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Abstract YF3:Eu3Jr nanofibers, polyaniline (PANI) and
ferroferric oxide (Fe;O,4) nanoparticles (NPs) were incor-
porated into polyvinyl pyrrolidone (PVP) and electrospun
into Janus nanofibers with YF5:Eu®" nanofibers/PVP as one
half side and PANI/Fe;0,/PVP as the other half side. The
morphology and properties of the final products were
investigated in detail by X-ray diffractometry, scanning
electron microscopy, transmission electron microscopy,
energy dispersive spectrometry, Hall effect measurement
system, fluorescence spectroscopy, vibrating sample mag-
netometry and UV—Vis spectroscopy. The results reveal that
the [YFs:Eu’"/PVP)//[PANI/Fe;04/PVP] trifunctional
Janus nanofibers possess excellent electrical conduction,
magnetism and fluorescence due to their peculiar isolated
nanostructure. Fluorescence emission peaks of Eu’" are
observed in the [YF;:Eu®T/PVP]//[PANI/Fe;04/PVP] Janus
nanofibers and assigned to the 5DO - 7F1 (587, 595 nm),
Dy — 'F, (614, 622 nm), and the D, — 'F; magnetic-
dipole transition at 595 nm is the predominant emission
peak. The electrical conductivity reaches up to the order of
107* S cm™!. The luminescent intensity, electrical con-
ductivity and saturation magnetization of the Janus nanofi-
bers can be respectively tunable by adjusting respective
amounts of YF;:Eu®" nanofibers, PANI and Fe;0, NPs. The
new type trifunctional Janus nanofibers have many potential
applications in the fields of electromagnetic interference
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shielding, microwave absorption, molecular electronics and
biomedicine. More importantly, this design concept and
construct technology is of universal significance to fabricate
other multifunctional nanostructures.

1 Introduction

Electrospinning is an outstanding technique to process
viscous solutions or melts into continuous fibers with
diameters ranging from micrometer to submicron or
nanometer. This method not only attracts extensive aca-
demic investigations [1-9], but is also applied in many
fields such as filtration [10], nanocables [11], optical and
chemical sensors [12], electrode materials [13], and bio-
logical scaffolds [14].

Conducting polymers, for instance, polyaniline (PANI),
polypyrrole and polythiophene, PANI is found to be the
most promising conducting polymer because of its high
conductivity, ease of synthesis, processibility, environ-
mental stability, and wide applications compared to other
intrinsically conducting polymers. The order of conduc-
tivity of PANI is higher than that of common polymers
(<107? S ecm™"), but lower than that of typical metals
(>104 S cmfl). PVP has been widely used for electros-
pinning owing to its good solubility, high flexibility, non-
toxicity, easy obtainment, low costs, etc. More importantly,
it has been found that a new typed hybrid polymer with
both excellent conductivity and spinnability can be
achieved by mixing PVP and PANI together [9, 15]. Fe;0,4
NPs have attracted a lot of interest of scientists recently due
to their wide applications, such as biomacromolecule sep-
aration, catalyst separation, drug/gene delivery and release,
and magnetic resonance imaging [16, 17]. YF; is one of the
most important matrixes for lanthanide-doped phosphors,
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providing a wide band gap (>10 eV) and suitable Y** sites
where Y>* can be easily substituted by other trivalent rare
earth ions without additional charge compensation [18].
YF5:Eu" nanomaterials have wide and potential applica-
tions in optical devices. These outstanding luminescent
characteristics are attributed to sharp absorption and
emission bands of the doped Eu’* ions in the ultraviolet,
visible and infrared wavelength regions, which originate
from f-d and f—f transitions of Eu" ions.

