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Abstract 

Using solid-state reactions method, the solid solutions of layered ox-
ygen-deficient perovskites NdBa1–xSrxFeCo0.5Cu0.5O5+δ (0.02 ≤ x ≤ 
0.20) were prepared; their crystal structure,  
thermal stability, thermal expansion, electrical conductivity  
and thermopower were studied. It was found that  
NdBa1–xSrxFeCo0.5Cu0.5O5+δ phases crystallize in tetragonal syngony 
(space group P4/mmm) and are p-type semiconductors, whose con-
ductivity character at high temperatures changed to the metallic one 
due to evolution from the samples of so-called weakly-bonded oxy-
gen. Partial substitution of barium by strontium in 
NdBaFeCo0.5Cu0.5O5+δ leads to the small decreasing of unit  

cell parameters, thermal stability and thermopower of  
NdBa1–xSrxFeCo0.5Cu0.5O5+δ solid solutions, increasing of their electri-
cal conductivity values and slightly affects their linear thermal ex-
pansion coefficient and activation energy of electrical transport val-
ues. 
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1. Introduction 

Layered oxygen-deficient double perovskites of 

LnBaMe’Me”O5+ (Ln  Y, rare-earth element (REE), Me’, 

Me”  3d-metal) have a complex of unique properties, in-

cluding large values of electrical conductivity and 

thermopower, and contain in their structure labile oxygen, 

so they may be used as functional materials for different 

purposes: high-temperature oxide thermoelectrics, elec-

trode materials for solid-oxide fuel cells (SOFC), materials 

for working elements of semiconducting chemical gas sen-

sors, catalysts of hydrocarbons oxidation, etc. [16]. 

LnBaCo2O5+ phases demonstrate high electrochemical 

performance in oxygen reduction reaction (ORR) [48], 

but values of their linear thermal expansion coefficient 

(TEC, ) are too large (circa (1529)106 K1 [79]) in 

comparison to the TEC of commonly used in SOFC zirco-

nia, ceria, or perovskite-like based solid electrolytes, 

which are equal to (1011)106 K1, (1213)106, and 

(1013)106 K1 respectively [10], which limits the practi-

cal implementation of these phases as cathode materials in 

SOFC. 

Many studies [8,9,1118] have demonstrated that par-

tial substitution in LnBaCo2O5+ of cobalt by other 3d-

metal or barium by strontium essentially improves elec-

trochemical performance of solid solutions forming at 

such substitution and reduces their TEC value. So, partial 

substitution of cobalt by iron in LnBaCo2O5+ (Ln  Pr, Nd) 

leads to the reducing of TEC and polarization resistance of 

materials forming at this substitution and also improves 

their long-term stability at implementation as cathode 

materials of SOFC [12,13,15]. Doping of barium by stronti-

um and of cobalt by copper or iron in YBaCo2O5+ lead to 

the reducing of TEC of forming solid solutions, improving 

of their structural stability and electrochemical perfor-

mance [9,16].  

So, obtaining and studying of solid solutions, including 

complex substituted ones, on the basis of layered oxygen-

deficient double perovskites is an actual task, having sci-

entific and practical interest. 

In this work we studied the effect of partial substitu-

tion of barium by strontium in NdBaFeCo0.5Cu0.5O5+ on the 

crystal structure, thermal and electrotransport properties 

of NdBa1xSrxFeCo0.5Cu0.5O5+ solid solutions as perspective 

cathode materials for intermediate-temperature SOFC. 

http://chimicatechnoacta.ru/
https://doi.org/10.15826/chimtech.2021.8.3.01
mailto:klyndyuk@belstu.by
http://creativecommons.org/licenses/by/4.0/
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2. Experimental 

Ceramic samples of NdBa1xSrxFeCo0.5Cu0.5O5+ (x = 0.02, 

0.05, 0.10, and 0.20) solid solutions were prepared by 

means of solid-state reactions method from Nd2O3 (NO–L), 

BaCO3 (pure), SrCO3 (pure), Fe2O3 (super pure 2–4), Co3O4 

(pure), and CuO (pure for analysis) in air at temperature 

of 1173 K within 40 h with consequent sintering during 9–

18 h in air at temperatures of 1223–1273 K according to 

the methods, described in [19,20]. 

Identification of the samples and determination of 

their lattice constants was performed by means of X-ray 

diffraction analysis (XRD) (X-ray difrractometer Bruker 

D8 Advance XRD, Cu K-radiation). IR-absorption spectra 

of powders were recorded in the mixtures with KBr within 

300–1500 cm–1 (ThermoNicolet Nexus Fourier-Transform 

Infrared Spectrometer). Apparent (effective) density of the 

sintered ceramics (eff) was determined from the mass and 

dimensions of the samples, and their porosity (П) was 

calculated using Eq. (1): 

П = (1 – eff/XRD)100%, (1) 

where XRD – X-ray density of the samples. 

Thermal stability of the powdered samples was studied 

by means of thermoanalytical system of TGA/DSC–

1/1600 HF in air within 300–1100 K temperature interval. 

Thermal expansion of the sintered ceramics was investi-

gated using DIL 402 PC quartz dilatometer in air within 

temperature interval of 300–1100 K [21].  

Electrical conductivity and thermopower of 

NdBa1xSrxFeCo0.5Cu0.5O5+ solid solutions were studied in 

air within 300–1100 K according to the methods, de-

scribed in detail in [20]. Values of TEC and apparent acti-

vation energies of electrical conductivity (EA) and 

thermopower (ES) were calculated from the linear parts of 

l/l0 = f(T), ln(T) = f(1/T), and S = f(1/T) dependences, 

respectively. 

3. Results and Discussion 

After final stage of the synthesis, all the samples of the 

NdBa1xSrxFeCo0.5Cu0.5O5+ solid solutions were single 

phase, within XRD accuracy (Fig. 1a), and had a structure 

of tetragonally distorted double perovskite of YBaCuFeO5 

type (a  ap,c  2ap) [1], and their reflections were indexed 

in the framework of the P4/mmm space group with unit 

cell parameters of a = 3.903–3.914 Å and c = 7.707–7.715 Å 

(Table 1). 

As can be seen from the Table 1, increasing of the sub-

stitution degree of larger Ba2+ ion by smaller Sr2+ one (for 

C.N. = 12 R(Ba2+) = 1.60 Å, R(Sr2+) = 1.44 Å [22]) leads to 

the decreasing of the size of the unit cell of the NdBa1–

xSrxFeCo0.5Cu0.5O5+δ phases. Porosity of the sintered ce-

ramics enlarged at x increasing (Table 1), which let us 

conclude that partial substitution of barium by strontium 

in NdBaFeCo0.5Cu0.5O5+δ slightly reduces sinterability of 

this perovskite. 

On the IR-absorption spectra of the samples were de-

tected some absorption bands with extrema at 351– 

353 cm–1 (1), 467–470 cm–1 (2), 576–582 cm–1 (3), and 

660–665 cm–1 (4) (Fig. 1b), which were attributed, ac-

cording to [23], to the stretching (3, 4) and bending vi-

brations (1) of the (Fe,Co,Cu)–O–(Fe,Co,Cu) bonds in the 

[(Fe,Co,Cu)O2] basal planes (1, 3), as well as stretching 

vibrations of apical oxygen of (Fe,Co,Cu)–O–(Fe,Co,Cu) 

bonds along c axis (4) in the structure of NdBa1–

xSrxFeCo0.5Cu0.5O5+δ phases. At x increasing the 3 and 4 

bands shifted to the larger values,  

 
Fig. 1 X-ray powder diffractograms (a) and IR-absorption spectra (b) of NdBa1–xSrxFeCo0.5Cu0.5O5+δ solid solutions: x = 0.02 (1);  

0.05 (2); 0.10 (3); 0.20 (4) 
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Table 1 The unit cell parameters (a, c, c/2a, V), effective density 

(ρeff) and porosity (П) of NdBa1–xSrxFeCo0.5Cu0.5O5+δ layered perov-

skites finally sintered at 1273 K 

x a, Ǻ c, Ǻ c/2a, Ǻ V, Ǻ
3
 

ρeff, 

g/cm
3 П, % 

0.02 3.913(1) 7.715(1) 0.9860 118.1(1) 5.54 10 

0.05 3.914(1) 7.711(1) 0.9851 118.1(1) 5.62 8 

0.10 3.911(2) 7.707(2) 0.9853 117.9(1) 5.54 12 
0.20 3.903(1) 7.708(1) 0.9876 117.5(1) 4.84 21 

which pointed out to increasing of energy of metal–oxygen 

interactions in the crystal structure of these phases. Re-

sults of IR-absorption spectrocopy correlate with the XRD 

results, showing that increasing of substitution degree of 

barium by strontium in NdBa1–xSrxFeCo0.5Cu0.5O5+δ solid 

solutions leads to the shrinking of their unit cell. 

According to the results of thermal analysis, near the 

room temperature all the samples were thermally stable, 

but, beginning from the temperatures of 623–663 K (Tb) 

the small mass loss (0.6–0.8%) was detected (Fig. 2a), 

which took place due to the evolution of the labile (weak-

ly-bonded) oxygen from the samples into environment 

[24]. Values of Tb decreased at x increasing (Fig. 2c, Table 

2), which indicated increasing of mobility of weakly-

bonded oxygen in the structure of  

NdBa1–xSrxFeCo0.5Cu0.5O5+δ solid solutions at increasing of 

substitution degree of barium by strontium. On the 

temperature dependences of the relative elongation (l/l0) 

of materials studied an anomaly in a kink near Tk = 640–

680 K accompanied by the increase the TEC value was 

detected (Fig. 2b, Table 2), which took place due to the 

rearrangement of oxygen sublattice of the samples with 

consequent evolution of oxygen from them in air [24]. TEC 

values of ceramics in high-temperature region (HT, 

T > Tk) were 15–24% larger than in the low-temperature 

one (LT, T < Tk) (Table 3). Values of TEC of  

NdBa1–xSrxFeCo0.5Cu0.5O5+δ solid solutions in both tempera-

ture regions slightly varied but temperature of anomaly 

(Tk) essentially decreased (Fig. 2d) at x increasing. 

As can be seen from the data given in the Fig. 3a,b, ma-

terials studied are p-type (S > 0) semiconductors 

(/T > 0). Their conductivity character at high tempera-

tures (T > Tmax) changed to the metallic one (/T < 0), 

which was accompanied by the change of the sign of the 

S/T derivative (S/T < 0 at T < Tmin and S/T > 0 at 

T >Tmin). Observed anomalies of electrotransport proper-

ties of NdBa1–xSrxFeCo0.5Cu0.5O5+δ phases as well as de-

scribed earlier anomaly of thermal expansion were due to 

the evolution of the weakly-bonded oxygen from the sam-

ples [24]. Note that temperatures of  and S anomalies, 

Tmax and Tmin respectively, at x increasing shifted to the 

smaller temperatures (Fig. 3c,d, Table 2) like Tb and Tk 

temperatures. It is interesting that values of Tb, Tk, and 

Tmin temperatures were rather close to each other, but Tmax 

value was essentially larger (Table 2, Figs. 2c,d, 3c,d). 

Values of all critical temperatures (Tcr: Tb, Tk, Tmax, and 

Tmin) decrease  

at increasing of strontium content in the  

NdBa1–xSrxFeCo0.5Cu0.5O5+δ solid solutions, hereby depend-

ence Tcr = f(x) was almost linear for Tk, underlinear for Tb 

and Tmin, and overlinear for Tmax increased despite of the 

Table 2 Values of critical temperatures (Tb, Tk, Tmax, and Tmin) of 

NdBa1–xSrxFeCo0.5Cu0.5O5+δ ceramics 

x Tb, K Tk, K Tmax, K Tmin, K 

0.02 663 680 734 685 
0.05 631 670 733 665 

0.10 631 660 730 650 

0.20 623 640 709 650 

 
Fig. 2 Temperature dependences of mass loss (a) and relative elongation (b) of NdBa1–xSrxFeCo0.5Cu0.5O5+δ samples: x = 0.02 (1); 0.05 

(2); 0.10 (3); 0.20 (4). Dilatometric curves are shifted from each other by 0.1% for the clarity of presentation. Insets shows concentra-

tion dependences of temperatures of mass loss onset (c) and kink of the Δl/l0 = f(T) dependences (d) 
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Fig. 3 Temperature dependences of electrical conductivity (a) and thermo-EMF coefficient (b) of NdBa1–xSrxFeCo0.5Cu0.5O5+δ sintered 

ceramics: x = 0.02 (1); 0.05 (2); 0.10 (3); 0.20 (4). Insets shows concentration dependences of temperatures of maximum on the  

σ = f(T) dependences (c) and minimum of the S = f(T) dependences (d) 

fact that porosity of the samples enlarged at increasing of 

strontium content (Table 1). So, our results show that par-

tial substitution of barium by strontium in 

NdBaFeCo0.5Cu0.5O5+δ is an effective way to increase its 

electrical conductivity. 

