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Composite samples based on microcrystalline cellulose matrix incorporated with micro/nanoparticles of
Lap.7Smo.3VO4 complex oxide were made by cool pressing procedure. Morphology, crystallinity and character-
istic luminescence and dielectric properties of the composites were studied. Their morphology can be described as
“ceramics-like” type, as it consists of cellulose plates and embedded oxide particles. Luminescence spectra of the
composites covers the range of the whole visible light, 350-750 nm, and comprises both wide band and narrow lines,
related with host and oxide luminescence, respectively. Temperature dependences of the dielectric permittivity of
composites showed the impact of the oxide particles on the characteristics of the microcrystalline cellulose. An
assumption was made that this influence can be affected via water molecules, hydroxyl groups or molecules of the
ambient gases. Studied composites can be perspective luminescent materials for transformation of ultraviolet and

violet radiation into green-red light.
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1. Introduction

New demand for environmental and human friendly
modern materials has emerged for last two decades.
Composites based on polymer host and incorporated
with some micro/nanosized organic or inorganic com-
pounds are advanced materials, as they provide many
additional advantages. Cellulose polymers are among
them as they are sustainable and renewable materials and
micro/nanosized cellulose based materials last time paid
great attention due to their perceptiveness for biomedical
applications (membranes and filters, scaffolds, antimicro-
bial films, pharmaceuticals, drugs delivery, etc.) [1-4]. At
the same time, they are of interest as materials for ap-
plications in electronic and opto-electronic devices, e.g.
such as solar cells, supercapacitors, lithium-ion batteries,
flexible “paper” electronics [5-7] and luminescent mate-
rials [8-10] particularly for their potential applications
as chemical and biological sensors or for toxic chemical
removing [11-13].

Cellulose is a natural hydrophilic polymer that consist
of anhydro-D-glucose units connected by 5-1,4 glycosidic
bond and having hydroxyl (—OH) groups which enable
cellulose to strong hydrogen bonding.

As for the microcrystalline cellulose (MCC), it is pure
partially depolymerised cellulose. The linear cellulose
chains are connected as microfibril spiralled together in
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the walls of plant cell. Each microfibril shows a high
degree of three-dimensional internal bonding that result
in a crystalline structure. Besides, there is some part of
the microfibril with weaker internal bonding. They form
amorphous regions of cellulose. Micro/nanoscale cellu-
lose materials are characterized by unique and important
physical and chemical properties [14, 15], which can be
modified by incorporation of various additives. Incor-
poration of inorganic luminescent additive is of special
interest and, as has been shown in previously published
papers (e.g. [16-19]), were studied in many cases.

The aim of this work is to study properties of the
firstly made composite materials that consist of mi-
cro/nanoscale cellulose host, MCC, embedded with mi-
cro/nanoscale complex oxide, lanthanum orthovanadate,
LaVQy, doped with active in luminescence triple-charged
samarium ions, Sm3t. We denote below these compos-
ites as “MCC- LaVO4:Sm”. It was found earlier that
the properties of similar cellulose-oxide composite ma-
terials depend on the samples morphology, size of com-
ponents and their distribution over the sample, etc., in
other words, they depend on composition and technology
of the samples preparation. Composites under this study
were made firstly by so-called cool-pressing method [16].
Various properties had to be investigated and various
methods were applied, e.g. scanning electron microscopy
(SEM), chemical elements analysis, X-ray diffractometry
(XRD), luminescence and dielectric spectroscopy. Par-
ticular attention was paid to the manifestation of the
interaction between the cellulose matrix and the oxide
filler.
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2. Experimental details

2.1. The samples

The chemically pure microcrystalline cellulose (MCC)
tablets, manufactured at ANCYR-B (Ukraine), were
used as starting material for preparation of the cellulose-
based composites. The MCC tablets were dispersed, dis-
solved in ethanol of high purity and undergone to ultra-
sonic treatment. The suspension was filtered via paper
filter. After that, the powder was dried at ambient air
conditions and temperature T' = 60°C. A certain amount
of previously prepared and dried micro/nanosized oxide
powder was added. Each mixture was stirred in agate
mortar until homogeneity (on the eye) was reached. Fi-
nally, each portion was divided into 3 parts and each of
them was separately undergone to compression at high
pressure near 1.8x10% kPa/m?. Therefore, there were CO
samples (amount of oxide was zero), C1 samples (1 mg of
oxide per 450 mg of MCC), C2 samples (10 mg of oxide
per 450 mg of MCC), C3 samples (100 mg of oxide per
450 mg of MCC).

