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Abstract The thermal decomposition of Prussian blue

(iron(III) hexacyanoferrate) under inert atmosphere of

argon was monitored by thermal analysis from room tem-

perature up to 1000 �C. X-ray powder diffraction and 57Fe

Mössbauer spectroscopy were the techniques used for

phase identification before and after sample heating. The

decomposition reaction is based on a successive release of

cyanide groups from the Prussian blue structure. Three

principal stages were observed including dehydration,

change of crystal structure of Prussian blue, and its

decomposition. At 400 �C, a monoclinic Prussian blue

analogue was identified, while at higher temperatures the

formation of various polymorphs of iron carbides was

observed, including an orthorhombic Fe2C. Increase in the

temperature above 700 �C induced decomposition of pri-

marily formed Fe7C3 and Fe2C iron carbides into cement-

ite, metallic iron, and graphite. The overall decomposition

reaction can be expressed as follows: Fe4[Fe(CN)6]3�
4H2O ? 4Fe ? Fe3C ? 7C ? 5(CN)2 ? 4N2 ? 4H2O.

Keywords Insoluble Prussian blue � Iron carbide � XRD �
Calcination

Introduction

The Prussian blue (PB) complex salt was unwittingly

produced by a painter in the beginning of the eighteen

century. From this day until now, PB has been employed in

a wide range of applications in industry, pharmaceutics,

and science. Prussian blue, ‘‘insoluble’’ PB, iron(III)

hexacyanoferrate or ferric ferrocyanide are usually the

names of this ferrocyanide compound. PB has an ideal

chemical formula of Fe4
III[FeII(CN)6]3�xH2O with the Fm-

3m space group [1], where Fe2? ions are found in a low-

spin (S = 0) state and Fe3? ions are found in a high-spin

(S = 5/2) state. PB shows a ferromagnetic behavior below

its Curie temperature TC = (5.5 ± 0.5) K [2].

Physicochemical properties of PB have been investi-

gated by several experimental techniques including

infrared spectroscopy [3], X-ray diffraction [4], and

Mössbauer spectroscopy (MS) [2, 6, 7]. These investiga-

tions were devoted to structural analysis [1, 8, 9],

synthesis [10–12], magnetic properties [13], applications

[14–16], PB-based analogs [17, 18], and some of them

have been focused on behavior of PB at high tempera-

tures [5, 6, 19].

In general, when hexacyanoferrate compounds contain-

ing crystalline water are heated, one endothermic effect

(always below 200 �C) corresponds to a release of the

water molecules. Afterward, the thermal decomposition

occurs at higher temperatures depending on the composi-

tion of the starting compound [20]. According to De Marco

[20–23], Brar [24], and Lehto [25] the decomposition of

hexacyanoferrate compounds in air occurs with an exo-

thermic effect and accompanied by a release of gaseous

products ((CN)2 or HCN). Finally, the oxidation of iron

cations leads to the formation of iron oxides as common

decomposition products [19, 24–27].
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One of the oldest works on thermal decomposition of

hexacyanoferrate in vacuum was reported by Gallagher and

Prescott [28]. They studied thermal decomposition reac-

tions of europium hexacyanoferrate(III) and ammonium

europium hexacyanoferrate(II) compounds resulting to Eu

hydroxide and Fe(CN)2. Further decomposition of Fe(CN)2

to Fe3C and finally to metallic iron has been confirmed.

Cosgrove et al. [18] studied thermal behavior of Prussian

blue up to 530 �C in vacuum and in air using thermal

analysis, X-ray diffraction, and MS. According to Möss-

bauer spectra, they identified the changes in iron sites with

a temperature before and after cyanide release taking place

around 290 �C. The reversibility of the process was proved

only if the sample was heated at temperatures below

450 �C. Finally, the authors concluded that the structure of

PB heated in vacuum up to 450 �C was partially destroyed

and crystalline ferrous ferrocyanide with undetermined

crystal structure was formed. On the other hand, when the

PB sample was heated in air at 410 �C they obtained

magnetite in addition to the above-mentioned phases.

