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This report presents the preparation and characterization of a new composite containing Prussian blue
analogues nanoparticles and poly(N-vinyl-2-pyrrolidone) (PVP). Nanoparticles of nickel hexacyano-
ferrate (NiHCFe) and nickel hexacyanochromate (NiHCCr) were synthesized by the citrate-assisted
co-precipitation method. Basic characterization revealed uniform cubic particles with an average size
of 238 nm (NiHCFe) and 80 nm (NiHCCr). In the next step, these nanocubes were incorporated into
composite fibres using electrospinning technique. The resulting fibres exhibited distinctive colours, and
scanning electron microscope imaging showed differences in fibre morphology between NiHCFe/PVP
and NiHCCr/PVP composites. The obtained results indicate the successful synthesis and characteriza-
tion of Prussian blue analogue nanoparticles, as well as their integration into composite fibres, opening
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up possibilities for diverse applications.
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1. Introduction

Prussian blue analogues (PBAs) are examples of
compounds showing unique properties, e.g., room
temperature ferromagnetism, compensation point,
or zero thermal expansion [1-4]. Moreover, PBAs
are examples of mixed-valence compounds due to
the metal-to-metal charge transfer mediated by the
cyano ligand and possess structural flexibility due to
the stretching and vibrational modes of the cyano-
bridging ligand [5]. These features play important
roles in the various magnetic functionalities, such
as reversible photomagnetism, humidity-sensitive
magnetism, or high ionic conductivity [6, 7]. The at-
tributes described above make these materials use-
ful in practical applications, including gas storage,
catalysis, batteries, and energy separation. Prus-
sian blue (PB) and PBAs are also the subjects
of increasing interest because of the possibility
of producing molecule-based magnets in reduced
dimensionality, i.e., in thin films and nanoparti-
cles [8]. Easy synthesis route, controllable shape
and size, biocompatibility, biodegradability, and
low production cost make the PB/PBA nanopar-
ticles suitable material for biomedical applications
such as targeted drug delivery systems or cancer
treatment [9,10]. Moreover, the nanoparticles of
PB/PBA are potential candidates for molecular
sensors [11] or energy storage devices [12].
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However, using the application potential of coor-
dination systems requires some fabrication method-
ology of robust devices that can be handled and in-
tegrated without compromising functionality. One
of the approaches allowing the achievement of this
objective is the incorporation of the molecular sys-
tem into the polymer matrix. The polymer matrix
allows the development of different shapes, such as
beads, spongy foam, membranes, and fibres. In the
literature, one can find several examples of com-
posite materials based on PBAs and organic poly-
mers, such as collagen [13] or polyacrylonitrile [14].
These nanocomposites have received much atten-
tion as materials for radioactive Cs removal due to
their affinity for adsorbing Cs* or microwave ab-
sorption.

Here, we report the preparation and characteri-
zation of the electrospun composites based on PVP
and nanoparticles (NPs) of Prussian blue analogues.
In the first stage of our work, we focused on the
synthesis of the cyanido-bridged nanoparticles with
narrow size distribution. Subsequently, the obtained
nanoparticles were loaded into the polymeric matrix
by use of electrospinning method. This straightfor-
ward technique enables the creation of fibres with
diameters spanning from nano- to micrometres [15].
Its key benefits include cost-effectiveness, the capa-
bility to manufacture materials with a substantial
surface area-to-volume ratio, and its adaptability


http://doi.org/10.12693/APhysPolA.145.133
mailto:magdalena.fitta@ifj.edu.pl

A\ MOST

A. Pacanowska et al.

to various materials. Additionally, electrospin-
ning offers the potential for integrating magnetic
nanoparticles into electrospun fibre mats, main-
taining both magnetic functionality and mechanical
properties.

2. Material preparation and characterization
2.1. Materials

The following chemicals were purchased from
Sigma-Aldrich ~ without further purification:
nickel(IT) nitrate hexahydrate, trisodium citrate
tetrahydrate, potassium hexacyanoferrate(I1I),
potassium hexacyanochromate(IIl), poly(N-vinyl-
2-pyrrolidone) (PVP) M, = 360000 Da, and
methanol.