Currently, multifunctional nanomaterials have attracted
much attention of scientists and investigation on the
luminescent—electrical-magnetic twi- or tri-functional
nanomaterials has become a hot topic of research in the
field of nanomaterials [19, 20]. Magnetic—photolumines-
cent bifunctional nanomaterials have been applied in
medical diagnostics and optical imaging, etc. [21, 22]. Our
group has prepared Fe;O4/PVP@Eu(BA);phen/PVP coax-
ial nanocables [23] and [Fe;04/PVP]//[Eu(BA);phen/PVP]
bistrand-aligned composite nanofibers bundles [24] via
electrospinning. Electromagnetically functionalized micro/
nanostructures of conducting polymers are of special
interest due to their potential applications in electrochromic
device, electromagnetic interference shielding, non-linear
optical systems, biomedicine and microwave absorbers
[25-27]. Meng et al. [28] have synthesized core—shell
structure Fe;0,@C@polyaniline magnetic microspheres
by using simple hydrothermal reactions. Wan et al. [29, 30]
studied a series of PANI composites containing Fe;Oy4
nanomagnets prepared by chemical polymerization. Deng
et al. [31] reported the preparation of PANI/Fe;0, nano-
particles with core—shell structure via an in situ polymeri-
zation of aniline monomer in an aqueous solution, which
contained Fe;0, nanoparticles and surfactant. Xuan et al.
[32] synthesized superparamagnetic Fe;Oy4/polyaniline
core/shell microspheres with well-defined blackberry-like
morphology via a simple in situ surface polymerization
method. Very recently, the preparation of Fe,Os5/
Eu(DBM);(bath)/PVP composite nanofibers [33], Fe;O,/
Eu(BA);phen/PVP composite nanofibers [34] and PANI
particles/rare earth complex/PVP composite nanofibers
[35, 36] via electrospinning was emerged. From above
studies, it is found that the existence of PANI particles and
Fe;0,4 will greatly decrease the luminescent intensity of
rare earth compounds if PANI particles or Fe;O4 nano-
particles contact directly with the rare earth luminescent
compounds, and the nanofibers have poor electrical con-
duction due to the fact that PANI particles were not
mutually connected in the nanofibers and space among
PANI particles was existed.

In order to achieve high conductivity and strong lumi-
nescence, PANI must have good consecutiveness in the
nanofibers leading to more effective electrons trans-
port,while luminescent materials must be -effectively

separated from electrical and magnetic materials. In the
procedure of seeking a way to realize this academic idea,
we were inspired by the reports on the Janus nanomaterials
[37—43]. ‘Janus’ is the name of an ancient Roman God,
who has two faces peering into the past and the future.
Named after this Roman God, Janus particles have two
distinguished surfaces/chemistries on the two sides. Pierre-
Gilles de Gennes, Nobel Prize in Physics winner, made the
Janus particles known to the scientific community. Upon
the unique feature of the asymmetry dual-sided Janus
structure, in this paper, we employ electrospinning tech-
nique using specially designed parallel spinnerets to pre-
pare [YF3:Eu3+/PVP]//[PANI/Fe3O4/PVP] luminescent—
electrical-magnetic trifunctional Janus nanofibers with
YF;:Eu®" nanofibers/PVP as one half side and PANI/
Fe;04/PVP as the other half side. The conductivity, mag-
netism and photoluminescence of Janus nanofibers were
studied through comparing with YF;:Eu*"/PANI/Fe;0.,/
PVP composite nanofibers.

2 Experimental sections
2.1 Chemicals

Polyvinyl pyrrolidone (PVP, Mw =~ 90,000), Y,O3
(99.99 %), Euy05 (99.99 %), HNOj3, and dimethylform-
amide (DMF) were bought from Tianjin Tiantai Fine
Chemical Co., Ltd. Anhydrous ethanol, aniline, FeCl;-
6H,0, NH4HF,, FeSO4-7H,0, NH4NOj3, polyethylenegly-
col (PEG, Mw =~ 20,000), ammonia and (IS)-(+)-Cam-
phor-10 sulfonic acid (CSA) were bought from Sinopharm
Chemical Reagent Co., Ltd. Ammonium persulfate were
purchased from Guangdong Xilong Chemical Co., Ltd. All
the reagents were of analytical grade and directly used as
received without further purification. Deionized water was
homemade.

