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Perspective cathode materials: Prussian Blue and its analogues

Prussian White Prussian Blue Prussian Yellow
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Pristine PW material has
cubic morphology.

Milling program in planetary
mill:
1h, 3h and 6h, ®w=600rpm.

Milling was carried out with
acetone to obtain a more
homogenized sample.

The destruction of cube-
shaped particles occurs as
milling time increases.




Structural study. XRD spectra of pristine and milled PW samples. Phase analysis.
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2D evolution of XRD patterns from the pristine PW and 6h-milled
PW powders during heating up to 2502C in vacuum
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Beryllium window

| = e 2D map plot of X-ray diffraction 2D evolution of XRD patterns from
L g F patterns of the 6h-milled PW the 6h-milled PW powders during
st S —seur - electrode during electrochemical heating up to 2502C in vacuum
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PW/KetjenBlack/PVDF: 70/15/15

C-rate is a measure of the rate at which a battery is | A 1C rate means that the discharge current will

discharged relative to its maximum capacity. | discharge the entire batteryin 1 hour. 6
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4.

. d-R phase fraction: {

w Samoylova NY, Donets ME, Vasin

RN, et al. Correlation between

. The original PW contains several structural phases: structure, microstructure and
rhombohedral phase (“R”) ~ 55% electrochemical properties of
cubic phase ~4.09%, Prussian white cathode material

for sodium-ion batteries.

Nano Research, 2025, 18(4):
94907280. https://doi.org/10.2
~ 52% for 1h and 3h of milling 6599/NR.2025.94907280

~ 65% for 6h of milling

small amount of another rhombohedral phase (dehydrated “d-R”) ~ 4%

. As aresult of the release of water from the structure, the cubic phase transforms into the dehydrated

rhombohedral phase.

The initial capacity of an electrode based on PW Oh at a rate of 0.1C is 150 mAh/g, compared to a
theoretical capacity of 170.8 mAh/g.

0.1C - 2C: electrodes based on milled PW powders show a capacity slightly lower than the capacity of
the original, irregularly depending on the grinding time.

5C, 10C: milled PW electrodes show a consistently higher capacity compared to the original PW
electrode - the longer the milling time, the higher the capacity.
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Na-ion battery working principle
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Terrestrial abundance of elements

Abundance, atoms of element per 10° atoms of Si

Rock-forming elements 'l

1

1

1

1

1

™1

.

Major industrial metals in red :

Precious metals in purple -g

Rare-earth elements in blue b
] 1 1 1 1 1 1 ] 1
10 20 30 40 50 60 70 80 90

Atomic number, Z

DOI: 10.1093/nsr/nwab050

oo

e l\
I

12,000
10,000
8,000

1 6,000

4,000

Abundance in seawater (ppm)

2,000
0.17 ppm

0.002 %
0

d

DOI: 10.3390/batteries6010011

400

&

=l

K

380
e

NN W W s S
(¥ ] w U

n
Percent of earth's crust

o o =
(¥}


http://dx.doi.org/10.1093/nsr/nwab050
http://dx.doi.org/10.3390/batteries6010011

C-rate in electrochemical cycling

A C-rate is a measure of the rate at which a battery is

Prussian White, 180°C, 70-15-15
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Prussian Blue and analogues

O - Fe(CN), vacancies
y — number of Fe(CN), vacancies
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PBAs are a class of transition metal cyanides, and their general
chemical formula can be expressed as A,M[M'(CN)¢],,.,-mH,0
(0<x<2,y<1), where A is an alkali metal element (Li, Na, and
K); M is a transition metal element such as Fe, Mn, Co, Ni, and
Cu; M’ is usually Fe, and [] stands for M'(CN), vacancy.

(8,25]

Prussian blue is an inorganic complex salt
containing two differently charged iron ions
Fe?* and Fe3*+ and the negatively charged
hexacyanoferrate ions [Fe(CN).]*

{ CN \
Fe(III) Ne. N H,0O
Fe II *X
CN



Structural study. XRD spectra of pristine and milled PW samples. Phase analysis.
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Results of Rietveld analysis for the pristine, 1h-milled, 3h-milled, 6h-milled amd 6h-milled PW,

Pristine, Th-milled, 3h-milled, 6h-milled, 6h-milled, not
dried dried dried dried dried
“R” phase, sp. gr. R3

Vol.content, % 67.2+2.4

a, 7.474+0.001
c, 17.647+0.002
<Cryst. size>, > 2000

“d-R" phase, sp. gr. R3

Vol. content, % 41.4+1.] 36.0+1.1 47.3+12

a, 6.560+0.002 6.565+0.002 6.567+0.001
C, 18.928+0.008 18.956+0.009 18.911£0.007
<Cryst. size>, 344412 34145 350+8

