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ABSTRACT. This paper presents the solid-state synthesis of insoluble Prussian blue (Fe4[Fe(CN)s];-xH,O, PB) in a ball mill,
utilizing the fundamental components of PB. Solid-state synthesis offers several advantages, such as being solvent-free, quan-
titative, and easily scalable for industrial production. Traditionally, the solid-state synthesis of PB has been limited to the reac-
tion between iron(II/I11) ions and hexacyanoferrate(Il/II[) complex ions, essentially an extension of the solution-based co-
precipitation method to solid-state reaction. Taking a bottom-up approach, a reaction is designed where the reactants consist of
the basic building blocks of PB: Fe** ions and CN" ions. The reaction, with a molar ratio of Fe’" and CN" corresponding to
1:2.8, yields PB, while a ratio of 1:6.6 results in a mixture of potassium hexacyanoferrate(Il) (K,;Fe(CN)g), potassium chloride
(KCl), and potassium cyanide (KCN). This synthetic approach holds promise for environmentally friendly methods to synthe-
size multimetallic PB with maximum entropy in nearly quantitative yield.
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INTRODUCTION

Prussian Blue (PB, Fey[Fe(CN)g];-xH,0), a widely-used
pigment in art and dyeing, is a coordination compound
with a fascinating history of discovery and application.! In
recent years, PB and its analogs (PBAs) have been widely
studied compounds due to their interesting electrochemical,”
catalytic,’ optical,* and magnetic properties.’ Various syn-
thetic methods for Prussian Blue and PBAs have been
developed to obtain the suitable PB for a specific appli-
cation, including the co-precipitation, single-source, and
dual-source methods. The co-precipitation method, com-
monly used for synthesizing PB and PBAs, involves using
bare metal ions and a hexacyanometalate as reactants
mixed in a suitable solvent, usually an aqueous solution.®’
Another popular method is the single-source method, uti-
lizing a single precursor, a hexacyanoferrate(II/IIT) or hex-
acyanocobaltate(I1l). The presumed mechanism involves
acid-catalyzed hydrolysis and a subsequent reaction with
an unhydrolyzed hexacyanoferrate ion, yielding mono-
metallic PB or PBAs with high purity and control over
stoichiometry and morphology.®*® The dual-source method
can be used to synthesize bimetallic PBAs, involving two
different hexacyanometalate precursors mixed in an acidic
aqueous solution under elevated temperatures.'®'" This
method offers flexibility in the choice of metal ions and
stoichiometry, requiring careful optimization of reaction
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conditions for a pure product with desired properties.

In addition to solution-based synthesis, solid-state PB
synthesis is gaining attention due to advantages such as not
requiring a solvent, high reproducibility with near-quan-
titative yields, versatility in synthesizing various PBAs,
and scalability for industrial production. The major method
for solid-state PB synthesis is the ball-milling technique,
involving the grinding of reactants in a ball mill to facil-
itate the reaction. The solid-state PB synthesis is largely
limited to a method like the co-precipitation method in the
solution.'""!> In this approach, metal ions and hexacyano-
metalate in the solid state are mixed to form PBAs with
the connectivity of CN™ groups retained as follows:

YM¥ () + xM’(CN)g"(5) = M, [M*(CN)gl nH20(s) (1)

Regarding the connectivity of CN", M is coordinated to
the N of CN", whereas M’ is coordinated to the C of CN".
However, there have been no reported solid-state synthe-
ses of PB or PBAs using the most basic components of PB,
iron ion species, and cyanide ions. This novel approach pro-
vides greater flexibility in selecting the metal ion species
and the control of connectivities of CN" ligands, yielding a
product with "maximum entropy."

In this paper, an innovative solid-state synthesis method
for PB using ball-milling, employing the fundamental build-
ing blocks of Fe** and CN" as the reactants is suggested.
The resulting product was determined through meticulous
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control of the molar ratio of the reactants, and they are
characterized by employing various techniques such as X-
ray diffraction, Fourier-transform infrared (FT-IR) spec-
troscopy, and field-emission scanning electron micros-
copy (FE-SEM).

