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Abstract: Prussian blue PB-analogues (K;Mg)xMy[Fe(CN)s] - MHCF were obtained by the co-pre-
cipitation method. Mn (MnHCEF), Fe (FeHCF), Co (CoHCF), Ni (NiHCF), Cu (CuHCF), Zn (ZnHCF)
were selected from transition metals. The obtained substances were characterized by X-ray powder
analysis, scanning electron microscopy, thermogravimetric analysis and elemental analysis. An
electrochemical study of the obtained cathode materials relative to a metal anode in an aqueous
medium was carried out, and the cycling parameters were determined. The influence of 3d-metals
nature on the composition-structure-properties of hexacyanoferrates was demonstrated. MHCF are
promising cathode materials for Mg?* intercalation/deintercalation in aqueous electrolytes.

Keywords: magnesium ion batteries; intercalation; Prussian blue; cathode materials.

1. Introduction

In the 21% century, analogues of Prussian blue with various transition metal atoms
have found applications in areas such as hydrogen storage [1, 2], electrochromic materials
[3], wastewater treatment [4], photomagnetic materials [5] and biomedicine [6]. These
compounds can also act as catalysts for organic synthesis [7, 8] and as precursors for the
synthesis of nanoscale oxides [9, 10]. In the last 10 years, the direction of using transition
metal ferrocyanides as cathode materials for water batteries has been actively developed
[11]. The cubic structure of Prussian Blue analogues, with a rigid framework of transition
metal atoms and a network of open channels for diffusion, promotes reversible intercala-
tion/deintercalation of both monovalent [12] and multivalent ions [13]. The low defor-
mation of the crystal lattice during ion exchange ensures high citation. Other advantages
of these compounds include high theoretical capacity, low cost, scalability and environ-
mentally friendly synthesis [14]. In addition, by introducing transition metal atoms capa-
ble of redox reaction in aqueous solution into the ferrocyanides, it is possible to further
increase the battery capacity [15]. Most transition metal ferrocyanides reported in the lit-
erature have micron-sized particles, which is not the optimal morphology for ion diffu-
sion [16]. Today, lithium-ion batteries are widely used as energy storage devices. They
have high power, sufficient cycling efficiency and stable operation [17]. On the other
hand, the use of lithium-ion technologies for large-scale applications is very difficult,
mainly due to the low stability of lithium in the atmosphere. In addition, lithium is char-
acterized by high cost, small and uneven distribution of reserves in the Earth's crust [18].
Most of the lithium reserves are located in South America, so the production of lithium-
ion batteries in our country depends on imports. Magnesium is more stable in the atmos-
phere, so magnesium-ion batteries can work on the basis of aqueous electrolytes, which
is more environmentally friendly and safer [19]. At the same time, magnesium has similar
properties to lithium due to the proximity of the ionic radii. On the other hand, the charge
of magnesium is twice as high, which gives its advantage in volume capacity [20]. Despite
all these positive characteristics, the development of magnesium-ion technology is
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lagging behind that of lithium. The bivalent nature of magnesium slows down the kinetics
of ion diffusion through inorganic cathode materials, resulting in low reversibility and
low power. Recent work shows that the low mobility of magnesium ions is due to both
strong ionic interactions and redistribution of divalently charged cations in the electrode
material [21]. Several strategies have been proposed to overcome this problem:

1. Use compounds with high divalent ion mobility as cathode materials [22, 23];

2. Reducing the diffusion length of magnesium ions by using nanoscale and mesopo-
rous materials [24].

Transition metal ferrocyanides have already been well established as cathode mate-
rials for lithium and sodium ion batteries [25, 26]. The number of publications on these
systems has not diminished to date. Due to structural features, Prussian blue analogues
can intercalate/deintercalate multivalent ions such as Mg?+, Ca?, Sr?*, Ba%, Zn%, Al*, indi-
cating a sufficiently high mobility of multivalent ions in the electrode material [27]. As the
development of technologies based on multivalent ions is a relatively recent direction,
there are few articles devoted to this topic. There are only three papers in the literature on
the study of the behavior of transition metal ferrocyanides in aqueous solutions of mag-
nesium salts, where the data are rather descriptive [28-30]. Therefore, there is a need for
fundamental research on such systems. The popularity of transition metal ferrocyanides
as cathode materials for water batteries is due to a number of reasons. Firstly, the proper-
ties of the cathode material based on these compounds can be adjusted by changing the
composition, morphology and particle size of the substance. Secondly, transition metal
ferrocyanides are similar in nature to zeolites and can intercalate alkaline and alkaline
earth cations in an aqueous solution without destroying the crystal structure [31]. Thirdly,
the synthesis of these compounds is inexpensive and the materials themselves are safe to
use and non-toxic [32].