Other study on PB thermal decomposition carried out in

argon [5] described the simple mechanism toward Fe3C,

graphite and nitrogen as the final products. Years later,

Inoue et al. [6] published the Mössbauer characterization of

thermal decomposition products of PB in vacuum. In this

paper, Inoue et al. explained the thermal behavior of the

dried PB from 200 to 350 �C and assumed that changes in

Mössbauer parameters above 250 �C corresponded to a

flipping of cyanoligands or an existence of mixed-valence

states. Therefore, it is clear that a full decomposition of PB

has not been achieved at such low temperatures. Thus, one

can see from the literature overview that the behavior of PB

at high temperatures is not still completely understood. In

order to fill this knowledge gap, this study is focused to

describe the thermal behavior and elucidate the decompo-

sition mechanism of PB at temperatures up to 1000 �C

under an inert atmosphere.

Materials and methods

Starting material and sample preparation

The insoluble Prussian blue (Fe4[Fe(CN)6]3�xH2O) nano-

particles (60–80 nm) used in this study were manufactured

by Sigma Aldrich. The Prussian blue nanopowder (PB) was

heated up to different temperatures in argon atmosphere

(gas flow of 30 mL/min, protective gas flow of 10 mL/min

(Ar)), inside of an opened alumina crucible. The heating

rate was 10 �C/min and the mean mass of the samples was

16 mg. The heat treatments of the samples were performed

using a thermal analyzer (STA 449 C Jupiter, Netzsch)

enabling simultaneous thermogravimetric analysis (TG)

and differential scanning calorimetry (DSC). The analyzer

is coupled to mass spectrometer (QMS 403 Aëolos, Net-

zsch) for the analysis of evolving gases (EGA) during the

decomposition reaction. The PB was heated up to follow-

ing temperatures: 400, 670, and 1000 �C. They were

labeled as PB1, PB2, and PB3, respectively.

Samples characterization

All the samples were characterized by X-ray powder dif-

fraction (XRD) and transmission 57Fe MS. XRD patterns

were recorded with a PANalytical X’Pert PRO MPD dif-

fractometer (Co Ka radiation) in the Bragg–Brentano

geometry, equipped with an X0Celerator detector and pro-

grammable divergence and diffracted beam anti-scatter

slits. The samples were placed on a zero-background Si

slide, gently pressed and scanned with a step size of 0.017�,

and with angular range from 10� to 90�. The identification

of crystalline phases in the recorded XRD patterns was

performed using the High Score Plus software (PANalyti-

cal) in conjunction with PDF-4? database.

Transmission 57Fe MS (1024 channels) was carried out

in a constant acceleration mode using a 57Co gamma

source in Rh matrix at room temperature (RT). The spec-

trometer was calibrated with a a-Fe foil, and the isomer

shift (IS) values were expressed with respect to metallic a-

iron at room temperature. The spectra were folded and

fitted by Lorentz functions using the computer program

CONFIT2000 [29]. Relative contents of iron-bearing pha-

ses are expressed through atomic percents given from a

relative area of a given subspectrum.

Results and discussion

Characterization of PB samples

The PB sample was characterized by XRD and 57Fe MS.

Both techniques proved that the initial Prussian blue sam-

ple contained an admixture of a minor phase (*3%)

identified as mineral jarosite ((K,Na)Fe3(SO4)2(OH)6). The

Mössbauer spectrum was fitted with two doublets and one

singlet (Fig. 1). The singlet and the major doublet corre-

spond to low-spin (LS) ferrous ions octahedrally coordi-

nated to six C atoms (IS = -0.14 mm/s, 50.6%) and high-

spin (HS) ferric ions octahedrally coordinated to six N

atoms (IS = 0.41 mm/s, QS = 0.17 mm/s, 47.0%) in

Prussian blue, respectively. The minor doublet corresponds

to ferric ions (IS = 0.32 mm/s, QS = 1.13 mm/s, 2.4%) in

octahedral site of jarosite [30].
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Thermal behavior of PB

