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Abstract An electrospinning method for fabrication of the
YAG:Er*" fibrous membrane is developed and the scintil-
lation properties of the obtained membranes were exam-
ined. A homogeneous precursor YAG sol was synthesized
allowing to control the sol—gel transition. The synthesized
precursor allows one to achieve the 5 wt.% level of fiber
doping with Er without formation of any undesired crys-
talline phases. It was found that the relative humidity had a
strong impact on the fiber microstructure. The fibers
obtained at the low relative humidity level (~30%) had
almost straight cylindrical shape with an average diameter
of ~590 nm, their surface was smooth. The shape of fibers
obtained at the high relative humidity level (~50%) deviated
from the straight cylindrical shape and the average diameter
was larger, ~1.12 um. The fluid permeability of membranes,
K, obtained at the low relative humidity level was measured
using an upward wicking experiment to give K~10""> m?.
The YAG:Er membrane presented a strong green photo-
luminescence under ultraviolet excitation and intense
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radioluminescence dominated by emission lines at 398 and
467 nm under the X-ray excitation. The properties of these
materials make them promising candidates as porous
scintillators for the detection of ionizing radiation of
flowing fluids.
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1 Introduction

Bulk single-crystalline and polycrystalline ceramic scintil-
lators have been widely used as sensors for the detection
and measurement of ionizing radiation in many fields, from
medical imaging to security and high energy physics, but
they have limited applicability for the detection of alpha-
emitting and beta-emitting radioactive sources dispersed in
fluids due to the short range of these radiations in matter.
In fact, most of the volume of bulk scintillators does not
contribute for the detection of alpha and beta radiation.
On the other hand, while the use of porous ceramic scin-
tillators has advantages for this application, it has received
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limited attention [1]. Current methods for the detection of
radioactive species in water, for example, require in situ
extraction and shipping of samples, as well as ex situ ana-
lysis, a process that consumes several days. On the other
hand, the proposed porous scintillator can be used for
instantaneous and continuing in situ monitoring. Addition-
ally, the demand for photoluminescent ceramic fibers has
increased significantly motivated by the development of
nanolasers, nanowaveguides, and other miniaturized elec-
tronic and photonic devices, particularly ultra-high perfor-
mance sensors [2—4], as well as by the large active area of
the ceramic membranes. Within this context, yttrium alu-
minum garnet (Y AG)-based fiber membrane scintillators are
proposed and evaluated due to their unique advantages of
fluid permeability and mechanical robustness [5-7]. The
choice of YAG relies on this material exhibiting exceptional
optical transparency, having a cubic crystallographic
structure that can accommodate dopants, and being a well-
known scintillator used in electron microscopy, phosphor
for lighting, and solid state laser medium when properly
activated with rare earth ions [8, 9].

Electrospinning is a versatile technique capable of
making continuous ceramic fibers that has been extended to
make porous ceramic membranes with small pore size and
narrow pore size distributions [10-12]. In the sol-gel pro-
cess, ceramics materials can be prepared from alkoxide
precursors, which hydrolyze in acidic water-based solutions
to form linear polymeric structures [13—15]. This sol—gel
method is capable of making continuous thick fibers typi-
cally with diameters in the micrometer range [14, 16, 17].
A combination of the sol-gel and electrospinning methods
has been employed to produce ceramic fibers [18-20]. In
general, polymer spin-aids are added to the pre-spinning
solution to improve fiber formation and the use of polyvinyl
alcohol, polyvinylpyrrolidone, and polyethylene oxide
(PEO) has shown improvement in YAG fiber formation
[4, 21-23].

In this work, the fabrication and evaluation of fiber
membrane scintillators is carried out as a first step toward
their application as high-performance ionizing radiation

fluid sensors. Particular attention is given to the transport
properties of liquids, as determined by up-wicking experi-
ments, and the determination of the intrinsic permeability of
the YAG membranes.