EXPERIMENTAL

All the reagents were purchased from commercial
sources and used without further purification. The diffraction
patterns were collected from 10° to 90° at a scan rate of 5°/
min with Cu K, radiation (40 kV and 30 mA) with a step
size of 0.02° on a Rigaku MiniFlex diffractometer (Rigaku
Corporation, Japan). Fourier transform infrared (FT-IR)
spectra were recorded using a Nicolet iS5 FT-IR spec-
trometer (Thermo Fisher Scientific Inc., Waltham, MA,
USA). Ball-mill syntheses were conducted with an LM-
BD4530 ball-mill with a zirconia-lined jar (LKlab Korea,
Seoul, Korea). Scanning electron micrographic images
were obtained with a JSM-IT800 FE-SEM spectrometer
(JEOL, Japan). Deionized water was purified on a new
P.Nix UP 900 water purification system with a resistivity
of 18.3 MW-cm (Human Corporation, South Korea). The
reagents used in the reaction include iron(II) chloride tet-
rahydrate (FeCl,-4H,0O CAS No.:13478-10-9) and potas-
sium cyanide (KCN, CAS No.: 151-50-8).

Synthesis of PB (1, 2, and 3)

To synthesize products 1 and 2, a zirconia-lined ball-
mill jar filled with approximately 30 zirconia balls with a
diameter of 10 mm was charged with 10.916 g (54.9
mmol) of iron(Il) chloride tetrahydrate (FeCl,-4H,0O) and
10.108 g (155 mmol) of potassium cyanide (KCN) with-
out (sample 1) and with (sample 2) a drop of conc. HCI.
The reaction mixture was ball-milled at 35 rpm for 72 h,
followed by the addition of 500 mL of 0.1 M HCI to the
ball-mill jar and another 10 min of ball-milling to wash out
the unreacted metal ions and metal oxides. The resulting
mixture was filtered and washed with deionized water and
EtOH several times. The power resultant was subse-
quently dried overnight in an oven (60 C). Product 3 was
synthesized with the same method as reaction 2 except for
the reactant ratio (Fe>":CN" = 1:6.6). The resulting product
was directly isolated from the ball-mill jar after the reac-
tion and used for the analysis with XRD and FT-IR.

XRD Pattern Acquisition

The sample was prepared by the solid-state reaction and
used as dried in an oven. Powder X-ray diffraction data
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were collected at room temperature using a Rigaku Mini-
Flex diffractometer (Rigaku Corporation, Japan) with Cu
K, radiation. The diffraction data were collected over a 20
range of 10-90° with a step size of 0.02° and a counting
time of 1 second per step.

RESULTS AND DISCUSSION

As a proof of concept, the synthesis of PB using the
reactants Fe’" and cyanide (CN") ions in a ball mill with-
out any added chemical reagents or solvent. The reaction
is expressed as follows:

7 Fe**(s) +18 CN(s) = Fey[Fe(CN)e];:xH,O(s)  (2)

Typically, insoluble PB, expressed with the formula
Fe',[Fe'(CN)]5-xH,O with varying values of x up to 16,
has a molar ratio of Fe""™:CN" equal to 7:18, or 1:2.57. In
one reaction, iron(II) chloride tetrahydrate (FeCl,-4H,0)
and potassium cyanide (KCN) were employed, and their
molar ratio was adjusted to 1:2.83, in which 2.83 is equiv-
alentto 1.1 eq. of 2.57 ratio of CN"(sample 1). This slight
excess of CN™ was introduced to potentially safeguard
against the generation of unreacted iron species in case of
a shortage of CN™ ions. In a subsequent reaction, the con-
ditions mirrored those of the preceding one, with the sole
exception being the introduction of a drop of concentrated
HCI. This addition, corresponding to a small amount, was
implemented to deter the formation of iron oxide species
(sample 2). Hereafter, samples without and with the addi-
tion of a drop of concentrated HCI will be referred to as
sample 1 and sample 2, respectively. The typical ball mill
synthesis was conducted at 35 rpm for 72 hours to ensure
the completion of the reaction.