Simultaneous TG and DSC analyses under argon atmo-

sphere up to 1000 �C (Fig. 2) showed four decomposition

steps: I (67–262 �C), II (262–377 �C), III (377–707 �C),

and IV (707–1000 �C). In step I, the mass decrease

(7.62%) was assigned to water loss from the PB structure,

accompanied by an endothermic peak at 178 �C in DSC

graph and a wide peak with a centroid at 210 �C in the

evolved gas analysis graph (not displayed). The number

of water molecules per one molecule of PB was deter-

mined as four from TG. The mass losses detected within

the steps II (14.75%) and III (23.02%) correspond mainly

to a release of cyanide groups from the PB structure at

average temperatures of 308, 352, 608, and 643 �C

(Fig. 2), accompanied by endothermic reactions (I: 318

and 348 �C, II: 613 and 643 �C). In step III, in addition to

(CN)2 emission a release of nitrogen at 693 �C accom-

panied by an endothermic reaction has been detected. On

the other hand, a consumption of nitrogen represented by

a downward peak at 358 �C can not be related to the

decomposition reaction but it only indicates the detection

of other new formed gas by the mass spectrometer, which

for a moment changes relative concentrations of the

gases. Moreover, an irregular release of carbon dioxide,

which was probably adsorbed from air by the surface of

the PB sample before the measurement of thermal anal-

ysis, was detected by EGA (not displayed) within the

measurement.

Sample heated up to 400 �C

The thermal analysis finished at 400 �C (sample PB1)

shows that the original structure of PB released all of its

structural water (4H2O) and six (CN)- groups, i.e., 3(CN)2

in gaseous form (cyanogen). Temperature of crystal water

release (210 �C) agrees well with other thermal studies of

PB and PB analogs [5, 18].

The evident change in PB structure has been observed in

both XRD pattern (Fig. 3) and Mössbauer spectrum

(Fig. 4a) of PB2 (‘‘as-prepared’’ sample), however, the

spectral components of the original PB (*25%) are still

present. Unfortunately, it was not possible to find any pat-

tern in the PDF-4? database, which matches the diffraction

lines of the newly formed phase (Fig. 3). Given that some of

these compounds are unstable, the same sample was char-

acterized again after one and half year (‘‘aged’’ sample) to

verify its stability. This new XRD pattern is slightly dif-

ferent from the ‘‘as-prepared’’ PB2 sample. The cell group

and cell parameters of those unknown phases were calcu-

lated with Fullprof 2000 software [31]. It was found that

both phases show a monoclinic structure with space group

P 2/m, nevertheless a difference in the cell parameters

confirms the instability of the structure (see figures S1 and

S2 on supporting information).
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RT Mössbauer spectrum of PB2 consists of six spectral

components (Fig. 4a), of which the singlet L1 and one

doublet D1 belong to the starting PB (Table 1a). The

increase in the quadrupole splitting (QS) value of D1

doublet agrees with the change in the environment of Fe3?

(HS) due to a dehydration process in Prussian blue [6]. D2

doublet has typical values for LS ferric iron octahedrally

coordinated to six carbon atoms in M3[Fe(CN)6]2 structures

[32]. D3 doublet has the IS and QS values very close to

those for Fe2? HS in K2Fe[Fe(CN)6] (IS = 1.09 mm/s,

QS = 0.45 mm/s) [33]; a doublet with similar values of IS

and QS were also obtained from pyrolyzed soluble Prussian

blue (FeK[Fe(CN)6]�xH2O), and aged Prussian brown

(Fe(H3O)[Fe(CN)6]�xH2O). Mössbauer parameters of D4

and D5 doublets are comparable with those of ferrous tri-

valent hexacyanides (Fe3[MIII(CN)6]2�xH2O), which have a

cubic structure and two different iron environments [34].

The doublets D2 and D4 show hyperfine values corre-

sponding to flipping of cyano ligands in PB structure as

proposed by Inoue et al. [6]. In our case this indicates the

change in the crystal structure of PB after the beginning of

its decomposition. Our Mössbauer spectrum resembles the

spectrum measured on a PB sample heated up to 460 �C in

a vacuum by Cosgrove et al. [18]. They suggest the for-

mation of ferrous ferricyanide after heating when PB has

released cyanide groups. Ferrous ferricyanide is not a sta-

ble compound; therefore the newly formed compound may

be a different one with no cubic structure. With respect to

the IS values, the doublets D2 and D3 correspond to iron

atoms octahedrally coordinated with six carbon and nitro-

gen atoms, respectively. From relative areas of subspectra,

it is possible to determine the relation between ferric and

ferrous ions as Fe3?/Fe2? = 0.89. Thus, a possible

arrangement of iron atoms can be expressed as

Feþ2
1:2Feþ2

1:8½Feþ3ðCNÞ6�2, where LS Fe3? is identified by D2

component, and HS Fe2? is identified by D3, D4, and D5

subspectra.