In this paper we present our systematic study of influence various 3d-metals nature
on the electrochemical properties of PB-analogues as cathode materials for magnesium
ion batteries. They have high ionic conductivity that justifies their voltage limited in aque-
ous electrolyte.

2. Materials and Methods

2.1. Synthesis

All chemicals were grade pure for analysis and used without further purification.
The preparation of MHCF (M = Mn, Fe, Co, Ni, Cu, Zn) was done using a solution precip-
itation method. Typically, 40 mL 20 mM KsFe(CN)s aqueous solution and 40 mL 40 mM
M(NO:s)2 - 6H20 (M = Cu, Co, Fe, Ni, Mn, Zn) aqueous solution was slowly added to 20
mL deionized water at a rate of 1 ml'min-1 under continuous stirring at 343 K. The result-
ing solution was kept at room temperature for 18 h. The resulting precipitate was dried in
an oven at 333 K for 6 h.

After the precipitate MHCF (M = Mn, Ni, Zn) was filtered, washed many times with
deionized water. The precipitate MHCF (M = Fe, Co, Cu) resisted centrifugation at 13000
rpm during 3 min that was necessary to force its precipitation. After the preparation the
precipitate was washed with deionized water and centrifuged again. The procedure was
repeated 5 times.

2.2. Materials’ characterization

The crystalline structure of the sample was characterized by the powder X-ray dif-
fraction method (XRD) on a Bruker D2 Phaser Diffractometer with Cu Ka radiation over
the 20 range of 5-80°. Theoretical models were constructed to refine the structure of com-
pounds by the Rietveld’s method in the program «Topas 4.2». The size and morphological
appearance of the powder were observed by the scanning electron microscopy (SEM) on
the Hitachi 5-3400N in a secondary electron registration mode with an accelerating volt-
age of 20 kV. Thermal material testing was performed on SETSYS Evolution 16 in the
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temperature range from room temperature to 700 K. The chemical composition of the PB- 96
analogues was determined inductively coupled plasma (ICP method) in a solution of ni- 97
tric acid. The measurements were performed on Shimadzu ICPE-9000. The studies were 98
performed using the equipment and Resource Centers of Science Park Saint Petersburg 99
State University. 100

2.3. Electrochemical measurements 101

Electrochemical intercalation and deintercalation of Mg ions were performed by us- 102
ing a three-electrode cell. The working electrodes were fabricated by mixing 80 wt.% 103
MHCEF, 7 wt.% polyvinylidene fluoride (Kynar), 13 wt.% graphite and grinding the com- 104
ponents together with a mortar and pestle. The powder was mixed with 1-methyl-2-pyr- 105
rolidinone (PVDF) to create a slurry that was deposited on to steel or platinum foils. These 106
electrodes were dried under vacuum at 353 K and exhibited a typical mass loading of ap- 107
proximately 8 mg/cm?2. AgCl/Ag was used as the reference electrode and the counter elec- 108
trode was steel or platinum. For the electrolyte, an aqueous solution of 1 M MgS0Os was 109
used. Cyclic voltammetric measurements were carried out at a scanning rate of 1 mV/s. 110
Working range of the potential was from 2.35 to 3.55 V vs. Mg2+/Mg. The electrochemical 111
behavior of MHCF was tested in galvanostatic charge/discharge mode using a potenti- 112

ostat-galvanostat P-30SM Elins. 113
3. Results and Discussion 114
3.1. X-ray diffraction 115

Full profile powder X-ray diffraction analyses of the samples were performed ona 116
Bruker D2 phaser diffractometer (Cu Ka) with precise identification of cell parameters by 117
the Rietveld method. MHCF were found to have a different crystal structure, although 118
they were obtained under identical synthesis conditions. 119