Layered oxygen-deficient double perovskites 

LnBaMe’Me”O5+ possess polaronic character of charge 

transfer [1,19,24], and temperature dependences of their 

electrical conductivity and thermopower obey Eqs. (2–3) 

 = (A/T)exp(EA/kT), (2) 

S = (k/e)(–ES/kT + B), (3) 

where EA = ES + Em and ES – activation energies of electri-

cal conductivity and thermopower respectively, ES is also 

activation energy of charge carriers – polarons, and Em is 

energy of their transfer [25]. 

As can be seen from the data given in the Table 3, val-

ues of energies of activation of electrical transport, in the 

whole, slightly varied at variyng strontium content in the 

samples. Comparing obtained in this work results with the 

data of [24], where for NdBaFeCo0.5Cu0.5O5+δ layered per-

ovskite was found that EA = 0.245 eV, ES = 0.048 eV, and 

Em = 0.200 eV, we can conclude that partial substitution  
 

Table 3 Values of TEC (α) and apparent activation energy of  
electrical transport (Eσ, ES, Em) for the sintered  

NdBa1–xSrxFeCo0.5Cu0.5O5+δ ceramics 

x 

 

10
6
 · αLT, 

K
–1

 

 

10
6
 · αHT, 

K
–1

 

Eσ, eV 

(350–

700 K) 

ES, eV 

(400–

650 K) 

 

Em, 

eV 

0.02 15.8 19.3 0.190 0.047 0.143 

0.05 16.3 20.0 0.203 0.044 0.159 

0.10 16.6 19.1 0.200 0.054 0.146 
0.20 16.4 20.4 0.167 0.038 0.129 

of barium by strontium in this parent phase does not af-

fect practically the value of activation energy of charge 

carriers – polarons, but results in essential reducing of 

transfer energy of charge carriers. 

4. Conclusions 

By means of solid-state reactions method the ceramic 

samples of NdBa1xSrxFeCo0.5Cu0.5O5+ (x = 0.02, 0.05, 

0.10, and 0.20) solid solutions were prepared, and their 

crystal structure and physico-chemical properties were 

studied. In was found that obtained materials had tetrago-

nal structure, whose unit cell parameters slightly depend 

on their cationic composition, and are p-type semiconduc-

tors, whose conductivity character changes to the metallic 

one at high temperatures due to the evolution of oxygen 

from their crystal structure into environment. It was es-

tablished that partial substitution of barium by strontium 

in NdBaFeCo0.5Cu0.5O5+ results in the increasing of electri-

cal conductivity, reducing of energy activation of electrical 

conductivity, thermopower and thermal stability of solid 

solutions forming at this substitution 

NdBa1xSrxFeCo0.5Cu0.5O5+. 
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Abstract 

In this paper we consider the main application features of the ther-

mal desorption method of inert gases, implemented on the Sorbi MS 

(Meta, Russia) device, for the analysis of meso- and microporous ma-

terials. Recommendations on the choice of measurement modes for 

stable operation of the Sorbi MS device are offered (including rec-

ommendations on mass, sample preparation mode). The article pre-

sents the results of the micropores analysis by the t-plot and Sing 

method. 
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1. Introduction 

Gas sorption methods are commonly used to characterize 

porous materials. Porous materials are widely used in mi-

cro- and nanoelectronics. According to the classification of 

pores by size, micropores are less than 2 nm in size, mes-

opores are in the range from 2 to 50 nm [1]. At present, 

nitrogen sorption at 77 K has become a standard tool for 

the analysis of materials with pores in a range of 0.5–

50 nm. The mechanism of nitrogen sorption at 77 K occurs 

in the following way. At a low relative pressure (0.02–

0.1), the filling of micropores with adsorbate begins. The 

monolayer adsorption occurs after the completion of ad-

sorption in micropores. Capillary condensation is observed 

in relatively small mesopores when the relative pressure 

and pore width correspond to the Kelvin equation. The 

desorption isotherm is obtained by reversing the adsorp-

tion process, releasing the liquid adsorbate and decreasing 

the equilibrium relative pressure [2]. The evaporation 

process takes place from the meniscus of the condensed 

liquid.  

In the case of polymolecular adsorption, the adsorption 

potential interaction does not change with the distance 

from the surface of micropores, as a result of dispersion 

potentials overlapping of closely spaced pore walls [3]. As 

a result, adsorption in the entire volume of micropores 

becomes equiprobable to adsorption on their surface (mi-

cropores volumetric filling). The adsorption potential in-

teraction of adsorptive molecules with microporous mate-

rials is much higher than with the surface of mesoscale 

materials. All this together determines some peculiarities 

and imposes certain restrictions on the applicability of the 

Brunauer-Emmett-Teller (BET) method. Therefore, other 

procedures are used for the micropore adsorption iso-

therms analysis, the so-called comparative methods of 

analysis, which make it possible to isolate the contribution 

of adsorption in the volume of micropores and to calculate 

the size of the mesopores and macropores surface. Cur-

rently, a large number of comparative methods are known 

that are used to determine the specific surface area of a 

microporous material and to estimate the volume of mi-

cropores in the presence of mesopores: t-method, Sing’s 

αs-method and others. 

The works [4-7] illustrating the current state of the 

question of the specific surface area analysis of mesopo-

rous materials are presented. Mesoporous materials are 

widely used in practice (bioengineering, sensorics of gase-

ous media and environmental monitoring, power engi-

neering, lithium-ion batteries), are used as adsorbents and 

catalysts for oil refining processes. In all cases, the porous 

structure parameters play a key role. 

The paper [4] presents and discusses the kinetic re-

sults of nitrogen adsorption and desorption experiments 

performed at 77 K on one aluminum-based and three ma-

terials based on carbon, differing in their microporous and 

mesoporous nature. The paper is devoted to the study of 

transport phenomena during adsorption / desorption ex-

periments in pores of various sizes. The authors of the 

article noted that the rates of transport phenomena 
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change significantly with the gradual filling / emptying of 

the pores.  

The authors of [5] synthesized and investigated CoO-

3D ordered mesoporous carbon nitride (CoO@mpgCN) 

catalyst. The authors managed to find out that the signifi-

cant catalytic performance of CoO@mpgCN was due to its 

uniformly distributed mesopores, large specific surface 

area, and high electron transferability at the active CoO 

sites. The textural parameter and the mesoporous extent 

of materials originated from parent template were exam-

ined by nitrogen adsorption-desorption isotherm along 

with corresponding BET surface area and pore distribution 

analyses.  

The authors of [6] aimed to explore a facile route to 

synthesize mesoporous zinc silicate composites. The spe-

cific surface area and the pore properties of the samples 

were tested by the Brunauer-Emmett-Teller (BET) method 

based on N2 adsorption / desorption measurements on 

Quantachrome Autosorb-IQ2. The authors provided the N2 

adsorption / desorption isotherms and pore size distribu-

tions of ZS-3 and ZS-5 that are rather different in struc-

ture. The fact that the structure is mesoporous is indicated 

by the increase of adsorbed nitrogen at relative pressure 

P > 0.45 and related to the multilayer adsorption and ca-

pillary condensation of N2. The excellent adsorption prop-

erty endows the composite with potential application in 

the field of dye wastewater treatment. 

The authors of [7] attempted to enhance nitrogen ad-

sorption capacity modified X zeolite adsorbent. For this, 

procedures including both NH4
+
 treatment and Ca

2+
 ion-

exchange were carried out. These modifications lead to a 

hierarchical mesopore-micropore structure with a multi-

layer N2 adsorption capacity. The properties of adsorbents 

are characterized by N2 adsorption–desorption in 77 K, 

XRD, and XRF analysis.  In paper [7] adsorption isotherms 

are modeled by Langmuir, Dual-Site Langmuir (DSL), 

Freundlich, and Langmuir-Freundlich (Sips) models, and 

the corresponding parameters are determined. These ad-

sorbents can be used effectively in the helium purification 

by the pressure swing adsorption (PSA) process, which is 

based on nitrogen adsorption. 

It is known that the zeolites considered in this work 

are microporous materials. However, catalytic processes 

require materials containing both meso- and macropores. 

At the same time, the advanced system of zeolite mi-

cropores has a significant effect on the rate of the reac-

tions. In this regard, it is necessary to develop analysis 

techniques that provide simultaneous control of the micro- 

and mesoporous structure of materials. 

The aim of this paper is to consider the application pe-

culiarities of the thermal desorption method of inert gas-

es, implemented on the Sorbi MS (Meta, Russia) device, 

for the analysis of meso- and microporous zeolite materi-

als. 

2. Experimental 

In this work, zeolites of the type ZSM-5 (samples 1,3) and 

BETA (samples 2,4–6) were investigated. Aluminum hy-

droxide (AH), including silica addition, was selected as the 

binder. The sample synthesis features and the selection of 

the peptizers are shown in Table 5. 

Zeolites were synthesized at the Irkutsk National Re-

search Technical University. In the previous paper [8], the 

results of the studying the properties of compositions in 

the mesopore range are presented; here we will empha-

size the analysis of micropores. 

Adsorption isotherms were built on the basis of the 

sorption study data obtained. The samples were studied by 

nitrogen sorption at 77 K on the Sorbi MS device. The de-

vice works by comparing the volumes of adsorbate gas 

sorbed by the test sample and the standard sample. The 

specific surface area is measured using the 4-point BET 

method. Micropores volume was determined on the basis 

of analysis of inert gas adsorption isotherms. 

3. Results and Discussion 

3.1. Investigation of capillary condensation pro-

cesses, sorption hysteresis 

A characteristic feature of adsorption in mesopores is as-

sociated with capillary condensation, which leads to filling 

the mesopores volume with a liquid adsorbate phase at a 

relative pressure, for example, nitrogen vapor at 77 K, 

0.4 < P/P0 < 1. As a rule, the process of capillary conden-

sation is irreversible. This means that the magnitude of 

sorption with increasing pressure of the sorbent does not 

coincide with the magnitude of sorption with decreasing 

pressure. In this case, a characteristic hysteresis is formed 

on the sorption isotherm, formed by mismatched branches 

of adsorption and desorption (Fig. 1) [3]. 

3.2. Recommendations on the choice of measure-

ment modes of the Sorbi MS device 

During researching the parameters of the nanomaterials 

porous structure by the sorption method, it is important to 

correctly estimate the mass of the adsorbent material re-

quired for the study, select the sample preparation mode, 

and set the range of the relative partial pressure variation 

of the adsorbate gas at which the measurement will be 

carried out. 

 
Fig. 1 Characteristic types of capillary-condensation hysteresis 

loops according to the IUPAC classification. Adapted from [3] 
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3.2.1. Determination of the analyzed material mass  

and sample preparation 

The features of the thermal desorption method realized in 

Sorbi MS are discussed in [9,10]. When studying composi-

tions by the thermal desorption method of nitrogen, the 

choice of the analysed material mass is determined by two 

factors: the possibility of obtaining a stable desorption 

signal, which is used to calculate the volume of desorbed 

gas, and the range of the total measured surface S = Ssp∙m. 

For example, the selected masses for various series of zeo-

lite compositions that provide a stable desorption signal 

are shown in Table 1. 

3.2.2. Modes selection and sample preparation  

of the analyzed material 

Sample preparation of the analysed material, as a rule, 

consists in controlled heating of the sample in a flow of 

inert gas (helium). Preparation is necessary, first of all, to 

remove moisture and surface contamination. Variable 

sample preparation modes are heating temperature and 

time. Table 2 shows, for example, the results of measuring 

the parameters of the porous structure of some samples 

depending on the conditions of preliminary degassing. 

Also all samples were subjected to a single annealing 

procedure in a muffle furnace for 1 hour. This procedure is 

required in case of long-term storage or transportation of 

samples in high humidity conditions. The results of meas-

uring the specific surface area for a sample of the BEA 

type are presented in Table 3. 

As can be seen from Table 3, in the case of long-term 

storage of zeolite samples in high humidity conditions, the 

measured specific surface area of the samples decreases 

by 2–3 times. Zeolites annealing at a temperature of 

500 °C restores the specific surface area by removing 

moisture from the micro- and mesoporous system. In the 

study of zeolites, such heat treatment is similar to the an-

nealing at the final stage of their preparation does not 

lead to structure destruction and is recommended. 

3.2.3. Measurement in the given range of the relative 

partial pressures of the adsorbate gas P/Po 

The range selection of P/Po values is determined by the 

investigated porous structure parameter. The measure-

ment of the specific surface area by the BET method, the 

external surface and the construction of the size distribu-

tion of mesopores suggest the choice of different study 

modes. 

For example, the P/Po parameters that are selected on 

the Sorbi MS device used in this work are listed in Table 4. 