2.2 Synthesis of Fe;04 nanoparticles

Fe;O, NPs were obtained via a facile coprecipitation
synthetic method and PEG was used as the protective agent
to prevent the particles from aggregating. One typical
synthetic procedure was as follows: 5.406 g of FeCls-
6H,0, 2.78 g of FeS047H,0, 4.04 g of NH4,NO;3; and
1.9 g of PEG were added into 100 mL of deionized water
to form uniform solution under vigorous stirring at 50 °C.
To prevent the oxidation of Fe®™, the reactive mixture was
kept under argon atmosphere. After the mixture had been
bubbled with argon for 30 min, 0.1 mol/L of NH3-H,0 was
dropwise added into the mixture to adjust the pH value
above 11. Then the system was continuously bubbled with
argon for 20 min at 50 °C, and black precipitates were
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formed. The precipitates were collected from the solution
by magnetic separation, washed for three times with
deionized water, and then dried in an electric vacuum oven
at 60 °C for 12 h.

2.3 Preparation of YF;:Eu®>" nanofibers

Taking YF5:5 %Eu’"[5 % stands for molar percentage of
Eu*" to (Y>T+Eu’™)] nanofibers as an example to prepare
YF;:Eu®" nanofibers, YF;:Eu®" nanofibers were fabricated
via monoaxial electrospinning combined with double-cruci-
ble fluorination technique [44]. The detailed procedure was as
follows: 2.4 g of rare earth nitrate, including Y(NO3);-6H,O
and Eu(NO3);-6H,0O, was dissolved in 21.8667 g of DMF,
and then 2.4 g of PVP was added into the above solution
under magnetic stirring for 8 h to form homogeneous trans-
parent spinning solution. The spinning solution was electro-
spun at room temperature under a positive high voltage of
14 kV, the distance between the spinneret tip and the collector
(Aluminum foil) was fixed to 15 cm, and air relative humidity
was 50-70 %. With the evaporation of DMF, a dense web of
PVP/[Y(NO3); + Eu(NO;3);] composite nanofibers were
formed on the collector. The above composite nanofibers
were calcined at a heating rate of 1 °C min~' and remained
for 8 h at 700 °C. Thus, Y203:Eu3+ nanofibers were
obtained. Y,O5:Eu®" nanofibers were loaded into a small
crucible, and a few carbon rods were put into a big crucible,
then the small crucible was placed into the big crucible. Next,
some NH,HF, powders were loaded into the space between
the two crucibles, and then the big crucible was covered with
its lid. This process is called double-crucible method. Finally

the crucibles were annealed at 280 °C for 2 h, then heated to
450 °C and remained for 3 h with the heating rate of
2 °C min~, then the temperature was decreased to 200 °C at
a rate of 1 °C min~' followed by natural cooling down to
ambient temperature. Thus, YF3:Eu3+ nanofibers were
acquired.

2.4 Fabrication of luminescent—electrical-magnetic
trifunctional Janus nanofibers via electrospinning

In the preparation of the spinning solutions, aniline was
dissolved in DMF with magnetic stirring at room temper-
ature, and then PVP and CSA were slowly added into the
above solution with magnetic agitation for 2 h. The mix-
ture was then cooled down to 0 °C in an ice-bath for 1 h.
The mixture was denoted as solution I. A mixed solution of
ammonium persulfate (APS) and 2.000 g of DMF at 0 °C
was prepared as the solution II. The solution II was added
dropwise into the solution I under magnetic stirring. The
final mixture was allowed to react at 0 °C for 24 h and then
Fe;0, were added into the mixture under magnetic stirring
for 24 h at room temperature, thus the spinning solution A
was prepared, which was applied to prepare the strand
PANI/Fe;04/PVP  nanofibers. Meanwhile, YF;:Eu®"
nanofibers were ultrasonically dispersed in DMF for about
10 min, then PVP was slowly added into the above mixture
with magnetic agitation for 24 h at room temperature,thus
the spinning solution B was obtained, which was used to
fabricate the other strand YF3:Eu3+/PVP nanofibers. The
compositions and contents of these spinning solutions were
listed in Table 1.