The cubic MnHCF, FeHCF, CoHCF, NiHCF, CuHCF have a space group Fm-3m (Fig- 120
ure 1). PB analogues with copper and manganese were well crystallized. The broadening 121
of peaks in the X-ray diffraction of NiHCF, FeHCF and CoHCF may be due to a decrease 122
in particle size or microdeformations of the structure. A small amount of amorphous im- 123
purity is present in FeHCF and CoHCF as evidenced by the appearance of a halo at small =~ 124
diffraction angles. The trigonal ZnHCF has a space group of R-3c. The resulting sampleis 125
well crystallized and has no crystalline impurities (Table 2, 3). Figure 1 shows the experi- 126

mental results for a full profile powder X-ray diffraction analysis of the samples. 127
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Figure 1. X-ray diffraction of PB-analogues: (a) Cu, (b) Mn, (c) Ni, (d) Co, (e) Fe, (f) Zn. 129
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Structural parameters (coordinates and population of atoms, unit cell parameters,
texture) were refined by the Rietveld method from the powder X-ray diffraction data (Ta-
ble 1, Table 2). The structure of Nis[Fe(CN)s]267-21H20 (Ne151705 — ICSD) was chosen as a
theoretical model for MHCF with a cubic structure. The structure of ZnHCF was refined
based on the structure of Zns[Fe(CN)s]2 (157850 — ICSD) with space group R-3c.

Table 1. Experimental data of the crystal structure for MHCEF.

MnHCF FeHCF CoHCF NiHCF CuHCF  ZnHCF
R-Bragg (Rs) 2.78 0.30 4.66 1.25 2.00 3.30
Crystal system  Cubic Cubic Cubic Cubic Cubic Trigonal
Space group Fm-3m  Fm-3m Fm-3m Fm-3m Fm-3m R-3c
Cell Mass 10445  1095.2 1213.7 1238.9 1356.1 3720.4
Cell Volume (A% 11563  1049.6 1021.8 1067.1 1035.2 4543.1
Wt% - Rietveld  100.0 100.0 100.0 100.0 100.0 100.0
a(A) 10.492  10.106 10.097 10.219 10.107 12.648
c(A) - - - - - 32.647

Table 2. Refinement parameters of crystalline cell by Rietveld’s method. It contains information on
atomic parameters, such as coordinates and population. The value of Rexp-factor indicates the level

of agreement between the experimental data and the calculated radiograph.

Sample Site Pos. «x y z Atom Site population Rexp Rs
Mnl 0.5000 0.0000 0.0000 Mn?* 0.852
Fel 0.0000 0.0000 0.0000 Fed 0.666
C1 24 0.1880 0.0000 0.0000 C 0.666
MnHCF N1 24 0.2997 0.0000 0.0000 N 0.666 3.16 2.78
01 24 0.2889 0.0000 0.0000 o> 0.001
02 32 0.1860 0.1860 0.1860 o> 0.187
03 0.2500 0.2500 0.2500 o> 2.574
Fe2 4 0.5000 0.0000 0.0000 Fe? 0.808
Fel 4 0.0000 0.0000 0.0000 Fe3 0.666
C1 24 0.1880 0.0000 0.0000 C 0.666
FeHCF N1 24 0.2997 0.0000 0.0000 N 0.666 1.97 0.30
01 24 0.2889 0.0000 0.0000 ox 0.002
02 32 0.1860 0.1860 0.1860 05 0.306
03 0.2500 0.2500 0.2500 oz 0.452
Col 0.5000 0.0000 0.0000 Co* 0.904
Fel 0.0000 0.0000 0.0000 Fed 0.666
C1 24 0.1880 0.0000 0.0000 C 0.666
CoHCF N1 24 0.2997 0.0000 0.0000 N 0.666 2.47 4.66
01 24 0.2889 0.0000 0.0000 oz 0.002
02 32 0.1860 0.1860 0.1860 o> 0.298
03 8 0.2500 0.2500 0.2500 o> 0.335
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Nil 0.5000 0.0000 0.0000 Niz 0.919
Fel 0.0000 0.0000 0.0000 Fe3+ 0.666
C1 24 0.1880 0.0000 0.0000 C 0.666
NiHCF N1 24 0.2997 0.0000 0.0000 N 0.666 1.98 1.25
O1 24 0.2889 0.0000 0.0000 o 0.027
02 32 0.1860 0.1860 0.1860 ox 0.328
O3 0.2500 0.2500 0.2500 ox 0.466
Cul 0.5000 0.0000 0.0000 Cu? 0.906
Fel 0.0000 0.0000 0.0000 Fe3* 0.666
c1 24 0.1880 0.0000 0.0000 C 0.666
CuHCF N1 24 0.2997 0.0000 0.0000 N 0.666 2.50 2.00
01 24 0.2889 0.0000 0.0000 O 0.006
02 32 0.1860 0.1860 0.1860 O 0.158
O3 8 0.2500 0.2500 0.2500 O 0.285
Fel 12 0.0000 0.0000 0.1466 Fes+ 1.000
Znl 18 0.2900 0.0000 0.2500 Zn?* 1.000
ZnHCE C1 36 0.1159 -0.0150 0.1797 C 1.000 310 330
N1 36 0.1811 -0.0230 0.2028 N 1.000
C2 36 0.1302 0.1161 0.1133 C 1.000
N2 36 0.2163 0.1906 0.0969 N 1.000