Doped with samarium ions, Sm3*, lanthanum ortho-
vanadate, LaVOy4:Sm, was used as oxide component of
the composites. The particles possess average size 0.1—
0.2 pm. Details of the La;_,Sm,VO, (0 < 2 < 0.5)
samples oxides preparation and sol-gel synthesis can
be found in [20]. Previously we have also found that
La;_;Sm, VO, luminescence is undergone to concentra-
tion quenching. Therefore, the Lay 7Smg 3VO, composi-
tion which showed the higher PL intensity was selected
for further experiments.

2.2. Equipment

The X-ray diffractometry study was performed using a
conventional powder diffractometer DRON-3M equipped
with BSV-28 tube (\.qq = 1.54178 A) and operating in
the Bragg—Brentano (6/20) geometry. The XRD pat-
terns were obtained in the (26) diffraction angle range
10-70° with 0.1° step.

Scanning electron microscopy was performed by means
of the JAMP-9500F Field Emission Auger Microprobe
(JEOL, USA) equipped with X-ray microanalyzer INCA
PentaFetx3 (Oxford Instruments). Microelements anal-
ysis at various zones of the samples was also performed
using this microscope.

The photoluminescence (PL) and the PL excitation
spectra were measured at spectrometric complex SDL-
2M which contains exciting (MDR-12) and registering
(MDR-23) monochromators equipped with diffraction
grates and photomultipliers. The Ny laser (generation
wavelength, A.,, = 337.1 nm), diode-pumped lasers
(Aem = 405, 473, and 532 nm) and Xenon lamp (DXeSh-
150) have been used for the PL excitation.

Capacity and dielectric losses index of the cell were
carried out at 5, 10, 20, and 50 kHz frequencies (f)
in temperature range —180-130°C. Computer controlled
homemade equipment on the base of the P5083 alternate
current bridge was used for these measurements.

3. Results and discussion

8.1. Morphology and structure

Samples surfaces were scanned by electron microscopy
tools. Figure 1 is one of the typical images (sample
C2). We can see that the sample consist of many tightly
packed plates with size of 2-5 um. The crannies can
be seen between the plates in some cases (e.g., see in
left part of Fig. 1). There is also a certain number of
craters/caverns somewhere within the plates. They look
like black inlays up to 200 nm of size in Fig. 1. In ad-
dition, some inclusions of a different shape, like grains
of white colour, can be seen in Fig. 1. Their sizes are
within 10-100 nm range. The conglomerates of such par-
ticles, obviously, form large grains up to 2 pm in size.
The largest of them is marked with the rectangle #4 in
Fig. 1. The small particles are located in the body of
plates, while large grains lie on the plate’s surface.
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Fig. 1. SEM image of the C2 composite; rectangular
shows regions where chemical analysis was performed.

Chemical elements analysis was performed for several
zones of the samples when SEM studies were carried out.
Those zones are marked by rectangular in Fig. 1. Carbon
(C) and oxygen (O) are dominant in the zones of plate
(see zone 1, 3, and 5). In these zones the average content
of C and O was near 70 and 28 at.%, respectively. There-
fore, we conclude that the plates are constructed from
MCC host. It is obvious that oxide particles are concen-
trated in some areas of the samples (see, e.g., zones 2
and 4). The composition of the white particles and their
conglomerates is close to the formulae Lag 7Smg 3VOy.
Really, average content of the La, Sm, V, and O in these
zones was near 11.2, 5.8, 16.9, and 65.8 at.%, respectively.

Thus, we can describe made by us “MCC-oxide” mi-
cro/nano composites as “ceramics-like” materials where
cellulose plates and oxide particles should be subjected
to mutual influence and this circumstance could be man-
ifested in the properties of the composites.
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3.2. XRD analysis

The XRD pattern of the samples under study showed
two sets of diffraction peaks. Relatively wide peaks lo-
cated at 16.0, 22.5, and 34.5° of 26 reflect characteristics
of the MCC host [16, 21, 22]. Others peaks are caused
by the Laj_,Sm,VO4 component [20].

Index of the cellulose crystallinity (k) was calculated
on the base of XRD results [16]. Calculated values of
k (in %) were near 60, 58, 57, and 56 for the starting
CO0 and composite samples C1, C2, and C3, respectively.
These data show effect of oxide particles on the structure
and morphology of the cellulose host. Surely, additional
experiments are needed to understand on molecular level
the mechanisms of this effect. Detailed description of
procedure of the similar composites XRD data analysis
can be found in [16].

