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Abstract

A straightforward and facile procedure for the fabrication of superhydrophobic luminescent 3D
nanomaterials was developed. Chemical modification of ultra-lightweight highly porous
nanostructured aluminum oxyhydroxide (NOA) monoliths in 8-hydroxyquinoline vapors resulted
in the formation of tris(8—hydroxyquinoline)aluminum on the surface of NOA nanofibrils. The
original shape and size of the initial NOA monolith and its internal 3D nanostructure were
completely preserved during the modification. Surface modified NOA samples demonstrated

intense green luminescence as well as superhydrophobicity, the water contact angle being ~153°.

Keywords:  nanomaterials, mesoporous alumina, 3D nanostructure, S8-hydroxyquinoline,

luminescent complexes, fluorescence, superhydrophobicity.

1. Introduction

Metal oxide aerogels and aerogel-like materials possessing very low density, high

mesoporosity and thermal stability are materials that are almost completely ideal for a wide



range of applications, including high-temperature thermal insulation, catalyst supports,

absorption of heavy metal ions and pollution removal [1,2].

Among other methods of aerogel-like materials production, controlled oxidation of
metallic aluminium through the Al-Hg layer in humid air is truly a low-cost and facile method,
leading to the formation of highly porous 3D monoliths consisting of nanofibrils of aluminium
oxyhydroxides (NOA, Al,0;3-:nH,0) [3.4]. Additional functionalization of NOA, which is
typically achieved by the binding of various species on their surface, e.g., by the impregnation of
NOA in a modifier solution, significantly extends their application [5—8]. By the impregnation
techniques, metal and metal oxide nanoparticles [3,5,9—-11], as well as carbon nanotubes [12],

were immobilized in the matrix of pre-annealed NOA materials.

Immobilization of coordination compounds into porous matrices allows the obtaining of
functional materials that are used as catalysts [13], sensors [14,15], in flat panel displays [16], as
scintillators [17], lasers [18], etc. [19-21]. Tris(8-hydroxyquinoline)aluminium (AlQs, Fig. S1) is
presently considered as one of the most reliable emitting materials because of its excellent
stability and luminescent properties [22,23]. Immobilization of the AlQ; complex in porous
matrices can serve as an alternative method for obtaining luminescent 3D materials for optical

applications [24,25].

A general method of covalent binding of metal complexes to the porous metal oxide
network consists of obtaining alkoxysilyl-substituted metal complexes of the type
{[(RO)3Si(CH,),A]xMLy,} (where A is the donor group, such as -NH,, -SH, etc., M — metal and
L — ligand), which during sol-gel processing are tethered to the oxide matrix through the
(CH,),Si03/, groups [26,27]. However, this method is multi-stage and time-consuming. In our
previous study, we have developed a facile synthetic approach to Al,Os-based aerogels modified
with AlQj; [28]. The AlQs; complex was formed after the addition of HQ during the sol-gel
transition in an alcoholic solution of aluminium nitrate. This method allows one-stage
immobilization of the luminescent AlQ; complex in the Al,O3 aerogel matrix. Nevertheless, the
use of a liquid-phase approach doesn’t allow the immobilization of large amounts of complexes

into an aerogel matrix, thus limiting the luminescence intensity of modified aerogels [28].

In this paper we propose a gas-phase approach to immobilizing the luminescent AlQ;
complex on the surface of aerogel-like highly porous 3D nanomaterial, consisting of aluminium
oxyhydroxides nanofibrils (NOA), the preparation and properties of which were reported in
detail by Khodan et al. [29-31]. Modification of NOA was conducted by treating as-prepared
monolithic NOA material with HQ vapors in air. The interaction of the NOA surface with 8-

hydroxyquinoline vapor leads to the condensation of —OH groups of HQ molecules with the



surface AI-OH groups, which eventually leads to the formation of surface-bound tris(8-
hydroxyquinolinate)aluminium (AlQj3), providing the material with both hydrophobicity and

intense luminescence.

2. Materials and Methods

2.1 Materials

The following reagents were used as starting materials: aluminium plate (OOO Lab-3,
>99.99%), potassium hydroxide (Khimmed, A.C.S.), nitric acid (Khimmed, A.C.S.), mercury
nitrate (Khimmed, A.C.S.), silver nitrate (Khimmed, A.C.S.), 8-hydroxyquinoline (HQ, Aldrich,

99+ %) and deionized water.