The Mössbauer measurement of the aged PB1 sample

(Fig. 4b; Table 1b) also revealed that the structure did not

remain stable. The change is reflected by an absence of D4

and D5 doublets, but a presence of a new doublet with the

hyperfine parameters typical for a mixed-valence state and

the second singlet with the IS peculiar to low-spin ferrous

ions. The aging process is thus based on a slow oxidation of

the sample.

Sample heated up to 670 �C

Three crystalline phases including Prussian blue,

Eckström-Adcock carbide (Fe7C3, space group P63mc) and

iron carbide (Fe2C) have been identified by XRD (Fig. 3).

The latter phase is predominant and the corresponding

diffraction lines match for two patterns in the database, the

first one is a pseudo-hexagonal e0-Fe2C and the second one

is an orthorhombic Fe2N. Nevertheless, there are still a few

more diffraction lines in the diffractogram that could not be

assigned to any pattern in the database.

The very complex RT Mössbauer spectrum of PB2

sample was fitted by five sextets, three doublets, and one

singlet (Fig. 5, Table 2). S1, S2, and S3 sextets were

ascribed to three non-equivalent positions of iron atoms in

the hexagonal structure of Fe7C3 (sum of sub-spectral

areas: 10.3%) [35]. Literature values for the hyperfine

interactions of Fe7C3 were taken from Lodya’s and

Yamada’s papers [36, 37]. L1 singlet and D3 doublet

show the hyperfine parameters typical for anhydrous

Prussian blue. Relatively low areas of L1 and D3 sub-

spectra (together 11.6%) point out that decomposition of

the Prussian blue is almost completed at this temperature

(670 �C).
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Sextets S4 and S5 (Fig. 5; Table 2) can be attributed to a

major Fe2C compound, which could have pseudo-hexago-

nal or orthorhombic structure (sum of sub-spectral areas:

56%). Although it is known that hexagonal iron carbides

and iron-nitrides are isostructural [38], the orthorhombic

f-Fe2C (Pbcn space group) is almost unknown being in

many cases incorrectly identified as pseudo-hexagonal e0

phase [39–42]. Comparing the hyperfine parameters with

those reported for Fe2C, we can find a slight disagreement

in the values of the hyperfine magnetic field. The values

obtained in our work (14.4 and 11.7 T) are smaller than

those usually measured for hexagonal e-carbides (between

17 and 24 T). The lowest hyperfine magnetic field of 17 T

has been obtained by Niemantsverdriet et al. [40] and

Amelse et al. [41]. The reason for a smaller hyperfine field

given by Le Caër et al. [42] is an alternative ordering of

iron and carbon atoms in the structure or a different crys-

talline symmetry. Niemantsverdriet et al. [40] also mea-

sured the XRD pattern of this carbide, and they obtained

Table 1 Mössbauer parameters of the PB1 sample (400 �C): a)

‘‘as-prepared’’ and b) aged

Iron state ISa/mm s-1 QS/mm s-1 W/mm s-1 Area/%

(a)

D1 Fe3? HS 0.38 0.40 0.47 14.7

D2 Fe3? LS -0.17 0.24 0.32 34.6

D3 Fe2? HS 1.16 0.35 0.32 22.4

D4 Fe2? HS 1.30 1.00 0.44 15.3

D5 Fe2? HS 1.26 2.24 0.37 1.4

L1 Fe2? LS -0.14 – 0.32 11.6

(b)

D1 Fe3? HS 0.40 0.36 0.41 14.9

D2 Fe3? LS -0.16 0.26 0.32 36.4

D3 Fe2? HS 1.16 0.36 0.35 22.0

D4 Fe2?/3? HS 0.77 0.16 0.42 14.9

L1 Fe2? LS -0.14 – 0.32 11.8

IS isomer shift (±0.01), QS quadrupole splitting (±0.01), W experi-

mental line width (±0.01), Area (±0.5), D doublet, L singlet, HS high

spin, LS low spin
a Relative to metallic iron (a-Fe)
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practically the same diffractogram as described by Barton

and Gale [39], and which is also shown in our work (Fig. 3,

sample PB2). Thus, both S4 and S5 sextets can be ascribed

to an orthorhombic f-Fe2C. The broader lines and smaller

hyperfine field of these sextets indicate some kind of a size

distribution of the iron carbide particles.