Table 1 Compositions of spinning solutions for preparing [YE5:Eu**/PVP]//[PANI/Fe;0,/PVP] Janus nanofibers

Samples Spinning PVP (g) DMF (g) CSA (g) APS (g) PANI (g) Fe;04 (g2) YF3:Eu3+nan0ﬁbers (2)

solutions
S Al 0.9000 4.1000 0.2245 0.4411 0.1800 0.3000

B1 0.9000 4.7250 0.9000
S A2 0.9000 4.3940 0.3369 0.6615 0.2700 0.3000

B1 0.9000 4.7250 0.9000
S3 A3 0.9000 4.7250 0.4490 0.8822 0.3600 0.3000

B1 0.9000 4.7250 0.9000
Sy A4 0.9000 5.1000 0.7861 1.5435 0.6300 0.3000

B1 0.9000 4.7250 0.9000
Ss AS 0.9000 4.3940 0.3369 0.6615 0.2700 0.4500

Bl 0.9000 4.7250 0.9000
Se A6 0.9000 4.3940 0.3369 0.6615 0.2700 0.9000

Bl 0.9000 4.7250 0.9000
S, A2 0.9000 4.3940 0.3369 0.6615 0.2700 0.3000

B2 0.9000 4.7250 1.3500
Sg A2 0.9000 4.3940 0.3369 0.6615 0.2700 0.3000

B3 0.9000 4.7250 1.8000
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Fig. 1 Schematic diagram of
the electrospinning setup

Spinning solution for fabricating — —
PANI/Fe3O4Nps)PVP nanofibers

Plastic syringe

Spinning solution for preparing
YF;:Eu®"/PVP nanofibers

Parallel needle

—

Copper wire

High voltage
Power supply

The specially designed parallel spinneret was used in
this study and the electrospinning setup was indicated in
Fig. 1. It is composed of a pair of stainless steel needles
assembled side by side and fixed by a plastic nozzle. The
two kinds of spinning solutions could have formed a side-
by-side structure before they flow to the tip of the plastic
nozzle. The spinning solutions A and B were respectively
loaded into each plastic syringe. A piece of flat iron net was
put about 15 cm away from the tip of the plastic nozzle as
the nanofiber collector. A positive direct current (DC)
voltage of 15 kV was applied between the spinneret and
the collector to generate stable, continuous PVP-based
Janus nanofibers at ambient temperature of 20-25 °C, and
the air relative humidity of 28-32 %.

2.5 Fabrication of YF;:Eu*"/PANI/Fe;04/PVP
composite nanofibers

For comparison, YF;:Eu®*/PANI/Fe;0,/PVP composite
nanofibers were also fabricated by mixing the spinning
solution A2 and the spinning solution B1 together at the
volume ratio of 1:1 and electrospun via the traditional
single-spinneret electrospinning method. The spinning
voltage, distance between the collector and the spinneret
and other processing parameters were the same as those in
the fabrication of the [YF3:Eu3+/PVP]// [PANI/Fe;04/PVP]
Janus nanofibers.

2.6 Characterization methods

The as-prepared Fe;0, NPs, YF;:Eu®" nanofibers and
[YF5:Eu**/PVP)//[PANI/Fe;0,/PVP] Janus nanofibers
were identified by an X-ray powder diffractometer (XRD,
Bruker, D8 FOCUS) with Cu Ko radiation. The

Plastic nozzle

ﬂ collector
Copper wire |

morphology and internal structure of Janus nanofibers were
observed by a field emission scanning electron microscope
(FESEM, XL-30) and a transmission electron microscope
(TEM, JEM-2010), respectively. The fluorescent properties
of the samples were investigated by using a Hitachi fluo-
rescence spectrophotometer F-7000. The elementary com-
positions of Janus nanofibers were determined by an energy
dispersive X-ray spectrometer (EDS, GENESIE 2000). The
conductivity property and the magnetic performance of
samples were measured by Hall effect measurement system
(ECOPIA HMS-3000) and a vibrating sample magnetom-
eter (VSM, MPMS SQUID XL), respectively. The ultra-
violet—visible spectra of samples were determined by a
UV-1240 ultraviolet—visible spectrophotometer. All mea-
surements were performed at room temperature.

