the layer structure collapsed. At this time,
a mixed metal oxyhydroxide phase was obtained, containing a series of oxygen sites O*~ (c_y pyy) and
oxygen vacancies resulting from the following endothermic transformation [21], which occurred above
180 °C:

2 0H " (1pp) — HaO(g) + O*” (c.upm)

The PXRD pattern of the sample calcined at 200°C (C-LDH-200) (Figure 2B) indicated the
formation of a ZnO-like phase. The disappearance of the basal reflections of the LDHs with the
retention of the partially overlapped (110) and (113) reflections indicated the collapse of the layers,
but with incomplete dehydroxylation (as illustrated in Figure 4).

ZnAIEU-NO, LDH |

'DTG

Diff. Mass Loss (%/°C)

0.0 1 . 1 . 1 . 1 1 . 1
0

Synthetic Air, 5 °C min™" |
5 mg, 50 cm® min™”’ i

Sample Mass (%)
3

100 200 300 400 500 600 700 800
Temperature (°C)

Figure 3. Thermogravimetric analysis of the ZnAlEu-NO3; LDHs.

e o '%'m'

@ O-H ® 0 Q Zn O Al @ Vacancy ‘ Interlayer content

Figure 4. Schematic overview of the dehydroxylation of LDHs at low temperatures.

The final mass loss event observed in the TGA over a broad temperature range from 300 to 620 °C
(Figure 3) was assigned to further dehydroxylation, continuous decomposition, and release of the
intercalated NO3 ™. As described by Valente et al. [32], the extent of this last event is related to the
close packing induced by the collapse of the interlayer structure, thereby hindering the release of
the interlayer products. The experimental mass loss observed at 600 °C in the TG experiment is in
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agreement with a theoretical loss of 16 wt % that was expected upon dehydroxylation and complete
removal of NO3 ™ from a [ZnyAlg 95Eu 95(OH)g]-(NO3)-(H2O) LDH phase.

By calcining ZnAlEu-NO; LDH at 350 °C, i.e., above the second mass loss event in the
thermogravimetric analysis (Figure 3), the material was converted into ZnO-like crystals, exhibiting
no signs of segregation of crystalline Al,O3 or EupOs3 [33]. Some authors attribute the absence of
diffraction lines for Al,O3 or EuyOs to the formation of a ZnO-based solid solution embedding the
trivalent ions [34-36]. Even upon calcination at 600 °C, no indication for Al;O3; or Eu;O3 could
be observed.

Figure 5 shows the evolution of the X-ray diffraction patterns as a function of the rehydration
time of calcined LDHs suspended BTC-rich aqueous solutions. Overall, this rehydration process can
be expressed by the following equation [23]:

M1 MO, o + (x/N)A™™ + (m + 1 + x/2)H,0 — MU ML (OH), (A7), /- mH,0 + xOH ™

For samples calcined at 350 °C (Figure 5 left), the emergence of the reflection at 9.90° 20 indicated
a recovery of a lamellar structure after 1 min of rehydration. As described by Valente et al. [32],
NO3~ could become partially confined upon the collapse of the LDH structure, which could assist
the recovery of the structure upon rehydration. After 30 min, BTC started to become intercalated in
the previously recovered layered phase. The (00]) basal reflections of the recovered BTC-intercalated
lamellar phase presented a slight shift to higher 20, indicating that the as-synthesized and recovered
phases possessed different hydration contents. After three days of rehydration, the reflections resulting
from the oxide phase broadened considerably, which indicated a breakdown of the oxide domains in
the sample.

ZnAIEU-BTC LDH ZnAIEu-BTC LDH
LDH-350 - 5 Days LDH-600 — 5 Days
LDH-350 - 3 Days LDH-600 — 3 Days
!\ \ ok LDH-350 — 1 Day M LDH-600 — 1 Day
VN A A A
T A
LDH-350 — 30 min | ' Ll LDH-600 — 30 min
_J I _LAL ~ PO
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A

DAt FIOU WA Ve
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l A LDH-350 — 1 min
=4

LDH-600 — 5 min
A

Normalized Intensity / Arb. Units
Normalized Intensity / Arb. Units
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ot

A
e LDH-350 LDH-600
e * Yo v ¥ I Y Ty
A N A A] A A

“ ZnAIEu-NO; LDH A ZnAIEu-NO; LDH

T
10 20 30 40 50 60 70 10 20 30 40 50 60 70
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Figure 5. Powder X-ray diffraction patterns for different hydration times of ZnAlEu-NO3; LDH samples
calcined at 350 °C (left) and 600 °C (right). Starred peaks relate to the formation of a ZnO phase.
Reflections associated with the reappearance of a layered phase are marked with open squares, while
the basal reflections of LDH intercalated with BTC (7.0°, 12.7 A) are marked with an open triangle.
The PXRD patters of the samples ZnAlEu-NO3; LDH and ZnAlEu-BTC LDH are shown for comparison.
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For specimens treated at 600 °C (Figure 5 right), the recovery of the lamellar phase was delayed
compared to that of samples treated at 350 °C. After five days, a lower degree of regeneration was
observed for the LDH calcined at 600 °C (C-LDH-600).

