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a  b  s  t  r  a  c  t

Transparent  cellulose  sheets  were  prepared  through  tape-casting  a  solution  of  cellulose.  Flexible,  lumi-
nescent sheets  were  produced  by  adding  europium  trichloride  to  the  casting  solution  and  treating  the
sheets with  an aqueous  solution  of  ammonium  fluoride.  Scanning  electron  micrographs  of the  resulting
sheets  showed  europium  trifluoride  particles  with  diameters  from  200  nm  to  500  nm.  These  were  found
by transmission  electron  microscopy  to  be agglomerates  of  crystallites  in the  size  range  of  10–20  nm.
eywords:
ellulose sheets
uropium(III) fluoride phosphor
hotoluminescence
ransmission electron microscopy

The  structure  of supercritically  dried  sheets  was  further  assessed  by  small-angle  X-ray  scattering  and
suggests a  preferred  orientation  of  slightly  elongated  pores  of  roughly  12  nm  in  diameter.  Evaluation  of
the emission  characteristics  of the  sheets  showed  the  band  pattern  between  580  nm  and  700  nm typical
for Eu3+ phosphors.  Our  developed  process  is a versatile  tool  for the  fabrication  of  transparent  cellulose
structures  with  different  shapes  and  various  embedded  functional  particles.
mall angle X-ray scattering

. Introduction

Cellulose is the economically and technologically most impor-
ant biopolymer (Bäurich, Blechschmidt, Davydenko, Dobschall, &
ischer, 2010). It is a non-branched, syndiotactic homopolymer
omposed of up to 10,000 d-glucose units connected by �(1 → 4)
lycosidic bonds, depending on its source (Klemm,  Philip, Heinze,
einze, & Wagenknecht, 1998). Its chemical functionality is domi-
ated by hydroxyl groups, which are arranged in a plane in the C2,
3 positions and a methylol group at the C6 position of the glu-
ose molecule and responsible for the cellulose’s affinity for water.
he cellulose molecules are stiffened and arrange into crystalline
icrofibril sections due to the intra- and intermolecular interac-

ions between these hydroxyl groups (Burgert et al., 2005; Stoll
 Fengel, 1977). Complete dissolution of cellulose is complicated
y the spatial arrangement and interactions between cellulose
olecules in natural materials (Fengel & Wegener, 1989; Pinkert,
arsh, & Pang, 2010). For this, hydrogen bridge bonds between

he molecules have to be broken and the hydroxyl groups either
erivatized or shielded to dissolve the molecules and keep them

n solution (McCormick, Callais, & Hutchinson, 1985). The prepa-

ation of pure cellulosic products from solution can be based on
he re-crystallization of dissolved cellulose in the desired spatial
rrangement. Economically important examples for this approach
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E-mail address: cordt.zollfrank@ww.uni-erlangen.de (C. Zollfrank).
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oi:10.1016/j.carbpol.2011.07.048
© 2011 Elsevier Ltd. All rights reserved.

are viscose, cellophane and celluloid (Koch, 1966; Simon, Muller,
Koch, & Muller, 1998). Using regenerated cellulose as a template
material allows to include a second phase in dissolved or already
gelled cellulose. In the past, a number of scientifically signifi-
cant gel templating methods have been published. A gel from
agar, a polysaccharide similar to cellulose was used as a template
for nanoscale silver particles (Ayyad, Munoz-Rojas, Oro-Sole, &
Gomez-Romero, 2010). This was performed either during the for-
mation of the gel or afterwards and led to finely dispersed nanoscale
silver particles. In a similar way, finely structured silica (Jiu,
Kurumada, Pei, & Tanigaki, 2004), zinc oxide (Lazarides & Gaillard,
2003) or iron oxide phases (Chang, Yu, Ma,  & Anderson, 2011) struc-
tures were prepared from agar gel templates. Mannan templates
were used to prepare nanostructured apatite structures (Yamane,
Sugawara, Watanabe, & Akiyoshi, 2009), while starch and alginate
templates were used for generating iron oxide (Nidhin, Indumathy,
Sreeram, & Nair, 2008). As an alternative to polysaccharide gel tem-
plates, animal collagen and gelatin templates have been used for the
synthesis of apatite materials, resulting in inorganic–organic com-
posites with defined inorganic materials structures on a nanometer
scale (Kollmann et al., 2010; Zahn, Hochrein, Kawska, Brickmann,
& Kniep, 2007). Such plant- or animal-derived biological gels can
serve as templating sites, either for in situ synthesis or as porous
templates for diffusion-driven synthesis. The reactivity of these