2.2 Synthesis of NOA monoliths
The monolithic NOA were obtained by the method described previously [30,32]. The
details of the synthesis are presented in the supplementary information (Fig. S2). The process of

aluminium oxyhydroxide synthesis is described by Equation 1:

2(Hg'A1)Hq + }’ZHzogas +3/20, — [A1203‘nH20]N0A + 2(Hg)1iq (1)

The synthesis of the monoliths was carried out at a temperature of 25°C and 70% relative

humidity. For the raw NOA monoliths obtained, the value of # in (1) was about 3.6.

2.3 Surface modification of monoliths

The surface of NOA monoliths was chemically modified by the treatment with
8—hydroxyquinoline vapors, which made it possible to successfully immobilize the AlQ;
complex; the modified sample is hereafter designated as NOAQ. We used a simple way to obtain
NOAQ materials (Fig. 1a): a required amount of HQ (a molar ratio HQ:Al = 1) was placed at the
bottom of the weighing bottle and covered with a piece of tracing paper with the block of raw
NOA placed on top. The bottle was then closed and placed in an oven at 60°C.

In the process of being modified with 8-hydroxyquinoline vapors, NOA samples maintain
their monolithic appearance and acquire a yellow color, typical of the AlQ; complex (Fig. 1b).
The change in color of the sample begins with the surface layers and gradually spreads over the
entire volume (Fig. S3). A temperature of 60°C is optimal for the modification of NOA in HQ
vapors. Higher temperatures (> 70°C) lead to HQ melting (Tmp(HQ) = 75°C) and its penetration
into the NOA monolith, which leads to inhomogeneous distribution of the complex in the

material.
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Fig. 1. (a) Scheme of the surface modification of NOA with 8-hydroxyquinoline; (b) a sample of
NOA modified with 8-hydroxyquinoline; (c) the weight increase of NOA (in %) during

modification.

In order to determine the optimal duration of the NOA modification process, as well as
the maximum amount of HQ adsorbed on the NOA surface, we measured the weight of NOA
over time at a temperature of 60°C (Fig. 1¢). For NOAQ samples with linear dimensions up to
~2 cm, the uniform coloration of the whole volume (V < 8 cm®) was observed after ~140 hours
of treatment. At that, the mass of the initial sample doubles. It is also worth noting that further
treatment of the NOA monolith with HQ vapors leads to the crystallization of the latter on the

surface of the monolith and the further increase of its weight.

2.4 Methods of analysis
The specific surface area (Sggr) of NOA was measured by the low-temperature nitrogen
adsorption method on a QuantaChrome Nova 4200B analyzer. Prior to analysis, the samples
were degassed at 90°C in a vacuum for 17 h. Based on the data obtained, the specific surface
area of the samples was calculated using the Brunauer—-Emmett—Teller model (BET) within the
partial pressure range 0.07—0.25. The calculation of the pore size distribution was carried out on
the basis of nitrogen desorption isotherms, according to the Barrett-Joyner-Halenda method

(BJH).



The skeletal density of NOA was measured with a helium pycnometer, the Thermo Fisher
Scientific Pycnomatic ATC.

The FTIR spectra of the samples were recorded using the attenuated total internal
reflection technique (ATR) in the range 4004000 cm ' on a Perkin Elmer Spectrum 65
spectrophotometer equipped with a Quest ATR Accessory (Specac).

X-ray powder diffraction patterns were recorded with a Bruker D8 Advance
diffractometer, using CuKa radiation in the 20 range 3-90° at a 20 step of 0.02° and a counting
time of 0.3 s per step.

The thermogravimetric analysis of NOA, as well as the identification of gaseous products
evolved during thermal decomposition of the samples, was performed using a NETZSCH STA
409 PC Luxx synchronous thermal analyzer combined with a NETZSCH QMS 403 C Aéolos
quadrupole mass spectrometer. The analysis was carried out in air at a heating rate of 10°C/min
to 800°C.

The chemical composition of NOA samples was studied by X-ray photoelectron
spectroscopy (XPS) on a SPECS X-ray photoelectron spectrometer with a PHOIBOS-150 energy
analyzer at fixed analyzer transmission mode (15 eV), using AlKa radiation (hv = 1486.61 eV).
Experimental data processing was performed with the CasaXPS software package.

The NOA morphology and structure were analyzed using a Carl Zeiss Libra 200 MC
transmission electron microscope (TEM) operating at 200 kV, and a Carl Zeiss NVision 40 high-
resolution scanning electron microscope (SEM) equipped with an Oxford Instruments X-MAX
(80 mm?) detector. SEM images were taken with an Everhart-Thornley detector (SE2) at 1 kV
accelerating voltage.

The water contact angles were measured with FTA200 (First Ten Angstroms, Inc., USA).
The images were processed using FTA200 software.