After the reactions, samples 1 and 2 commonly exhibita
dark blue color with a powdery nature, both of which are
non-dispersible in water. They were washed with 1 M HCI
solution, distilled water, and ethanol several times to elim-
inate by-products such as the minute unreacted metal ions,
metal oxide, or potassium cyanide that might be formed during
the reaction. The appearances of the products are almost
indiscernible from each other. Surprisingly, the percent
yields of both products amount to ca. 98% based on the added
iron chloride tetrahydrates. The structures of the crystal-
line products were examined with a powder X-ray dif-
fraction (XRD) and analyzed with Rietveld refinement as
shown in Fig. 1. The results of Rietveld refinement are
shown in Table 1. The patterns match well with the pre-
viously reported pattern (JCPDS No. 01-073-0689).'® Sam-
ple 1 reveals that the structure has a face-centered cubic
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Figure 1. XRD patterns and Rietveld refinement of (a) sample 1
and (b) sample 2, respectively.

Table 1. Summary of Crystallographic Parameters for 1 and 2

Sample 1 Sample 2
MW, g/mol 1095.2 1095.2
a, A 10.18(1) 10.121(7)
a, deg 90 90
v, A3 1054.82 1036.69
Z 4 4
space group Fm-3m (225) Fm-3m (225)
Deales g/em’ 1.7239 1.7540
R, 1.380 1.366
Rep® 1.378 1.329
T, K 298 298
GOF (R\/Rexp) 1.0024 1.0562

Rop = (W™ =y V[Zwiy) ). by and 3:°* are the calculated
and observed intensities at the ith point in the profile, normalized to monitor
intensity. The weight w, is 1/0® from the counting statistics, with the same
normalization factor. N is the number of points in the measured profile
minus the number of parameters. “Re, = {N/| [Zwi(y )32

phase with a lattice constant of a = 10.18(1), with char-
acteristic peaks at 26 =17.85°, 25.15°, 35.76°, and 40.00°
in the XRD pattern. Sample 2 also exhibits the same phase
as reaction 1 with a lattice constant of a=10.121(8).
Goodness-of-fits of both compounds converge close to 1,
which reveals the coincidence of the structure with the dif-
fraction patterns. Compared to sample 1, sample 2 exhib-

its more crystallinity estimated from the higher intensity,
which reflects that adding HCI might enhance the crys-
tallinity of the products.

To investigate the crystallite sizes of the products from
the XRD patterns, Debye-Scherrer'” and Williamson-Hall
(W-H) analyses'® were carried out, and the two results were
compared. The Debye-Scherrer equation, D = KA /Bcosb,
is used to calculate the crystalline size of the nanoparti-
cles, where D is the crystalline size of nanoparticles, K
represents the Scherrer constant (0.98), A denotes the wave-
length (1.5406 A) of X-ray, and B denotes the full width at
half maximum (FWHM) of the chosen peak. Debye-Scherrer
analyses were performed on a peak corresponding to the
(002) plane with the highest intensity of all the peaks of
samples 1 and 2 to estimate the crystallite size to be 5.42
nm and 8.03 nm, respectively. W-H analysis is a simpli-
fied integral breadth method where both size-induced and
strain-induced broadening are deconvoluted by consider-
ing the peak width as a function of 20 as shown below.'®

Br cosb = g(4sinb) + KA/D 3)

where PBr is the full width at half maximum of the dif-
fraction peaks, e is the microstrain, 0 is the Bragg angle, K
is 0.98 for the nanocrystalline compounds, A is the wave-
length of X-rays, and D is the crystallite size of the com-
pound. As shown in Fig. 2, W-H analysis was carried out
to obtain the slope and y-intercept used to calculate the
crystallite sizes of samples 1 and 2. The crystallite sizes
calculated by the W-H plot are about 6.2 nm and 12.6 nm,
respectively. Even though the size difference of 2 in both
calculations is larger than that of 1, this difference is com-
mon in the methods. The crystallite size of 2 is larger than
that of 1 in both methods.
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Figure 2. Williamson-Hall (W-H) plots of sample 1 (filled squares)
and 2 (filled circles), respectively.
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Figure 3. FT-IR spectra of (a) sample 1 and (b) sample 2 in KBr
pellet, respectively.