templates is related to their surface chemistry which can be altered
through chemical treatments (Abdelmouleh et al., 2004; Belgacem
& Gandini, 2005; Rowell, 2006). Cellulose, although chemically
similar to the examples named above, has seldom been used in

dx.doi.org/10.1016/j.carbpol.2011.07.048
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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egenerated form for the templating of a second phase (Ma,  Xu, Sun,
i, & Jia, 2010; Nelson & Deng, 2007). Compared to syntheses in a liq-
id medium, this has the advantage of fixating the formed inorganic
aterial structures in their prepared state, limiting crystal growth.

hey can also serve to gradually release chemicals in biochemical
pplications (Yamane et al., 2009). The properties of the templates
hemselves are interesting since they can be shaped into tough,
ransparent sheets (Richter, 1937; Sanderson & Maloney, 1962).
emoving the template by calcination can lead to inorganic mate-
ials with a controlled porosity and function (Schattka, Shchukin,
ia, Antonietti, & Caruso, 2002; Wang, Mitchell, Prince, Atanacio, &
aruso, 2008).

Rare earth ion trifluorides such as europium trifluoride (EuF3)
xhibit interesting emission properties, recommending them for
dvanced optical applications (Kaminskii, 1990). A simple prepa-
ation method is their precipitation from dissolved salts (Wang,
uang, Hong, Chen, & Xue, 2006a, 2006b).  In the past, rare earth

rifluorides have been prepared as powders by heating oxides
n fluorine gas (Tanguy, Portier, Vlasse, & Pouchard, 1972), as
entimeter-sized single crystals via Czochralski technique LnF3
Lage, Righi, Matinaga, Gesland, & Moreira, 2004), as nanocrys-
alline glass ceramics from molten precursors (Chen, Wang, Zheng,
uo, Yu, & Huang, 2007), as dispersed nanometer-sized parti-
les from precipitation (Stouwdam & van Veggel, 2002) or by
ydrothermal syntheses (Li, Yang, Yang, Lian, & Lin 2008).

By combining the preparation of cellulose sheet with functional
article syntheses, one could prepare transparent, flexible cellu-

ose sheets with embedded functional inorganic particles that are
xated by the template. In this work, the non-derivatizing solvent
ystem of lithium chloride (LiCl) in dimethyl acetamide (DMAc)
as used to prepare a cellulose solution from which sheets were

ast and characterized (El Seoud, Regiani, & Frollini, 2000; Timpa &
amey, 1989; Timpa, 1991). EuF3 particles were synthesized within
he sheets by reacting previously included europium(III) ions (Eu3+)
ith fluoride ions (F−) in aqueous solution. The obtained struc-

ures and luminescence properties of the resulting sheets with
nd without EuF3 were characterized. The sheets containing lumi-
escent particles could – through upscaling of the process – be
sed as flexible yet tough display screen e.g. for outdoor display
pplications.

. Experimental

.1. Materials

The following reagents were used without further purification:
ellulose powder (C6663-250G, Sigma–Aldrich, St. Louis, USA),
thanol (Et, purity ≥ 99.9%, VWR, Darmstadt, D), N,N-dimethyl
cetamide (DMAc, purity ≥ 99.0%, Sigma–Aldrich Chemie, Stein-
eim, D), lithium chloride (LiCl, purity ≥ 99.0%, Fluka, Buchs, CH),
uropium(III) chloride–hexahydrate (EuCl3·6H2O, purity ≥ 99.9%,
igma–Aldrich Chemie, Steinheim, D) and ammonium fluo-
ide (NH4F, purity ≥ 98.0%, Sigma–Aldrich Chemie, Steinheim,
). The principal processing steps of this work are shown in
ig. 1.