2 Experimental procedures
2.1 Materials preparation

2.1.1 Preparation of the YAG sol and electrospinning
solution

Aluminum isopropoxide (AIP; Al(C3H;0);, 98%, Sigma,
MO), aluminum nitrate nonahydrate (AN; AI(NO3)3-9H,0,
98%, Alfa Aesar, MA), and yittrium nitrate hexahydrate
(YN; Y(NO3)5-6H,0, 99.9%, Alfa Aesar, MA) were used to
synthesize the YAG precursor. Erbium nitrate pentahydrate
(EN; Er(NO3);3-5H,0, 99.9%, Sigma, MO) was used as the
starting material of the dopant, and deionized (DI) water
was used as the solvent. The precursor compositions are
given in Table 1. For each batch, the total amount of AIP
and AN were kept at 0.05 mole. AN and YN were dissolved
in DI water at room temperature by vigorously stirring for
30 min. The molar ratio between YN and DI water was kept
at 3:100. AIP was then added into the solution and stirred
for 24 h, followed by refluxing at 80 °C for 5h. Specific
amounts of EN were then added to the YAG sol after the
refluxing at 80 °C such that the concentration of Er,O3 was
1, 2, 3, and 5 wt. % of YAG, respectively. Approximately,
2/3 of the solvent was removed using a rotary evaporator
(IKA RV 10 digital, IKA, China). These solutions were
heated in an oven set at 80 °C until viscous sols were
formed. The concentration process took approximately 24 h.
The viscosity of the sol was further adjusted by the addition
of an ethanol:water mixture with ~42:3 weight ratio to
facilitate the electrospinning process. The diluted solution
had a ceramic yield of ~6.5 wt. %. PEO (MW 1,000,000,
Aldrich, MO) was then added up to 0.5-2wt. % to the
diluted YAG:Er sol to improve fiber formation.

Table 1 Fabrication conditions

pH after reflux Sol appearance

After reflux After condensation

and sol formation of samples Sample # AIPANYN
investigated in this work
1 5:0:3
2 4.5:0.5:3
3 4:1:3
4 3.75:1.25:3
5 3.5:1.5:3
6 3.25:1.75:3
7 3:2:3

3.0 White and opaque Precipitate

25 White and opaque Precipitate

2.1 Gray and opaque Precipitate

2.1 Gray and transparent Jelly

1.8 Transparent Transparent solid
1.8 Transparent Translucent solid
1.8 Transparent Translucent solid
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2.1.2 Electrospinning and heat treatment

The fibers were electrospun under an applied electrical field
generated using a high voltage supply (Model PS/
FC60P02.0-11, Glassman High Voltage Inc, NJ). A positive
voltage of 10kV was applied to the needle of the syringe
containing solutions for electrospinning driven by a syringe
pump (Model NE-300, New Era Pump System Inc, NY).
The flow rate was set to about 0.5 mL/h, and the needle was
placed 20 cm apart from the collector. The ambient relative
humidity (RH) was recorded during electrospinning. For
examination of the fiber morphology, a thin fiber membrane
was collected on a silicon substrate after electrospinning for
30s. Thick fiber membranes were collected after electro-
spinning for 2 h. The fibers were cut from the collector,
collected in the form of free-standing membranes, and dried
in a desiccator for 24 h. Heat treatment was carried out with
heating rate of 1 °C/min up to 500 °C and 5 °C/min up to
the target temperature, either 1000 or 1200 °C, where fibers
were kept for 2 h.

2.2 Characterization

The thermal characteristics of the membranes were studied
at different heating rates under air flow through differential
thermal analysis (DTA) using a DTA7 analyzer (Perkin
Elmer, MA), and through thermogravimetric analysis
(TGA) using a TGA7 analyzer (Perkin Elmer, MA). The
crystalline phases were identified by X-ray diffraction
(XRD) using a Ultima IV diffractometer (Rigaku, Japan).
Fiber morphology was characterized by scanning electron
microscopy (SEM) using a S4800 microscope (Hitachi,
Japan).