The morphology and particle size distribution also depend on the nature of the tran-
sition metals. Scanning electron microscopy (SEM) was used to obtain images on the Hi-
tachi S-3400N. The experimental data obtained, shown in Figure 1, are in agreement with
the results of X-ray phase analysis.

3.2. X-ray diffraction

SEM images were obtained reflecting the particle morphology for all synthesized
compounds, see Figure 2.
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(f) ZnHCF

147
148

Figure 2. SEM images of PB-analogues. 149
The particle size distribution was constructed from images. A minimum of 30 parti- 150

cles were selected for each compound and the particle size distribution shown in Figure 3 151
was constructed.
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Figure 3. Particle size distribution. 154
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3.3. Thermal analysis

Thermal studies of synthesized samples were carried out to determine the number
of water molecules in the complexes. According to the literature, in the structure of PB
analogues it is possible that water molecules are adsorbed on the surface or intercalated

into the lattice cavity, which is confirmed by the TGA-DTG diagram in Figure 4.
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Figure 4. TGA results for the PB-analogues with: (a) Cu, (b) Mn, (c) Ni, (d) Co, (e) Fe, (f) Zn. The
black color lines show a decrease in the mass of the sample in percentage, the blue color lines depict
time derivative.

3.4. Chemical analysis

Elemental analysis was carried out to determine the compound formula using the
ICP. Powder samples of the PB analogues were subjected to microwave decomposition in
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nitric acid to obtain a solution. The mass contents of the metals are given in Table 3.

Table 3. Results of the chemical analysis of compounds in mol.%.

Derivative / % min!

Derivative / % min!

Designation K Mn Fe Co Ni Cu Zn
MnHCF 59 544 39.8 - - - -
FeHCF - - 100 - - - -
CoHCF - - 38.7 61.3 - - -
NiHCF 3.2 - 38.5 - 58.3 - -
CuHCF 3.6 - 36.7 - - 59.7 -
ZnHCF - - 36.3 - - - 63.7
MnHCF 5.9 54.4 39.8 - - - -
FeHCF - - 100 - - - -
Table 4. Summary data based on chemical analysis and thermal testing.
Designation  The formula of compound K+ vs. M?*, mol. % Amount of
zeolitic water
MnHCEF-1 Ko21Mn1.39Fe(CN)e-4H20 15.11+0.30 1
FeHCF-1 Fe1s0Fe(CN)e-6H20 - -
CoHCF-1 Co150Fe(CN)e-3H20 - -
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NiHCF-1 Ko.12Ni1.44Fe(CN)es-6H20 8.33+0.16 2
CuHCEF-1 Ko.14Cu1.43Fe(CN)es-6H20 9.79+0.20 1
ZnHCEF-1 Znis0Fe(CN)s - -
172
3.5. Electrochemical experiments 173

The experimental specific capacity (Qexp) was calculated by integrating the cathode 174
branch on a cyclic voltammograms obtained at a scanning speed of 1 mV/ s. 175

Table 5. The results of the electrochemical behavior of the synthesized samples in aqueous solution 176

1M MgSOs vs. Mg?/Mg. 177
Element Eox (V) Ered (V) Qcalc (mAh g_l) Qexp (mAh g—l)
2.88
CuHCF 3.45 64.3 21.0
2.51
2.81
NiHCF 3.10 65.4 19.2
2.47
2.84
MnHCF 3.15 72.7 9.8
2.67
CoHCF 3.15 2.49 75.6 6.1
FeHCF 3.47 2.63 66.3 1.5
ZnHCF 3.42 2.56 86.6 2.4
178

For example, the image of MnHCF shows sufficiently large crystals of cubic shape 179
with an average size of 2.5 + 1.7 um. The combination of small particles into large agglom- 180
erates with sizes ranging from 0.5 to 4.5 pm is characteristic of NiHCF. The particle sizes 181
of CoHCF and CuHCF are in the nanometer range. Their average size is between 35 and 182
85 nm. The geometric parameters of the agglomerates obtained for FeHCF could not be 183
measured. The large particles in the image are probably a cluster of smaller particles (Fig- 184
ure 3). 185