.2. Methods

In a typical experiment, 10 g of dried cellulose powder were sus-
ended in 200 ml  of DMAc in a round-bottom flask under stirring.

 cooler was attached and the mixture then heated in an oil bath to

30 ◦C under magnetic stirring to remove adhered water from the
ellulose molecules. After 2 h, the suspension was cooled to 100 ◦C
nd 20 g of anhydrous LiCl were added. The cooler was  replaced
ith a drying tube and the mixture cooled to room temperature
Fig. 1. Principal processing steps employed during this work.

at a rate of 10 ◦C/h. The controlled cooling rate was necessary to
ensure a complete dissolution of the cellulose by the formation of an
anhydroglucose hydroxyl group–Cl−–Li+ (DMAc) complex (Dawsey
& McCormick, 1990; McCormick et al., 1985). An incomplete dis-
solution after cooling to room temperature could be remedied by
cooling to 4 ◦C and in rare cases only by heating to 50 ◦C and slowly
cooling to 4 ◦C again. The result was a clear liquid with a honey-like
viscosity that could be stored without visible alteration in a sealed
glass bottle for at least one month. The rheological properties of the
solution were analysed using a rheometer (UDS-200, Paar Physika,
Stuttgart, D) with a rotating cone-plate arrangement (MK  23, Paar
Physika, Stuttgart, D) at a temperature of 20 ◦C. The cone radius was
25 mm and its angle was 2◦; the shear rate was varied from 0.01 s−1

to 200 s−1.
From the cellulose solution, sheets were prepared by diluting

2.5 ml  of the original solution with an equal volume of DMAc and
subsequent tape casting it using a manual doctor blade caster with
a variable blade height set to 1 mm.  Tape casting to a glass sub-
strate resulted in the most uniform and planar cellulose sheets.
The resulting layers of cellulose solution were then left to gel to
sheets at either 26%, 58% or 100% relative humidity for one week.
The sheets were peeled off the substrate and washed repeatedly
by stirring them in 250 ml  of double distilled water. The absence
of chloride ions in the washing solution (silver nitrate test) indi-
cated the completion of the purification process. Warping of the
sheets was prevented by drying them between two  flat cellulose fil-
ter papers for 3 d and applying a pressure of 0.1 Pa. Residual water
was removed by treating the sheets with temperatures of 50 ◦C,
85 ◦C and finally 105 ◦C for 2 h each. Alternatively, some sheets
were supercritically dried (Samdri-PVT-3D, Tousimis, Rockville,
USA) to preserve the original porous structure of the templates
for analyses. These sheets were fastened in the exchange chamber
of the dryer with flat wire mesh to prevent warping. Dried speci-
mens were tested for residual DMAc by Fourier-transform infrared
spectroscopy (FTIR) in attenuated total reflection mode (Impact
420, Nicolet Instruments, Madison, USA with added DuraSampler,
Resultec, Köln, D). Homogenous inclusion of Eu3+ in the sheets was
achieved by preparing 2.5 ml  of a saturated solution of EuCl3 in
DMAc, which had a molarity of 0.23 mol/l at 25 ◦C. This solution
was mixed with an equal volume of the solution of cellulose in
DMAc by stirring for 1 d. The resulting mixture consequently had
an Eu3+ content of 0.12 mol/l. The sheets produced from this solu-

tion were then immersed in a solution of 0.2 g NH4F in 150 ml  water
to provide a threefold stoichiometric excess of F− ions for the pre-
cipitation of EuF3. The sheets containing the precipitated inorganic
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Fig. 2. Shrinkage and mass losses of sheets from different processing routes; (a)
supercritically dried, (b) air-dried, (c) supercritically dried from Eu3+-containing
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articles were washed and dried in the same way  as the native
ellulose sheets.

The dimensions and weights of all prepared sheets were mea-
ured. Their strut densities (�strut) were analysed using a helium
ycnometer (AccuPyc 1330, Particle and Surface Sciences, Gosford,
US). From �geom and �strut, the porosities (P) of the materials
ere calculated by P = 1 − �geom/�strut. Thermogravimetric analysis

TGA) and differential thermal analysis (DTA) curves were simulta-
eously recorded for both the native cellulose and EuF3-containing
heets in air with a heating rate of 300 ◦C/h on a combined TGA/DTA
evice (STA 409, Netzsch Gerätebau, Selb, D). Precipitates from
he NH4F treatment solution and calcined sheets were ground
nd spread onto the sample holder of an X-ray diffractometer
Diffraktometer D500, Siemens, Karlsruhe, D). Diffraction patterns
ere recorded with monochromated Cu K� radiation, an integra-

ion time of 0.3 s, a step size of 0.02◦ at an acceleration voltage
f 30 kV from 2� = 5–70◦. X-ray diagrams were analysed using a
attern analysis program (Diffracplus Eva, Bruker AXS, Karlsruhe,
). Sheets were immersed in liquid nitrogen, broken and trans-