Permeability was evaluated by means of the upward-
wicking experiments [24]. The experimental setup used is
schematically shown in Fig. 1. The membranes were clip-
ped into small rectangular pieces 2-3 mm wide and 10 mm

LLLLgLriL

Hexadecance

Balance

Fig. 1 Schematics of the setup for the up-wicking experiments

long, with the cross-sectional area of the membrane being
measured with a microscope. The membrane was suspended
above a container partially filled with hexadecane (density:
0.773 g/lem?; viscosity: 3.3 cp; surface tension: 27 mN/m)
placed on top of a microbalance (LE26P, Sartorius,
Germany). Once the bottom of the membrane was placed in
contact with hexadecane, the weight change was monitored
and continuously recorded as a function of time. The por-
osity (¢) of the membrane was calculated from the weight
of the membrane before and after the wicking experiment
using the following formula:

Weight before Phex

-1
9= Weight after — Weight before

PYAG h m
where ppex and pyag are the density of hexadecane and
YAG (4.56 g/lcm®), respectively.

Photoluminescence (PL) spectra were obtained using a
Horiba Jobin Yvon Fluorolog 3 spectrofluorometer equip-
ped with double monochrometers for both excitation and
detection, and a 450 W xenon lamp as the excitation source.
All measurements were carried out in ambient conditions
with excitation set at 381 nm and detection spectral reso-
lution of 1 nm. Spectra were not corrected for the spectral
sensitivity of the system.

Scintillation was evaluated by means of radiolumine-
scence (RL) measurements under X-ray excitation using a
custom-designed Lexsyg Research spectrophotometer
(Freiberg Instruments, Germany) equipped with a VF-50J
X-ray tube (Varian Medical Systems, UT) with a W target
and operated at 40kV and 1mA, and a DU920P-BU
Newton CCD camera (Andor Technology, UK). Spectra
were not corrected for the spectral sensitivity of the system.

3 Results and discussion
3.1 Sol formation

The composition of the precursor and the conditions for
YAG sol formation, including the pH values after con-
densation, are summarized in Table 1. The sol-gel method
is sensitive even to small changes in the processing para-
meters such as the pH value, the content of organic and
inorganic salts, and the content of water, any of them cap-
able of leading to significant differences in the sol character
[25]. Moreover, the homogeneity of the mixed species is
usually evaluated by the transparency of the resultant sol
[25]. For samples #1 to 3, the metal alkoxide precursors
were not completely miscible and precipitation ahead of
gelation was observed, while for sample #4 a jelly-like gel
was obtained after condensation suggesting the formation of
colloidal species [26]. Samples #6 and 7 were translucent
with the presence of flocculates suggesting degraded
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homogeneity. Sample #5 remained transparent throughout
the sol—gel transition process, and therefore was selected for
further investigation.

3.2 Thermal decomposition and phase formation

Figure 2 shows the DTA and TGA results of YAG sol
sample #5. The endothermic peaks in DTA curve at tem-
peratures between 100 and 300 °C are due to the evapora-
tion of absorbed solvent and decomposition of low
molecular weight molecules. The second main decomposi-
tion at temperatures between 300 and 450 °C is attributed to
the elimination of alkoxy and nitrate groups [27]. The
strong exothermic peak observed at around 920 °C corre-
sponds to the crystallization of YAG [9]. The TGA curve
confirms that major weight loss occurred at temperatures
below 450 °C, with a total weight loss of approximately
65%.

3.3 Fiber morphology and structure identification

Figure 3 shows optical microscopy images of fibers col-
lected on silicon substrate for the evaluation of the spin-
ability of the precursor solutions before heat treatment. In
the case of solution with 0.5 wt.% PEOQ, discontinuous jets
or droplets were collected due to Rayleigh instability [28].
The increase of PEO concentration in the solution improved
fiber formation. This is illustrated for the case of the sample
obtained from the solution containing 1 wt.% PEO, where a
less developed shish-kebab morphology was observed [29].
For the solution with 1.5 wt.% PEQ, fibers are straight and
uniform and, therefore, this concentration was selected for
the fabrication of fiber membranes.

