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Synthesis of uniform Prussian blue nanoparticles by
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A polyol process was applied to the synthesis of Prussian blue nanoparticles that have a narrow size
distribution. Potassium hexacyanidoferrate(i) and iron(in) nitrate aqueous solutions were introduced into
a 50% polyethylene glycol (PEG) aqueous solution under magnetic stirring at 50 °C and reacted for 48 h.

The shape of the so-obtained particles was cubic with somewhat rounded edges and the mean size was
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Accepted 21st October 2019 nm. In the formation process, nanoparticles of Prussian green, which is a partially oxidized state o
Prussian blue, were firstly generated via reduction of the precursors by PEG molecules. The Prussian

DOI: 10.1039/c9ra07080; green nanoparticles were then reduced subsequently to Prussian blue nanoparticles. Rate constants for
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1. Introduction

Prussian blue (PB) is known as a synthetic inorganic pigment
that consists of Fe** and [Fe"(CN)]*". The blue color is caused
by the intervalence charge transition (IVCT) absorption between
the Fe(u) and Fe(n).! Two types of PB, KFe™[Fe"(CN)s] and
Fe}'[Fe"(CN)s]s, have been described in the literature, and
sometimes referred to as soluble and insoluble forms of PB,
respectively, even though both forms are almost insoluble (or
sparingly soluble).?

In both the so-called soluble and insoluble forms, PB has
cubic crystal structure in which Fe** and [Fe'(CN)s]'~ are
alternatively arranged in a similar way to Na“ and CI~ in NaCl
crystals.® In the soluble form, cations, typically K, are inserted
in the interstitial position to balance the positive and negative
charges in the crystal. In the insoluble form, on the other hand,
the charges are balanced by forming vacant sites at 1/4 of the
[Fe"(CN)s]*~ positions. The intermediate Fe®*/[Fe"(CN)s]*~
ratio could be possible with insertion of corresponding number
of K'. Hence, it might be rather suitable to consider that the
soluble and insoluble forms of PB are of the stoichiometric
compositions of PB: PB may be formulated more generally as
K, Fe'[Fe"(CN)g(34xyay (x = 0 — 1).

In 1978, Neff reported that PB films indicated electro-
chromism (EC), or reversible color changes associated with
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both the reduction steps have been estimated using the time evolution of absorbance.

electrochemical redox reactions.* Assuming the soluble form,
the reaction can be expressed as

KFe"[Fe"(CN)g] + e~ + K* 2 KoFe[Fe(CN)g] (1)

The reduced form is colorless, since both irons are divalent
so that the ICVT absorption is vanished (Everitt's salt, or Prus-
sian white, PW). Another EC process is also possible by oxida-
tion from PB, KFe[Fe"(CN)s], to Prussian green,
K —xFe"'[Fe"(CN)6]n—x[Fe"(CN)e]. (PG), and finally to Prus-
sian yellow, Fe'""[Fe"(CN)q] (PY).® It should be noted that the
crystal lattice, or the framework structure of Fe-[Fe(CN)4]
bindings, is unchanged by the redox processes; K* compen-
sating the charge balance is inserted into, or excluded from, the
interstitial position of the crystal lattice.

After the Neff's report, PB has been widely studied as
a functional material not only as the EC materials® but also as
chemical sensors,” batteries/capacitors,® cation storage mate-
rials such as for H" or Cs* catalysts,** etc. Nowadays, PB
nanoparticles are also expected to apply to medical uses
including photothermal therapy, in which cancer cells are killed
by exotherm of PB by absorption of near-infrared light that is
passed into the internal body through the near-infrared window
in biological tissue.''* Especially on the medical uses, nano-
particles with a narrow size distribution would be one of the
appropriate forms of PB to be delivered to the target tissues of
human body.

Prussian blue nanoparticles can be precipitated by mixing
Fe** with [Fe"(CN)¢]*~ or Fe*" with [Fe™(CN)s]*": the latter
precipitates was called Turnbull's blue historically but it is
practically same to the former (PB) due to the nature of IVCT.*?
The reaction are instantaneous in both reactant pairs, and
usually forms quite small particles. In other words, appropriate
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ways of storing and supplying the reactants are required to
obtain well-controlled PB nanoparticles.