To further confirm the synthesis of PB, Fourier trans-
form infrared spectroscopy (FT-IR) experiments were
performed. FT-IR spectra can provide information con-
cerning the vibrational frequencies of CN (vcy), which
are strongly influenced by connectivity between metal
ions and cyano ligands. Fig. 3 shows that the peak at
2076 cm ! has a broad shape, which also supports the
presence of Fe-C=N-Fe" in the products (Fey[Fe(CN)y]5-
xH,0)."

The SEM images indicate that the particles of the prod-
uct are too nanocrystalline to observe the typical cubic
particles of PB, a feature commonly seen in highly crystalline
PB. Instead, aggregated spherical particles are observed in
the SEM images, as shown in Fig. 4. These are presumed
to be an agglomeration of nanocrystalline PB particles,
consistent with the findings in the XRD analyses. Based
on the above data, it is inferred from the SEM images and
XRD pattern that even if the particles are large, they are
composed of nanocrystalline materials.

To check the effect of the molar ratio of reactants on the
final product, a reaction with the reactant ratio of 1:6.6
corresponding to 1.1 eq. of 1:6 (sample 3) was examined.
The XRD pattern of the product is quite different from those
of samples 1 and 2. The pattern was matched with the known
compounds and revealed that the pattern corresponds to a
mixture of potassium hexacyanoferrate(II) (K4Fe(CN)s)
(JCPDS No. 00-001-0877),%° potassium cyanide (KCN)
(JCPDS No. 01-080-0102),%! and potassium chloride (KC1)
(JCPDS No. 00-041-1476),** as can be seen in Fig. 5. There-
fore, the reaction equation of the reaction can be written as
follows:
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Figure 4. SEM images of (a) and (b) sample 1, and (c) and (d)
sample 2, respectively.
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Figure 5. (a) XRD pattern of sample 3 and peak assignment of
(b) K4Fe(CN)s (JCPDS No.: 00-001-0877), (c) KCN (JCPDS
No.: 01-080-0120), and (d) KCI (JCPDS No. 00-041-1476) from
top to bottom.

FeCly(s) + 6.6 KCN(s) —>
K Fe(CN)y(s) + 0.6 KCN(s) + 2 KCI(s) 4)

The formation of potassium hexacyanoferrate(Il) could
be also confirmed by the FT-IR spectrum, as shown in Fig. 6.
The peak at 2047 cm™ could be assigned as the CN vibra-
tional frequency of CN™ (vcy) in potassium hexacyano-
ferrate(I1).* This observation is quite remarkable in that
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Figure 6. FT-IR spectrum of the product in sample 3 in KBr pellet.

the final product is controlled by the choice of molar ratio
of the reactants in the solid-state reaction. The more ther-
modynamically stable PB, as evidenced by the high lattice
energy of PB,** is not generated and the kinetic product
K4Fe(CN)g is finally formed.

CONCLUSION

In summary, the application of the ball-milling tech-
nique, adopting a de novo approach for obtaining PB from
the fundamental precursors of Fe** and CN" ions with a
carefully chosen molar ratio of reactants, presents a prom-
ising method for the solid-state synthesis of PB. Utilizing
iron(I) chloride and potassium cyanide in a molar ratio of
1:2.8 yields PB, the desired product exhibiting high purity,
a uniform particle size distribution, and significant nano-
crystallinity. Crucially, the product yield was nearly quan-
titative at room temperature, underscoring the efficiency
of'the solid-state synthetic method. The effect of the molar
ratio of reactants on the final product was also investigated,
revealing significant differences in the case of sample 3,
where the Fe?":CN" ratio was 1:6.6, resulting in a mixture
of K4Fe(CN)s, KCN, and KCI. It is anticipated that this
approach will contribute to a more environmentally friendly
synthesis of PB and be employed for creating various
advanced materials, especially in the cathode materials of
lithium-ion and sodium-ion batteries using multimetallic
PBAs with maximum entropy in the future. Nevertheless,
further investigation is required to examine the impacts of
ball-mill rpm, reaction time, and the quantity of added HCI
on the resulting product. Our ongoing efforts are dedicated to
advancing research in this direction.
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