The doublets D1 and D2 could not be directly assigned

to any phase. They might be a result of the formation of

other phases, or they could belong to a cyanide compound

of the type Fe3
II[MIII(CN)6]2.

Sample heated up to 1000 �C

Metallic iron with bcc and fcc lattice (a and c, respec-

tively), cementite h-Fe3C (orthorhombic, Pnma space

group), graphite (hexagonal, P63mc space group) and a

small amount of magnetite Fe3O4 (*4 wt%), were the

phases identified by XRD on sample PB3. The quantitative

results obtained by Rietveld refinement of the respective

XRD pattern are shown in Table 3. The aforementioned

phases, except carbon, were also identified by MS; fur-

thermore it was possible to reveal by MS that the gamma

iron phase is not pure metallic iron, but fcc iron with

carbon structural inclusions, i.e., austenite phase, as has

been clearly indicated by the presence of a doublet sub-

spectrum with IS close to zero (Fig. 6; Table 4). The

estimation of a content of carbon atoms in the structure

(0.93 wt%) was calculated according to the relationship

given by Ron [43]. Magnetite identified by XRD and MS

appears owing to an oxidation of metallic iron.

Overall mechanism of thermal decomposition

Within the first step, four water molecules are released

from the crystal structure of PB:

Table 2 Mössbauer parameters of sample PB2 (670 �C)

Phase ISa/mm s-1 QS/mm s-1 W/mm s-1 B/T Area/%

S1 Fe7C3 0.23 -0.13 0.30b 22.7 3.2

S2 Fe7C3 0.04 0.04 0.30b 19.2 2.6

S3 Fe7C3 0.16 0.00 0.30b 15.1 4.5

S4 Fe2C 0.21 -0.02 0.45 14.4 30.5

S5 Fe2C 0.26 0.08 0.73 11.7 25.5

D1 Fe2? 1.27 2.96 0.39 – 10.7

D2 Fe2? 0.91 1.18 0.36 – 11.4

D3 PB 0.39 0.52 0.36 – 5.9

L1 PB -0.10 – 0.27 – 5.7

IS isomer shift (±0.01), QS quadrupole splitting (±0.01), W experimental line width (±0.01), B hyperfine magnetic field (±0.1), Area (±0.5),

S sextet, D doublet, L singlet
a Relative to metallic iron (a-Fe)
b Fixed value
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Table 3 Results of Rietveld refinement for the PB3 sample

(1000 �C)

Phase Weight percentage/%

a-Fe 22.8 (1)

c-Fe 26.3 (1)

Fe3C 38.3 (2)

Fe3O4 3.9 (1)

C 8.7 (3)

The number in parentheses denotes the uncertainty of the last digit

(v2 = 2.52)
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67�262 �C: Fe4½Fe(CN)6�3 � 4H2O!
Fe4½Fe(CN)6�3 þ 4H2O ð1Þ

The second decomposition step is accompanied by a

formation of a ferricyanide phase, which could not be

found in the PDF database. According to the model

constructed from the analysis of the Mössbauer spectrum of

the PB1 sample, it is possible to suggest the following

equation:

67�377 �C:Fe4½Fe(CN)6�3 � 4H2O! 0:26Fe4½Fe(CN)6�3
þ 0:74ð7=5 FeII

3 ½FeIIIðCNÞ6�2 þ 3=5 (CN)2Þ þ 4H2O

ð2Þ

This equation, expecting the formation of the ferricyanide

compound with three structural positions of high-spin

ferrous ions, however, does not satisfy the mass loss

determined from TG and emission of three moles of (CN)2

as determined from EGA. In fact, the mass loss calculated

from this reaction is only 9.1%.