3 Results and discussion
3.1 XRD analysis

The phase compositions of the Fe;O, nanoparticles,
YF3:Eu3 * nanofibers and [YF3:Eu3+/PVP]//[PANI/Fe3O4/
PVP] Janus nanofibers were identified by means of XRD
analysis, as shown in Fig. 2. It can be seen from Fig. 2a
that XRD patterns are conformed to the cubic structure of
Fe;0, (PDF#74-0748), and no characteristic peaks are
observed for other impurities such as Fe,O3;, FeO(OH).
Figure 2b reveals the XRD patterns of YFs:Eu®" nanofi-
bers, the diffraction peaks can be easily indexed to those of
the pure orthorhombic phase with primitive structure of
YF; (PDF#70-1935), and the space group is Pnma. No
peaks of any other phases or impurities are also detected.
As seen from the Fig. 2c, the XRD analysis result of
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Fig. 2 XRD patterns of Fe;04 nanoparticles (a), YF3:Eu3 * nanofibers
(b) and [YF3:Eu3 */PVP)//[PANI/Fe;04/PVP] Janus nanofibers (c)

[YF5:Eu**/PVP)//[PANI/Fe;0,/PVP] Janus nanofibers
demonstrates that the Janus nanofibers contain crystalline
Fe;04 nanoparticles and YF3:Eu3 *,

3.2 Morphology and structure

Figure 3a, b show SEM images of the Fe;0, nanoparticles
and YF;:Eu®" nanofibers. The diameter of the Fe;O4 NPs
is 8~10 nm. The YF;:Eu®" nanofibers have smooth surface
and the mean diameter is ca. 90 nm. The morphology and
structure of [YF3:Eu3+/PVP]// [PANI/Fe;04/PVP] Janus
nanofibers (sample S,) were characterized by the combi-
nation of SEM and TEM. The mean diameter of the indi-
vidual nanofiber of each Janus nanofiber is ca. 420 nm. As
seen from Fig. 3c, d, the obtained products consist of two
aligned nanofibers, which is composed of a dark-colored
strand (PANI/Fe;O04/PVP) and a light-colored strand
(YF3:Eu3 */PVP). Fe;0,4 nanoparticles are only scattered in
the dark-colored strand. Meanwhile, YF3:Eu3+ nanofibers
are only dispersed in the light-colored strand, which con-
firms that the Janus nanofibers were successfully fabri-
cated. The EDS analysis, as shown in Fig. 3e, reveals that
the [YF3:Eu3*/PVP]//[PANI/Fe3O4/PVP] Janus nanofibers
are composed of C, N, O, Y, F, Eu, S and Fe elements, Au
peak is from the conductive film of Au plated on the
sample for SEM observation. The SEM image of YF;:
Eu® */PANI/Fe;0,/PVP composite nanofibers is revealed in
Fig. 3f, one can see that the composite nanofibers are rel-
atively smooth and the mean diameter is ca. 300 nm.

3.3 Fluorescent performance

In order to investigate the impact of the mass percentage of
PANI to PVP on the fluorescent performance, a series of
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[YF5:Eu**/PVP)//[PANI/Fe;0,/PVP] Janus nanofibers
were fabricated. For performing this study, the mass ratio
of YF3:Eu3+ nanofibers to PVP was settled as 1:1, the mass
ratios of Fe;O04 to PVP was fixed as 1:3 and the mass
percentages of PANI to PVP were varied from 20 to 70 %
(samples Sy, S;, S3, S4). The Fig. 4a demonstrates the
excitation spectra of the samples. The excitation spectrum
is dominated by the 'F, — “Lg transition of Eu®" centering
at about 395 nm. The position of other peaks is practically
identical to the characteristic absorption bands for f—f
transitions in trivalent europium [45]. The emission spectra
of the samples are shown in Fig. 4b. The emission peaks at
587, 595, 614 and 622 nm are ascribed to the °Dy — 'Fj,
Dy —» 'Fy, Dy » 'F, and °Dy — 'F, energy levels
transitions of Eu®" ions, respectively. The *D, — 'F,
transition is mainly magnetically allowed and is not
dependent on the site symmetry at which europium is sit-
uated [46]. The SDO - 7F2 is a forced electric-dipole
transition being allowed only at low symmetries without
inversion centers. If the Eu’" ions would occupy the
position with inversion symmetry, the °D, — F; emission
peaks are expected to have the highest intensity due to their
magnetic-dipole character. If the Eu®" ions would occupy
the position which is without inversion symmetry, the
Dy — 'F, emission is expected to be dominant. The
strongest emission peaks are centered at 587 and 595 nm,
which are much stronger than those of the 614 and 622 nm
emissions, indicating that Eu’t occupies a site with
inversion symmetry in the YF5:5 %Eu>" nanofibers.