The photoluminescence properties of the samples were investigated by measuring their excitation
and emission spectra (Figure 6). The excitation spectra (Figure 6 left) of all samples were collected
at room temperature, monitoring the (Eu>*)°Dy—’F, emission at 614 nm. In the calcined samples,
no zinc oxide O~ —Eu3* Ligand-to-Metal-Charge Transfer band (LMCT) was found, in accordance
to other studies of Eu**-doped ZnO [37]. In the hydrated materials, the broad excitation band in the
higher energy region (235-315 nm) was composed by two bands owing to the energy transference
from the BTC to Eu®*. One band was centered around 265 nm and was attributed to (BTC)O* —Eu’*
LMCT [29,38—40]. The other band, centered at 290 nm, corresponded to the BTC singlet transition
Sp—Sn [41-43] with subsequent energy transfer to Eu®*.

T T
Aem =614 Nm

I Sy—S, ] L ZnAIEU-BTC LDH ]
ZnAIEU-BTC LDH [ Aere =290 nm ]

LDH-600 - 5 Days [or = 290 nm LDH-600 - 5 Days

[~exc

LDH-600 - 1 min % 7
. LDH-600 - 1 min |
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LDH-600] [ Aexe = 395 nm LpH-600 ]
Aeye = 290 NM LDH-350 - 5 Days ]
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L £ 4
E £ LDH-350 - 1 min
e A A
r N r LDH-350 ]
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5
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Normalized Intensity / Arb. Units
Normalized Intensity / Arb. Units

.

7
] - s, Le ZNAIEU-NO, LDH] - Dy— Fz ZnAIEU-NO, LDH +
0™ 7 5D, [ E ]
J\M [hexc = 395 nm Fo F, F ]
E N 1 " 1 " 1 . C 1 " 1 " 1
300 400 500 500 600 700
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Figure 6. (left) Normalized excitation spectra recorded at 300 K, monitoring the (Eu?*)°Dy—"F,
emission at 614 nm of the ZnAlEu-NO3 LDH (as-prepared) together with the calcined and rehydrated
samples. (right) Normalized emission spectra (300 K) under excitation at the BTC ligand-to-metal
transference band (290 nm) for the rehydrated samples and under excitation at the (Eu*)Fy—°Lg
excitation band at 395 nm for the as-prepared and calcined samples. The labels of the 4f-4f
intraconfigurational transitions of Eu* are shown. The spectra of the sample ZnAIEu-BTC LDH
are shown for comparison.

The emission spectrum under direct excitation of the (Eu®*) 7Fy—5Lg excitation band (395 nm) of
the as-synthesized ZnAlEu-NO3; LDHs (Figure 6 right) showed the characteristic emission bands of
Eu®*. Similar emission spectra were observed for the samples calcined at 350 and 600 °C, but with
broader emission bands (especially for C-LDH-350). The broadening of the emission bands arose from
slightly different sites occupied by Eu* in the matrix, which produced slightly different emission
profiles [44]. This indicated that the number of sites occupied by Eu®* increased after calcination.
Compared to the >Dy—’F; transition, the higher intensity of the Dy—’F, transition was enabled by
forced electric dipole [45-48], which indicated the absence of inversion symmetry around the average
Eu3* site.
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After rehydrating in a BTC-rich aqueous solution, the calcined samples started to recover their
lamellar structure. At the same time, these samples also started to transfer energy from the BTC
antenna to Eu3*. Figure 6 shows the emission spectra under excitation of the BTC So—S;, transition
after time-dependent hydration of the samples C-LDH-350 and C-LDH-600. Although no intercalation
with BTC was found after hydrating the sample C-LDH-350 for 1 min, the photosensitizer was still
able to transfer energy to Eu>*. This effect was probably due to BTC molecules adsorbed on the outer
surface of the particles, which recovered to the LDH phase faster than the bulk [23]. This effect was
seen in the sample C-LDH-600 only for longer hydration times, which indicated that the rehydration
of this sample was less efficient than that of C-LDH-350, as was also inferred from the PXRD results.

4. Conclusions

In summary, to produce luminescent LDH phases, ZnAIEu-NO3; LDHs calcined at up to 600 °C
can only partially be restored to the LDH phase through rehydration in BTC-rich aqueous solutions.
The calcination temperature appears to be an important factor for an efficient rehydration, as samples
calcined at 350 °C showed a higher degree of regeneration compared to those treated at 600 °C.
For samples treated at 350 °C, the recovery of the LDH structure started after 1 min of rehydration,
while for the samples treated at 600 °C the regeneration only started after 5 min. After 30 min, the pH
of the rehydration solution increased as a result of the dissolution of the oxides, and this facilitated
the intercalation of BTC. The interaction of this photosensitizer with Eu®* in the recovered hydroxide
layers gave rise to efficient energy transfer from the BTC antenna molecule to the Eu* ions, which
proved to be a useful tool to monitor the rehydration process of the calcined LDHs.
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