The synthesis procedures for PB nanoparticles may be clas-
sified by number of reactant species used, i.e. using a soluble
hexacyanidoferrate salt singly or using a pair of soluble iron and
hexacyanidoferrate salts. In the former system,"*"” hex-
acyanidoferrate ions are decomposed generating iron ions
under a certain condition, to react with the undecomposed
ones. For example, Wu et al. proposed sonochemical synthesis
from K,[Fe"(CN)], in which Fe** was produced by the decom-
position of [Fe"(CN)¢]*~ by ultrasonic irradiation in hydro-
chloric acid; the Fe*' was oxidized to Fe*' to react with
remaining [Fe"(CN)¢]'~ ions."* Alternatively, Shen et al
employed K;[Fe™(CN)] to supply Fe*", followed by reduction by
polyvinylpyrrolidone (PVP) that was contained as a protective
colloid.” Ming et al. also reported that the size and morphology
were affected by both the concentrations of K;[Fe'(CN)y] and
PVP.*® These formation processes are controlled simply through
the controlling the decomposition process, although free CN™
ions are possibly liberated as a by-product.*®

In the latter system,"”>* on the other hand, the reaction
between the pair of reactants should be prevented at first and
then triggered to start the reaction by a suitable procedure. One
of the strategies is using photoreduction of photosensitive iron
salts such as (NH,);[Fe(C,04);],*® in which Fe** ions liberated by
light irradiation react with surrounding [Fe™(CN)q]*~ ions, as
similar to a historical photographic process called cyanotype.> A
pair of Fe’" and [Fe™(CN)]*>~ salts, which forms soluble Fe**-
[Fe™(CN)s]>~ complex but hardly precipitates hex-
acyanidoferrate solid,” is also applicable; monodisperse PB
nanoparticles have been prepared by reducing the complex with
citric acid.>**!

Preventing coagulation among nanoparticles is another
important factor for nanoparticle synthesis. In addition to the
typical protective colloids such as PVP*>'*** and gelatin,”*** other
biocompatible polymers such as poly(diallyldimethylammonium
chloride),” soluble starch*® and chitosan'”** have been applied to
preparation of PB nanoparticles. Recently, Qian et al. have used
low concentration of polyethylene glycol (PEG) to a hydrothermal
synthesis of PB/Fe;O, composite particles in an ethylene glycol
medium.* The surface of PB nanoparticles are sometimes modi-
fied with more suitable molecules after the precipitation process.
For example, the PEGylation of PB surface is achieved by adsorbing
PEG molecules via oleylamine that is preliminarily adsorbed on PB
surface.””

The authors have proposed a synthesis procedure of PB
nanoparticles using gelatin as a protective colloid, in which an
aqueous solution containing Fe** and [Fe'(CN)s]>~ ions was
reduced by citric acid (CA) to form PB.**** This procedure
enabled us to prepare monodisperse PB nanoparticles of about
70 nm in the average size.” In addition, their size was
controllable by applying additional growth or enforced-
nucleation methods.** Although gelatin is an effective protec-
tive colloid, however, it has some difficulties on storing, i.e. rot
of gelatin. To elude the problem, in the present study, so-called
polyol process is applied to the synthesis of PB nanoparticles.
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Polyol process is a synthesis method that employs polyols
such as ethylene glycol and polyethylene glycol (PEG) as
a dispersing medium and/or reducing agent during formation
of nanoparticles, and has been applied to wide variety of metal
nanoparticles.”® Even Fe nanoparticles have been synthesized
from iron salts.”® In the present study, we employ PEG to the
polyol synthesis of PB nanoparticles under a simple and mild
reaction condition. The formation process is also evaluated.

2. Experimental

2.1. Materials

All reagents were purchased from Wako Pure Chemicals (Osaka,
Japan) and used as-received: Fe(NOs);-9H,0 and K;[Fe™(CN)g]
were of analytical grade whereas PEG was of practical grade.

2.2. Preparation of PB nanoparticles

In a glass vessel, 50% PEG aqueous solution was prepared by
dissolving 10 g of PEG (#20000) in 10 g of distilled water and was
kept at 50 °C in a water bath. K;[Fe™(CN)s] aqueous solution
(0.4 mol L™, 0.5 mL) and then Fe(NO;); aqueous solution
(0.54 mol L™, 0.5 mL) were introduced into the PEG solution
under magnetic stirring to start the reaction. The reacting
solution was then moved into an air-oven at 50 °C and magnetic
stirred for 48 h.

The PB particles formed were separated from the superna-
tant solution by centrifugation (10 000 rpm, 15 min). Then the
nanoparticles were re-dispersed in distilled water and centri-
fuged again: this process was repeated 4 times to wash the
particles. So-obtained particles were freeze-dried.