3.3. Luminescent properties

Before discussion of the MCC-LaVO,4:Sm composites
luminescence properties, it worth noting that detailed
data and analysis of the luminescence properties both of
starting cellulose and LaVO4:Sm oxides can be found in
our previous works [16] and [20], respectively. The PL of
the MCC-LaVOy4:Sm composites was studied under exci-
tations in the spectral range from UV (250 nm) to yellow
light (570 nm) (Figs. 2, 3). The PL spectra under these
excitations consist both of wide band that extends from
350 up to 750 nm and the set of relatively narrow lines
located on the mentioned wide band (Fig. 2). Contribu-
tion of wide band, as well as narrow lines to the total
spectra depends on the excitation wavelength and on the
composition of the sample too (see Fig. 2, curves 1, 2 and
Fig. 2, curves 5, 6). Characteristics of the wide PL band
(shape, peak position — A4z, intensity) depend on the
Aez- We can conclude that at least four components form
the wide band. Contributions of these components to the
total spectra depend on the A., and they vary when con-
tent of the oxide varies, too (Fig. 2, curves 5, 6).

Spectra of PL excitation demonstrate complex struc-
ture and similarly to the PL spectra they consist of sev-
eral wide bands, if luminescence is registered at wave-
length (Aer) located in the range of the wide PL band
(Fig. 3, curve 1). If the PL is registered in the vicin-
ity of the PL lines, the relatively narrow details of the
excitation spectra also arise (Fig. 3, curves 2, 3).

The described data are similar to ones earlier reported
by us for the microcrystalline cellulose samples and some
other “cellulose-oxide” composites [12, 13, 16]. Besides,
mentioned characteristics are similar to those published
elsewhere concerning luminescence of various cellulose-
based materials [5, 8-10].

We can conclude that the wide PL band and wide
bands in excitation spectra are caused by luminescence
excitation and radiation processes in cellulose host. The
complex structure of the cellulose PL is usually caused
by presence of several types of molecular fluorophores [8—
10]. Up to now there are no direct relations between
the luminescence band components and type of MCC
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Fig. 2. PL spectra of C2 (1-4) and C3 composites
(5,6); Aew = 337.1 (1), 405 (2), 408 (5), 473 (3), 477.8
(6) and 532 nm (4), T = 300 K. Zero signal levels for
spectra 1-5 are shown by dotted lines.

molecular constituents or its derivatives (e.g., carbonyl
groups), but the role of the molecular radicals located
on the surface of cellulose microfibrils had been already
emphasized. Besides, hydroxyl groups located on the
surface promote organic molecules adsorption that re-
sults in enhancement of the PL [9, 10]. Thus, oxide mi-
cro/nanoparticles embedded into cellulose have to change
characteristics of the MCC host luminescence. If amount
of oxide increases, the narrow PL lines become more in-
tensive, while MCC host luminescence decreases (Fig. 2,
curves 5, 6). It is easy to conclude that the additive nar-
row PL lines and lines in excitation spectra are related
with Sm3* ions. In fact, the positions of these groups of
lines, their shapes and distribution of their intensity coin-
cide with absorption and emission lines of the Sm3* ions
in various crystalline [20, 23-25], glass-like hosts [26, 27],
and liquids [28]. Therefore, we can state that the ob-
served PL groups of lines are due to radiation transitions
*Gsja =% Hyo, “Hy), ®Hj o from excited *Gs o level
to the lowest levels of the ground ®H state [29-33).

Decrease of the cellulose host PL intensity, when con-
tent of the oxide increases, can be ascribed to effect of
the oxide micro/nanoparticles on the morphology, com-
position and dynamics of the molecular groups located on
the cellulose microfibrils surface. On the other hand, we
found that ratio of the 4G5/2 —6 Hs s, 6H7/2, and 6H9/2
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Fig. 3. PL excitation spectra of C3 composites, Aem =

560 (1), 600 (2), and 644.6 nm (3), T = 300 K. Zero
signal levels for spectra 1 and 2 are shown by dotted
lines.

transitions intensity in the case of composites differs from
one corresponding to “free” Lag 7Smg 3VO,4 powder [20].
The possibility of such influence is explained, first of all,
by the fact that Sm3* ion in the nanosized LaVO,:Sm
particles can be located both in the volume and on the
surface of particles [20]. The Sm3* ions “at surface” can
be sensitive to the effects of the cellulose surface molec-
ular groups. It is obvious that the amount of such inter-
action increases with the oxide content in the composite
that leads to the observed spectral changing.

Described below data about effect of oxide particles on
dielectric properties of made composites also confirm the
role of the cellulose—oxide interfaces.