SEM micrographs of a fiber membrane heat treated at
1000 °C are shown in Fig. 4. It was found that the formation
of the fiber membrane was affected by the RH level during
electrospinning. For the sample prepared at high RH level

(~50%), the fiber membrane consists of a highly
o . : . : 0
E 10 -
= X
& 2y
-30 g
K=
-40
2 =
: 50 2
£ 60 Z
3
avi . . . . 1770

200 400 600 800 1000
Temperature (°C)

Fig. 2 DTA and TGA results of YAG sample #5. See text for sample
details

@ Springer

Fig. 3 Optical microscopy images of YAG fibers collected on silicon
substrates before heat treatment to demonstrate the effect of PEO
concentration: 2 0.5, b 1, and ¢ 1.5 wt.%

interconnected fibrous network constituted of bowed fibers
with the fibers fused at the contact points. On the other
hand, in the case of low RH level (~30%) e-spinning, the
fibers in the network appeared straight and, most likely, did
not fuse at the points of contacts. The differences in the two
fiber networks were attributed to the hydroscopic nature of
precursor salts used in this work that absorbed moisture
from the environment. Figure 5 shows the statistical dis-
tribution of the electro-spun fiber diameter obtained at low
and high RH levels. For the low RH level, a narrow dis-
tribution was found, with an average diameter of 590 nm
and a standard deviation of 190 nm. For the high RH level,
a considerably broader distribution of fiber diameter was
obtained. The average diameter was about 1.12 pm with a
standard deviation of 0.53 pm. Thus, the high RH level
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Fig. 4 SEM micrographs of
YAG fiber membranes obtained
from an electro-spinning
solution containing 1.5 wt. %
PEO. The fiber membranes were
electro-spun at different relative
RH levels, a ~50%, and b ~30%,
and heat treated at 1000 °C

25 +

20 | .

15 + 1

10 + 1

Fraction (%)

00 05 1.0 15 20 25 3.0
Fiber diameter (um)

Fig. 5 Statistical distribution of the fiber diameter obtained at high RH
(50%) and low RH (30%)

fibers are about two times greater than those obtained at low
RH. The larger fibers obtained at the high RH level might
have been formed by fusion of 2-3 fibers together during
the electrospinning process.

Once the best electro-spinning conditions were found,
the effect of heat treatment of the fiber membranes was
investigated. In Fig. 6a, the XRD patterns of undoped YAG
fibers prepared with 1.5 wt.% PEO, at RH level of 30 %,
and heat-treated at different temperatures are shown. No
sign of crystallinity was observed after the temperature
increase up to 900°C, while crystallization occurred
between 900 and 1000 °C (see Fig. 2, DTA curve). No
intermediate phases, such as YAIO3 (YAP) and Y4Al,O9
(YAM) were observed after crystallization [30]. After heat
treatment at 1000 and 1200 °C, the XRD results showed the
well-defined diffraction peaks and the lack of spurious
intermediate phases. Figure 6b shows that Er doping up to
5 wt.% did not lead to the creation of secondary phases, and
that YAG remained the only crystalline phase (PDF card no.
33-40). The achievement of the pure YAG phase is
important for the optimization of the luminescence and
scintillation properties of membranes. The SEM images of
surface of the YAG fibers heat treated at 1000 and 1200 °C
are shown in Fig. 7. The fibers heat-treated at 1000 °C had a
fine microstructure with grain sizes of ~30 nm, while the

- 120(2°C

. x_s1100°C

,1000°C

900°C

Intensity
(arbitrary units)

800°C

20 30 40 50 60

(b)

Intensity
(arbitrary units)

20 30 40 50 60
20 (degrees)

Fig. 6 XRD patterns of YAG gel derived from sol #5 a after heat
treatment at different temperatures, and b doped with different
amounts of Er,O; followed by heat treatment at 1200 °C. Labeled
phase: YAG (JCPDS#: 33-40)

fibers heat treated at 1200 °C had the grain sizes of ~100 nm
and a correspondingly much rougher surface.