In accordance with the overall mass loss of 45.39%

determined from TG during the steps I, II, and III (from 67

to 707 �C), a release of 4 mol of H2O, 4 mol of N2, and

5 mol of (CN)2 by the decomposition of 1 mol of PB can

be considered (see Eq. 3). The theoretical mass loss is then

Dmth = 47.7%. Importantly, while the emission of 3 mol

of (CN)2 during the step II results only to the structural

change of the PB compound, the release of next 2 mol of

(CN)2 during the step III is accompanied by a total

decomposition of PB toward iron carbides and graphite.

Taking into account the Mössbauer spectral areas of Fe7C3

and Fe2C (Table 2), we can calculate corresponding coef-

ficients for solid decomposition products in Eq. 3.

67�707 �C: Fe4½Fe(CN)6�3 � 4H2O!
3Fe2C þ 1=7 Fe7C3 þ 32=7 C

þ 5(CN)2 þ 4N2 þ 4H2O ð3Þ

Within the step IV (from 707 to 1000 �C), the solid-state

decompositions of Eckström-Adcock carbide (Fe7C3) as

well as Fe2C carbide to Fe3C carbide (cementite) and

graphite take place (Eckstrom and Adcock [44], Cohn and

Hofer [45]):

3Fe7C3 ! 7Fe3C þ 2C ð4Þ
3Fe2C! 2Fe3C þ C ð5Þ

The cementite is further decomposed into metallic iron and

graphite. The quantitative analysis of the XRD pattern

(Table 3) and relative areas of the Mössbauer spectrum

(Table 4) of the PB3 sample (the minor admixture of

magnetite has been neglected) then gives an overall

equation for the carbides decomposition:

3Fe2C þ 1=7Fe7C3 þ 32=7C!

Fe3C þ 4ða; cÞ � Fe þ 7C ð6Þ

Conclusions

Thermally induced decomposition of an insoluble Prussian

blue (Fe4[Fe(CN)6]3�4H2O) under inert atmosphere con-

sists of three main steps. After the dehydration, a restruc-

turation of the original crystal lattice accompanied by the

changes in valence and spin states of iron atoms and release

of cyanogen—(CN)2 take place. Above 400 �C, the

decomposition of PB is finished resulting to iron carbides

and graphite. The increase of temperature up to 1000 �C

induces the formation of metallic iron, cementite and

graphite. The overall decomposition reaction can be

expressed by the following equation:

1000 �C: Fe4½Fe(CN)6�3 � 4H2O! 4ða; cÞ � Fe

þ Fe3C þ 7C þ 5(CN)2 þ 4N2 þ 4H2O ð7Þ

More detailed characterization of the ferrocyanide inter-

mediate, which was found to be unstable in an opened air,

is a subject of future investigations.

Table 4 Mössbauer parameters of the PB3 sample (1000 �C)

Component ISa/mm s-1 QS/mm s-1 W/mm s-1 B/T Area/%

a-Fe -0.02 0.00 0.34 33.0 26.3

h-Fe3C 0.17 0.02 0.37 20.7 35.2

Fe3O4 (tet) 0.29 0.01b 0.32b 48.7 1.9

Fe3O4 (oct) 0.61 0.02b 0.31b 45.9 1.8

c-Fe(C) -0.01 0.54 0.73 – 14.8

c-Fe -0.11 – 0.28 – 19.9

IS isomer shift (±0.01), QS quadrupole splitting (±0.01), W experimental line width (±0.01), B hyperfine magnetic field (±0.1), Area (±0.5)
a Relative to metallic iron (a-Fe)
b Fixed value
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XRD measurements, Martin Heřmánek for TG measurements, Jana
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2. Ito A, Suenaga M, Ono K. Mössbauer study of soluble Prussian

blue, insoluble Prussian blue, and Turnbull’s blue. J Chem Phys.

1968;48:3597–9.

3. Wilde RE, Ghosh SN, Marshall BJ. The Prussian blues. Inorg

Chem. 1970;9:2512–6.

4. Weiser HB, Milligan WO, Bates JB. X-ray diffraction studies on

heavy-metal iron-cyanides. J Phys Chem. 1942;46:99–111.

5. Allen JF, Bonnette AK. Thermal decomposition of Prussian blue:
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