erred onto sample holders covered with conductive carbon paste
Leit-C, Plano, Marburg, D) and sputtered with gold for scanning
lectron microscopy (SEM, Quanta 200, FEI, Hillsboro, USA) and
nergy-dispersive X-ray (EDX) analysis (INCA x-sight TVA3, Oxford
nstruments, Oxford, UK). The SEM micrographs and EDX analy-
es were performed at an acceleration voltage of 20 kV. Specimens
mbedded in Spurr’s epoxy resin (Spurr, 1969) were trimmed with

 steel razor blade and then sectioned with an ultramicrotome
Ultracut E, Reichert-Jung, Depew, USA). Sections with a thick-
ess of 80 nm were transferred to carbon-coated copper grids
S160, Plano, Wetzlar, D) for transmission electron microscopy
TEM, CM30, Philips, NL) imaging using an attached charge-coupled
evice camera (FastScan-F114, Tietz Video and Image Processing
ystems, D). TEM imaging was carried out at an acceleration volt-
ge of 300 kV. The photoluminescence (PL) of the specimens was
easured on a spectrofluorometer (Fluorolog 3, Horiba Jobin Yvon,

dison, USA), equipped with a 450 W Xenon lamp for the excitation
nd two f/3.6 Czeny–Turner double-grating monochromators for
electing the wavelength range of the exciting and emitted light.
he excitation slit width was 5 nm,  the emission slit width 1 nm
nd the measurement increment 1 nm.  A filter with a cutoff below
00 ± 6 nm (GG400, Schott, Mainz, D) was applied to exclude the
econd order light emissions. Excitation spectra were measured
rom 300 nm to 575 nm and corrected for the spectral distribution
f the lamp intensity with a photodiode reference detector start-
ng at 240 nm.  Emission and excitation spectra were also corrected
or the spectral response of the monochromators and the detector,
sing correction spectra provided by the manufacturer. The emis-
ion spectra were measured from 550 nm to 750 nm.  Combined
ide- and small-angle X-ray scattering (WAXS/SAXS) measure-
ents (Nanostar, Bruker AXS, Karlsruhe, D) were performed, with

 sealed-tube X-ray generator (KFL Cu 2k, Siemens, D) using Cu
� radiation, cross-coupled multilayer Göbel-mirrors and a 2D
rea detector (HiStar, Bruker AXS, D). Sample transmissions were

etermined by introducing glassy carbon into the direct beam
nd relating the scattered intensity to measurements without the
ample. The detector background correction was performed by sub-
racting the 2D pattern acquired for the empty camera.

able 1
ensities and porosities of the cellulose sheets as determined by geometrical and helium

Cellulose sheet type Geometrical density (g/cm3) 

Air-dried 1.21 ± 0.02 

Supercritically dried 0.85 ± 0.02 

Air-dried, with EuF3 1.47 ± 0.03 

Supercritically, with EuF3 0.87 ± 0.02 
solution, (d) air-dried from Eu3+-containing solution, (e) gelled in 26% humidity,
(f)  gelled in 58% humidity, (g) gelled in 100% humidity, and (h) Eu3+-containing
solution gelled in 58% humidity.

3. Results

The addition of an equal volume of DMAc to the native cellu-
lose solution significantly reduced the viscosity of the solution. The
native solution had a dynamic viscosity of 3.45 Pa s at a shear rate
of 25 s−1, which declined linearly to 2.9 Pa s at 200 s−1. It showed
a viscosity hysteresis of 0.2 Pa s (6% of the total viscosity). The
diluted solution had a viscosity of 0.11 Pa s, which did not change
detectably for higher shear rates. It showed a hysteresis of 0.001 Pa s
(1% of the total viscosity). The relative humidity strongly influ-
enced the speed of the cellulose gelling process. Specimens gelled
in a relative humidity of 26%, 58% or 100% were strong enough
to be peeled off the substrate after 7 d, 4 d or 3 d, respectively.
Fig. 2 shows the shrinkages and mass loss of the sheets during pro-
cessing, starting from 1 mm thickness and the individual masses
of the tape-cast solutions. Sheets gelled at relative humidities of
26%, 58% and 100% experienced respective mass losses of 25%, 56%
and 61%, during gelling. After the washing process, however, they
all had the same total mass loss of 67%. Processing routes with
EuCl3 added to the diluting DMAc were treated with NH4F dis-
solved in double distilled water before washing. This had the same
effect on the mass loss as washing, which then had no noticeable
effect. Some precipitation of EuF3 particles in the NH4F treatment
solution due to leaching of Eu3+ from the sheets was  observed.
Supercritical drying reduced the shrinkages by about 10% but had
no influence on the sheets’ masses. The cellulose sheets without
EuF3 had a final mass which was  2.6% of the mass of the orig-
inally cast solution while the EuF3-filled sheets retained 2.9% of
their original mass. Specimens with or without EuF3 gelled at the
same humidity showed no difference in shrinkage. Although the
sheets with EuF3 showed slightly reduced shrinkages and mass
losses, they were within the calculated measurement uncertainties.
The discrepancies between the dimensional and the mass losses