3.3. The micropores volume determination  

of a series of zeolite compositions by the Sing  

and t-plot methods 

For the successful and high-quality application of porous 

materials, the control of their parameters and properties 

is an important criterion. Analysis of microporous struc-

ture parameters in zeolite compositions was carried out in  

Table 1 Selected masses for various series of zeolite compositions 

Series BEA+2MNaOH BEA 

Mass, mg 83 150 49 211 

Ssp value  

at standard  
conditions of 
sample  

preparation,  
m2/ g 

296.6 

Exceeding 

the  
maximum 
measurable 

desorption 
signal 

303.4 

Exceeding 

the  
maximum 
measurable 

desorption 
signal 

Table 2 Specific area values for different sample preparation 

modes 

 T Prep, °С t Prep, min Ssp, m
2/g 

BEA+2MNaOH 

- - 99.79 
150 20 296.6 
150 45 399.2 

300 15 434.4 

Table 3 Specific area values for different sample preparation 

modes before and after annealing at 500 °C 

 T Prep, °С t Prep, min Ssp, m
2/g 

BEA before annealing 
- - 170 
150 60 366.1 

BEA after annealing - - 453 

BEA after annealing, 
3 days later 

- - 300 
150 60 470 

Table 4 The value range of P/P0 

Investigated  

parameter 
Method 

Range of relative 
partial pressures  
of adsorbate gas P/P0 

Specific surface area BET 6% to 20% 

Micropore indication t-plot method 15% to 40% 

External surface  
of mesopores, size 
distribution  

of mesopores 

Capillary  

condensation 
of an inert gas 

6% to 97% 

this paper. Zeolites of the type ZSM-5 (samples 1,3 in Ta-

ble 5) and BETA (samples 2,4–6 in Table 5) were used. 

Studies of the zeolites porous structure were carried 

out by low-temperature nitrogen adsorption on a Sorbi MS 

device (t-plot method).  

As an alternative method for estimating the micropores 

volume, a comparative Sing method is proposed. It is 

based on the use of the relative adsorption value αs on the 

reference sample. 

The value αs is calculated from the ratio of the current 

adsorption value V to adsorption at the relative pressure 

P/P0 = 0.4. The reference is a non-porous zeolite (without 

heating) of the same chemical nature as the sample under 

study. Using normalized value we rebuild previously con-

structed adsorption isotherms into dependence of type 

V = f(V/V0.4), replacing relative pressure by value αs. The 

segment, cut off on the ordinate axis, is the value by which 

the micropores volume is then calculated. 

The obtained t-plot and Sing micropore volume values 

are shown in Table 5. 
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Table 5 Micropore volume values by the t-plot and Sing method 

Sample 
№ 

Sample composition 
zeolite/AH, wt% 

AH producer Peptizer 
Micropores volume 
(t-plot method), 

cm3/g 

Micropores volume 
(Sing method), 

cm3/g 

1 ZSM-5 - - 0.07 0.07 

2 BEA - - 0.066 0.09 

3 70 ZSM -5/30 AH Sasol aqueous solution of nitric acid 0.053 0.065 

4 70 BEA /30 AH-1 Sasol aqueous solution of nitric acid 0.039 0.074 

5 70 BEA /30 AH-2 OAO AZK and OS aqueous solution of nitric acid 0.1 0.1 

6 70 BEA /30 AH-3 OAO AZK and OS 
mixture of aqueous solutions  
of nitric acid and ammonia (1:1) 

0.072 0.097 

 

As it can be seen, the micropore volume values calcu-

lated by Sing do not differ significantly compared to the 

values taken from the Sorbi MS device. Thus, it is possible 

to estimate the volume of micropores by both the t-plot 

method and the comparative Sing method. The analysis 

showed that the largest micropores volume (0.1 ml/g) is 

typical for samples of series 5, where in the synthesis pro-

cess an aqueous solution of nitric acid was used as a pep-

tizer, and aluminum hydroxide from the manufacturer 

OAO AZK and OS was used as a binder. Replacement of the 

peptizer (sample 6 in Table 5) led to a slight decrease in 

the micropores volume in the composition. However, such 

a replacement results in an increase in the total specific 

surface area [8] and the total pore volume. 

4. Conclusions 

The paper considers the method application features of 

nitrogen thermal desorption for the study of micro-

mesoporous materials on the example of zeolite composi-

tion. 

The recommended mass values for obtaining a stable 

desorption signal and the recommended modes of sample 

preparation of zeolite compositions were selected. As a 

rule, in the study of materials by the thermal desorption 

method of inert gases, an insufficient mass of the sample 

can act as a significant limitation for the analysis. In the 

case of studying zeolite compositions, on the contrary, too 

large an adsorbent mass can lead to an incorrect sensor 

signal for thermal conductivity and peak truncation.  

Nitrogen adsorption at 77 K on a series of zeolite com-

positions was investigated. It was shown that using analy-

sis sorption methods, it is possible to estimate the volume 

micropores by the t-plot and Sing method. 
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Abstract 

Herein we report the research on the sensitivity of six hydroxy de-

rivatives of dihydrotriazolopyrimidines (HO-DTP) to acids and bases. 

The UV/Vis and fluorescence spectra of these compounds were inves-

tigated with the addition of the acids and bases. Spectral data re-

vealed the strong red shifts for emission and absorption maxima in 

the presence of KOH and NaOH. Moreover, two DTPs demonstrated 

strengthening of the emission intensity. The obtained results and da-

ta published in our previous paper demonstrated the strong and se-

lective sensory response of DTPs to the acids and bases and elucidat-

ed relationships between the structure and sensitivity to the envi-

ronment. This finding allowed us to manage these properties by in-

troducing the combination of substituents and functionalities into 

the heterocyclic core. Thus, investigations demonstrated the poten-

tial of the application of DTPs as chemo- and fluorosensors for selec-

tive detection of acids and bases. 
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1. Introduction 

Fluorophores sensitive to external stimuli are attractive 

compounds owing to their application in contaminant 

analysis environment, electrochemical sensors, biosens-

ing, and detection of toxins [1]. Extensive studies have 

been directed for development of new fluorescent sensory 

organic materials which are able to respond on the exter-

nal stimuli via changes of their absorption or fluorescence 

characteristics. These stimuli may include temperature, 

scattered light, pH, and even nature of solvent [2]. 

Monitoring the pH levels in high alkaline media is of 

wide importance for many industrial processes, in gas 

scrubbers, wastewater monitoring, treatment of the plants 

and concrete structures [3, 4]. The sensing materials suit-

able for measurement of high alkali media are very lim-

ited. In recent years, a few fluorescent sensors in an alka-

line pH region have been reported [5-7]. 

Recently we reported the synthesis and photophysical 

properties of new blue and blue-green fluorophores de-

rived on dihydro-1,2,3-triazolopyrimidine core (DTP) [8]. 

These fluorophores exhibited multifunctional properties 

and showed good fluorescence in solutions (with QY up to 

88%, Stokes shift (SS) ~151 nm and λem up to 534 nm). We 

suggested and developed synthetic procedure providing 

various DTPs with different electronic structures (A-π-D 

and D-π-A). These compounds showed selective reversible 

acidochromism in solution and in a solid state in the pres-

ence of HCl vapor. 
1
H NMR investigation showed that the 

pyrimidine and N-tert-cycloalkylamine moieties are the 

binding sites responsible for specific sensory response to 

the acids. 

Current research is focused on the investigation of the 

photophysical characteristics of the phenoxyderivatives of 

triazolopyrimidines (OH-DTPs) bearing OH-functionality 

in the different positions of the molecule and studies of 

their response to the different acids and bases as external 

stimuli. 

Hydroxy group is very attractive from a biological 

point of view. Numerous biocompounds include OH-

functionalities in their structure (alkaloids, flavonoids, 

isoflavonoids, terpenoids, lipids, fatty acids, amino acids 

etc.) [9, 10]. Bioluminescent molecule (luciferin) and dif-

ferent synthetic fluorophores bearing this substituent are 

well known [11-19]. Introduction of hydroxy groups usual-

ly causes the changes in electronic properties owing to its 

strong electron-donating nature and increases the intra-

molecular charge transfer (ICT) effect. Moreover, hydroxy 
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group can strengthen the fluorophore participation in in-

tra- and intermolecular noncovalent bonding to enhance 

the molecule rigidity and take part in self-organization. 

Finally, hydroxy groups [20] can be transformed into the 

salts, which are more soluble in water. Deprotonation of 

hydroxy group may influence the optical properties of the 

resulted salts. 

2. Experimental 

UV-Vis absorption spectra were recorded on a Perkin-

Elmer Lambda 35 UV-Vis spectrophotometer (Shelton, CT 

USA). Fluorescence of the sample solutions was measured 

using a Hitachi F-7000 spectrophotometer (Tokyo, Japan). 

The excitation wavelength was at the absorption maxima. 

Atmospheric oxygen contained in solutions was not re-

moved. Concentration of the compounds in the solution 

was 5.0·10
-5

 M and 5.0·10
-6

 M for absorption and fluores-

cence measurements, respectively. The relative fluores-

cence quantum yields (QY) were determined using quinine 

sulfate in 0.1 M H2SO4 as a standard (QY = 0.546). Abso-

lute quantum yield study was performed on Horiba 

FlouroMax 4 Spectrofluorometer (Kyoto, Japan) with 

Quanta-φ integrating sphere using FluorEssence 3.5 Soft-

ware. 

DTPs 1a-e, 2a-c and 3a-b were prepared according to 

procedures reported in the literature and their spectral 

characteristics were identical to the published data [8, 21]. 

3. Results and Discussion 

2-(Hydroxyphenyl)-4-(4-trifluoromethylphenyl)-2,4-5H-

[1,2,3]triazolo[4,5-d]pyrimidines (HO-DTPs) 2a-c and 3a-b 

were prepared via the demethylation of their methoxy-

congeners by using BBr3 solution in dichloromethane with 

special temperature profile regime (Scheme 1). 

The spectral and analytical data of DTPs 2a-d and 3a, b 

were consistent with the published data [21]. Absorption 

and emission spectra recorded earlier showed insignifi-

cant difference in long wavelength maxima positions com-

pared to the corresponding MeO-DTPs derivatives. At the 

same time HO-DTPs quantum yields (QY) of were in 6-40-

fold lower. Only HO-DTP 2a demonstrated good QY com-

pared to QY of DTP 1a in DMSO (40.1% and 39.4%, re-

spectively) (Table 1). However, in the other solvents QYs 

of HO-DTP 2a decreased significantly. 

The preliminary investigation of the influence of the 

different acids and bases on the optical properties of the 

HO-DTP solutions in DMSO showed the absence of any 

effect. Therefore, we included only trifluoroacetic acid 

(TFA) into further consideration. Absorption and emission 

spectral data of the HO-DTPs 2a-d and 3a,b in the pres-

ence of different organic bases, alkalis and TFA are col-

lected in Table 1. Analysis of the Table 1 data showed that 

addition of the KOH (5% water solution) caused red shift 

of the absorption and emission maxima by 20-121 and 22-

169 nm, respectively, and for the most HO-DTP QYs were 

decreased. Addition of TFA did not affect the photophysi-

cal properties for the most compounds, except the DTP 2b. 

In this case, the maxima of absorption and emission bands 

were redshifted for 30 nm and 11 nm accordingly. Unlike 

most acids, the addition of KOH solution caused dramatic 

changes in the photophysical properties of DTPs 2a-d, 

3a,b. Thus, in fluorescence spectra a strong bathochromic 

shift of the emission maxima of 57-169 nm was observed 

 

Scheme 1 Synthesis of OH-DTPs 2a-d and 3a,b 
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Table 1 Absorption and emission data for DTPs 2a-d, 3a,b solution (c = 5·10-6 M) in DMSO before and after the addition of 500 eq. of 

TFA or KOH (5% solution in water) 

Entry Compound Acid/Base λabs, nm λem, nm SS, nm/cm-1 QY, % 

1 

2a 

- 347 441 94/6143 40.1 

2 TFA 347 441 94/6143 18.2 

3 KOH 375 498 123/6586 19.8 

4 

2b 

- 296 419 123/9917 0.4 

5 TFA 326 408 82/6165 0.6 

6 KOH 364 503 139/7592 7.5 

7 
2c 

- 340 416 76/6903 0.5 
8 TFA 331 414 83/6057 0.8 

9 KOH 360 500 140/7778 5.9 

10 

2d 

- 356 472 116/6903 1.1 

11 TFA 360 450 90/5556 0.6 
12 KOH 418 530 110/5056 0.6 

13 

3a 

- 347 432 85/5670 0.6 

14 TFA 347 420 74/5092 0.6 

15 KOH 423 500 77/3641 - 

16 

3b 

- 341 416 75/5287 0.3 

17 TFA 339 404 65/4746 0.2 

18 KOH 492 585 93/3231 - 

 

along with the QY decrease for the most DTPs, with the 

exception for 2b and 2c. DTPs 2b and 2c, bearing hydroxy 

group at ortho- and meta-position of aromatic ring A 

showed the large increase of their QYs from 0.4 and 0.5% 

(in pure DMSO) to 7.5 and 5.9%, respectively. Thus, hy-

droxyl DTP derivatives display different sensitivity to the 

alkali media depending on their structure. 

These results inspired us to check the influence of the 

set of bases on the photophysical properties of DTP 2b 

(Fig. 1) under the same conditions. These data indicated a 

significant effect of bases on both the absorption and the 

emission of DTP 2b. In all the cases, the absorption and 

emission maxima were redshifted in range 68-110 nm and 

19-62 nm, respectively. The effect of TEA stimulus devi-

ates from common trend and consists in slight blue shift-

ing (4 nm) (Fig. 1). The most effective were alkalis (NaOH 

and КOH), whose addition to the HO-DTPs 2b solution in 

DMSO led to large redshifts (61-62 nm) and substantial (in 

9-10 folds) increasing of emission intensity. Visual emis-

sion change from colorless to green was observed for the 

DTPs 2b solution after the addition of 50 eq of NaOH solu-

tion, which further developed to bright green-yellow 

emission (Fig. 2). 