In the sol-gel processing, one of the most important
issues is the achievement of the desired phase at low tem-
peratures without the formation of intermediate or second-
ary phases. In our previous studies, we demonstrated that
monophasic sol can be developed with the careful control of
the hydrolysis and polycondensation reactions [29]. With-
out careful control of the sol-gel process, an undesired
phase can be formed prior the desired phase, requiring
higher temperature heat treatment after synthesis. Our pre-
vious work on the sol-gel fabrication of mullite fibers
showed that if the Al-Si spinel phase is formed prior to the
mullite phase, the mullite phase can only be obtained with
heat treatments above about 1400 °C. On the other hand,
pure mullite phase can be obtained at about 1000 °C using
a monophasic gel. In this work, the hydrolysis and
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Fig. 7 SEM images of fibers
heat treated at a 1000 °C, and b
1200 °C

Hexadecane

500 nm

Hexadecane

2m

Fig. 8 SEM images showing the meniscus of the wicking liquid in the fiber membrane. The curvature was estimated by generating normal lines to

the meniscus. The left image shows schematically the wicking front

polycondensation process is similar to the case of mullite. A
mild acidic chemical environment is beneficial to the for-
mation of a homogeneous sol. Basic or not enough acidic
conditions usually lead to diphasic sol or precipitation [29],
while excessive acidic conditions tend to result in
uncontrollable gelation [25]. Through careful manipulation
of the synthesis conditions, it was possible to obtain phase
pure and fine-grained YAG at 1000 °C, without the need of
heat treatments at higher temperatures.

3.4 Permeability of YAG fiber membrane

The underpinning goal of this work is the development of
fiber membrane scintillators for the detection of ionizing
radiation from flowing fluids. In order to evaluate the per-
meability of these materials, we heat treated the membranes,
which were processed under the same conditions at 1200 °C
and carried out the upward-wicking experiments [24, 31,
32]. The Lucas—Wasburn equation describing the rate of
advance of the wetting front is given by [31, 32]:

dL &k 1

—=— X —(P. —pgl), 2

ar ng L( . — pgL) (2)
where L is the position of the wicking front at time ¢, & is the
permeability, ¢ is the porosity of the membrane, P, is the
capillary pressure, 1 and p are the viscosity and density of

@ Springer

the liquid, respectively, and g the gravitational constant.
The capillary pressure was estimated from the radius R of
meniscus and surface tension o of the liquid using the
Young—Laplace equation: P, = 2—13’. Figure 8 shows a typical
meniscus shape and R was estimated to be in the micro-
meter range (~2 pm), which is close to the average pore
size. Porosity was measured to be 80-90%, slightly greater
than the porosity of polymer fiber webs (~60-70%) reported
elsewhere [33]. It is noted that the experimental error in
porosity (up to 10%) does not change the magnitude of the
calculated permeability value.

For fibrous materials, the driving force (capillary pres-
sure) is expected to be much greater than the hydrostatic
pressure, and thus the gravitational effects can be ignored
[33]. In these conditions, the solution to the Lucas—Wasburn
Eq. (1) is simplified to [33]:

2Pk
= t

ne

where C is an integration constant determined by the initial
conditions. The weight of liquid within the fiber membrane
is m = pAL¢, where A is the area of the through-membrane-
thickness cross-section. The mass of liquid absorbed by the
membrane over time period ¢ is calculated from Eq. (2) as:

, 2P pRAXPK
a2 = e A0k

L2

+C, (3)

1+ Cp?A%¢?, (4)
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Fig. 9 Variation of the m*/A? ratio as a function of time for three
different fiber membranes processed under the same conditions (to
check for the reproducibility of the upward-wicking experiment). The
simplified Lucas—Washburn model was applied to fit the data

Figure 9 shows the plot of m*/A” as a function of time for
the YAG fiber membrane obtained at the low RH levels.
From the slope of the best linear fit to the data points, the
permeability k was calculated. The estimate of the perme-
ability based on three independent measurements is (5.6 +
0.5) x 10~"* m?, which falls within the range of perme-
abilities found in the electrospun fibrous mats and nanofiber
yarns [33]. In the case of the YAG membrane obtained at
the high RH levels, difficulties in obtaining good free-
standing samples hindered the execution of the upward-
wicking tests.