It is found from Fig. 4a, b that both excitation and
emission intensity of the Janus nanofibers are decreased
with the increased of the amount of PANI introduced into
the Janus nanofibers. This phenomenon can be considered
by the light absorption of dark-colored PANI which were
mixed into the nanofibers. From the absorbance spectrum
of PANI/PVP nanofibers illustrated in Fig. 4c, it is
observed that PANI/PVP nanofibers strongly absorb the
light in the regions of 270-360, 380—450 and 500-800 nm.
Thus, the exciting light (395 nm) and emitting light (587,
595, 614 and 622 nm) are absorbed by the [PANI/Fe;0,/
PVP] half side and the intensities are decreased, further-
more, the light absorption would become stronger with
introducing more PANI into the dark-colored half side.

Meanwhile, the effect on fluorescence intensity via
introducing different ratios of Fe;O04 NPs (samples S,, Ss,
Se¢) into Janus nanofibers was also studied. As seen from
Fig. 5a, b, the excitation and emission intensity of the
[YF3:Eu3 T/PVP]//[PANI/Fe;0,/PVP] Janus nanofibers are
decreased with the increase of the amount of Fe;O4 NPs.
This phenomenon results from the light absorption of
Fe;04 NPs which are mixed into the nanofibers [47]. From
the absorbance spectrum of Fe;O, NPs illustrated in
Fig. 5c¢, it is seen that the Fe;O4 NPs can absorb light at
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Fig. 3 SEM images of Fe;O,4 nanoparticles (a), YF;:Eu**nanofibers (b), and SEM image (c), TEM image (d) and EDS spectrum (e) of
[YF3:Eu3+/PVP]//[PANI/Fe3O4/PVP] Janus nanofibers and SEM image of YF3:Eu3+/PANI/Fe3O4/PVP composite nanofibers (f)

ultraviolet wavelength (<400 nm) much more strongly
than visible range (400-700 nm). Thus, the exciting light
(395 nm) and emitting light (587, 595, 614 and 622 nm)
are absorbed by the strand [PANI/Fe;O4/PVP] and the
intensities are decreased, furthermore, the light absorption
would become stronger with introducing more Fe;Oy4
nanoparticles into the Janus nanofibers.

The fluorescent properties of the [YFs:Eu®'/PVP)//
[PANI/Fe;04/PVP] Janus nanofibers containing different
ratios of YFs:Eu*" nanofibers (samples S,, S;, Sg) were
investigated. As shown in Fig. 6a, b. It can be seen that the
excitation and emission intensity of Janus nanofibers are

increased with the increase of the amount of YF;:Eu®"
nanofibers.

The fluorescent properties of [YF3:Eu3+/PVP]//[PANI/
Fe;04/PVP] Janus nanofibers (sample S,) are further
investigated by comparing with that of YF5:Eu®"/PANI/
Fe;04/PVP composite nanofibers under the same compo-
nents and contents of the two kinds of nanostructures. As
manifested in Fig. 7, it is found that the fluorescence
intensity of [YF3:Eu3+/PVP]//[PANI/Fe3O4/PVP] Janus
nanofibers is obviously higher than that of YFs:Eu*'/
PANI/Fe;04/PVP composite nanofibers. This phenomenon
can be explained by the strong light absorption of the
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Fig. 7 Excitation spectra

(a) and emission spectra (b) of
[YF3:Eu’*/PVP]//[PANI/Fe;0,/
PVP] Janus nanofibers and
YF;:Eu*"/PANI/Fe;0,/PVP
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Fig. 8 Schematic diagrams of the exciting light and emitting light in YF3:Eu®"/PANI/Fe;04/PVP composite nanofiber and [YFs:Eu®"/PVP]/