8.4. Dielectric properties

Temperature dependences of the real (¢') and imag-
inary (¢”) parts of the complex dielectric permittivity
(e*) taken at different frequencies of the probing electro-
magnetic field are shown in Fig. 4. If compare these de-
pendences with the similar data concerning pure MCC
(see e.g. [4]), it is easy to find that general view of
these curves is similar. If we describe (&', £”) depen-
dences for the “MCC-oxide” composites, then the next
differences should be noted compared to the pure MCC
samples. First, analyzing the data for composite with
lowest amount of oxide (C1 sample), we see failures
in the ranges —160-70°C for the ¢’ curve measured at
f = 5 kHz (Fig. 4a). Accordingly, additional peaks
aroused on the corresponding &” curve in the noted tem-
perature range (Fig. 4b). The ¢” in the maximum of
high temperature peak reaches the value near 0.4, which
exceeds corresponding value for the case of pure MCC
(0.14) in 2.85 times. Both the failure and peaks signifi-
cantly decrease when the following temperature measure-
ments were performed at probing frequency f = 50 kHz
(Fig. 4a,b). Second, it should be pointed out that if the

Composites. . . 841

content of oxide increases very strongly (in 100 times for
the sample C3) the low temperature failure on the &’ and
corresponding peaks on the ¢” dependences also dimin-
ish. Undoubtedly, described peculiarities of the (&/, &”
behaviour are the result of the oxide particles influence
on the MCC properties.

450 100 50 0 50 100 T a0 100 50 0 5 100
t[°C] t[°C]

Fig. 4. Real (a,c) and imaginary (b,d) parts of dielec-
tric permittivity of the C1 (a,b) and C3 composites (c¢,d)
at frequencies 5 and 50 kHz.

Two types of effects can be distinguished, we suppose.
First of them determines changes of the (¢/, ") in the
temperature ranges —160-70°C and 25-130°C. Only (¢’
") values change in these range under frequency and ox-
ide content increase, while there is no shifts of the (¢’, &)
curves in these temperature ranges. Besides, when the
oxide is added, we see changes in a different sign in these
temperature ranges. Therefore, we assume that oxide
particles impact on two kinds of surface MCC molecular
groups and their responses on this influence are different.
Thus, we think that some amount of water molecules,
hydroxyl groups and ambient gases are incorporated into
MCC host as have been adsorbed on the surface of ox-
ide particles. Then, they bind to surface MCC molec-
ular groups that either decreases (—160-70°C tempera-
ture range) either increases (25-130 °C range) the dipole
moment (polarizability) of the samples under study and,
consequently, corresponding changes in the dielectric per-
mittivity occur. Observed consistent changes of the (&’
¢”) values in these ranges with step-by-step changes of
probing frequency (5, 10, 20, and then 50 kHz) can be
caused by consecutive temperature treatment of the sam-
ple. Namely, each heating from —180 up to 130°C can
result in changes of sample composition, e.g., caused by
removing of water and some ambient gases.

As for (¢/, €”) curves in the temperature ranges —125—
25°C, we have to note that their temperature and fre-
quency behaviour over there are typical for molecular re-
orientations occurring as over-barrier temperature tran-



842 M. Nedielko et al.

sitions between two equilibrium positions of molecular
groups. We can assume that relaxation which is observed
on real and imaginary parts of dielectric permittivity &”
in this temperature range reveals reorientation of methyl
groups from tg to ¢t conformation on the microfibrils sur-
face.

Fitting experimental ¢’ (T, f) dependences (Fig. 4) with
theoretical Debye approximation, we were able to eval-
uate the energy barrier between equilibrium positions.
Corresponding values are 46, 62, and 87 kJ/mol for the
Cl1, C2, and C3 samples, respectively. These data mani-
fest the trend of noted parameters to be higher if amount
of the oxide increases.

4. Conclusions

The set of the composite samples which consist
of micro/nanocrystalline cellulose host and embedded
micro/nanoparticles of complex oxide, Lag7Smg3VOy,
were made by cool pressing procedure and their prop-
erties and characteristics were studied and evaluated.
Their morphology can be classified as “ceramics-like”
type, as the ensemble of cellulose plates and embedded
between them or into them oxide particles were revealed.

The composites showed intensive both wide band and
narrow lines luminescence in the entire range of visible
light 350-750 nm and this luminescence can be excited
in the range 250-550 nm. That is why, these composites
are perspective for creation on their base of luminescent
transformers of ultraviolet and violet radiation to white
light.

Studied composites are not ordinary mechanical mix-
ture of the cellulose host and oxide compounds. The
luminescent findings manifested effect of cellulose on the
electronic energy system of the Sm®* ion and measured
the PL characteristics. On the other hand, behaviour of
the dielectric permittivity of the cellulose host showed
impact of the oxide particles on the characteristics of
the microcrystalline cellulose. An assumption was made
that this influence can be affected via water molecules,
hydroxyl groups or molecules of the ambient gases.
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