Due to the size of the zeolitic channels in the cubic crystal lattice of hexacyanoferrates, 186
they can allocate not only alkali and alkaline earth metal cations [30, 33-35], but also water 187
molecules. According to the literature, PB analogues can contain two types of water mol- 188
ecules: adsorbed on the surface and intercalated in zeolitic channels [26]. As the samples 189
dry, the adsorbed water molecules evaporate first and then the number of intercalated 190
molecules begins to decrease. The role of water molecules in the composition of PB ana- 191
logs is still poorly understood. For example, Yang [36] states that the presence of zeolitic = 192
water has no significant effect on the electrochemical properties of cathode materials. 193
However, in a number of other studies, researchers argue that the molecules of zeolitic 194
water improve the diffusion kinetics by shielding the charge of the cations [37-39]. 195

Thermal studies were carried out on SETSYS Evolution 16 in the temperature range 196
from room temperature to 700 K. In accordance with theoretical ideas, the results obtained 197
can be interpreted as follows. The decrease in mass of the sample in the temperature range 198
413-463 K indicates the evaporation of surface adsorption water (Figure 54). Zeolitic water 199
probably evaporates at higher temperatures from 553 to 585 K, with one mole of zeolitic =~ 200
water per mole of the compound in the hexacyanoferrates MnHCF and CuHCF. The 201
amount of zeolitic water increases to 2 moles in NiHCF. Zeolitic water is absent in FeHCF, 202
CoHCF and ZnHCF samples. 203

The chemical composition of the synthesized PB analogues was determined by 204
atomic emission spectroscopy with inductively coupled plasma on Shimadzu ICPE-9000 205
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(Tables 4, 5). The presence of K* in the hexacyanoferrates allows the intercalation of alkali 206
and alkaline earth metal cations into the zeolitic sites. At the same time, water molecules 207
preferentially pass through the compounds in which K+ is absent [27, 40]. In MnHCF, 208
NiHCF and CuHCEF, part of the 3d metal cations in the sites of the cubic crystal lattice are 209
replaced by K+ The composition of these compounds is given by the formulae 210
Ko14Cur.43Fe(CN)esH20, Ko.12Ni144sFe(CN)s:6H20 and Ko21MniaFe(CN)e-4H20. FeHCF, 211
CoHCF and ZnHCF do not contain K* in their composition. The molecular formula of 212
these compounds is Co1s0Fe(CN)s:3H20, Fers0Fe(CN)e-6H20 and ZnisoFe(CN)s. The struc- 213
ture of the PB analogues, in which there are no alkali metal cations, becomes defective due 214
to the presence of vacancies at the sites of the cubic crystal lattice. 215

The electrochemical behavior of cathode materials in an aqueous solution of 1M 216
MgSOis has been studied using the method of cyclic voltammetry on an Elins P-30SM po- 217
tentiostat. The reaction that takes place during the intercalation of Mg? into the zeolitic 218

channels of the cubic crystal lattice can be described as follows, 219
220

Ms2[Fe**(CN)s]2+ 2xe- + xMg?" = Mgx>*Ms?*[Feq-n*Fex>*(CN)s]2 221

222

In the course of the experiment, it was found that the second maximum in the cathode 223
region is observed on the voltammogram for cathode materials obtained on the basis of 224
MHCEF in the presence of K+ (Figure 5(a)). A similar picture is also observed for MnHCF 225
and CuHCF. A maximum reflecting the recovery reaction can be seen on the voltammo- 226
grams of FeHCF, CoHCF and ZnHCF, as shown in the example of a CoHCF in Figure 5(b). 227

150 150
(a) NiHCF (b) CoHCF
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E 50 fé 2
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= =
= =
5 .00} 5 -100f
&} &}

-150 n i 1 1 1 1 " -150 1 1 1 L 1 1 1
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Figure 5. Cyclic voltammograms of PB-analogues with (a) nickel and (b) cobalt. 229

The appearance of a second maximum in the cathode region requires additional 230
study of the mechanism of magnesium intercalation, which is beyond the scope of this 231
study. According to scientists studying the intercalation of multiply charged ions in a cu- 232
bic crystal lattice, the appearance of an additional wave indicates the process of desorption 233
of an alkali metal cation during the intercalation of highly charged ions [41-44]. 234