The crystal structure of nanoparticles was confirmed by
powder XRD analysis using Bruker D8 advance (Cu Ka radia-
tion, 2 = 1.5418 A). The shape of particles was observed with
a field-emission scanning electron microscope (FE-SEM; JEOL
JSM-6700F, operated at 15 kV; the specimens were coated with
Pt) and the size was evaluated with a transmission electron
microscope (TEM; Hitachi H-7650, operated at 100 kV).

2.3. Evaluation of formation process

Time changes of particle size, Fe content remaining in the
solution phase, and the color of dispersion were evaluated to
inspect the formation process of the PB nanoparticles. The PB
dispersion was prepared in the same manner written in Section
2.2. A portion of the reacting sol (1.5 mL) was sampled and
introduced into 28.5 mL of distilled water to dilute to 1/20. For
UV-Vis measurement, 4 mL of the 1/20-diluted sample was
diluted again to 20 mL, giving a 1/100-diluted sample of the
dispersion.

The remained 1/20-diluted sample was then centrifuged
(10 000 rpm, 15 min) to separate the precipitate from the
supernatant solution. 5 mL of the supernatant solution was
diluted to 20 mL (0.1 mol L' of HNO; was also contained) for
the determination of Fe content in the solution phase by atomic
absorption (AA) spectrometry (Varian SpectrAA55 at A =
248.3 nm with C,H,/air flame). For TEM observations, on the
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other hand, the precipitate was re-dispersed in distilled water
and centrifuged again as described above.

3. Results and discussion

Fig. 1 shows the XRD pattern of nanoparticles formed in the
polyol system using 50% PEG #20000 aqueous solution at 50 °C
for 48 h. The pattern is matched with that for a face-centered
cubic lattice, to which PB belongs. The lattice parameter,
10.13 A, is estimated from the peak positions and in good
agreement with the standard data of PB (ICDD PDF2 01-073-
0687). The half-width at 26 = 17.5° (the 200 reflection) enables
us to obtain 70 nm of the crystallite size by using Scherrer's
equation, D = KA/B cos 6, where A is the wavelength of X-ray, £ is
the half-width at the diffraction angle 6, and K is the constant
(0.9 is assumed).

Electron micrographs of the PB nanoparticles are shown in
Fig. 2. As seen in the FE-SEM image in Fig. 2(a), the PB nano-
particles are in cubic shape with somewhat rounded edges.
Mean =+ one standard deviation of the size was estimated as
77.1 nm =+ 13.4 nm from the TEM image in Fig. 2(b). The size is
similar to the previous CA/gelatin system” so that the present
PEG system can be an alternative way of PB nanoparticle
synthesis. The mean size is close to the crystallite size, sug-
gesting the particles are nearly single-crystalline. This is sup-
ported by the selected area electron diffraction (SAED) pattern
from a single particle, as shown in Fig. 3. HR-TEM image in
Fig. 4 shows fringes whose separation is 0.5 nm, which corre-
sponds to separation of adjacent {200} faces of PB. The fringes
are basically continuous although there seems to be some
imperfections.

Fig. 5 shows TEM images of PB nanoparticles at different
reaction time during the polyol process. It seems that the size of
particles increases and reaches to the final value at about 3 h;
this is quantitatively indicated in Fig. 6, where the error bars
indicate + one standard deviation of the size (histograms that
indicate the size distributions are shown in Fig. S1(a) in the
ESIt).
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Fig. 1 XRD pattern of Prussian blue nanoparticles formed by the
polyol process via reduction from Fe(NOs)s and KzlFe"'(CN)¢] in a PEG
aqueous solution (#20000, 50%) at 50 °C for 48 h. All peaks are
matched with standard ones (ICDD PDF2 01-073-0687).
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Fig. 2 (a) FE-SEM and (b) TEM images of Prussian blue nanoparticles
obtained by the polyol process with PEG #20000 (50%) at 50 °C for
48 h.

In addition, it seems to be at about 3 h that the reactants are
ran out, as also shown in Fig. 6 by time evolution of the total Fe
content (i.e. both Fe** and [Fe"™(CN)¢]*") remaining in the
liquid phase, where the value is estimated by AA spectroscopy
and normalized to the initial content. Thus it is strongly sug-
gested the particle formation itself completes in 3 h in this
condition.

