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Abstract
The paper presents the experimental results on ionic conductivity and chemical diffusion in nonstoichiometric nanocrystalline 
superionic materials NaxCu1.75S (x = 0.1, 0.15, 0.2, 25). High values of the coefficient of conjugated chemical diffusion of 
cations and electronic holes (1.1∙10−3 and 1.65∙10−3 cm2/s at 410 °C) were observed in the studied electron-ionic conduc-
tors Na0.10Cu1.75S and Na0.20Cu1.75S. Activation energies of the total ionic conductivity are measured as 0.30 and 0.40 eV 
for superionic Na0.10Cu1.75S and Na0.15Cu1.75S phases respectively. In the superionic phases, the measured values of the total 
ionic conductivity are 2.8, 1.5, and 2.0 S/cm for Na0.10Cu1.75S, Na0.15Cu1.75S, and Na0.20Cu1.75S at 410 °C respectively. Thus, 
insertion of sodium to copper sulfide did not lead to worse of high ionic conductivity in the superionic phase.
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Introduction

The main reason hindering the creation of competitive sodium-
ion batteries (NIA) is the low efficiency of the available elec-
trode materials. In addition, the sodium-ion electrochemical 
system has a serious drawback—a very long charge/discharge 
time—since NIAs cannot yet operate at high current densi-
ties due to the low diffusion rate [1, 2]. However, an inten-
sive search for promising sodium storage electrode materials 
continues to develop. In recent works [3, 4], for example, 
methods have been proposed for the synthesis of hollow nano-
structures for sodium storage. In paper [3], the as-prepared 
copper phosphide hollow nanocubes deliver a stable capacity 
of 325 mA∙h·g−1 at 50 mA·g−1 and fast charging and discharg-
ing via pseudocapacitance behavior. The outstanding electro-
chemical performance by Zhe Hu et al. [3] is explained by the 

synergetic effects of high electronic conductivity of copper and 
the high sodium storage capability of phosphorus. In another 
work by L. Han et al. [4], hierarchically porous MoS2-C hol-
low rhomboids (MCHRs) have been creatively synthesized 
via a facile self-templated solvothermal approach. It has been 
clarified that the obtained MCHRs assembled beneath ultrathin 
γ-MnS and carbon cohybridized MoS2 nanosheets under the 
structural direction of the MnMoO4·0.49∙H2O self-template. 
The prepared MCHR anode of sodium-ion batteries exhibited 
an excellent reversible capacity of 506 mA∙h∙g−1 at 0.1 A∙g−1, 
ultrahigh rate capabilities up to 10 A∙g−1 with 310 mA∙h∙g−1, 
and exceptional stability over 3000 cycles.

Copper chalcogenides have already shown themselves to 
be promising materials for NIA [5, 6]. These materials are 
good thermoelectrics too [7–9].

In this work, highly nonstoichiometric phases of cop-
per sulfide (roxbyite and anilite) in the nanosized state are 
considered candidates for sodium storage materials, which 
can exhibit superionic properties at room temperature and, 
in addition, have a high electronic conductivity of 102–103 
Ohm−1 cm−1 [7–9]. The presence of a large number of cop-
per vacancies in the structure of roxbyite (digenite) and 
anilite can dampen mechanical stresses in the lattice and 
increase the cyclability of the electrode material to 100 or 
more [5, 6].
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When there is a gradient of the degree of nonstoichi-
ometry in the sample, then there is also a gradient of the 
chemical potential of cations and anions, under the influ-
ence of which the diffusion of cations and anions towards 
each other occurs. The local electroneutrality of the sam-
ple is maintained by an equivalent electron flux. This pro-
cess is usually called a chemical diffusion [10]. In the case 
of copper chalcogenides, anions can be considered practi-
cally immobile, and therefore, chemical diffusion means 
conjugated (ambipolar) diffusion of cations and electrons 
in a chemical field due to the gradient of the degree of 
nonstoichiometry and in an electric field arising due to the 
difference in the mobility of particles of different types.

Thus, chemical diffusion is associated with the self-dif-
fusion of cations, the mobility of electron carriers, nonstoi-
chiometry parameters, and through them—with the defec-
tive structure of the crystal. The study of chemical diffusion 
is important in practical terms, since it plays an important 
and often decisive role in many natural and technological 
processes determined by solid-phase chemical reactions: 
oxidation of metals, solid-phase synthesis of materials, 
transfer processes in energy devices with superionic mate-
rials. The process of conjugated chemical diffusion of ions 
in copper chalcogenides proceeds under the influence of a 
gradient of the degree of nonstoichiometry [10]. The con-
jugate chemical diffusion coefficient (CCDC) determines 
the rate at which chemical equilibrium is established. Since 
the condition of the electroneutrality of the sample in each 
cross section of the sample must be satisfied due to the 
compensation of charge transfer of ions by the transfer of 
electrons (holes), diffusion jumps of ions lead to the same 
displacement of matter as jumps of neutral atoms.