The desorption of K* takes place at a potential of 2.8 V for the example of a NiHCF 235
voltammogram. The results of the electrochemical study for all synthesized MHCF are 236
presented in Table 6, which also includes theoretical and experimental specific capaci- 237
tance values. 238

The theoretical specific capacitance (Qeic) was calculated on the assumption that 1 239
electron participates in the reaction, according to the formula Qcac = (nF)/M, where nis the 240
number of electrons participating in the electrochemical reaction, F = 96485.3 C/mol is the = 241
Faraday constant, M is the molar mass of the compound in g/mol. 242

The large difference between the theoretical and experimental capacitance indicates 243
that a smaller number of electrons are involved in the intercalation process. The presence 244
of part of the amorphous phase, which does not participate in the electrochemical reaction, 245
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can also reduce the capacitance value. It should be noted that the samples containing po- 246

tassium ions showed a large capacitance during the experiment. 247
248
36 36
= (a) CuHCF C (b) MnHCF —1c
"é‘ 34 —_—1C z 34 —_—3C
& —3C| & —5C
o0 32 — 5 C &P 32
- -~
g 30 g 30
- z
~ 28 — 28
= L =
E K
g 20 g 28
) S
A 24 B 24
00 05 10 15 20 25 30 35 40 00 05 10 15 20 25 30
Capacity (mAh g?) Capacity (mAh g ')
36 36
= (¢) NiHCF — i = (d) CoHCF i
- — e ~
z —ic| & 3¢
+ SR + — 5 C
W SC L
- -
= -
.;0' ?:
e =
C g
- -
= =
& &
S S
== =
00 05 10 15 20 25 30 35 40 00 05 1.0 1.5 20 25 30 3.5 40 4.5 60 55 6.0
Capacity (mAh g) Capacity (mAh g)
3.6 —— 36 -
o (e)ZnHCF = () FeHCF
E 34t 2 34 1€
“+ — S~ S— 3
% 2 4 :
32t = 32 ?
S —c| = —5c
g 30 g 30
< 28 < 2
= E
-: -
2 28f £ 28}
o -
] °
A 24f B 24
00 02 04 06 08 10 12 00 02 04 06 08 10 12
Capacity (mAh g') Capacity (mAh g?) 249
Figure 6. Charge and discharge curves at various discharge current densities. 250

This confirms the assumption that structures of this type have a greater tendency to 251
pass charged cations. The optimum charge/discharge current density was calculated from 252
the cyclic voltammetry results and the capacitance values for each sample. The results of =~ 253
testing the samples at constant current are shown in Figure 6. The experimental and the- 254
oretical capacitance values are quite close. A large difference is observed for FeHCF, 255
CoHCF and ZnHCF. A larger value is the equilibrium potential. For samples containing 256
potassium, the value of the equilibrium potential is higher: NiHCF (8.3 mol% K vs. Ni) 257
2.68 V, CuHCF (9.8 mol% K vs. Cu) 2.80 V, MnHCF (15.1 mol% K vs. Mn) 2.81 V. The 258
equilibrium potential for samples without potassium is FeHCF 2.65 V, CoHCF 2.60 V, 259
ZnHCF 2.59 V. 260

5. Conclusions 261

In conclusion, we note that the nature of 3d-metals dramatically affects the physico- 262
chemical properties of the PB-analogues. PB-analogue with zinc differs from other sam- 263
ples by the crystal lattice. 264
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Table 6. Comparison of polarizing ability of six-coordinated metals ions in PB-analogues structure. 266

Ion Spin Crystalline radius (A) Polarizir:g Qexp (mAh/g)
ability (A1)

Fe+ low 0.75 2.67

Co*2 low 0.79 2.53

Mn*2 low 0.81 2.47 10

Ni+2 - 0.83 2.41 19

Mg+ - 0.86 2.33 -

Cu® - 0.87 2.30 21

Zn*? - 0.88 2.27 2
K~ - 1.52 0.66 -
Fe®2 low 0.75 2.67

Co*2 low 0.79 2.53

267

We improve an explanation of the magnesium ions intercalation processes into PB- 268
analogues structure taking into account not only ions size but of 3d-metals and magne- 269
sium ions. Thus, value of polarizing ability magnesium ion which surround with six water 270
molecules is similar that for 3d-metals correlates with increased experimental capacitance 271
magnitude (Table 6) for the samples which contain Ni and Co ions. In connection with 272
this, it becomes urgent to investigate complexes containing magnesium ions as cathode 273

materials for Mg-ion batteries. 274
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