The photoluminescence and excitation spectra were recorded on a Fluorolog
spectrophotometer upon excitation with a xenon lamp. The quantum yield was measured on the

same instrument, using a Quanta Phi integrating sphere.

3. Results and discussion

3.1 Chemical composition of NOA and NOAQ
To confirm the formation of the AlQ; complex, as well as its immobilization on the
alumina surface, the chemical composition of the NOA and NOAQ materials was analyzed using
FTIR, XPS and TGA. Fig. 2 shows the FTIR spectra of 8-hydroxyquinoline, the NOAQ sample,
and the AlQs; complex. It should be noted that all the intense characteristic bands of the AlQ;



complex are present in the spectrum of the NOAQ sample. In particular, a maximum at 1327
cm™', which belongs to the aromatic ring stretching, is present both in the spectrum of the AlQ;
complex and in the spectrum of the NOAQ sample, while it is not observed in the spectrum of
pure 8-hydroxoquinoline. The band at 3400 cm™ in the HQ spectrum (Fig. 2a) is assigned to O-H
stretching vibrations. The broad absorption band at 3700-2800 cm™ in the NOAQ spectrum is
due to the vibrations of O-H groups of both chemically bound and adsorbed water. The absence
of a pronounced peak at 3400 cm™ indicates the absence of free HQ molecules in NOAQ;
chemical binding of HQ with the formation of the AlQ; complex leads to the disappearance of
this band in the spectrum of AlQ; (Fig. 2c¢).
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Fig. 2. IR spectra of 8-hydroxyquinoline (a), NOAQ sample (b), and the AIQ3; complex (c).

The presence of an AlQs; complex on the surface of the NOAQ sample is also confirmed
by the results of the XPS analysis; the position and shape of N 1s and C 1s lines for the NOAQ
are similar to the AlQj; (Fig. S4). Table S1 summarizes the element concentrations calculated
using corresponding XPS spectra, which show that the C/N ratio in the NOAQ is quite close to
the C/N ratio in AlQ:s.

Fig. S5 presents the diffraction patterns of NOA and NOAQ. Both materials are
amorphous, but the position of the extremely broadened maxima suggests that the short-range
order of atoms in the NOA structure is similar to the boehmite AIO(OH) structure [JCPDS 76-
1871]. The treatment of NOA with 8-hydroxyquinoline does not affect its initial 3D structure.



The results of TGA analysis of NOA and NOAQ materials combined with mass
spectroscopy of gaseous thermolysis products are shown in Fig. 3. The TGA curve of the NOA
contains one extended stage, while the thermal decomposition of NOAQ is more complex.

Table 1 summarizes the temperature ranges and the corresponding weight loss for each stage of

thermolysis.
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Fig. 3. The results of TGA combined with mass spectrometry of gaseous products of
thermolysis, for the unmodified NOA (a) and for the chemically modified NOAQ (b). The mass
number values m/z are shown next to the corresponding temperature dependencies of the ion

current.

Table 1. Temperature ranges and the corresponding weight loss for each stage of NOA and
NOAQ thermolysis.

NOA NOAQ
Stage Temperature Weight loss, % Temperature Weight loss, %
range, °C range, °C

1 25-800 38.7 25-280 24.2

2 - — 280 — 440 9.1

3 — - 440 — 480 2.8

4 — — 480 — 800 11.1
Residue, % 61.3 52.8

The extended NOA thermolysis stage with a maximum rate at 160°C (dTGA curve in
Fig. 3a) is due to the removal of physically and chemically bound water (m/z = 18). In addition,
CO; emission (m/z = 44) is also observed in the temperature range of 100-250°C, which
apparently corresponds to the removal of chemisorbed CO, present on the NOA surface in the
form of aluminium oxo- and hydroxycarbonates [33]. The presence of carbon in the NOA
sample is also confirmed by elemental analysis data (Table S2) and XPS data (Table S1).

The thermogram of the NOAQ sample can be divided into four stages of weight loss. The
first stage relates mainly to the removal of physically bound water, the second to the removal of

chemisorbed water, as well as weakly bound HQ and CO, molecules (see Fig. 3a and 3b). Stages



3 and 4, obviously, correspond to the decomposition of the AlQs; complex in NOAQ. A similar
picture is observed during the decomposition of the pure AlQs; complex (Fig. S6). The multi-
stage character of the NOAQ sample thermolysis is probably due to the fact that 8-
hydroxyquinoline on the surface of NOA may be in the form of mono-, bis- and tris-complexes.
The TGA data and elemental analysis allowed us to establish an approximate chemical
composition of both the initial NOA — A/,0;3.5H,0-0.4CO,, and the modified NOAQ -
Al,O3:1.1H;0-0.4C0O,-0.1641Q;3. Thus, the content of aluminium in the form of the AlQ;
complex in NOAQ is ~7 mol%, which corresponds to a mass ratio of ~30%. Since the initial
samples lose a significant amount of water in the process of chemical modification, it can be
concluded that the chemical adsorption of 8-hydroxyquinoline takes place and the chemical

composition of NOAQ is getting close to AIO(OH).