Further, we studied changes in absorption and emis-

sion spectra of HO-DTP 2c induced by NaOH (Fig. 3).  

HO-DTP 2c was almost non-fluorescent in DMSO solution 

(c = 5·10
-6

 M), while the addition of NaOH caused an ap-

pearance of a new fluorescence maximum at 504 nm 

(Fig. 3b). The intensity of this new maximum was en-

hanced drastically upon the increasing amounts of NaOH 

and reached the saturation at 300 eq. Changes in absorp-

tion were also registered. In this case new maximum was 

located at 395 nm when 25 eq. of NaOH solution were 

added, and further NaOH addition led to increasing of this 

  
Fig. 1 UV-Vis absorption (left) and emission (right) spectra of DTP 2b after addition of different bases (for absorption and emission  
c = 5·10-6 M) 
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Fig. 2 The titration of HO-DTP 2b solution in DMSO with the 5% NaOH solution under sunlight (left) and UV-irradiation (right) 

  

 
c 

 

a b d 
Fig. 3 Absorption (a) and emission (b) of DTP 2c solution in DMSO with addition of different eq. of NaOH. Photos of the solutions of 2c 

in DMSO with increasing amount of NaOH under sunlight (c) and UV-irradiation (d). 

 

maximum intensity and simultaneous appearance of the 

new maximum at 368 nm. Isosbestic points in absorption 

spectra emerged at 325 and 425 nm and this suggests a 

reactive equilibrium between these two components. 

4. Conclusions 

In conclusion, we reported the results of the investigation 

of the optical properties of hydroxy substituted DTPs in 

the presence of different acids or bases. Hydroxy-DTPs 

demonstrated a pronounced fluorescence response in alka-

line environment, which resulted in strong bathochromic 

shift of the absorption and emission maxima along with 

enhancement of the intensity of the fluorescence. Howev-

er, they did not display any noticeable perceptible re-

sponse to organic or mineral acids. Thus, introducing of 

the OH group onto the dihydro-1,2,3-triazole structure led 

to the sharp change in response of these compounds to 

basic/alkali stimuli. These results together with our recent 

ones demonstrated that acid/base sensitivity of the DTPs 

can be adjusted by varying the substituents and function-

alities attached to the dihydropyrimidine core. 

Acknowledgments 

The work was carried out with the financial support of the 

Russian Foundation for Basic Research (Grant 19-33-

90184). 

References 

1. Qian J, Zhang Y, Liu X, Xia J. Carbazole and fluorene polyani-
line derivatives: Synthesis, properties and application as 

multiple stimuli-responsive fluorescent chemosensor.  
Talanta. 2019;204:592–601. 
doi:10.1016/j.talanta.2019.06.038 

2. Valeur B, Berberan-Santos MN. Molecular Fluorescence. 
Weinheim: Wiley VCH; 2013. 592 p. 

3. Srinivasan R, Phillips TE, Bargeron CB, Carlson MA,  

Schemm ER, Saffarian HM. Embedded micro-sensor for moni-
toring pH in concrete structures. Proc SPIE. 2000;3988:40–4. 
doi:10.1117/12.383169 

4. Basheer PAM, Grattan KTV, Sun T, Long AE, McPolin D,  
Xie W. Fibre optic chemical sensor systems for monitoring 

pH changes in concrete. Proc SPIE. 2004;5586:144–53. 
doi:10.1117/12.601198 

5. Hecht M, Kraus W, Rurack K. A highly fluorescent pH sensing 

membrane for the alkaline pH range incorporating a BODIPY 
dye. Analyst. 2013;138(1):325–32. doi:10.1039/C2AN35860C 

https://doi.org/10.1016/j.talanta.2019.06.038
https://doi.org/10.1117/12.383169
https://doi.org/10.1117/12.601198
https://doi.org/10.1039/C2AN35860C


Chimica Techno Acta 2021, vol. 8(3), № 20218303 ARTICLE 

5 of 5 

6. Gotor R, Ashokkumar P, Hech M, Keil K, Rurack K. Optical pH 

sensor covering the range from pH 0-14 compatible with mo-
bile-device readout and based on a set of rationally designed 

indicator dyes. Anal Chem. 2017;89(16):8437–44. 
doi:10.1021/acs.analchem.7b01903 

7. Pfeifer D, Klimart I, Borisov SM. Ultra-bright red-emitting 

photostable perylene bisimide dyes: new indicators for rati-
ometric sensing of high pH or carbon dioxide. Chem Eur J. 
2018;24:10711–20. doi:10.1002/chem.201800867 

8. Eltyshev AK, Suntsova PO, Karmatskaia KD, Taniya OS,  
Slepukhin PA, Benassi E, Belskaya NP. An effective and facile 
synthesis of new blue fluorophores on the basis of an 8-

azapurine core. Org Biomol Chem. 2018;16(48):9420–29. 
doi:10.1039/C8OB02644K 

9. Li X, Peng Y, Liu H , Xu Y , Wang X , Zhang C, Ma X.  

Comparative studies on the interaction of nine flavonoids 
with trypsin. Spectrochim Acta A. 2020;238:118440. 
doi:10.1016/j.saa.2020.118440 

10. Yao J, He Y, Su N, Bharath SR, Tao Y, Jin JM, Chen W, Song H, 
Tang SY. Developing a highly efficient hydroxytyrosol whole-
cell catalyst by de-bottlenecking rate-limiting steps.  

Nat Commun. 2020;11:1515. doi:10.1038/s41467-020-14918-5 
11. Jadhav AS, Carreira-Blanco C, Fernández B, González  

Fernández S, Malkhede DD, Mosquera MM, Ríos Rodríguez 

MC, Rodríguez-Prieto F. Firefly luciferin precursor 2-cyano-
6-hydroxybenzothiazole: Fluorescence à la carte controlled 

by solvent and acidity. Dyes Pigm. 2020;177:108285. 
doi:10.1016/j.dyepig.2020.108285 

12. Aysha TS, El-Sedik MS, Mohamed MBI, Gaballah ST,  

Kamel MM. Dyes Pigm 2019;170:107549. 
doi:10.1016/j.dyepig.2019.107549 

13. Zhang J, Lia J, Chen B, Kan J, Jiang T, Zhang W, Yue J, Zhou J. 

An off-on fluorescent probe for real-time sensing the fluctua-
tions of intracellular pH values in biological processes.  
Dyes Pigm. 2019;170:107620. 

doi:10.1016/j.dyepig.2019.107620 

14. Bondar K, Bokan M, Gellerman G, Patsenker LD.  

Water-soluble 4-hydroxystyryl and 4-hydroxyphenyl-
butadienyls dyes with switchable fluorescence.  

Dyes Pigm. 2020;172:107801. 
doi:10.1016/j.dyepig.2019.107801 

15. Seo MH, Han J, Jin Z, Lee DW, Park HS, Kim HS.  

Controlled and Oriented Immobilization of Protein by Site-
Specific Incorporation of Unnatural Amino Acid.  
Anal Chem. 2011;83(8):2841–45. doi:10.1021/ac103334b 

16. Eichelbaum K, Winter M, Berriel Diaz M, Herzig S,  
Krijgsveld J. Selective enrichment of newly synthesized  
proteins for quantitative secretome analysis.  

Nat Biotechnol. 2012;30:984–90. doi:10.1038/nbt.2356 
17. Raliski BK, Howard CA, Young DD. Site-Specific Protein  

Immobilization Using Unnatural Amino Acids.  

Bioconjugate Chem. 2014;25:1916-20. doi:10.1021/bc500443h 
18. Hutchins BM, Kazane SA, Staflin K, Forsyth JS, Felding-

Habermann B, Schultz PG, Smider VV. Site-Specific Coupling 

and Sterically Controlled Formation of Multimeric Antibody 
Fab Fragments with Unnatural Amino Acids.  
J Mol Biol. 2011;406:595–603. doi:10.1016/j.jmb.2011.01.011 

19. Young DD, Jockush S, Turro NJ, Schultz PG. Synthetase  
polyspecificity as a tool to modulate protein function.  
Bioorg. Med Chem Lett. 2011;21:7502–04. 

doi:10.1016/j.bmcl.2011.09.108 
20. Gorduk S. Highly soluble HOPEMP-functionalized phthalocy-

anines for photodynamic activity: Photophysical, photochem-
ical and aggregation properties. J Mol Struct. 
2020;1217:128478. doi:10.1016/j.molstruc.2020.128478 

21. Eltyshev AK, Minin AS, Smoliuk LT, Benassi E, Belskaya NP. 
2-Aryl-2,4-dihydro-5H-[1,2,3]triazolo[4,5-d]pyrimidin-5-ones 
as a New Platform for the Design and Synthesis of Biosensors 

and Chemosensors. Eur J Org Chem. 2020;2020:316–29. 
doi:10.1002/ejoc.201901582 

https://doi.org/10.1021/acs.analchem.7b01903
https://doi.org/10.1002/chem.201800867
https://doi.org/10.1039/C8OB02644K
https://doi.org/10.1016/j.saa.2020.118440
https://doi.org/10.1038/s41467-020-14918-5
https://doi.org/10.1016/j.dyepig.2020.108285
https://doi.org/10.1016/j.dyepig.2019.107549
https://doi.org/10.1016/j.dyepig.2019.107620
https://doi.org/10.1016/j.dyepig.2019.107801
https://doi.org/10.1021/ac103334b
https://doi.org/10.1038/nbt.2356
https://doi.org/10.1021/bc500443h
https://doi.org/10.1016/j.jmb.2011.01.011
https://doi.org/10.1016/j.bmcl.2011.09.108
https://doi.org/10.1016/j.molstruc.2020.128478
https://doi.org/10.1002/ejoc.201901582


Chimica Techno Acta REVIEW 
published by Ural Federal University 2021, vol. 8(3), № 20218304 

eISSN 2411-1414; chimicatechnoacta.ru DOI: 10.15826/chimtech.2021.8.3.04 

1 of 8 

Metal-Organic Frameworks for Metal-Ion Batteries: 
Towards Scalability 

Semyon Bachinin, Venera Gilemkhanova, Maria Timofeeva,  
Yuliya Kenzhebayeva, Andrei Yankin * , Valentin A. Milichko *  

School of Physics and Engineering, ITMO University, 197101, St. Petersburg, Russia 

* Corresponding authors: andrei.yankin@metalab.ifmo.ru, v.milichko@metalab.ifmo.ru 

This article belongs to the regular issue. 

© 2021, The Authors. This article is published in open access form under the terms and conditions of the Creative 
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

Abstract 

Metal-organic frameworks (MOFs), being a family of highly crystal-

line and porous materials, have attracted particular attention in ma-

terial science due to their unprecedented chemical and structural 

tunability. Next to their application in gas adsorption, separation, 

and storage, MOFs also can be utilized for energy transfer and stor-

age in batteries and supercapacitors. Based on recent studies, this 

review describes the latest developments about MOFs as structural 

elements of metal-ion battery with a focus on their industry-oriented 

and large-scale production. 
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1. Introduction 

Global energy consumption is growing every year, which 

is associated with active social and economic develop-

ment. However, limited natural energy resources and cli-

matic changes, caused by their extraction and use, call 

into question the previous pace of development. In this 

sense, the development of new green technologies that 

ensure the energy storage in batteries and energy transfer 

in an environmentally friendly way is becoming more rel-

evant than ever. Global industrial auto giants such as Mer-

cedes also support such transition to green energy. De-

spite unprecedented successes in the development of such 

batteries and accumulators, chemical and physical limita-

tions of existing (organic, inorganic and hybrid) materials 

yet hinder the wide commercial application and require 

new solutions in material science. For instance, limited 

life of the batteries and their cycle stability, physical and 

chemical stability of structural elements, limited 

charge/discharge rates, capacity, as well as recyclability of 

the batteries [1] are cornerstones of the future technology 

of the clean energy. In this sense, metal–organic frame-

works (MOFs) can be considered as new attractive candi-

dates to meet the requirements of next-generation energy 

storage devices [2]. 

Emerged over 20 years ago [3], MOFs have become one 

of the key materials in chemistry and crystal engineering. 

Being as a family of highly crystalline and porous materi-

als, MOFs are composed of metal nodes and organic lig-

ands linked by coordination bonds. Their "LEGO" nature 

possesses an unlimited structural and compositional ver-

satility, providing the desired chemical and physical prop-

erties [4]. Due to synthetic design, MOFs' properties such 

as crystal structure, porosity, stability, and conductivity 

can be tailored for specific applications. Therefore, such 

synthetic versatility of MOFs allows one to optimize the 

functional properties for energy storage [5], since the 

needs of each device are different.  

Today, MOFs, depending on their designed properties, 

are utilized as the main structural elements of the batter-

ies (Fig. 1): electrodes, solid-state electrolyte, separator 

and potentially contacts with the metallic conductivity [6-

10]. There are many reviews covering the design [5,11-16] 

fabrication, operation, limitations, and prospects of specif-

ic MOFs as individual structural elements such as cathodes 

and anodes [17-26], electrolytes and separators [27-30]. 

