A Possible Mechanism behind the Discovery of Prussian Blue
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ABSTRACT: In this work, we synthesized Prussian Blue (PB)
by pyrolysis of nitrogen-rich organic compounds and fer-
ric/ferrous salts in the presence of alkali metal salt in inert atmos-
phere at high temperature, which was completely different from
popular method based on the reaction of ferric ions and ferrocya-
nide ions. By exploring the history of Prussian Blue and some
research results, we proposed a possible mechanism to explain the
formation of Prussian Blue. The results may provide a new insight
into the chemistry of PB. By combining the properties of PB and
carbon materials, the method may produce some interesting PB/C
composites which may be useful in different applications such as
electrochemistry.

Recent years, iron and nitrogen-codoped carbon (Fe-N-C) ma-
terials have attracted tremendous attention in oxygen reduction
reduction (ORR) electrocatalyst™? and other catalysis process®.
The Fe-N-C materials are generally prepared by pyrolysis of mix-
ture of iron, nitrogen and carbon precursors in inert atmosphere.
Nitrogen-rich organic compounds and biomass are usually used as
both carbon and nitrogen precursors. The carbon and nitrogen
could also be introduced respectively by different substances. For
example, nitrogen-rich compounds such as urea*®, dicyandi-
amide® and melamine®” always serve as nitrogen precursors. The
iron precursors are always ferric/ferrous salts. The chemical com-
position and structure of the resulted materials are always compli-
cated. For example, the iron species in these materials could be
oxides®® (Fe,0s, Fes0g), carbide®® (FesC) or in coordination
structures (Fe-Nx, x=2 or 4)***2, The nitrogen speices are always
doped in the carbon matrix in different forms such as pyridinic,
pyrrolic, grap hitic nitrogen or nitrogen oxides (N-Oy).%14

Prussian Blue was the first synthetic pigment in history and had
profound influence in the history of painting art. It also had
unique properties in various scientific fields such as electrochem-
istry and magnetism. It is generally synthesized by the reaction of
ferric ions and ferrocyanide ions. Recently, Prussian Blue was
used as precursor to prepare Fe-N-C electrocatalyst by pyrolysis
method.!>16

In present work, however, we have demonstrated that Prussian
Blue (PB) could be obtained by the pyrolysis of the mixture of
carbon, nitrogen and iron precursors when another key com-
pound—alkali metal salt—was introduced into the system. The
preparation procedure is as follows. Firstly, certain amounts of
sucrose, urea, ferric sulfate (Fex(SO4)3) and potassium sulfate
(K2S0O4) was dissolved in water to form a homogeneous solution.
The solution was then heated to evaporate the water and a black
solid was resulted. The black solid was pyrolyzed at high tem-
perature (800<C) in Argon atmosphere to obtain a black material.
The resulted material was washed by hydrochloric acid, deionized
water and absolute ethanol respectively, and then dried to get

black powder. Detailed experimental method could be found in
supporting information. The whole process could be illustrated by
Figure 1. The resulted PB dispersing in ethanol was showed in the
right of Figure 1. The X-ray diffraction (XRD) pattern of the
powder showed several strong and narrow peaks which were iden-
tical with the XRD pattern of Fe'"'s[Fe"(CN)s]s (PDF # 52-1907)
(Figure 2). It can be seen that PB was really synthesized by the
method above. For comparison, glycine was used as both carbon
and nitrogen precursor and a uniform mixture of glycine, ferric
sulfate, ferrous sulfate and potassium sulfate was also pyrolysed
in Argon atmosphere. After washing by sulfuric acid solution,
water and absolute ethanol and drying, the XRD pattern of the
resulted materials also showed characteristic peaks of Prussian
Blue (Figure 3).
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Figure 1. Synthesis of Prussian Blue by pyrolysis of sucrose, urea,
Fex(SO4)3 and K2SO4.
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Figure 2. The XRD pattern of sample prepared by pyrolysis of
sucrose, urea, ferric sulfate and potassium sulfate and the standard
XRD pattern of Prussian Blue.
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Figure 3. The XRD pattern of sample prepared by pyrolysis of
glycine, ferric sulfate, ferrous sulfate and potassium sulfate and
the standard XRD pattern of Prussian Blue.

The result was really unexpected. So what is the reason for the
production of Prussian Blue? We could find some clues from the
history of Prussian Blue.