3.2 Microstructure of NOA and NOAQ

Due to the highly porous structure of NOA, a significant fraction of atoms is located on
the surface of the fibrils, so that chemical modification of NOA may lead to a change in its
microstructure. In order to study the changes in the microstructure of NOA during modification,
we used the methods of low-temperature nitrogen adsorption, helium pycnometry, as well as
electron microscopy (SEM and TEM) techniques. The results of the low-temperature nitrogen
adsorption measurements of the porous structure of the NOA and NOAQ materials are shown in
Fig. 4. The obtained adsorption/desorption isotherms belong to Type IV, according to the
IUPAC classification, and are characterized by H1 type hysteresis typical of materials containing
narrow open pores on both sides. A sharp increase in adsorption at P/Py> 0.95 indicates the
presence of relatively large pores (d > 50 nm), which is confirmed by the data on the pore size
distribution (see inset in Fig. 4). Table 2 summarizes the differences in texture characteristics of

the NOA and NOAQ materials.



2500 4 506 ] —=— NOA I

—a— NOAQ
2000 N aCLU(:‘;-
E
-_‘3’0.04
D g \
G 15004 3 \
o 0,02
& A A 4
w ‘bﬂ ad /‘
> 1000 0,00 [P T

T T
1 10 100
Pore size, nm

P/P

0

Fig. 4. Nitrogen adsorption/desorption isotherms and pore size distributions (inset) for NOA and

NOAQ samples.
Table 2. Texture characteristics of NOA and NOAQ.
NOA NOAQ

Apparent density, g-cm™ 0.018+0.005 0.041+0.01
Skeletal density, g-cm™ 2.25+0.05 2.63+0.10
Porosity, % 99+1 98+1
Surface area, m*-g’ 290+20 205+10
Pore volume, cm> g’ 2.95 4.20
Average pore diameter, nm 43 41
BET constant (C) 66 23

When the NOA surface is modified with 8-hydroxyquinoline, the monolithic appearance
and initial sample sizes are preserved, the porosity remains almost unchanged, but the apparent
density of NOAQ almost doubles in comparison with NOA, which can be explained by weight
gain after substitution of the surface —OH groups and water molecules with heavier HQ
molecules. The skeletal density also increases (Table 2). The adsorption of 8-hydroxyquinoline
reduces the specific surface of the NOAQ sample, but the specific pore volume rises due to an
increase in the number of large pores (> 20 nm) (insert in Fig. 4). The decrease in the specific
surface area can also be associated with an increase in the density of NOAQ, since the value of
Sger 1s calculated per unit mass of the sample.

The initial structure of NOA samples can be described as a 3D network consisting of the
nanofibrils of aluminium oxyhydroxides. The average size of the nanofibrils is about 5 - 7 nm in

diameter, and the length is within 100 - 300 nm [30]. The studies of the NOA and NOAQ



samples, carried out by electron microscopy, confirmed that after the NOAQ modification, the

porous mesostructure remains almost unchanged (Figs. 5 and 6). However, by careful

comparison of the morphology of the samples, slight coarsening and agglomeration of

nanofibrils in NOAQ can be identified (Fig. 5).

Fig. 6. TEM images of the NOA and NOAQ sample surface.

Fig. 6 shows the TEM images of the NOA and NOAQ samples with the insets of electron
diffraction patterns. The structure of the samples can be described as a 3D grid of interweaved
fibrils with almost the same diameter. Upon modification of the surface with 8-
hydroxyquinoline, the average size of the fibrils slightly increases (from ~5 nm for the original
NOA to ~6—7 nm for NOAQ), which may be due to the formation of an AlQ; layer on the

surface of the fibrils.



3.3 Hydrophobicity of NOAQ

The development of the hydrophobic properties of the NOAQ material was an
unexpected effect of chemical surface modification with the AlQs; complex. The raw NOA
monoliths instantaneously collapse upon contact with water due to two reasons: 1) the presence
of oxo and hydroxo-groups on the surface causes its hydrophilicity; and 2) high mesoporosity
leads to water absorption due to capillary effects. NOA monoliths modified with 8-
hydroxyquinoline become hydrophobic and NOAQ samples float at the surface of water due to
their low mass density (Fig. 7 and Fig. S7). A sufficiently large water contact angle (~ 153°)

allows us to classify this material as superhydrophobic.