However, the problem associated with the creation of 

scalable MOFs for mass (as BASF, MOF-WORX, and NuMat 

make [31-34]) and large-scale production with focus on 

energy applications has not been addressed. Here we dis-

cuss the latest developments about MOFs as structural 

elements of metal-ion battery focusing on their industry-

oriented production by thin film technology: spin coating 

and recently developed chemical vapour deposition. 

2. Discussion 

Generally, metal-ion batteries are composed of three ma-

jor components: anode and cathode with different chemi-

cal potentials, immersed in an ion-conducting and electri- 
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Fig. 1 Schematic illustration of MOFs (porous coordination poly-
mers) as solid-state electrolytes (4), cathode (3) and anode (2) 
coating as well as potential electronic conductors (1) 

cally insulating electrolyte (Fig. 1). The electrochemical 

reactions in such batteries are the following: metal ion 

diffusion within the electrode, charge transfer at the inter-

face between the electrodes and electrolyte, and metal ion 

transport through the electrolyte. Herein, the recharging 

of the batteries (i.e. current source) occurs in a “rocking-

chair” fashion: metal ions transfer between cathode and 

anode during charge/discharge cycles (Fig. 1). During dis-

charge (i.e. current consumer), metal ions travel from the 

anode to the cathode, while electrons move externally 

from the anode to the cathode. 

Metal-organic frameworks demonstrate high potential 

to optimize the performance of metal-ion batteries. This is 

facilitated by a number of their distinctive properties such 

as porosity, redox behavior, various types of conductivity 

(ionic and electronic), encapsulation of various molecules 

and ions, etc. Fig. 1 demonstrates a schematic diagram of a 

metal ion battery with highlighted areas corresponding to 

MOFs as cathodes, anodes, solid-state electrolytes and 

separators.  

First, we consider MOFs as cathodes and anodes. Gen-

erally, metal-organic frameworks are semiconductors in 

nature, in some cases the band gap reaches up to 5 eV. 

Nevertheless, there are compounds with the lower band 

gap possessing hopping electronic conductivity. The mech-

anisms of electronic transport in MOFs are the following 

[35-37]: through-bond, through-plane, through-space, re-

dox-hopping, and guest-promoted pathways. This provides 

an opportunity to utilize ZIF-8 (Zn(mIm)2, where mIm =  

2-methylimidazolate), metal-ion batteries, addressing two 

issues: providing electron transport and inser-

tion/extraction of ions due to redox activity [38-40].  

Nam et al. [38] were able to combine these two properties 

and provide a prototype of the metal-ion battery with a 

cathode entirely made of two-dimensional MOF 

(Cu3(HHTP)2, where HHTP - 2,3,6,7,10,11-

hexahydroxytriphenylene) with an electronic conductivity 

of 0.2 S cm
–1

 (Fig. 2a). Also, Li et al. [40] demonstrated 

similar approach, but for the anode (Fig. 2b). 

Deposition of metal-organic frameworks on the anodes 

also allows one to improve the capacitive characteristics 

of metal-ion batteries due to insertion/extraction of vari-

ous ions through the MOF layer. This makes it possible to 

increase the effective anode area without changing the 

dimensional characteristics of the device, which, in its 

turn, promises miniaturization of existing batteries. A 

number of papers [41-48], considering such an approach, 

demonstrate the achievement of significant results in cur-

rent densities, charge capacity, and cyclic stability. The 

mechanism of insertion/extraction of ions is also de-

scribed in details in [44] using the example of aluminum-

based MOF (Fig. 3). In addition, the deposition of MOFs on 

the cathodes possesses the similar effect, which has been 

considered by the authors of [48-52]. 

 
Fig. 2 The concept for the MOF as a cathode (a) [38] and anode (b) [40] 
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Fig. 3 The mechanism of insertion/extraction of various ions 
through MOF layer [44] 

Utilization of metal-organic frameworks as an active 

medium for ion transport is the other side of the story. 

The porous structure provides ion transport through the 

MOF, which allows one to consider it as a solid-state elec-

trolyte [53-59]. The reason to use MOF as a solid-state 

electrolyte is dictated, first, by a decrease in the toxicity of 

the resulting metal-ion batteries. Indeed, the common liq-

uid electrolytes are extremely toxic, which makes the pro-

cess of disposal quite difficult and expensive. Such toxicity 

also makes existing batteries extremely unsafe for use in 

electronic devices for children. In this sense, the transition 

from the liquid electrolytes towards solid-state ones can 

improve this issue and allows the batteries to be recycla-

ble. In addition, a number of metal-organic frameworks 

demonstrate promising operation characteristics under 

the extreme conditions: high temperatures, 

mechanical stress, directed thermal action, etc. A number 

of recent research works [54-59] prove the validity of this 

suggestions through the embedding of metal-organic 

frameworks as an additional layer [58] (Fig. 4c) or making 

the energy device based on MOF as an active layer [57] 

(Fig. 4a,b). Also, a review of potentially suitable composi-

tions of MOFs as solid-state electrolytes can be found in 

[59]. 

The increasing focus on industrially applicable MOFs 

[31-34] for microelectronics and energy applications high-

light significant limitations of common solution methods 

and emphasizes the need for more scalable technologies 

like Roll-on approach, which is highly needed for produc-

tion of portable batteries. The possibility of the scaling of 

the synthesis of functional MOFs is directly related to the 

development of technologies for the growth of high-

quality crystals in the form of thin films. To address this 

issue, first, we consider spin coating approach [60-64]. 

This is one of the simplest methods for MOF scalability 

allowing the deposition of MOF films on different rigid 

and flexible substrates (metal, semiconductor or dielec-

tric) with different morphologies. The method consists of 

the interaction of droplets of two solutions (an organic 

ligand and a metal salt) on the surface of a rotating sub-

strate (Fig. 5a) [60]. Due to the high rotation speeds of the 

substrate, the resulting film has relatively good uniformity 

in thickness and composition (Fig. 5b). 

The heating of the substrate can be also applied to in-

crease both the rate of synthesis and the crystallinity. The 

authors of [61] obtained a 150 nm film on an aluminum 

electrode at a rotation speed of 3000 rpm and a substrate 

temperature of 140 °C, which can potentially

 
Fig. 4 MOF as a solid-state electrolyte (a,b) [57] and separator film (c) [58] 
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Fig. 5 Schematic illustration of spin-coating approach (a) and cross-section view of MOF thin film obtained  
by scanning electron microscopy (b) [60] 

be used for the process of modifying the electrodes of 

metal-ion batteries. Chen et al. [62] also showed the pos-

sibility of spin-coating the flexible film with an electronic 

type of conductivity, which is interesting as electrode lay-

ers in the device of metal-ion batteries. Also, direct evi-

dence of the validity of the spin-coating technology appli-

cation follows from the paper [63] where Fan et al. modi-

fied the surface of the Zn-MOF anode by centrifugation. 

Finally, considering the battery, whose structure consists 

of multilayer MOFs as electrodes, electrolytes and separa-

tors (Fig. 1), the specific technology is required. In this 

sense, the spin-coating makes it possible to fabricate such 

multilayer structures, as evidenced by the results obtained 

in [64]. 

Next highly promising approach is chemical vapour 

deposition (CVD) [65-74]. Indeed, CVD as a non-solvent 

method is a well-known industrial approach for obtaining 

surfaces suitable for micro- and optoelectronics since the 

corrosion and contamination issues are solved. A variant 

of CVD, MOCVD (metal-organic CVD) is a standard process 

for laser diode, LED, and semiconductor manufacturing, 

meaning it can be used for MOF synthesis, as well. Follow-

ing the research works on MOF CVD, common structures 

such as ZIF-8, ZIF-67 (Co(mIm)2, where mIm =  

2-methylimidazolate), HKUST-1 (Cu3(BTC)2, where 

BTC = benzene-1,3,5-tricarboxylic acid) and MIL-53  

(Al-BDC, where BDC = 1,4 benzene dicarboxylic acid), re-

cently utilized for energy storage [21], can be prepared as 

model thin films. However, in contrast to solution chemis-

try, the limited possibilities of CVD for using a variable 

concentration of various solvents significantly limit the 

resulting MOF topologies, while it is not an insurmounta-

ble problem for the method. 

The general concept of MOF CVD is illustrated in Fig. 6. 

Rob Ameloot and co-workers describe this methods as a 

two-step procedure [65]: the deposition of the metal oxide 

layer on a support by, for instance, atomic layer deposi-

tion (ALD), followed by the exposure of this oxide coating  

 
Fig. 6 Schematic illustration of MOF CVD process [68] 

to a vaporized linker resulting in a vapor-solid reaction 

towards the formation of the desired MOF structures. Fol-

lowing this approach, ZIF-8 films were obtained by Stas-

sen et al. [65]. ZIF-8 was deposited on silicon pillars with 

a 25:1 aspect ratio by vapour-solid transformation of 25 

nm ALD zinc oxide films. It is vital to mention the possibil-

ity of obtaining conformal coatings by such approach on 

various, often fragile, surfaces. Intriguing, the presence of 

water during synthesis promotes formation of a non-

porous diamondoid Zn(mIM)2 polymorph, but under high 

temperatures the water evaporation eliminates the chanc-

es of amorphous material to form. 

Similar effect of lack of solvent has been demonstrated 

by Han et al. [66] who reported solvent-free HKUST-1 film 

deposition under vacuum conditions. They combined CVD 

and physical vapour deposition processes using layer-by-

layer (LBL) growth where after each H3BTC deposition 

cycle a monolayer Cu was grown again. 

The group of Ameloot [67] also reported the growth of 

MOF based on Cu(II) and linkers 1,4-benzenedicarboxylic 

acid (H2BDC) and trans-1,4-cyclohexanedicarboxylic acid 

(H2CDC). The MOF-CVD method for these materials con-

sists of two steps: vapour-phase deposition of copper or 

copper oxide films as a metal source, and a solid–vapour 

reaction between this precursor and the vaporised organic 

linker. It is important to note that depending on synthesis 
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conditions (dry or humid) diverse MOFs’ structures were 

obtained. For H2CDC linker humidity did not play a major 

role and porous CuCDC was normally formed. However, 

for H2BDC linker, depending on the humidity level, CuBDC 

or CP-CuBDC structure similar to coordination polymer 

[Cu2(OH)2(BDC)] could be obtained. 

A number of emerging problems in the process of MOF-

CVD, such as the incomplete conversion of the metal-oxide 

precursor to MOF, and the degradation of the organic lig-

and during deposition at elevated temperature were de-

scribed [68-71]. A possible solution was proposed by Cruz 

et al. [68]: involving an increase of exposure time and 

decrease of the thickness of the metal-oxide precursor. 

Furthermore, the use of low-temperature synthesis 

(80 °C) conditions to circumvent these challenges was 

explored for MAF-6 (RHO-Zn(eIm)2, where eIm = 

2-ethylimidazolate) [69], MAF-252 (Zn(dpt)2, where 

dpt = 3-(2-pyridyl)-5-(4-pyridyl)-1,2,4-triazolate)) [70] 

(Fig. 7), ZIF-8 and ZIF-67 [71] structures. 

Another issue comes from MOF-CVD method itself that 

allows obtaining MOFs with limited porosity [65-71]. This 

deteriorates a whole range of functional properties includ-

ing ion transport. This issue can be overcome by account-

ing for the following factors [67,68]: (i) humidity has to 

be controlled since it can increase chances of amorphous 

intermediate formation, thus, affecting thin film rough-

ness – the more humid conditions are, the rougher are the 

films produced; (ii) the thickness of metal-oxide precursor 

has to be controlled in order to fully convert it into MOF. 

Otherwise, it acts as a protecting shell that hampers fur-

ther MOF growth. So far, only model MOFs with relatively 

simple topologies and short ligands have been synthesized 

by CVD, therefore, leaving room for further investigations 

of MOFs with more complex hierarchy and variable 

ion/electron conductivity. 

The report by Stassin et al. [72] creates a basis for the 

direct comparison of the solvothermal and vapour deposi-

tion methods for the synthesis of functional and polymor-

phic MOFs. MOFs Al-MIL-53-Fum and Al-MIL-53-Mes (Al- 

MIL-68-Mes) were synthesized with and without modula-

tors. When formic acid was used as a modulator, MOF 

crystallized at 80 ºC by CVD in the orthorhombic crystal 

system with Pnma space group. At the same time, modula- 

 
Fig. 7 The scheme of MAF-252 thin film fabrication with corre-
sponding optical images of MAF-252 powder and large-scale film 

[70] 

tor-free product crystallized by solvothermal method in 

the monoclinic space group P21/c. The change of the mod-

ulator from formic to mesaconic acid led to formation of 

Al-MIL-53-Mes by CVD that crystallizes in the orthorhom-

bic with Pnma space group. This work highlighted the 

principle possibility of the controlled synthesis of struc-

turally diverse compounds via conscious vapour deposi-

tion synthesis. 