Prussian Blue (PB), which has a chemical formula of
Fe'"'s[Fe"(CN)g]s or KFe'"[Fe''(CN)s], was the first synthetic pig-
ment in history and had profound influence in the history of paint-
ing art. It was discovered accidentally by a German colormaker
named Diesbach in 18th century (1704)"8. He was used to pro-
duce a red pigment by extracting cochineal with alum
[KAI(SO4)2212H20], adding ferrous sulfate (FeSO4) and precipi-
tating the red color by adding potash (K2COs).}” On one occasion,
he was short of potash and borrowed some from Dippel who used
the potash in production of “animal oil”. As a result, when
Diesbach added the potash from Dippel into his solution as usual
and concentrated the precipitation, he got a dark blue substance
which was well-known as Prussian Blue from that time. It is well-
known nowadays that the PB could be synthesized by mixing
solution of Fe* and potassium ferrocyanide [KsFe(CN)s]. How-
ever, in the story of discovering PB, what’s the mechanism of
forming PB? It is believed that the potash from Dippel was the
key factor. According to Alexander Kraft!® the potash that
Diesbach borrowed from Dippel had been contaminated by ferro-
cyanide, so that PB could be produced when the contaminated
potash was added into the solution containing Fe?* which could be
easily oxidized into Fe3" in air. So the key step was the formation
of ferrocyanide or more specifically, the formation of cyanide.
Why did the potash from Dippel contain ferrocyanide?

In 1724, after 20 years of the discovery of PB, Woodward pub-
lished a paPer describing a general and effective method to pre-
pare PB.1192° The method firstly calcined alkali salts with bull-
ock’s blood and then added alum and ferrous sulfate into the solu-
tion of the resulted material to get greenish precipitate. After boil-
ing the precipitate in hydrochloric solution, blue color was pro-
duced. At the same time, it was found that flesh or other substanc-
es from animals were as effective as bullock’s blood in preparing
PB.Y Because Fe?* and Fe*" (produced by oxidation of Fe?* in air)
could be supplied by ferrous sulfate, so the calcination of alkali
salts with blood or animal substances was the source of cyanide. It
is easy to conclude that the cyanide was from nitrogen and carbon
elements in these organic substances. The mechanism of cyanide
formation in the calcination of alkali salts and nitrogen-containing
organic compounds could be explained by a research of Vihi-
Savo et al.?* They found that alkali salts such as K2COs, Na,CO3
and K2SO4 could transform nitrogen species in black liquor into
cyanate in both pyrolysis and gasification processes. The study of
Dayton et al? also confirmed that in the combustion of biomass
which had high content of alkali metal elements and nitrogen
element and low content of chlorine, potassium cyanate was re-

leased as the main form of alkali metal elements. So it is possible
that in the calcination of alkali salts and N-containing organic
compounds, cyanate was firstly formed and served as an interme-
diate for the final formation of cyanide. Then the question is how
cyanate was transformed to cyanide. According to a video on
www .y outube.com?, the author firstly calcined a mixture of urea
and potassium hydroxide to synthesize potassium cyanate and
then calcined the resulted potassium cyanate with carbon. After
washing the resulted mixture by hot water, filtrating to get a clear
solution and mixing the resulted solution with a solution contain-
ing Fe?* and Fe**, it was surprising that a dark blue precipitation
of Prussian Blue appeared. We can see that the reduction ability
of carbon is so strong that it can capture the oxygen atom of cya-
nate and reduce the cyanate to cyanide at high temperature. Based
on this fact, we can deduce that when nitrogen-containing organic
compounds was calcined with alkali salts, not only cyanate was
formed, but also the cyanate was reduced to cyanide by carbon
which was formed by the carbonization of organic compounds at
high temperature in the calcination process. If iron(ll) and iron(l11)
species existed in the system, Prussian Blue could be easily ob-
tained.

According to above analysis, we can propose a possible mech-
anism to explain the formation of Prussian Blue. Firstly, carbon,
nitrogen and oxygen element in the mixture were transformed to
cyanate by the catalysis of alkali metal species. With the increas-
ing of temperature, organic compounds decomposed to release
reducing gases such as Hz and CO and eventually formed carbon
materials. The reducing gases reduced partial Fe** to Fe?* and the
carbon reduced the cyanate to cyanide. So Prussian Blue was
formed by cyanide, Fe** and Fe?*. The whole process could be
illustrated by following process and Figure 4.

CxNy O+ K204 — KOCN +C +Hy + CO +
KOCN+ C — KCN + CO

Fex(SO4)s + Ha — FeSOu+ Hz0 + SO2 +503
Fes(SO4)s + CO — FeSO4 + CO2 + SO + SOs

Fe® +Fe** + CN— — Fe''"y[Fe"(CN)e]3
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Figure 4. A possible mechanism of Prussian Blue formation in
pyrolysis process.

We can see that in our experiment, the roles of each compounds
are as follows:

(1) Sucrose or glycine: decomposing at high temperature to form
carbon and reducing gases such as H, and CO. Glycine can sverve
as both carbon and nitrogen precursor.