It is obvious that the hydrophobicity of NOAQ is due to the weakly polar nature of the
AlQ; complex molecule, the layer of which covers the surface of fibrils in NOAQ. It should be
noted that the very low solubility of AlQ; in water (pK = 32) is widely used in analytical
chemistry for the quantitative determination of AI’" ions [34]. At that, the rise of
superhydrophobic properties is caused not only by the chemical nature of the surface, but also by
its microstructure [35-37]. The roughness enhances the effect of the surface chemistry to

produce the superhydrophobicity.
According to Wenzel’s model [38]
cos Ow =r cos 0, (2)

where Oy — is the contact angle of a rough surface, 6. — is the contact angle of a flat
surface (depending on the chemical nature of the surface) and r — is the roughness ratio. One can
see that small changes in 0, can lead to large changes in Ow. In addition, according to equation

(2), if angle 6. is less than 90° then the surface roughness will lead to a decrease in Oy if angle 6.

1s more than 90° it will lead to to an increase in Oy.

Thus, the surface roughness of the NOA material leads to increased wettability or non-
wettability of the surface, which in turn determines both the superhydrophobicity of the
chemically modified NOAQ and the strong hydrophilicity of the raw NOA (Fig. S7).



Fig. 7. Demonstration of hydrophobic properties after chemical surface modification of NOA
samples with the AlQ; complex: (a) a drop of water at the surface of the NOAQ sample (which

also floats on the surface of water); (b) an estimation of the water contact angle.

In comparison to alumina-based aerogels modified with 8-hydroxyquinoline during the
sol-gel transition [28], which demonstrate hydrophilic properties, NOAQ's hydrophobicity
indicates that its entire surface is covered with a layer of AlQs. Thus, the gas-phase modification
has obvious advantages in comparison with the liquid-phase method. It should be noted that
hydrophobicity greatly expands the range of applications of aerogels and aerogel-like materials,

as their stability in a humid atmosphere is improved [39].

3.4 Photoluminescent properties

In order to clarify the state of the AlQ; molecules in the pores, the photoluminescence
spectra of the AlQ; adsorbed on the surface of NOAQ were investigated. A comparison of the
photoluminescent characteristics (Fig. 8 and S8) of NOAQ, NOA and AlQ; also confirms the
formation of the AlQ; complex on the surface of NOAQ. Indeed, the luminescence spectrum of
NOA (Fig. S8) does not contain any bands in the visible region as well as the excitation
spectrum recorded at the luminescence wavelength of 550 nm. In turn, NOAQ (Fig. 8) exhibits
photoluminescence with a maximum at about 550 nm, which corresponds to the luminescence
spectrum of AlQ;. The excitation spectrum recorded at an emission wavelength of 550 nm
coincides with the excitation spectrum of the AlQ; complex. The luminescence quantum
efficiency for the AlQs; in NOAQ material is about 2%, which is typical for AlQs; in an
amorphous state [40—42].
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Fig. 8. Excitation and photoluminescence spectra at room temperature for the AlQ; and NOAQ.
Excitation wavelength = 430 nm, luminescence wavelength = 550 nm; an inset represents the

NOAQ monolith upon visible and UV-light (A = 254 nm) radiation.

One can see that for the NOAQ material, a blue-shift of the photoluminescence spectra is
not observed (in comparison to the pure AlQ; complex) as it is for other similar systems [24,43—
47]. This is probably due to the high content of the complex in the pores of the NOAQ matrix,

which makes its behavior close to the bulk AlQs.

4. Conclusions

A method for the gas-phase surface modification of nanostructured porous aluminium
oxyhydroxide monoliths with the luminescent tris(8-hydroxyquinolinato)aluminium complex
was developed. It was shown that the original shape of the monolith is completely preserved
after modification and its 3D nanostructure does not change significantly, retaining high porosity
(~98%) and a high specific surface area (~ 250 mz/g). The modified NOAQ acquires
superhydrophobic properties with the water contact angle ~153°. Upon UV-irradiation, NOAQ
porous monoliths show an intense luminescence in the green region of the spectrum
(Amax = 550 nm). Thus, a multi-functional monolithic material possessing 3D nanostructure was
obtained, combining high specific surface area, high porosity, low density, hydrophobicity and

photoluminescent properties.
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