[PANI/Fe;04/PVP] Janus nanofiber

dark-colored PANI and Fe;O, NPs when PANI, Fe;O4 NPs
and YF5:Eu®" nanofibers are mixed together. As illustrated
in Fig. 8, YF5:Eu’" nanofibers are directly distributed into
the PANI/Fe;O4/PVP nanofiber, the exciting light has to
pass through PANI and Fe;0, NPs to reach the YF5:Eu®"
nanofibers. In this process, a large part of the exciting light
has been absorbed by the PANI and Fe;O4 NPs, and thus
the exciting light is much weakened before it reaches the
YF5:Eu®" nanofibers. Similarly, the emitting light emitted
by the YF;:Eu" nanofibers also has to pass through PANI
and Fe;04 NPs and is absorbed by them. Consequently, the
exciting and emitting light are severely weakened. For
[YF3:Eu3+/PVP]//[PANI/Fe3O4/PVP] Janus nanofiber, the
PANI and Fe;O4 NPs are efficiently isolated from YFj:
Eu’" nanofibers so that the exciting light and emitting light
in the strand YF5:Eu>™/PVP will be little affected by the
PANI and Fe;O4 NPs. The overall effect is that the
[YF5:Eu**/PVP]//[PANI/Fe;0,/PVP]  Janus nanofiber
possess much higher fluorescent performance than the
YF;:Eu*t/PANI/Fe;0,/PVP composite nanofibers. Thus,
Janus nanofibers possess strong fluorescent emission

intensity through isolating the YFs:Eu®" nanofibers from
PANI and Fe;O,4 NPs.

3.4 Electrical conductivity

The average electrical conductivity values of the samples
are summarized in Table 2. It is found from Table 2 that
the conductivity is greatly increased from 9.276 x 107 to
3.458 x 107* S cm™! in the beginning when the PANI is
incorporated into Janus nanofibers. When the concentration
of PANI to PVP is 30 %, with further increase in PANI
content, the conductivity of Janus nanofibers is only
slightly changed. The increase in conductivity of [YF;:
Eu3+/PVP]//[PANI/Fe3O4/PVP] Janus nanofibers with
increasing in PANI content is due to forming a better
continuous net structure for PANI polymer, which render
more efficient charge transport. When the mass of Fe;O,4 to
PVP was changed from 1:3 to 1:1, it is found from Table 2
that the conductivity decreases with the increase of Fe;Oy,
in the Janus nanofibers owing to the fact that the poly-
merization of aniline is influenced by Fe;O, naoparticles

@ Springer



2666

J Mater Sci: Mater Electron (2015) 26:2658-2667

Table 2 Electrical conductivity Samples

Conductivity (S cm™ l)

of the samples doped with

various amount of PANI and Janus nanofibers [PANL:PVP = 20 %, S,] 9.276 x 1077
Fe304 Janus nanofibers [PANI:PVP = 30 %, S.] 3458 x 10°*
Janus nanofibers [PANI:PVP = 40 %, S;] 7.190 x 10~
Janus nanofibers [PANI:PVP = 70 %, S4] 8.919 x 107+
Janus nanofibers [Fe;O4:PVP = 1:2, Ss] 8.861 x 107>
Janus nanofibers [Fe;O4:PVP = 1:1, S¢] 9.810 x 107°
Y,05:Eu**/PANI/Fe;0,4/PVP composite nanofibers 3.284 x 107
15 e reto o1 g et ) Table 3 Saturation magnetization of 3_*[YF3:Eu3 *T/PVP]//[PANI/
1. ey, PVPo1:2 (in magnetic half side) Fe3Q4/PVP] Janus nanofiber and YF;:Eu”"/PANI/Fe;O4/PVP com-
10 ¢ Fey0,:PVP=1:3 (in magnetic hlf sie) a posite nanofibers
| dzcomposite nanofibers Samples Ms
- ] g d (emu gf')
» |
g 0 Janus nanofibers, Fe;04:PVP = 1:1 (in magnetic half) 10.89
§’ Janus nanofibers, Fe;04:PVP = 1:2 (in magnetic half) 5.85
-5 Janus nanofibers, Fe;04:PVP = 1:3 (in magnetic half) 3.96
10 YF;:Eu**/PANI/Fe;0,/PVP composite nanofibers 3.33
AsT 10000 5000 N 5000 10000 magnetic properties of the Janus nanofibers can be tuned
H(Oe) via addition of various amounts of Fe;O, NPs. Besides, the