Similar message was conveyed by a very recent work 

by Tu et al. [73], which described another approach to 

controlled MOF-CVD synthesis by using the so-called tem-

plate vapor that arranges the MOF building blocks and 

promotes the formation of desired product. They found 

out that the reaction between zinc oxide and  

4,5-dichloroimidazole (HdcIm) leads to the formation of 

either porous kinetic phase ZIF-71 [Zn(dcim)2] (dcim = 

4,5-dichloroimidazolate) with RHO topology, or thermo-

dynamically stable phase ZIF-72 (the same chemical for-

mula as ZIF-71) with LCS topology. The addition of tem-

plate vapors enabled formation of ZIF-71 at lower temper-

atures (120 °C vs 160 °C); however, at temperatures above 

120 °C it was impossible to avoid the phase transition 

from ZIF-71 to ZIF-72. 

3. Conclusions 

Conventional solution chemistry certainly remain the key 

approach for the synthesis of MOFs for diverse applica-

tions including electrochemical energy storage [74]. How-

ever, the increasing focus on industrially applicable MOFs 

[31-34] for microelectronics, optics [75] and energy appli-

cation highlight significant limitations of the solution 

methods and emphasizes the need for more scalable and 

industry-oriented technologies. Here, we cover advanced 

methods, such as spin coating and vapour deposition tech-

niques, allowing large-scale and fast productions of func-

tional MOFs. These industrially oriented and scalable 

methods demonstrate high potential for producing the 

functional MOF thin films. Specifically, the CVD technique 

appears as the most optimal and promising method for the 

industrial manufacture of MOFs. The intense research dur-

ing the past 5 years identified a number of technological 

challenges hampering the implementation of MOF-CVD 

and indicated avenues for their solution. The key challeng-

es include the incomplete conversion of the metal-oxide 

precursor to MOF, the degradation of the organic ligand 

during deposition at elevated temperature [68-71], as well 

as growth of MOFs with limited porosity [65-71]. All these 

issues can potentially be addressed. Also, over the past 

year, the possibility of large-scale growth of MOFs with a 

structural diversity has been also demonstrated [73,74], 

which, we believe, will be one of the driving forces in MOF 

crystal engineering in the near future.  

Concerning spin coating approach, there are still tech-

nological problems of MOF thin film fabrication such as a 

poorly controlled growth process, the influence of external 
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factors (mechanical vibrations, convection flows and in-

sufficient automation), and a limited list of structural el-

ements (especially ligands) involved in the crystal growth. 

The latter is associated with the high growth rate of thin 

films during the spin coating, which does not allow suffi-

ciently large ligands (porphyrins, TBAPY etc.) to organize 

a porous periodic lattice. Finally, inhomogeneity of the 

film (domain structure) and a high degree of surface 

roughness limit the applicability of the method. 

In our review, we also omitted the other industrially 

oriented methods for scalable MOF fabrication, such as 

electrochemistry, mechanochemistry and microwave-

assisted synthesis. The reason for this is the rather high 

degree of development of these methods, which is reflect-

ed in the relevant reviews [76-81]. 
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6. Xie LS, Skorupskii G, Dincă M. Electrically conductive metal–

organic frameworks.  
Chemical reviews. 2020;120(16):8536-80. 
doi:10.1021/acs.chemrev.9b00766 

7. Dou JH, Sun L, Ge Y, Li W, Hendon CH, Li J, Dincă M. Signa-
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Abstract 

Polyfunctional silylureas were synthesized by the interaction of  

3-aminopropyltriethoxysilane with isocyanates of various structures 

in an inert aromatic solvent. Commercially available diisocyanates 

such as isophorone diisocyanate, hexamethylene diisocyanate,  

2,4-toluene diisocyanate were used as isocyanates. In this case, 

freshly distilled toluene was used as a solvent. The structures of the 

obtained compounds were confirmed by the data of IR and NMR
1
H 

spectroscopy. Using the synthesized compounds, formulations of 

compositions for electrodeposition of a tin-indium alloy on a copper 

wire were developed. The possibility of using silylureas of various 

structures as effective surfactants used in the electrodeposition of 

the tin-indium alloy is shown. The operational characteristics of the 

obtained wire were investigated, including the wire diameter, coat-

ing thickness, tensile strength, electrical resistance, and direct cur-

rent electrical resistivity. 
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1. Introduction 

One of the most important tasks of increasing the efficien-

cy of photovoltaic solar modules is the search and devel-

opment of new electrodes that provide high reliability of 

contact with crystalline silicon, as well as charge transfer 

in the cell [1]. Copper wire coated with various alloys, 

which is currently one of the main materials in electrical 

engineering, is widely used as conductive electrodes [2]. 

The use of such a wire ensures the reliability and protec-

tion of solar modules from any external influences and, as 

a result, the indicator of the durability of the product itself 

increases [3]. The use of a low-melting alloy on the sur-

face of a copper wire makes it possible to obtain reliable 

electrical contact with a silver-containing contact grid, 

which helps to reduce the ohmic resistance between pho-

tovoltaic cells [4]. 

As a rule, wire coating is performed by electroplating 

or hot dipping [5]. The continuity of the contact of the 

electrode with monocrystalline silicon directly depends on 

the quality of the surface of the copper wire and the adhe-

sion strength of the coating to the copper base, which ul-

timately affects the efficiency of transferring the convert-

ed light energy into electricity [6]. To obtain a microscopic 

adhesive layer of a copper wire coating, electrodeposition 

of a tin-indium alloy in various electrolytes can be used, 

but it is impossible to predict the effect of technological 

additives on the properties of the resulting coating; there-

fore, in most cases, the electrolyte composition is selected 

experimentally [6]. 

For the electrodeposition of the tin-indium alloy acidic 

and alkaline electrolytes are used. Of acidic electrolytes 

the following are used: perchlorate, sulfamic, chloride, 

glycerol, sulfate, boron fluoride electrolytes and others 

[7]. 

In the electrical and radio engineering industry, con-

tact-reactive soldering with low-melting eutectic solders 

based on tin with indium and cadmium is widely used. 

Existing electrolytes based on Sn
2+ 

salts have low stability, 

even in the presence of special organic additives [8]. At 

the same time, there is information in the literature on the 

successful coprecipitation of tin with indium from acidic 

and alkaline electrolytes based on Sn
4+

 salts [9], the sta-

bility of which is provided by oxyacids. The presence in 

the electrolyte of a hydroxy acid, for example citric acid, 

increases the content of the electronegative component of 
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the alloy [10, 11]. To develop a stable, reproducible and 

controlled technological process for obtaining eutectic 

composition solders from electrolytes based on Sn
4+

 salts, 

information is needed on the mechanism and kinetics of 

the joint discharge of alloy-forming metal ions. 

The aim of the work was to increase the adhesion 

strength of the tin-indium alloy coating on a copper wire 

by using polyfunctional silylureas that meet the existing 

requirements for the production of electrodes for solar 

modules. 

It is known that organosilicon compounds are surface-

active, they can increase the intensity of biological pro-

cesses of oxidation of organic pollution of wastewater and 

thereby reduce the anthropogenic load on the environment 

[12, 13]. 

2. Experimental 

In this work, we synthesized organosilicon compounds - 

polyfunctional silylureas, which make it possible to in-

crease the affinity of copper wire coated with a tin-indium 

alloy, improve the spreading of the solder, ensure the nec-

essary activity of the composition, increase the contact 

angle with the surface during electrodeposition, reduce 

the surface tension and eliminate the oxidation of the sol-

der surface and a base material to be electrodeposited. 

Silylureas I-III received the interaction of  

3-aminopropyltriethoxysilane with isocyanates of various 

structures in the presence of an antioxidant and toluene as 

a solvent at a temperature of 17-20 °C, while 2,4-toluene 

diisocyanate, hexamethylene diisocyanate, isophorone 

diisocyanate were used as isocyanates of various struc-

tures. 

Fig. 1 shows a general scheme for the interaction of 3-

aminopropyltriethoxysilane with diisocyanates. The data 

on yields, melting points and confirmation of the struc-

tures of polyfunctional silylureas are given in Table 1. 

IR spectra were obtained on FT-801 series spectropho-

tometer in liquid paraffin. 
1
H NMR spectra were recorded 

on a Bruker DRX500 spectrometer (500.13 MHz) in DMSO-

d6, the internal standard was tetramethylsilane. Mass 

spectra were recorded on a Finnigam MAT INCOS-50 in-

strument (ionizing electron energy 70 eV). 

In the IR spectra of the obtained products, absorption 

bands are observed at 3309-3317, 1621-1632, 1562-

1570 cm
-1
, characteristic of NHC(O)NH groups and at 

1072-1074 cm
-1
 Si-O bonds. In the 

1
H NMR spectra, there 

are characteristic signals belonging to the protons of the 

following groups (, ppm): 0.50-0.56 t (CH2CH2CH2Si), 

1.39-1.47 m (CH2CH2CH2Si) and at 2.94-3.04 m 

(NHCH2CH2CH2Si). The protons of the urea group corre-

spond to signals at 6.52 t and 8.22 s for compound (I) and 

5.69-5.71 t and 5.76-5.78 t, for compounds (II) and (III), 

respectively. 

Silylureas are crystalline substances that melt without 

decomposition. 

3. Results and discussion 

At the next stage, tin-plated copper wires were obtained 

with the POIN-52 grade Sn-In alloy, which is used as a 

solder in electrical engineering. It is produced according 

to TU 48-0220-40-90. The wire thickness is 250 μm, the 

coating thickness is from 3-5 μm, which is applied by hot 

tinning. 

Electrolyte formulations have been developed using 

synthesized polyfunctional silylureas. The container for 

electrolyte preparation was filled by three quarters with 

distilled water, and sulfuric acid was added to it in small 

portions. Then the solution was cooled to 20-22 °C, and 

the required amount of tin (II) sulfate was added to it and 

vigorously stirred to dissolve it. As-obtained solution was 

filtered. Then indium (III) sulfate was added to the filtrate 

and stirred until complete dissolution. Next, silylureas (I-

III) (as surfactants to increase the affinity of the copper 

substrate with the alloy), previously dissolved in a small 

amount of isopropyl alcohol, were added to the solution,  
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Fig. 1 Interaction of 3-aminopropyltriethoxysilane with diisocyanates 
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Table 1 IR, NMR 1H spectroscopy data and properties of polyfunctional silylureas 

Name Reaction yield, % Tm, °С IR spectroscopy, сm-1 NMR spectroscopy, , ppm 

2,4-toluylenebis[N-3-

(triethoxysilyl)propyl]urea 
(I) 

94.1 135 

ν 3309 (NH),  

 1632 (С=О amide I), 
 1562 (NH amide II), 
ν 1072 (Si-O), 

ν 1610 (ArH), 
 765 (ArH) 

0.56 m (4H, 2CH2Si),  
1.15 m (18H, 6 CH3CH2О, 3JHH 7),  
1.47 m (4H, 2CH2CH2CH2Si),  

2.08 s (3H, CH3),  
3.04 m (4H, 2 NHCH2CH2CH2Si, 3JHH 6.8),  
3.75 m (12H, 6 CH3CH2О, 3JHH 7),  

6.52 t (2Н, 2 NHC(О)NH C6H3, 
3JHH 5.6),  

7.11 d, 7.45 d, 7.70 s (3H, C6H3),  
8.22 s (2Н, 2 NHC(О)NH).  

M 616.89.  

1,6-hexamethylenebis[N-3-

(triethoxysilyl)propyl]urea 
(II) 

95.9 122 

ν 3312 (NH),  
 1691 (С=О amide I),  
 1570 (NH amide II),  

ν 1072 (Si-O) 

0.50 t (4H, 2CH2Si, 3JHH 8.45),  

1.14 t (18H, 6 CH3CH2О, 3JHH 7),  
1.22 m (4H, 2CH2),  
1.33 m (4H, 2CH2),  

1.39 m (4H, 2CH2CH2CH2Si),  
2.94 m (2 NHCH2CH2CH2Si, 2NHCH2, 

3JHH 6.8),  
3.73 k (12H, 6CH3CH2О, 3JHH 7),  

5.71 t, 5.76 t (4Н, 2NHC(О)NHCH2, 
3JHH 5.6).  

M 610.93. 

isophoronbis[N-3-
(triethoxysilyl)propyl]urea 
(III) 

94.3 171 

ν 3317 (NH),  
 1624 (С=О amide I),  

 1563 (NH amide II),  
ν 1070 (Si-O) 

0.51 m (4H, 2CH2Si),  

0.88-1.07 m (17H, 3 CH3, CH2, C6H6),  
1.14 t (18H, 6 CH3CH2О, 3JHH 7),  

1.39 m (4H, 2CH2CH2CH2Si),  
2.94 m (4H, 2 NH CH2CH2CH2Si),  
3.43 k (1Н, CHcycle),  

3.74 k (12H, 6 CH3CH2О, 3JHH 7),  
5.69 t, 5.78 k (4H, 2 NHC(О)NH ).  
M 636.97.  

 

1,2-propylene glycol and the remaining amount of isopro-

pyl alcohol were added to a predetermined level. 