2.2. Synthesis of PBA-NP NiHCM, M = [Fe, Cr]

In the following study, the literature protocol [16]
for producing PBA nanoparticles in the presence
of citrate anion was modified and used to pro-
duce two types of PBA NPs, i.e., nickel hexacyano-
ferrate (NiHCFe) and nickel hexacyanochromate
(NiHCCr).

Nanoparticles of NiHCFe. In the first flask,
1.2 mmol of nickel(IT) nitrate hexahydrate and
1.8 mmol of trisodium citrate tetrahydrate were
dissolved in 40 ml of water. In the second flask,
0.8 mmol of potassium hexacyanoferrate(IIl) was
dissolved in 40 ml of HyO. After mixing both so-
lutions, the mixture was left on magnetic stir-
ring for 48 h at room temperature (20°C). The fi-
nal product was separated from the supernatant
by centrifugation at 9000 rpm for 15 min at a
temperature of 10°C. The cleaning for the final
product was as follows: a three-step washing pro-
cedure with distilled water and centrifugation at
9000 rpm for 15 min and at 10°C. The resulting
orange solid was dried in a vacuum oven at 40°C
for 20 h.

Nanoparticles of NiHCCr. The above synthetic
protocol was repeated by substituting the source
of cyanometallate for potassium hexacyanochro-
mate(IIT). The precipitated material was washed
with distilled water three times by centrifugation.
The resulting light blue solid was dried in a vac-
uum oven at 40°C for 20 h.

2.3. Preparation of electrospun fibres

Composite fibres of NIHCM-PVP. The polymeric
solution for electrospinning was prepared by intro-
ducing 43.00 mg of NiIHCM (M = Fe, Cr) into
3 ml of MeOH. To ensure homogenous disper-
sion, the mixture was sonicated for 2 min with-
out pulsation using an ultrasonic homogenizer.
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Then, ~ 0.350 g of the PVP 360 powder was in-
troduced to suspension to give a solution of 12 wt%
PVP/MeOH+NiHCM and immediately put on the
gyromixer for 3 h for the complete dissolution of
polymer and to obtain a homogenous solution for
electrospinning.

The polymer solution was inserted into the plas-
tic syringe, from which it was electrospun with the
homemade electrospinning equipment. During the
process, the following conditions were applied: a
voltage of 11 kV, room temperature (~ 20°C), rel-
ative humidity in the range of 46-52%, and con-
stant flow rate of 1.5ml/h. The fibre mats were col-
lected on a metallic plate collector randomly, with
a distance between the tip and the collector equal
to 10.5 cm.

2.4. Physical methods

Microstructure and composition analysis of films
was performed using a TESCAN VEGA3 scanning
electron microscope equipped with an X-ray energy
dispersive spectrometer EDAX Bruker. For imaging
under the electron microscope, small amounts of the
freshly prepared NiHCFe and NiHCCr nanoparti-
cles were dispersed by sonication in MeOH in or-
der to obtain highly diluted solutions. The mate-
rial was then transferred into the freshly cleaned
Si (100) wafer by drop-casting and put aside for
the solvent to evaporate. In the case of compos-
ite materials, they were directly electrospun onto
the Si (100) wafers in small amounts to minimize
the charging effects during imaging. The size of the
particles and the diameters of the fibres were mea-
sured with the use of ImageJ software. The aver-
age sizes were calculated based on the lognormal
distribution.

Powder X-ray diffraction (PXRD) data of
nanoparticles and composites were collected on a
PANalytical X'Pert PRO diffractometer equipped
with a Cu K, radiation source. The measure-
ments were done using the Bragg—Brentano geom-
etry. The diffraction patterns were indexed to de-
termine the space group, and the lattice param-
eters were determined by doing a full-pattern Le
Bail fit using the Mag2Pol software [17]. The in-
dexing tool in Mag2Pol uses instrument geome-
try and the observed peak positions in a powder
pattern and is based on the successive dichotomy
method [18].