First cubic phase, sp. gr. Fm3m

Vol. content, % 28.8+1.0 37.3+1.0 29.8+1.8 19.7+0.9 36.4+4.0

a, 10.415+0.00]1 10.391+£0.00]1 10.360+0.001 10.348+0.001 10.374+0.002
> 2000 >2000 1620110 1670210 1630£410
Vol.content, % 18.9+1.2 321419 3l.ox1.4 61.3+6.7

a, 10.323+0.003 10.346+0.003 10.314+0.003 10.399+0.003
<Cryst. size>, A 46917 1907 17315 250+20

VOI content, % 4.0+0.4 2.4%0.3 2.1+x0.3 1.4+0.3 2.3+x0.8

5.510+0.003 5.515+0.004 5.519+£0.005 5.502+0.005 5.502+0.005

_ Overall refinement quality

' o2 ErG 1Nz 1A/




(a) Volume of nitrogen absorbed on the PW samples’ surface vs. relative pressure P/P,,.
(b) BET plots with the linear fits for the non-milled and milled PW samples.
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The surface area of the pristine and milled samples was determined from gas
absorption experiments using BET analysis.

The ball milling increases the surface area of the powder from 34.29 m2/g for the non-
milled sample to 47.94 and 53.68 m?/g for the 3h- and 6h-milled samples, respectively. @
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2 ctaguu uHTepKaaanuu Na+ B CTpyKTypy:
~3.1V mmzkoBonbsrHOE mIato, OBP HS-
Fe2+/3+ B oxTasapax FeNg

~3.3V BrICOKOBONETHOE I1aTtHO, OBP LS-
Fe2+/3+ B oxrasapax FeCg

bonpmas pa3uuma M/y HCXOTHBIM U
nepemMoaoTbiMu PW B MHTEHCUBHOCTSX MUKa
HS-Fe

Mex. nepemoit: 1) obneryaer nuddy3uro
Na+; 2) yBeanuuBaeT ILIONAab ITOBEPXHOCTH
C HE OKHCJICHHBIM HS-Fe — MHTEeHCHUBHBIM
nuk OB moTeHIana Bo BpeMsl SJICKTPOXHM.
IIUKIAPOBAHMUS.

IIceBnoemMkocTHOM 3 d-T (HaKOIICHUE
3apsA0B KAaTHOHOB OT (papageeBCKUX
IIPOIECCOB HAa MOBEPXHOCTH ) KOHTPOIUPYET
OB npouecc LS-Fe, cnocobcTByeT styutiemy
IUKJIUPOBAHMIO IIEPEMOJIOTOr0 MaTepuaja Ha

BBICOKHUX CKOPOCTSIX.
19
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Prussian White and Prussian Blue

O - Fe(CN), vacancies
y — number of Fe(CN), vacancies
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Structural study. XRD spectra of pristine and milled PW samples. Phase analysis.
(a) (b)
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Results of Le Bail analysis for the pristine and milled PW powders

milling time
Oh 1h 3h 6h
“R"” phase, sp. gr. R-3

0.546(12)

a, 7.487(1)
c 17.651(2)
<Cryst. size>, ~10000

“d-R" phase, sp. gr. R-3

Vol. fraction 0.043(4) 0.524(60) 0.519(58) 0.645(127)
, A ~6.57(fixed!) 6.560(2) 6.565(2) 6.573(2)
, A =19.04(fixed!) 18.980(8) 18.996(8) 18.915(7)
<Cryst. size>, ~200(fixed!) 128(2) 126(2) 121(2)

“Ist cubic phase”, sp. gr. Fm-3m

Vol. fraction 0.402(10) 0.208(43) 0.102(14) 0.086(23)
a, 10.428(1) 10.384(1) 10.379(2) 10.319(4)
<Cryst. size>, 576(26) 1086(1071) 970(62) 1048(312)

“2nd cubic phase”, sp. gr. Fm-3m

Vol. fraction 0.255(53) 0.368(51) 0.256(67)
a, 10.341(4) 10.344(2) 10.284(4)
<Cryst. size>, 458(19) 296(9) 211(12)

impurity NaCl, sp. gr. Fm-3m

Vol. fraction 0.009(1) 0.013(3) 0.011(2) 0.013(3)
a, 5.522(2) 5.507(3) 5.510(4) 5.513(3)
<Cryst. size>, 388(78) 211(51) 196(50) 217(50)

Overall fit quality
Rwp, % . 2.07 1.81 1.74




Charge-discharge curves of pristine and milled PW
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