(2) Urea: nitrogen precursor. Nitrogen-rich organic substances
such as glycine, other amino acid or biomass can also serve as
nitrogen precursor. In the discovery of Prussian Blue by Diesbach,
it is very possible that the amino acids in the “animal oil” serve as
carbon and nitrogen precursors. However, urea is special because



it is the isomer of ammonium cyanate (NH4OCN) and it can react
with alkali salts such as Na2CO3z or K2SO4 to form sodium cyanate
(NaOCN) or potassium cyanate (KOCN).

(3) K2S04: K* can transform the carbon, nitrogen and oxygen
elements in precursors to cyanate and form potassium cyanate
(KOCN). The resulting potassium cyanate (KOCN) could be re-
duced to potassiumcyanide (KCN).

(4) Fex(SO4)s: iron precursor. Partial Fe(l11) could be reduced by
reducing gases such as Hz and CO to Fe(ll). Fe(ll) could also be
supplied by other salts such as FeSO4 or FeClz. The Fe(lll), Fe(ll)
and cyanide could combine to form Prussian Blue
(Fe"'4[Fe" (CN)e]s).

Nowadays, Prussian Blue could be prepared by potassium fer-
rocyanide and ferric salt conveniently and it seems that its original
preparation method has been forgotten. However, with the rapid
development of nanotechnology and materials science, it is possi-
ble to take advantage of the method above to achieve some inter-
esting and useful goals and functions. Our method could synthe-
size not only PB but also PB/C composites. Due to the diversity of
carbon materials such as graphene, nanotube and amorphous car-
bon, it is convenient to prepare various types of PB/C composites
for different applications such as electrochemistry by taking ad-
vantage of the properties of PB and carbon materials. For example,
it has been showed that the reduced form of Prussian Blue had
catalytic activity for reduction of oxygen and hydrogen peroxide
in acid agueous electrolyte.* The applications of PB in other
fields such as electrode materials for batteries®®?® and electro-
chemical sensors?’ have also been studied. By combining the
unique and excellent electrochemical properties of PB and carbon
materials, the resulted materials may have great potential in these
fields. In addition, by adding other transition metal elements such
as nickel, cobalt and copper, the method may be applied to pre-
pare Prussian Blue analogues (PBAs) which have attracted tre-
mendous attentions in various scientific fields.”*? The method
may be also beneficial for thereuse of biomass.

In conclusion, we have prepared Prussian Blue by pyrolysis of
carbon, nitrogen and iron precursors in the presence of alkali met-
al salt and proposed a possible mechanism to explain the for-
mation of Prussian Blue. We believe this work could supply a
new insight into the chemistry of Prussian Blue and can lead to
some interesting materials for various applications.

Supporting Information

Experiment section:

Chemicals and materials: Sucrose and FeSOa.+7H20 were

purchased from Sinopharm Chemical Reagent Co., Ltd.; urea and
K2SO4 were purchased from Shantou Xilong Chemical Co. Ltd,;

Fex(S04)s*xH20 (Fe content is 21-23 wt%) was purchased from
Beijing Zhonglian Chemical Factory; Glycine was purchased
from Tianjin Kermel Chemical Reagents Development Center.
All the chemical reagents were used as received without further
purification.

Synthesis of Prussian Blue by urea, sucrose, K;SO4 and
Fe2(SO4)s: 3.0 g of sucrose, 3.0 g of urea, 2.0 g of K2SO4 was
dissolved in 30 mL of deionized water and the solution was then
mixed with 20 mL of 0.1 mol/L Fe;(SO4)3 solution to form a uni-
form solution by magnetic stirring. In order to avoid the hydroly-
sis of Fe**, 0.5 mL of concentrated sulfuric acid (98%) was added
into the solution. The solution was heated in an oven at 40<C to
evaporate most of water and then at 100<C to evaporate the resid-
ual water and get a dark material. The dark material was then put
into a tube furnace and pyrolysed at 800<C for 2 h under Argon

atmosphere, with a heating rate of 2<C/min. After cooling, the
resulted product was washed by 1.0 mol/L chloric acid at 80<C for
8 h and then washed by deionized water and absolute ethanol
several times. The resulted product was dried in an oven at 50<C.

Synthesis of Prussian Blue by glycine, K:SO4, FeSO4 and
Fe2(SOa4)s: 3.75 g of glycine, 1.45 g of K2SO4, 0.79 g of FeSO4*
7H>0 was dissolved in 30 mL of deionized and then mixed with
18.75 mL of 0.1 mol/L Fez(SOa4)s. The solution was freezed in a

refrigerator (-18°C) for more than 24 h and then freeze dried. The

following procedure was identical with the case of urea, sucrose,
K2SO4 and Fez(SOa4)a.

XRD measurement: The X-ray radiation diffraction (XRD)
spectra were recorded on X’Pert Pro diffractormeter with a Cu Ka
radiation (A=0.15418 nm).
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