3.5 Luminescence

PL results are presented in Fig. 10 for YAG precursor
powders activated with 1, 2, 3 and 5 wt.% Er and heat
treated at 1200 °C. A series of strong emission lines from
510 to 580 nm originated in the Hy1p = Tysp, *S3n = My
5, and “Hgp — *I;35 transitions [34, 35] were observed
(Fig. 10a), in addition to a series of weak emission lines
between 630 and 690 nm assigned to the “Fop — *I;sp
transition [34] (not shown in Fig. 10a). The increase of Er
content is known to affect the relative intensity of the
emission lines of YAG:Er, promoting green and red at the
expense of the UV-blue emission for increasing Er con-
centrations from 0.735 to 6.6 at.% [36]. The decrease of Er
concentration from 20.57 to 0.778 at.% showed an increase
in the spontaneous radiative transition rate of the transitions
2H1 12 > 4115/2 and 453/2 - 4115/2, while the rate for the 2H9/2
-~ 1,3, transition remained fixed [35]. In Fig. 10b, PL
intensity of the green emission as determined by the
intensity integration over the 500-600 nm range is shown.
Since the integrated intensity curve exhibited a maximum at
2 wt.%, scintillation was evaluated under X-ray excitation
for this particular composition. A typical RL spectrum is

2, 4
—1wt% Hy, = 2z
—2wt% | a)
—3wt.%
—5wt%

Intensity (arbitrary units)

500 520 540 560 580
Wavelength (nm)

b)

Integrated intensity (arb. units)

0 1 2 3 4 5
Er concentration (wt.%)

Fig. 10 a PL spectra of YAG:Er powders with different Er con-
centrations heat treated at 1200 °C. b Integrated PL intensity as a
function of Er concentration

2 4
P312 g Iwz
2 4
P3/2 - IH/Z
2
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E \
T T T T T
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Fig. 11 Radioluminescence spectrum of YAG:Er powders doped with
2 wt.% heat treated at 1200 °C. The electronic transitions of the main
emission lines are shown

shown in Fig. 11, where a number of lines are observed.
The lines were assigned to specific electronic transitions
based on the results of cathodoluminescence measurements
of YAG:Er single crystalline films grown by the liquid
phase epitaxy method [36], as shown in Fig. 11. A broad
band from about 300 to 450 nm was also observed and
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ascribed to the combined contribution of the 2Ps;, — “I;s
transition with the emission of F, F', and Y, antisite
defects [37, 38]. More importantly, RL was dominated by
emission lines at 398 and 467 nm that match the maximum
detection efficiency of photomultiplier tubes. In summary,
these results demonstrated the luminescence functionality of
this material.

4 Conclusions

The fabrication and evaluation of Er-doped YAG fiber
membrane scintillators was carried out. Samples were pre-
pared by the combined sol—gel/electrospinning method. It
was found that addition of 1.5 wt.% PEO to the precursor sol
improved the formation of ceramic fibers during electro-
spinning. It was also found that environmental humidity
played a major role in the formation of a strong membrane
with a controllable pore size. The best e-spun membranes
were obtained at the low RH values of ~30%. A post-
fabrication heat treatment at 1000 °C yielded a pure YAG
phase fiber membranes. The permeability of these mem-
branes was found to be on the order of 5.6 x 10~'* m?. It was
also demonstrated that the YAG:Er membrane with 2 wt.%
Er exhibited a strong luminescence under UV and X-ray
excitations. The obtained results show a great potential for
the YAG:Er e-spun membranes as porous scintillators for
detection of ionizing radiation in fluids either still or flowing.
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