Raman measurements were performed using
a confocal micro-Raman spectrometer (Nicolet
Almega XR) equipped with a 532 nm laser. For
powdered NiHCFe/NiHCCr, the measurement was
performed with 1% of laser power to minimize the
burning of the samples. NIHCM/PVP composites
were directly electrospun onto the Si (100) wafers in
small amounts, similar to preparation for scanning
electron microscope (SEM) imaging. The measure-
ments of composites were performed with 10% of
laser power.
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Fig. 1.
NP, with Weibull distribution curve.
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(a, ¢) SEM image of NiHCCr NP, with lognormal distribution curve; (b, d) SEM image of NiHCFe
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X-ray diffraction data of (a) NiHCFe and (b) NiHCCr. The red circles are the experimental data, and

the black curve is the profile calculated using the Le Bail method. Vertical bars indicate the expected Bragg
positions, which are indexed and shown above. (¢) A perspective view of NiHC(Fe/Cr) framework structure

in a cubic F'm-3m space group.

3. Results and discussion

PBA nanoparticles obtained in the synthetic pro-
tocol utilizing trisodium citrate salts as a size-
tuning agent resulted in uniform, cubic-shaped
particles presented in Fig. 1a and b. The size disper-
sion of cube diameter (Fig. 1c and d) showed that,
despite the same synthetic protocol, the average
diameter of the NiHCFe cubes (238 + 37 nm) was
three times bigger than for NiHCCr (80 & 17 nm).
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All the observed peaks of PXRD patterns of
both samples were indexed with the cubic space
group F'm-3m. No discernible impurity peaks were
found in either compound. From the full-pattern Le
Bail fit, the cubic unit cell parameter for NiHCFe
and NiHCCr is found to be 10.2294(4) A and
10.5016(6) A, respectively. The Le Bail fit results of
NiHCFe and NiHCCr are presented in Fig. 2a and b,
respectively. Figure 2c shows a perspective view of
the cubic lattice of the NiHC(Fe/Cr) framework.
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Fig. 3. Photographs of the polymer solutions pre-
pared for the electrospinning process and the ob-
tained electrospun mats.

Fig. 4. The SEM pictures of the electrospun PVP
nanofibres doped by NiHCFe (a, b) and NiHCCr
(¢, d) particles.

In the preparation of composite materials con-
taining PBA nanocubes in the form of electrospun
fibres, it was necessary to carefully choose the poly-
mer matrix as well as the solvent for the electro-
spinning solution. In this manner, poly(N-vinyl-2-
pyrrolidone) (PVP) was chosen with the average
molecular weight M,, = 360 kDa. It was selected
due to its chemical stability and non-toxicity, as
well as its widely used application as a stabiliz-
ing and capping agent in the synthesis of PB-type
nanoparticles [19]. Methanol, in which PVP fully
dissolves, was used as a solvent. In the first step
of preparation of the solution for electrospinning, it
was necessary to ensure a homogenous suspension of
NiHCM nanocubes. For this reason, the mixture of
freshly synthesized and dried PBA nanocubes was
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Fig. 5.

Elemental mapping of PVP nanofibres
loaded with 12 wt.% NiHCCr (a) and NiHCFe (b)
nanoparticles by EDS.

redispersed in an appropriate amount of methanol
with the use of an ultrasonic homogenizer. After
the procedure, the formation of aggregates in the
suspension was not observed. Introducing adequate
amounts of PVP 360 to form a 12 wt% polymer
solution and allowing for the full dissolution of the
polymer resulted in a solution ready for the electro-
spinning process (Fig. 3).