Fig. 9 Hysteresis loops of YFs:Eu’*/PANI/Fe;0,/PVP composite
nanofibers and [YF3:Eu3+/PVP]//[PANI/Fe3O4/PVP] Janus nanofibers

[48]. The conductivities of Janus nanofibers can be tuned
by adjusting the mass ratios of PANI to PVP and Fe;0, to
PVP.

It can be apparently found that the conductivity of the
YF;:Eu*t/PANI/Fe;0,/PVP composite nanofibers is lower
than that of Janus nanofibers. The decrease of the con-
ductivity is mainly due to the addition of non-conducting
Fe;O4 nanoparticles, PVP and YF;:Eu®" nanofibers that
decreases the conducting PANI content of the YF5:Eu®"/
PANI/Fe;04,/PVP composite nanofibers and partially hin-
ders the formation of conductive paths [49].

3.5 Magnetic property

The typical hysteresis loops for YFs:Eu®T/PANI/Fe;0./
PVP composite nanofibers and [YF5:Eu®>"/PVP]//[PANI/
Fe;04/PVP] Janus nanofibers containing various mass
ratios of Fe;O4 NPs are indicated in Fig. 9, and their sat-
uration magnetizations are listed in Table 3. It is well
known that the saturation magnetization of a magnetic
composite material depends on the mass percentage of the
magnetic substance in the magnetic composite material. It
is found that the saturation magnetization of the Janus
nanofibers is increased from 3.96 to 10.89 emu g~ with
the increase of Fe;O4 NPs, which indicates that the

@ Springer

saturation magnetization of the YF3:Eu3+/PANI/Fe3O4/
PVP composite nanofibers is 3.33 emu g~ which is close
to that of the Janus nanofibers (3.97 emu g~ ') because they
were both prepared under the same conditions except for
the spinneret. Analyses from combining the fluorescent
performance with the electrical conductivity, one can see
that the [YF3:Eu3+fPVP]//[PANIH:e3O4/PVP] Janus
nanofibers have the close magnetic property compared with
YF;:Eu®T/PANI/Fe;0,/PVP composite nanofibers, but the
electrical conductivity and the fluorescent intensity of
[YF3:Eu3 T/PVP]//[PANI/Fe;04/PVP] Janus nanofibers are
much higher than those of YF3:Eu3+/PANI/Fe3O4/PVP
composite nanofibers, and this further demonstrates that the
Janus nanofibers have better luminescent—electrical-mag-
netic performance than the counterpart composite nanofi-
bers. Based on the above experimental results, we can
safely conclude that those academic ideas described in the
introduction can be successfully realized via specially
designed parallel spinnerets electrospinning.

4 Conclusions

In summary, novel [YF3:Eu3+/PVP]//[PANI/Fe3O4/PVP]
luminescent—electrical-magnetic ~ trifunctional ~ Janus
nanofibers were successfully prepared by a simple elec-
trospinning process using a side-by-side dual spinneret.
One half side of the Janus nanofibers is composed of PANI,
Fe;04 NPs and PVP, and the other half side consists of
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YF5:Eu*™ nanofibers and PVP. Compared to composite
nanofibers, it is very gratifying to see that the Janus
nanofibers possess higher fluorescent intensity, saturation
magnetization and conductivity. In addition, the lumines-
cent intensity, electrical conductivity and magnetic prop-
erties of the Janus nanofibers can be tunable by adjusting
the content of YF3:Eu3+, PANI and Fe;O, NPs, respec-
tively. The Janus nanofibers have potential applications in
many fields such as electromagnetic interference shielding,
microwave absorption, molecular electronics and biomed-
icine due to their excellent conduction, magnetism and
fluorescence performance.
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