during processing are attributed to the formation of pores within
the sheets. This was also indicated by their calculated porosities,
Table 1. The strut density of the cellulose powder used as the start-
ing material was measured to be 1.539 ± 0.004 g/cm3. Air-dried

 pycnometry measurements.

Strut density (g/cm3) Calculated porosity (%)

1.646 ± 0.005 26 ± 2
1.662 ± 0.016 49 ± 3
1.823 ± 0.025 19 ± 4
1.839 ± 0.005 53 ± 2
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Fig. 5. PL excitation and emission spectrum of EuF3-containing cellulose sheets.
ig. 3. Photograph of supercritically (left) and air-dried (right) cellulose sheets.

heets were transparent while supercritically dried specimens had
n opaque appearance, Fig. 3. All sheets had a good mechani-
al stability and could not be manually torn apart or broken by
ending. In fact, they could be completely folded without being
amaged.

Fig. 4 shows a representative FTIR spectrum recorded from
 cellulose sheet and the spectrum of DMAc for comparison.
he strongest bands from DMAc at 1632 cm−1 (C O stretch-
ng), 1392 cm−1 (N–CH3 deformation), 1186 cm−1 (C–N stretching)
nd 1010 cm−1 (C–CH3 rocking) cannot be found in the spectra
f the cellulose sheets. Here, prominent peaks can be found at
648 cm−1 (water H–O–H scissoring), 1368 cm−1 (cellulose C–H
ending), 1156 cm−1 (cellulose C–O–C asymmetric stretching) and
019 cm−1 (cellulose C–O stretching) (Liang & Marchessault, 1959;
erbovy, Smagala, Brynda, & Fawcett, 2006).

The thermal properties from the combined TGA/DTA measure-
ents show a similar behavior of the sheets with and without EuF3

articles. Only 5% of their original mass is lost below 277 ◦C. From
here to 322 ◦C, 44% are lost in a slightly exothermic process. The

ass loss rate decreases and only 22% are lost to 437 ◦C. This is
he onset temperature for the final, strongly exothermic mass loss
f 26% for pure cellulose sheets and 24% for sheets with EuF3. A
nal loss of 97.2% for pure cellulose sheets and 95.0% for EuF3-
lled sheets is observed at 514 ◦C. The residue of the EuF3-cellulose
heets after heating to 800 ◦C was analysed by XRD and found to be

 mixture of Eu2O3 (International Centre for Diffraction Data PDF
0-043-1008) and EuOF (PDF 00-026-0636). Considering the differ-
nt molar masses of these compounds, the residue’s mass gives an
nvelope for the amount of EuF3 originally present within a sheet
ade by casting with a blade height of 1 mm between 2.5 mass%

only EuOF residue) and 2.6 mass% (only Eu2O3 residue). XRD pat-
erns of the particles that formed in the NH4F treatment solution
rom Eu3+ leaching out of the sheets showed that they were of
exagonal EuF3 (PDF 00-032-0373).

The excitation spectra obtained by PL analysis of the EuF3-

lled sheets, Fig. 5, showed the expected bands characteristic

or the intra-f energy transitions of Eu3+ at 316 nm (7F0 → 5H3),
60 nm (7F0 → 5D4), 375 nm (7F0 → 5L7), 394 nm (7F0 → 5L6),