Co-deposition of Sn-In occurs electrochemically using 

the following deposition mode:  

- Temperature, °C - 18-35;  

- Cathode current density, A/dm
2
 - 0.5-7.0;  

- Current output, % - 80-98;  

- The content of indium in the alloy, wt% - 40.0-52.0.  

Measurement of the wire diameter, its deviation and 

ovality, the degree of alignment was carried out according 

to GOST 12177 using a video measuring system NVM-

2010D. The determination of the thickness and composi-

tion of the coating was carried out in accordance with 

GOST 9.302 using an X-STRATA 920 X-ray fluorescence 

analyzer of coatings. The determination of the density was 

carried out by hydrostatic weighing. Determination of ten-

sile strength, yield strength, and relative elongation at 

breaking of the wire were carried out in accordance with 

GOST 10446 using an optical non-contact video extensom-

eter M-VIEW and on a tensile testing machine RKM-1.1. 

The determination of the specific and electrical resistance 

was carried out according to GOST 7229. The adhesion 

strength of the adhesion of the coating of the tin-indium 

alloy with the copper base was studied by examining the 

coated wire after twisting with using the video measuring 

system NVM-2010D. 

Tables 2 and 3 show the comparative characteristics of 

the developed electrolyte compositions, the properties of 

the electrolyte compositions of copper wire coated with a 

tin-indium alloy and the modes of its electrodeposition. 

Table 2 Electrolyte compositions for the production of copper wire coated with tin-indium alloy 

Components, g / l 
Compositions 

Prototype 1 2 3 

Tin sulphate (in terms of metal) (II) 2-15 17 17 17 

Indium sulfate (in terms of metal) (III) 5-30 20 20 20 

Sulfuric acid 90-100 80 85 80 

Laureth 9 1-2 - - - 

2,4-toluylenebis [N-3-(triethoxysilyl)propyl] urea (I) - 1 - - 

1,6-hexamethylenebis [N-3-(triethoxysilyl)propyl] urea (II) - - 1 - 

Isophoronbis [N-3-(triethoxysilyl)propyl] urea (III) - - - 1 

Isopropyl alcohol - 10 10 10 

Formalin (37% solution) 5-7 - - - 

1,4-Butanediol (35% solution) 10-15 - - - 

Propane-1,2-diol - 20 25 15 
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Table 3 Properties of coatings obtained by electrodeposition of a tin-indium alloy 

Properties 
Compositions 

Prototype 1 2 3 

Cathode current density, A/dm2 0.5-7.0 20.0 20.0 20.0 

Temperature, ° C 15-30 18 18 18 

Alloy current output, % 37-97 87 85 80 

Indium content in the alloy,% 0.5-56.0 41.0 42.0 40.0 

Appearance of coatings shiny 
smooth shiny surface and continuous coating along 
the entire length of the wire 

Leveling degree 0.20-0.60 0.85 0.80 0.80 

Adhesive strength test  + + + 

Wire diameter, μm - 250 250 250 

Coating thickness, microns 6 0.1 0.1 0.1 

Coating density, g / cm3 - 8.9 8.9 8.9 

Tensile strength of wire, N/ mm2 - 242 238 240 

Relative extension, % - 23 24 21 

DC electrical resistance at 20 °С, Ohm / m - 0.35 0.35 0.35 

Specific electrical resistance for direct current  
at a temperature of 20 °С, Ohm mm2 / m 

- 0.0172 0.0174 0.0176 

 

As can be seen from Tables 2 and 3, the copper wires 

obtained by this method with a coating based on a tin-

indium alloy from the proposed electrolyte have a smooth 

shiny surface and a continuous coating with a thickness of 

0.1 – 1.0 μm along the entire length of the wire, strong 

adhesion to a copper base and the presented modes of 

electrodeposition can be used to obtain a microscopic ad-

hesive layer of a copper wire coating based on a tin-

indium alloy. 

4. Conclusions 

Polyfunctional silylureas were synthesized via the interac-

tion of 3-aminopropyltriethoxysilane with isocyanates of 

various structures, which were used as active surfactants 

in the electrodeposition of a tin-indium alloy. The qualita-

tive and quantitative composition of the electrolyte for the 

electrodeposition of the tin-indium alloy on copper wire 

and the production of electrodes for solar modules was 

selected based on the use of effective modifiers that in-

crease the adhesive strength of the coating on a copper 

substrate. It was found that the synthesized polyfunction-

al silylureas increase the affinity of copper wire coated 

with a tin-indium alloy and, consequently, the binding 

power and adhesive strength. The use of the developed 

electrolyte with the polyfunctional silylureas in the elec-

trodeposition of a tin-indium alloy on a copper wire makes 

it possible to obtain an electrode for solar panels with 

high physical, mechanical and operational properties. 
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Abstract 

The viscosity of cryolite melts of conventional composition  

NaF–AlF3–CaF2–Al2O3 was studied by rotational viscometry using the 

FRS 1600 high-temperature rheometer. The cryolite ratio of the  

NaF–AlF3 melt was 2.1, 2.3, and 2.5; the Al2O3 content varied from  

2 to 6.6, and CaF2 – from 0 to 8 wt%. The measurements were car-

ried out in the temperature range from liquidus to 1200 °C. The con-

ditions for the laminar flow of the investigated melts were deter-

mined, based on the measurements of the cryolite melts viscosity as 

a function of the shear rate at a constant temperature. A shear rate 

of 12 ± 1 s
–1

 was chosen for studying the viscosity temperature de-

pendence for all samples. The viscosity temperature dependence of 

cryolite melts is described by a linear equation. The temperature co-

efficient b in this equation has negative values and varies in the 

range of (–0.01)–(–0.06) mPa·s/deg. It was found that the viscosity 

of cryolite melts of conventional composition in the range of operat-

ing temperatures of aluminum electrolysis (950–970 °C) varies from 

2.5 to 3.7 mPa·s (depending on the composition and temperature). 

The viscosity of cryolite-alumina melts increases with the rise of 

alumina content: 1 wt% Al2O3 increases the viscosity, on average, by 

1%. However, the influence of CaF2 is more significant: the addition 

of 1 wt% CaF2 leads to an increase in viscosity by 3%. A decrease in 

the CR of the melt by 0.1 (in the range of 2.1–2.5) leads to a decrease 

in the viscosity of cryolite melts by 2.3%. A viscosity regression 

equation for the cryolite melts of conventional composition as a func-

tion of several independent parameters (temperature, CR, CaF2 and 

Al2O3 content) is obtained by the multivariable approximation of ex-

perimental data. The equation satisfactorily (within 1.5%) describes 

the viscosity of conventional industrial electrolytes and can be used 

for estimation of their viscosity. 
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1. Introduction 

According to the International Aluminum Institute, the 

worldwide aluminum production amounted 65.296 million 

tons in 2020, of which 3.72 million tons were produced in 

Russia. Nonetheless, the classic Hall–Héroult process for 

producing aluminum is more than 140 years old. It is 

comprised on the electrolysis of dissolved aluminum oxide 

(alumina) in molten cryolite. The melting point of alumina 

is 2044 °C, therefore, in order to obtain primary alumi-

num, the alumina has to be dissolved in sodium cryolite, 

whereas electrolysis is carried out at 950–970 °C. 

The conventional electrolyte is composed on the base 

of sodium cryolite (Na3AlF6), besides the additions of AlF3, 

CaF2, MgF2 are added [1]. These electrolytes possess a high 

solubility of alumina [2]. The electrolyte is characterized 

by such parameter as the cryolite ratio (CR), expressed by 

the molar ratio of sodium fluoride to aluminum fluoride. 

The sodium cryolite has the CR = 3, and the CR of indus-

trial electrolytes can vary from 2.1 to 2.7 [3]. 

http://chimicatechnoacta.ru/
https://doi.org/10.15826/chimtech.2021.8.3.06
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-5451-2915
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One of the main parameters defining the electrolysis 

process is the current efficiency. The current efficiency 

during electrolysis is influenced by many factors: process 

temperature, pole-to-pole distance, current density, com-

position and physicochemical properties of the electrolyte, 

cell design, etc. One of the most important characteristics 

of molten cryolite-alumina electrolytes, which determine 

the processes of mass and heat transfer in an aluminum 

cell, is viscosity. It also determines the following hydrody-

namic processes: electrolyte circulation, rate of alumina 

dissolution, flotation and sedimentation of alumina parti-

cles, transfer of dissolved and undissolved alumina in the 

electrolyte balk, transfer and release of anode gas, nature 

of chemical and electrode reactions [4, 5]. 

Nowadays, the most reliable and systematic data relat-

ed to the viscosity of cryolite melts is considered to be the 

results obtained by Torklep and Oye in 1980 [6]. They 

measured the viscosity of cryolite melts in wide ranges of 

CR (the AlF3 content was varied from 5 to 35 mol.%) and 

temperature by an oscillation method. The viscosity of 

cryolite melts depending on CR was obtained to be non-

linear. The maximum value (~ 2.3 mPa/s at 1000 °С) ac-

cumulated in the melt with CR = 4. Abnormal behavior of 

melts with low CR was detected (random movements of 

the pendulum, very large differences between periodic 

viscosity and damping viscosity, irreproducibility of re-

sults, etc.). The authors suggest that one of the several 

possible reasons for the observed behavior of acidic melts 

is insufficient mixing. In the region of high CRs, the diffi-

culties in dissolving of oxide were noted. It was the reason 

for the increase in the duration of experiments in order to 

obtain completely reproducible values. The viscosity 

measurements were carried out from high temperature in 

every 10–20 degrees, lowering temperature to the ex-

pected liquidus point. The frequent overcooling of the cry-

olite-alumina melts was observed, which led to the fact 

that measurements of some compositions were conducted 

in the two-phase region. In cryolite-alumina melts with 

the Al2O3 content up to 4 wt%, the viscosity temperature 

dependences were almost parallel to the curves obtained 

in the NaF–AlF3 binary system, especially for melts with 

low CR. The inflection point on the binary curve become 

even more pronounced with an increase in the Al2O3 con-

tent. 

Authors [6, 7, 8] measured the viscosity of the  

NaF–AlF3–Al2O3 ternary system depending on CR and Al2O3 

concentration. It should be noted that some experimental 

results were presented at temperatures below the liquidus 

of the corresponding mixtures. This may explain why the 

measured viscosities of these two-phase samples (consist-

ing of a suspension of some solid particles of aluminum 

oxide and corundum in the liquid phase) are significantly 

higher than the calculated viscosities of "hypothetical" 

liquid (single-phase) samples. In this case, no bends are 

observed on the curves. 

The viscosity of cryolite melts containing CaF2 were 

described in articles [8, 9]. The viscosity values obtained 

by different authors differ significantly. Moreover, the 

comparison of viscosity values is often difficult due to the 

significantly different multicomponent mixtures of cryo-

lite melts. 

Researchers [5] determined the temperature depend-

ences of density, viscosity, surface and interfacial tension 

in a system with low CR: 55 mol.% NaF + 45 mol.% AlF3. 

The viscosity was measured in the temperature range 

from 725 to 840 °C, and a quadratic equation for the vis-

cosity temperature dependence was obtained for the cryo-

lite melts of eutectic composition (CR = 1.22). 

In paper [10] a thermodynamic model was suggested 

for calculating the viscosity of multicomponent fluoride 

systems. The authors used the thermochemical program 

FactSage [11]. 

Thus, despite the importance of viscosity for the tech-

nological process, the viscosity of cryolite melts of conven-

tional electrolytes has not been properly studied yet. Ac-

cording to various authors, the viscosity of the conven-

tional electrolyte NaF–AlF3–CaF2–Al2O3 in the CR range 

from 1.8 to 2.6 and 945–970 °С varies in the range from 1 

to 5 mPa·s [10, 12]. 

The limited number of studies related to the viscosity 

of cryolite melts can be explained by the great experi-

mental difficulties associated with the choice of structural 

materials, due to the aggressiveness of fluoride melts and 

high measurement temperatures (about 1000 °C), as well 

as with rather low values of the molten salts viscosity. 

The purpose of this work was to study the effect of 

temperature, cryolite ratio, CaF2 and Al2O3 content on the 

viscosity of cryolite melts of the conventional composi-

tion NaF–AlF3–CaF2–Al2O3 with the CR = 2.1–2.5 in a wide 

temperature range using the rotational viscometry; the 

focus was also set on the obtaining of the viscosity mul-

tiparameter regression equation for the molten conven-

tional electrolytes. 

2. Experimental 

2.1. Composition and preparation of melts 

Molten mixtures were prepared from individual substanc-

es NaF (specifically pure grade), AlF3 (highly pure grade), 

and CaF2 (pure grade) (Vekton). 

A weighed amount of components was loaded into a 

glassy carbon crucible and remelted at 990 °C for 2 hours in 

a shaft furnace. The prepared mixtures were stored in a 

closed container. 

The compositions of the studied samples are presented 

in Table 1. 