Fig. 3 Selected area electron diffraction from a single PB nano-
particle obtained in PEG #20000 aqueous solution (50%) at 50 °C
for 48 h.

RSC Adv., 2019, 9, 34589-34594 | 34591
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Fig. 4 HR-TEM image of a PB particle obtained in PEG #20000
aqueous solution (50%) at 50 °C for 48 h.

The color change of sol was, meanwhile, more slowly than
the particle growth. The absorption spectra of the 1/100-diluted
samples at different times are shown in Fig. 7. The initial
brownish color was gradually turns to green, and finally to blue.
At 3 h, at which particle growth completes, however, the color
was still green; about 48 h is needed to reach the blue color. It
should be noted that after at least 3 h, color change of the
reacting sol can be considered by color change of the nano-
particles, since almost all reactants are consumed at 3 h.

These results imply that the particles firstly formed is Prus-
sian green (PG), the partially-oxidized state of PB containing
[Fe"(CN)e]'™ and [Fe™(CN)s]>~ simultaneously with Fe** and
having the same crystal lattice of PB. In fact, the shape of
spectrum at 3 h is very close to that for PG reported in litera-
ture.” Hence the formation process of the PB nanoparticles in
the present polyol system would be as follows. At very early stage
of the reaction, the reactants exist presumably in the form of
soluble Fe**-[Fe"(CN)]* complex as a precursor.>* Once Fe*'-
[Fe"(CN)]*~ units are produced by reduction, they “coprecipi-
tate” with unreduced Fe*'-[Fe™(CN)¢]>~ precursors (and some

500 nm

Fig.5 TEM images of PB particles at different reaction time during the
formation process in PEG #20000 aqueous solution (50%) at 50 °C.
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Fig.6 Time evolutions of particle size (@) and Fe amount remaining in
the liquid phase (#). Error bars for the mean size indicate +one-
standard deviation of the size distribution, where the top and bottom
figures indicate the whole and early stages of formation, respectively.
The Fe amount, relative to initial one, was evaluated by atomic
absorption spectrometry.

free ions) to generate PG nanoparticles, K,Fe""[Fe''(CN);],[-
Fe™(CN),],. The PG nanoparticle is then reduced subsequently
to PB, K(y.z)Fe"'[Fe"(CN)g]y+z), also by PEG.

Here, the value (y +z) should be in the range of for the insoluble
and soluble forms, 3/4 = (y + z) = 1, and the charge must be
balanced as x + 3 = 4y + 3z. The molar ratio of K to Fe for the
present PB nanoparticle at 48 h was estimated as 0.10 by TEM-EDX
analysis. If one assume there are no contributions of PG and PW,
this composition corresponds to Kg1gFe™[Fe™(CN)glo.s (or Koo-
Fe"[Fe"(CN)gl.). The reduction reaction from PG to PB involves
insertion of K' so that the incorporation of K" in the present PB
nanoparticles is natural.

Increase of the ICVT absorption would enable us to evaluate
the reduction kinetics of Fe*'-[Fe"(CN)s]>~ unit, regardless as
the precursor in liquid phase or as the component in PG
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Fig.7 Time change of absorption spectrum during formation process
of PB nanoparticles in a 50% PEG #20000 aqueous solution at 50 °C,
where the spectra are of 1/100-diluted samples of the reacting sol.
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nanoparticles. Fig. 8 shows the time evolution of absorbance at
730 nm of the 1/100-diluted samples. Assuming first order
reaction of Fe*'-[Fe"(CN)g]>~ concentration, the reduction rate
constants are estimated as k; = 1.8 x 10 *s ' and k, = 1.1 x
107° s ! from the slopes in Fig. S3 in ESI,T where k; and k, are
for the soluble complex form and for the PG nanoparticles
component, respectively. The reduction of PG nanoparticle to
PB ones is much slower than of the soluble precursor to PG
nanoparticles (k,/k; = 0.061).

PB nanoparticles were also synthesized with PEG #1000 for
comparison of the reaction rates. Even though increase of the
ICVT absorption continued until 6 h, as indicated in Fig. 8, the
growth of nanoparticle was completed more quickly about in
30 min, as shown in Fig. S2 in ESIT (the size distributions are
also indicated in Fig. S1(b) in ESIT). The particle size at 6 h for
PEG #1000 was 67.0 nm + 12.7 nm and the shape seems to have
rounder edges than those by PEG #20000, as shown by the TEM
image in the inset in Fig. 8. The decrease of absorbance for PEG
#1000 at 24 h from 6 h would reflect further reduction of PB to
PW.