ig. 4. FTIR spectra of the cellulose solvent DMAc and the prepared cellulose sheets.
415 nm (7F0 → 5D3), 463 nm (7F0 → 5D2) and at 524 nm (7F0 → 5D1)
(Flores-Acosta, Perez-Salas, Aceves, Sotelo-Lerma, & Ramirez-Bon,
2005). The emission spectra of EuF3 filled sheets excited at the
7F0 → 5L6 band showed the characteristic sharp lines associated
with the transitions between the non-degenerate 5D0 state and
the 7F0–4 levels of Eu3+ (Buijs, Meyerink, & Blasse, 1987; Hunt
& Pappalardo, 1985). The magnetic–dipole (MD) transitions at
577 nm (5D0 → 7F0), 590 nm (5D0 → 7F1) and 648 nm (5D0 → 7F3),
as well as the ED transitions at 613 nm (5D0 → 7F2) and 690 nm
(5D0 → 7F4) were observed. The ratio of the intensities from the
5D0 → 7F1 MD bands to those of the 5D0 → 7F2 ED bands, the asym-
metric ratio of transitions A21, is determined by integration from
580 nm to 601 nm and from 601 nm to 615 nm:  A21 = IMD/IED = 0.89.
The sheets without EuF3 showed no distinct luminescence bands.

The pure cellulose sheets exhibited smooth surfaces as shown
from SEM micrographs taken in backscattered electron imaging
mode, Fig. 6a. Inorganic particles could be distinctly discerned
within the EuF3-filled sheets, Fig. 6b. The particles were evenly
distributed over the sheet plane, Fig. 6c. According to EDX anal-
yses, these particles contained europium and fluorine, as expected.
There was  a difference in particle content between the sheet
centers and the surfaces, where the NH4F solution was in con-
tact with the sheets. The particles were evenly shaped, prolate
spheroids 579 ± 84 nm long and 246 ± 43 nm in diameter, as graph-
ically determined from 50 particles. TEM micrographs showed that
the particles are agglomerates, composed of primary crystallites
with dimensions of 10–20 nm,  Fig. 7a. This crystallite size was con-
firmed by HRTEM micrographs, Fig. 7b.

The SAXS analyses showed weak scattering for air-dried
specimens as compared to supercritically dried ones. From the
2D scattering patterns, radial line intensity distributions were
determined. Indirect Fourier transformation (Glatter, 1977) gives
evidence for globular structures that might be slightly elongated.
Therefore, size distributions assuming spherical shape of the par-
ticles and weighted by particle volume were computed using the
indirect transformation technique (Glatter, 1980). The distribution
curves of scattering structure sizes in supercritically dried sheets
exhibited a maximum at a radius of 6 nm and an asymmetric curve
with sizes up to 25 nm for the sheets filled with EuF3 particles, Fig. 8.
The 2D scattering patterns obtained were not circular but slightly
anisotropic. The inset in Fig. 8 is an azimuthal intensity distribution
function over all points from a scattering vector q = 0.19 nm−1 to
q = 0.38 nm−1. From WAXS patterns, the crystallite sizes of the EuF3
particles were estimated. This was accomplished by considering
the (1 1 1) reflex, subtracting a linear background and determin-
ing the full peak width at half maximum. The crystallite sizes were
calculated from the Scherrer-equation. The calculated crystallite

sizes were 20 ± 10 nm,  the high standard error being due to the
unfavorable peak-to-background intensity ratio.
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ig. 6. SEM micrographs of 1 mm thick cellulose sheets: (a) cross-section of pure, 

uF3-filled, 0.05 mm below the surface, and (c) top view of the EuF3-filled sheet sur

. Discussion

Cellulose was selected as the templating material because of
he chemical and structural functionality it provides (Klemm et al.,
998). More specifically, its superior mechanical properties in rela-
ion to other biopolymers and polymers in general were crucial
n the decision to use cellulose gels for the templating performed
n this work (Burgert et al., 2005). The solvent system DMAc/LiCl
s ideal because it is able to dissolve cellulose by complexing the
ydroxyl groups without derivatization, and therefore yielding the

ellulose in its original chemical state after precipitation, apart from
ts transition into the cellulose-II modification and polymorphs
Zugenmaier, 2001). The cellulose solutions were prepared with the

aximum amount of cellulose dissolvable in a volume of DMAc in

ig. 7. TEM micrographs of (a) a cluster of EuF3 crystallites, (b) HRTEM micrograph
f  EuF3 crystallites.
n in liquid nitrogen, fracture plane (bottom) and surface (top), (b) cross-section of

less than 1 d, which was 5 mass% before dilution (McCormick et al.,
1985). The cellulose content of the diluted solution, 2.5 mass%, was
roughly confirmed by the mass loss of 97.4% throughout the process
starting from the tape-cast solution, Fig. 2. The cellulose solution
can also be adapted for many shaping methods such as spin-coating,
tape-casting, moulding or drawing by changing its viscosity. An
incomplete dissolution of the cellulose is thought to be due to a too
rapid cooling to room temperature. If the mixture is allowed to cool
while intermolecular hydrogen bridge bonds still exist between the
cellulose molecules, the complexation by the Li+(DMAc) macroca-
tion is sterically hindered. Therefore, prior publications stress the
importance of a slow cooling process (Dawsey & McCormick, 1990;
McCormick et al., 1985).