The electrospinning process of as-prepared PVP-
based solutions with the initial concentration of
NiHCM in composites equal to 12 wt% resulted
in materials of two distinctive colours following
the starting solutions — light orange and white,
respectively for NiHCFe and NiHCCr (Fig. 3).
The observation of freshly deposited electrospun fi-
bres on a silicon wafer under SEM imaging pre-
sented in Fig. 4 showed differences in both ma-
terials due to the different dimensions of NiHCFe
and NiHCCr nanocubes. For the NiHCFe/PVP
material, the diameter of the PVP fibres was
equal to 0.69 £+ 0.15 ym, whereas the diameter of
the thickened fragments resulting from nanocubes
incorporation was equal to 0.97 £ 0.18 pym. In the
case of the NiHCCr/PVP composites, the av-
erage PVP diameter is slightly diminished to
0.56 +0.12 pm, and the areas of the nanocubes
aggregation resulted in the fibres thickening up
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Fig. 7. The XRD pattern measured for composite
fibres of Nt HCM-PVP and NiHCM bulk sample.

to 0.70 £0.14 ym. The broadening effect of the
PVP fibre diameters is up to 40% and 25%, re-
spectively, for the NiHCFe/PVP and NiHCCr/PVP
composites. Energy dispersive X-ray spectroscopy
(EDS) mapping of the thickened fragments of the
fibres presented in Fig. 5 confirmed that they
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originate from the incorporated nanocubes. More-
over, the incorporation of the cubical particles does
not disrupt the structure of the fibre, as their di-
mensions are much smaller than fibre diameters.
For both types of materials, the distribution of the
nanocubes along the fibres is not perfectly homoge-
nous, however, the diminished size of NiHCCr al-
lows for noticeably better fibre morphology, which
may have repercussions on the mechanical proper-
ties of the composite materials.

Raman spectroscopy was employed to investi-
gate the composition of obtained materials. As de-
picted in Fig. 6, the Raman spectra of NiHCCr
exhibited one prominent peak concentrated at
2175 cm ™!, corresponding to the CN vibrations of
Cr'™-C= N-Ni'". On the other hand, the Raman
spectra obtained for NiHCFe exhibited one predom-
inant peak at 2180 cm ™! originating from the CN
vibration in Fe!''-C= N-Ni'! and two additional
bands centred at 2145 cm™! and 2110 cm~'. The
presence of these weaker bands reveals a partial re-
duction of Fe and indicates the appearance of Fe?*
in the samples. The appearance of the band corre-
sponding to the CN vibrations in the Raman spec-
tra registered for composite material confirms the
effective incorporation of PBA nanoparticles into
electrospun fibres.

Figure 7 shows the comparison of the X-ray
diffraction (XRD) patterns of PVP and compos-
ites. XRD pattern of PVP confirms the amorphous
nature of this polymer, where two distinct diffrac-
tion peaks were identified within the 10-15 and
15-24 ranges. These peaks might be associated with
the two chain length and orientation, giving rise to
the existence of two distinct amorphous phases of
PVP. This observation aligns with existing litera-
ture [20, 21]. The XRD pattern of NiHCFe/PVP
and NiHCCr/PVP composites exhibits peaks from
both components, suggesting a successful blend-
ing of the two materials. The good quality of the
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obtained data also suggests a relatively high load-
ing of the PBA-type nanocubes into the PVP fibres,
observed in the distinctive colours of the electrospun
mats (Fig. 3). The additional peak in the XRD pat-
tern of NIHCCr/PVP marked by a star comes from
the silicon background.

4. Conclusions

Two types of Prussian blue analogue (PBA)
nanoparticles, namely nickel hexacyanofer-
rate (NiHCFe) and nickel hexacyanochromate
(NiHCCr), were synthesized by the citrate-assisted
co-precipitation method. The SEM images showed
uniform and cubic-shaped particles for both types
of nanoparticles. The electrospun fibres exhibited
distinctive colours based on the type of PBA
nanoparticles used. The mats were characterized
using a scanning electron microscope (SEM), X-ray
energy dispersive spectrometer (EDS), powder X-
ray diffraction (PXRD), and Raman spectroscopy.
The fibre morphology reveals differences between
NiHCFe/PVP and NiHCCr/PVP composites,
namely the incorporation of NiHCFe into PVP
fibres brings about an increase in fibre diameter.
EDS mapping confirmed the incorporation of
nanocubes in the fibres without disrupting their
structure. These results suggest the successful
synthesis and characterization of PBA nanoparti-
cles and their incorporation into composite fibres,
paving the way for potential applications in various
fields.
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