The rate constants for PEG #1000 system are estimated as k;
=1.0x107s " and k, = 9.4 x 10> 57" (ko/k; = 0.094) from
the slopes in Fig. S3 in ESL.{ Although the reasons causing the
differences in rate constants have not been clear, the much
faster rate constants for PEG #1000 than for PEG #20000 could
be result of the difference in viscosity that affects the mobility of
molecules and/or of the difference in the content of reducing
site of PEG at the terminal position, -CH,OH.** On the other
hand, it is interesting that the k,/k; ratios are similar as 0.061
for PEG #20000 and 0.094 for #1000, implying that the forma-
tion mechanism is intrinsically same.

The great difference between k; and k&, could be due to the
difference in the state of Fe**-[Fe"(CN)]*~ unit that is to be
reduced. For k,, the Fe**-[Fe™(CN)q]*~ units exist uniformly in
the liquid phase as soluble complex, whereas, for k,, the units
are localized in the nanoparticles. Thus the frequency meeting
it to the reducing site of PEG would be quite different. In
addition, adsorption of PEG molecules on the nanoparticle
surface®' possibly retard approach of other PEG molecules.

1.0F ! : : "]
PEG #1000

Absorbance at 730nm

Time /h

Fig. 8 Effect of molecular weight of PEG on the time evolution of
absorbance at 730 nm as an indicator of color of the nanoparticles
prepared with 50% aqueous solution of PEG at 50 °C. The values of
absorbance are of 1/100-diluted samples and the inset is a TEM image
of PB nanoparticles at 6 h prepared with PEG #1000.
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Even in the previous CA/gelatin system,*® PB nanoparticles
seem to be formed via PG state as the spectrum has the
absorption band around 430 nm, which is attributed to Fe**-
[Fe"(CN)¢]*~ absorption® (see Fig. 1 in ref. 20). The increase
in IVCT absorption around 730 nm was, however, almost
corresponds to the increase in size of nanoparticles (Fig. 4 in
ref. 20). In addition, the absorption band around 430 nm was
smaller than the PEG system and was quickly disappeared
just after the completion of size increase. The smaller
molecule size of citric acid than PEG would result in the
comparable reduction rates of reactants to PG nanoparticles
and PG nanoparticles to PB ones.

The redox potential is another possible reason for the
difference among rate constants. According to a potentiostatic
deposition study, formation of a PG film from the soluble
complex occurs in the range of +0.75 to +0.88 V vs. SCE.** This
range locates, however, at almost the same potential to the
redox peak pair for the PB 2 PG conversion at around +0.8 V,
which is observed in cyclic voltammetric measurements for PB
thin films.*® Therefore the effect of reduction potential would
not be dominant on the problem of small k,/k; ratio. On the
other hand, reductions of PG nanoparticles to PB ones and PB
nanoparticles to PW ones, as observed for PEG #1000, are likely
to be discussed in terms of reduction potential since the redox
peak pair for the PB 2 PW conversion locates at about +0.2 V.**

In the present study, PEG #20000 has been mainly employed
because of formation of the sharper edged nanoparticles, in
addition to advantages in inspection of the formation process
with the enhanced reduction rate difference. The slow rate of
the second reduction step enables us to control the color of
particles in the range from green to blue. On the other hand,
PEG of lower molecular weight would be preferred to prepare PB
nanoparticles for application usages, due to shorter reaction
time required. In the future study, the reduction process should
be investigated more precisely, since the present estimations
are based on some assumptions with limited numbers of
absorbance data.

4. Conclusions

In the present study, we have shown that the polyol process
using PEG aqueous solution enable us to obtain uniform PB
nanoparticles, where PEG molecules act as a dispersing agent
for the nanoparticles formed, in addition to as a reducing agent
for the precursor, presumably soluble Fe*'-[Fe"™(CN)s]*~
complex. The PB nanoparticles formed at 50 °C with PEG
#20000 were in almost single crystalline and in cubic shape with
about 77 nm in the mean size. The IVCT absorption continued
increasing until at 48 h even though the precipitation of
nanoparticles was completed until at 3 h, suggesting that PG
nanoparticles, a partially oxidized state of PB, are firstly formed
by reduction of the precursor, followed by further reduction of
the PG nanoparticles to PB ones. Molecular weight of PEG
affects both the reduction rates. The reduction rate constants
have been estimated on the basis of time evolution of the IVCT
absorption.
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