The gelling process is driven by the diffusion of water molecules
into the solution, which re-form the hydrogen bond network which
was interrupted by the solvent (Kondo, Togawa, & Brown, 2001).
During this process, the solvent is expelled from the forming gel,
leading to a reduction of both the sheets’ sizes and masses through
the evaporation of the water. Increased humidity leads to shorter
gelling times and washing in water completes the shrinkage of the
sheets. It was  proposed that a mixture of distilled water and iso-
propyl alcohol followed by washing in running water, both “under
a pressure load”, is best suited to remove synthesis residue from
cellulose sheets prepared from the process used in this work and
to obtain films with a smoother surface structure and optimal opti-
cal transmission (Nayak, Chen, & Kim, 2008). We  concluded from
the FTIR analyses and silver nitrate testing that washing by stirring
in periodically exchanged double distilled water is sufficient for the
removal of both the DMAc and the LiCl. Although these bands from

the cellulose sheets are close to those of DMAc, they had markedly
different appearances and gave no indication of residual DMAc in
the sheets. The ratio of the areas of the peaks at 1370 cm−1 and at
670 cm−1 was used to assess the ratio of cellulose-I to cellulose-II

Fig. 8. Scattering structure size distribution in supercritically dried sheets over scat-
tering structure radius r as determined by calculation from SAXS measurements;
inset: azimuthal intensity distribution of the 2D scattering pattern. The drops in
the  curve at each quarter of a full circle are due to the strings, which held the
primary-beam stopper during measurements.
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n linters regenerated from sodium hydroxide (Nelson & O’Connor,
964). Ratios from 8 to 4 were indicative of native cellulose-I and
egenerated cellulose-II, respectively. From the spectra recorded in
his work, ratios of 0.7 were determined after baseline subtrac-
ion similar to that performed by Nelson et al. This is a further
ndicator that the sheets are obtained in the cellulose-II modifi-
ation.

The surfaces obtained by slow drying under a load of 0.1 Pa
etween sheets of filter paper did not show significant wrinkles,
ig. 6a. Since the shrinkages and mass losses after washing were the
ame for all sheets, gelling at ambient humidity levels, unless they
re lower than 25%, is recommended as the most facile variant for
he preparation of such sheets as prepared in this work. If short pro-
essing times are required, a water-enriched gelling atmosphere
hould be used. The difference in shrinkage between the air-dried
nd the supercritically dried specimens due to drying alone and
ttributed to non-collapsing pores is 25%. This is in agreement with
he porosities calculated from �geom and �strut, which also show a
ecrease of the porosity in air-dried sheets of 23% and 34% (with
uF3), Table 1. The increased �strut of the EuF3-containing sheets is
ue to the inclusion of the more dense (�EuF3 = 6.76 g/cm3) EuF3
articles (Batsanov, Lapshin, & Ovsyannikova, 1969). The EuF3 con-
ent of the sheets could be calculated from Eq. (1) as 3.5 mass%.
his is reasonably close to the amount of EuF3 determined by the
xide left over after calcination and leads to the conclusion that
he relative EuF3 content by mass nm(EuF3) of the sheets is between
.5 mass% and 3.5 mass%.

m(EuF3) = �strut − �geom

�EuF3 − �geom
(1)

The mass loss processes observed during TGA/DTA analysis
f the sheets were characteristic for cellulosic materials (Beall,
971) and could be attributed to the evaporation of adsorbed
ater or residual nitrogen compounds from the NH4F treatment

f the sheets at low temperatures (Branca & Di Blasi, 2003; Byrne
 Nagle, 1997). The exothermic DTA signal found around 300 ◦C
an be assigned to the transformation of the cellulose into a car-
onaceous material under decomposition of the anhydrous glucose
nits (Beall, 1971). The second highly exothermic mass loss pro-
ess at higher temperatures is due to the oxidation of this carbon
Singh, Arora, & Lal, 1996; Soares, Ricardo, Jones, & Heatley, 2001).
he mass losses throughout processing found in this work were
omparable to those found in literature for films washed with
istilled water with isopropyl alcohol (Yun, Chen, Nayak, & Kim,
008).