2.2. Rotational viscometry method 

A liquid is placed in a small gap, necessary for the shear of 

the medium, between two cylinders: an inner cylinder 

with a radius R0 and an outer one with a radius Ri.  
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Table 1 Composition of cryolite melts 

CR 
NaF AlF3 CaF2, 

wt% 

Al2O3, 

wt% wt% mol.% wt% mol.% 

2.1 48.7 65.3 46.3 31.1 

0 3.0 

5.0 3.0 

5.0 6.5 

8.0 6.5 

2.3 50.8 67.2 44.2 29.2 

0 2.0 

5.0 2.0 

5.0 4.0 

2.5 52.8 68.9 42.2 27.6 

0 2.0 

5.0 2.0 

5.0 4.0 

5.0 6.0 

A schematic diagram of a rotating cylindrical viscome-

ter is shown in Fig. 1. 

During measurements, the outer cylinder rotates at a 

constant rate, while the inner cylinder is given a rotation-

al torque, which is a measure of viscosity. The viscosity 

(𝜂) is calculated by the following equation: 

𝜂 =
1

𝜔
(

𝑀

4𝜋ℎ
) (

1

𝑅𝑖
2 −

1

𝑅0
2) = 𝑘

𝑀

𝜔
 

 
(1) 

where M is the torque acting on the cylindrical surface, 

N·m; 𝜔 is the angular velocity, rad/s; h is the depth of 

immersion of the inner cylinder in a liquid medium, m; Ri 

is the radius of the inner cylinder, m; R0 is the radius of 

the outer cylinder, m; k – is the constant of the device, 

rad/m
3
.  

The parallel plane model, schematically depicted in 

Fig. 2, helps defining both shear stress (𝜏) and shear rate 

(𝛾̇) [13]. 

 
Fig. 1 Schematic diagram of a cylindrical viscometer 

 
Fig. 2 The flow between two parallel planes 

The force F, applied to the area S located at the inter-

face between the upper plane and the fluid below it, caus-

es a flow in the fluid layer: 

𝜏 =
𝐹

𝑆
 

(2) 

where 𝜏 is the shear stress, Pa (N/m
2
); F is the force ap-

plied to the area S, N; S is the area, m
2
.  

The shear stress produces a characteristic pattern of 

layer-by-layer rate distribution in the fluid layer. The 

maximum flow rate Vmax is observed at the interface be-

tween the liquid and the moving plane [13]. 

The flow rate decreases with the distance from the 

moving plane, and at a distance y from it, at the boundary 

with the fixed plane, Vmin = 0. The laminar flow means 

that the liquid layers of infinitesimal thickness slide over 

one another. One laminar layer is displaced relative to the 

other by some part of the total shear of the entire liquid 

layer between both planes. The velocity gradient across 

the gap is called the shear rate, which is mathematically 

expressed as a differential: 

𝛾̇ =
𝑑𝜈

𝑑𝑦
, [

m/s

m
= s−1]. (3) 

The dynamic viscosity is defined as 

𝜂 =
𝜏

𝛾̇
, [

N/m2

s−1 = Pa ∙ s]. (4) 

2.3. Measurement techniques 

The viscosity measurements of the cryolite melts with dif-

ferent CR and additive concentrations were carried out 

using an FRS 1600 rheometer, the principle of operation of 

which is based on the rotary method. 

The studied sample is placed in an outer graphite cylin-

der (Fig. 3). The inner cylinder slowly immerses and rests 

against the solid sample with a force of 3 N, after which the 

furnace starts heating. After reaching the liquidus tempera-

ture, the rotor begins rotating at a low rate in order to ho-

mogenize the melt. The fact that the sample has passed 

into a single-phase state can be judged by the steady-state 

values of the viscosity. The viscosity measurements can be 

performed either at a constant temperature or according 

to a given program for cooling the melt in a dynamic 

mode. 

3. Results and discussion 

3.1. Selecting the "shear rate" parameter  

In order to obtain the correct viscosity values, a laminar 

flow has to be established in the sample. This means that 

it takes time for the substance to start moving at a rate 

corresponding to the applied shear stress. 

In order to determine the conditions for the laminar 

flow the viscosity of all cryolite samples was measured as 

a function of the shear rate at a constant temperature. As 
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an example, the dependence of the viscosity of cryolite 

samples with the CR = 2.5 on the shear rate in logarithmic 

coordinates is presented in Fig 4. The shear rate varies 

from 2 to 50 s
–1

. 

It is seen in the Fig. 4 that at low shear rate (up to  

10 s
–1

), a large scatter of points is observed, which is due to 

the fact that the laminar flow was not established yet. The 

laminar flow is realized when the viscosity does not depend 

on the shear rate, that is, in the horizontal section in the 

shear rate range of 10–16 s
–1

. With an increase in the shear 

rate above 16 s
–1

, the viscosity rises sharply, which is asso-

ciated with incipient turbulence. 

In order to study the temperature dependence of the 

viscosity of all samples, a shear rate of 12 ± 1 s
–1

 was cho-

sen. 

3.2. The viscosity temperature dependence of the 

cryolite melts  

The viscosity measurements were started at 1020 °C, then 

the temperature was decreased to a temperature few de-

grees above liquidus. The cooling rate was 2 °С/ min. The 

liquidus temperature was calculated using the equation 

given in [14]. The calculated values of the liquidus tem-

perature are listed in Table 2.  

The viscosity temperature dependence of the cryolite 

melts with the CR = 2.1 is given in Fig. 5. 

The viscosity temperature dependence of all samples in 

the temperature range from the liquidus to 1200 °C is de-

scribed by a linear equation of the type: 

η = a + bT (5) 

where a and b are experimental constants. 

The equations for the viscosity temperature depend-

ence of the cryolite melts are summarized in Table 2. For 

all equations, the coefficient of determination R2
 has a 

value of at least 0.97. The viscosity of the cryolite sam-

ples at the operating temperatures of aluminum electrol-

ysis 950 and 970 °C are given in Table 2.  

As the temperature rises the viscosity of the molten 

salt decreases. 

 
Fig. 3 Internal and external cylinders and the shaft furnace Car-
bolite STF16/180 

The temperature coefficient b in equation (5) has 

negative values and varies in the range of  

(–0.01)–(–0.06) mPa·s/deg for all tested samples. Thus, 

the change in temperature has a decisive influence on the 

change in the viscosity of the electrolyte. 

3.3. Effect of CR, CaF2 and Al2O3 content  

The viscosity temperature dependence of the cryolite-

alumina melts with different CR is shown in Fig. 6. The 

figure also demonstrates the literature data [6] and [15] 

on the viscosity of melts, which are the closest to ours in 

composition and temperature range of measurements. 

The data diverge quite significantly, although the 

temperature coefficients are close. It should be noted 

that due to the complex multicomponent compositions of 

electrolytes for aluminum production, it is difficult to 

find completely identical compositions in the references, 

and no generalizing equations have been found. Moreo-

ver, the results of works [6] and [15] were obtained by 

the oscillation method, the disadvantages of which were 

described above. In addition, data on the density were 

used to calculate the dynamic viscosity of these composi-

tions, which introduces an additional error in the result.  

 
Fig. 4 The viscosity of cryolite melts with the CR = 2.5 depending 

on the shear rate at 1020 °С:  – without additives;  – 5 wt% 
CaF2;  – 5 wt% CaF2 and 2 wt% Al2O3;  – 5 wt% CaF2 and 
2 wt% Al2O3 

 
Fig. 5 The viscosity temperature dependence of the cryolite melts 

with CR = 2.1 and different content of CaF2 and Al2O3 (wt%):  
1 – 0 CaF2 + 3 Al2O3; 2 – 5 CaF2 + 3 Al2O3; 3 – 5 CaF2 + 6.5 Al2O3;  
4 – 8 CaF2 + 6.5 Al2O3  
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Table 2 Viscosity (mPa·s) of the cryolite melts of conventional composition 

№ CR 
CaF2, 
wt% 

Al2O3, 
wt% 

a b R2 η (950 °С) η (970 °С) Тliq [14] 

1 

2.1 

0 3.0 9.837 –0.0075 0.985 – 2.56 958 
2 5.0 3.0 11.716 –0.009 0.99 3.17 2.99 940 

3 5.0 6.5 12.37 –0.0096 0.98 3.25 3.06 931 
4 8.0 6.5 14.234 –0.0111 0.99 3.67 3.46 920 

5 
2.3 

0 2.0 10.023 –0.0075 0.97 – 
2.67 

(980 °С) 
975 

6 5.0 2.0 9.011 –0.0063 0.97 – 2.90 960 
7 5.0 4.0 9.832 –0.007 0.98 3.18 3.04 949 

8 

2.5 

0 2.0 9.506 –0.0069 0.75 – – 990 
9 5.0 2.0 9.9867 –0.0072 0.93 – – 978 

10 5.0 4.0 10.168 –0.0073 0.96 – 
2.97 
(980 °С) 

965 

11 5.0 6.0 10.438 –0.0075 0.97 – 3.115 958 

 

According to our data, the CR alteration by 0.1 chang-

es the viscosity of cryolite-alumina melts in average by 

0.1 mPa·s, which is 2.3%. The viscosity of cryolite melts 

in the temperature range of 950-970 °C varies from 2.5 

to 3.7 mPa·s (depending on the composition). 

It can be concluded, based on the results presented in 

Table 2, that both the CaF2 and Al2O3 additives effect the 

cryolite melts viscosity. 

The viscosity of cryolite-alumina melts rises with in-

creasing alumina content. The addition of 1 wt% Al2O3 

increases by 1% the viscosity of conventional electrolyte, 

on average. 

Calcium fluoride significantly increases the viscosity of 

cryolite-alumina melts. The addition of 1 wt% CaF2, on 

average, increases the electrolyte viscosity by 3%. Consid-

ering that CaF2 impacts the thermal conductivity of cryo-

lite melts, and acts as a part of the side ledge of the elec-

trolysis bath, that is, plays an important role in the ther-

mal balance of an aluminum cell, its concentration in con-

ventional electrolyte is an important value and requires 

special control. 

3.4. Multiparameter equation of the viscosity  

The general regression equation for the dependence of the 

conventional cryolite electrolyte viscosity on several pa-

rameters was derived by the multivariable data approxi-

mation. The data set included the following parameters: 

temperature, cryolite ratio, calcium fluoride and alumina 

content. The resulting equation for the viscosity of cryolite 

melts is the following: 

𝜂 = 71.75 − 0.133 ∙ 𝑇 − 8.21 ∙ 10−3 ∙ 𝐶(Al2O3) + 

+0.333 ∙ 𝐶𝑅 + 0.0796 ∙ 𝐶(CaF2) − 0.625 ∙ 10−5 ∙ 𝑇2 −

−2.08 ∙ (
𝐶(CaF2)+𝐶(Al2O3)

𝐶(Al2O3)
)

1.5

+  8.12 ∙ 10−5 ∙ 𝐶(Al2O3)3;  

R2 = 0.99 

(6) 

where T is temperature, °С; C(Al2O3) and C(CaF2) are the 

content of components, wt%; CR is the cryolite ratio.  

The equation is valid within the temperature range 

from liquidus to 1020 °С at CR 2.1–2.5, the CaF2 content  

0–8 wt%, the Al2O3 content 2–6.5 wt%.  

 

The equation is valid in the temperature range from 

liquidus temperature to 1020 °C, in the concentration 

ranges of CR 2.1–2.5, alumina from 2 to 6.5 wt%, and cal-

cium fluoride from 0 to 8 wt%. 

A comparison of the experimental and calculated by 

equation (6) viscosity data for the cryolite melt with  

CR = 2.3 is shown in Fig. 7. 

 
Fig. 6 The viscosity temperature dependence of the NaF–AlF3 melt 
with different CR and Al2O3 content (wt%):1 – CR = 2.1,  
Al2O3 = 3; 2 – CR = 2.3, Al2O3 = 4; 3 – CR = 2.5, Al2O3 = 2;  

4 – CR = 2.1 [15]; 5 – CR = 2.3, Al2O3 = 4 [6]; 6 – CR = 2.3,  
Al2O3 = 8 [6]; 7 – CR = 2.3, Al2O3 = 12 [6] 

 
Fig. 7 Experimental and calculated viscosity for cryolite melts 
with CR = 2.3. Concentration of additives – in wt%: 1 – CaF2 = 0, 
Al2O3 = 2; 2 – CaF2 = 5, Al2O3 = 2; 3 – CaF2 = 5, Al2O3 = 4;  

points – experiment, lines – calculation  
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The calculated viscosity is given as solid lines in Fig. 4 

and the experimental data – as dots. The experimental and 

calculated values of the viscosity of conventional cryolite 

electrolyte coincide within 1.5%. 

Conclusions 

The viscosity of the conventional cryolite melts  

NaF–AlF3–CaF2–Al2O3 in the temperature range of  

950–970 °C varies from 2.5 to 3.7 mPa·s (depending on 

the composition). The viscosity increases with the rise in 

the content of additives: per addition of 1 wt% Al2O3 the 

viscosity, on average, increases by 1%, while the addition 

of 1 wt% CaF2 increases the melt viscosity by 3%. A de-

crease in the CR of the melt by 0.1 results in a viscosity 

decrease (in the range of the CR 2.1–2.5) by 2.3%. 

The regression equation for estimating viscosity of 

cryolite melts on several independent parameters, ob-

tained by approximating the experimental data, satisfacto-

rily describes (within 1.5%) the viscosity of conventional 

electrolytes for aluminum production. 
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