The diffusion processes of the ions from which the phosphor
articles formed were bidirectional: F− ions diffused into and
u3+ ions out of the sheets. As evidenced by the SEM micro-
raphs, EuF3 was mainly formed in the first 5 �m below the
heet surface, which is the zone in which the ions interdiffused.
ince a stoichiometric triple-excess of F− ions was used in the
reatment solution, the number of Eu3+ ions incorporated in the
heets is assumed to have been the limiting factor to the amount
f EuF3 formed. The observed agglomerate particle and primary
rystallite sizes in the samples were similar to those found for
uF3 prepared from aqueous solution in literature (Wang et al.,
006a, 2006b).  The luminescence sheets showed high intensi-
ies from MD  transitions indicative of a hexagonal EuF3 phase
Greis & Petzel, 1973; Jayasankar, Antic-Fidancev, Blaise, & Porcher,
986; Singh et al., 2008; Zalkin & Templeton, 1953). This was
onfirmed by XRD and observations in literature (Flores-Acosta
t al., 2005; Krupa & Queffelec, 1997; Zhu, Liu, Meng, & Cao,

007).

Small-angle X-ray scattering in the sheets was mainly attributed
o the electron density contrast between the cellulose and pores.
his interpretation is supported by three facts: (i) the air-dried
te Polymers 87 (2012) 257– 264

specimens scattered X-rays and light less than supercritically dried
ones, as observed from SAXS patterns and their highly transparent
appearance; (ii) the scattering strength was similar for the cellu-
lose sheets with and without EuF3 particles; and (iii) the volume
fraction of the pores is much larger (about 50% in supercritically
dried specimens) than that of the EuF3 (less than 1%). Indeed, a
quantitative estimate of the contrast difference for structures of
similar size reveals that the scattering from the pores should be
dominant by a factor of 5 over the scattering from EuF3 parti-
cles. Therefore, although the scattering structure sizes calculated
from SAXS patterns relate to the EuF3 crystallite sizes, any scatter-
ing from the crystallites would be overshadowed by the scattering
effects of the pores. The size distributions shown in Fig. 8 are there-
fore in accordance with their interpretation as originating from the
pores. The scattering curve, transformed into real space without
loss of information had a progression indicative of globular scatter-
ing structures that might be slightly elongated, while the azimuthal
distortion of the scattering pattern was  indicative of a deviation
from a globular form (Glatter & Kratky, 1982). The deviation of
the structures from spherical symmetry leads to a slight overes-
timation of the width of the size distributions (Mittelbach & Porod,
1962). This indicates a process-derived anisotropical orientation of
the pores in the sheets. The prolate EuF3 particles are, however, ran-
domly oriented as observed from both SEM and TEM micrographs.
The pore anisotropy was therefore not translated to an orienta-
tion of the particles. TEM micrographs confirmed the crystallite
sizes estimated from the WAXS patterns via the Scherrer equation,
in additional agreement with the SAXS results. The high resolu-
tion images revealed the existence of elongated crystallites with
an aspect ratio of up to 5 in the center of the particles and glob-
ular crystallites at the edges. This phenomenon is attributed to a
directionally preferred growth of the EuF3 which is favored for crys-
tallites with longer growth times without additional surfactants
(Li et al., 2008; Wang et al., 2006a, 2006b).  Those crystallites which
nucleated later, i.e. those at the particle edges are accordingly more
globular.

5. Conclusions

We  presented the fabrication of cellulose as flat, transparent,
phosphor-particle filled sheets for further processing. We  showed,
at the example of the precipitation of EuF3, that sheets made
from regenerated cellulose can be readily used as templates for
the synthesis and carriers of inorganic functional particles from
aqueous solution. This opens new synthetic and material design
routes to prepare transparent, flexible functional materials for
applications in display technology, optical filters or wave-guiding
components. Due to the possibility to tune the viscosity of the ini-
tial cellulose solution, a large number of well-known structuring
techniques from spin-coating over dip-coating to simple sedimen-
tation assisted casting can be employed to shape the components.
Furthermore, it is proposed that the sheets can be further modified,
for example by deposition of electrodes, structuring by etching or
stacking of several sheets.
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