The internal electric field arising in the sample accel-
erates the movement of “slow” particles (cations) and 
accelerates the movement of “fast” particles (electrons). 
This explains the high values of the CCDC observed in 
comparison with the self-diffusion coefficients of cations.

According to VN Chebotin [10], the coefficients of the 
conjugated chemical diffusion of ions and electrons in sol-
ids can be expressed as

where ti = σi/(σe + σi) and te = σe/(σe + σi) are ion and electron 
transport numbers and 

∼

Di and 
∼

De are the individual chemical 
diffusion coefficients for ions and electrons (electron holes) 
respectively.

Sh. Miyatani showed in [11] that the time dependence 
of the potential difference Uii between two Ag|AgJ ion 
probes after switching off the stationary current through 
the Ag/AgJ/CuxAg2-xSe/AgJ/Ag cell, as in the case of one 
type of mobile cations, described by the expression:

(1)
∼

�= ti

∼

��
+ te

∼

��

where j is the current density at the moment of switching 
off, σi = σAg+  + σCu+ is the total ionic conductivity, L is the 
length of the sample, te is the electronic transport number, 
and D̃ is the coefficient of the conjugate chemical diffusion 
of cations and electrons.

We believe that Miyatani’s conclusions can be extended 
to other materials with high electronic conductivity and 
with two types of mobile cations, and, in particular, to 
the NaxCu1.75S system, in which the Na+ and Cu+ ions are 
mobile. So, the chemical diffusion coefficient of NaxCu2-yS 
superionic materials in this work was determined from the 
time dependence of the concentration polarization decay 
after switching off the current through the Cu/CuBr/Sam-
ple/CuBr/Cu electrochemical cell with reversible Cu/CuBr 
ion electrodes using Eq. (2).

This work is an attempt to study chemical diffusion and 
ionic conductivity in the NaxCu1.75S system in order to 
elucidate the effect of sodium content on ion transport con-
ditions. The first measurements of the conjugated chemi-
cal diffusion coefficient in the copper sulfide phases of 
chalcocite and djurleite at room temperature were made 
in 1983 by H. Rickert, H.D. Wiemhofer, and U. Tinter 
using the point electrode method [12–14]. H. Rickert and 
H.D. Wiemhofer revealed a CCDC maximum of 1.0∙10−6 
cm2/s for chalcocite close to stoichiometric composition 
(Cu1.999S), and a decreasing in CCDC with a nonstoichio-
metricity increasing. U. Tinter and H.D. Wiemhofer found 
a similar dependence of CCDC on nonstoichiometricity 
for djurleite (2.4∙10−8 cm2/s for the Cu1.957S composition 
and then a decrease in CCDC with a nonstoichiometricity 
increasing). An analysis of all known results on CCDC at 
room temperature is presented by S. Cassaignon et al. in 
1998 [15]. Also the work of Balapanov M.Kh. is known 
on studying of the dependence of ionic conductivity and 
CCDC in copper selenide on the size of crystallite grains 
at different temperatures [16]. CCDC in copper chalco-
genides doped with silver and lithium were studied in 
[11, 17–21]. Ionic conductivity in sodium-doped cop-
per sulfide Na0.2Cu1.8S was recently reported in the study 
[9], in which it was noted that doping with sodium did 
not significantly affect the ionic conductivity of copper 
sulfide: the ionic conductivity increases exponentially 
up 1.5 to 2.3 S cm−1 in the temperature range up 630 to 
690 K. Observed values are comparable with the level of 
the ionic conductivity of the binary copper sulfide. In this 
paper, we present the results of measurements of the con-
jugate chemical diffusion coefficient in nonstoichiometric 
nanocrystalline superionic NaxCu1.75S (x = 0.1, 0.15, 0.2, 
0.25) materials in the same temperature range.

(2)Uii(t) =
8

𝜋2

jL

𝜎i

teexp

(

−
𝜋
2D̃t

L2

)
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Experimental methods

The synthesis reaction is carried out in a melt of NaOH and 
KOH hydroxides. It is known that the melting point of pure 
NaOH is 323° C, and for KOH, the melting point is 404° C. 
With a quantitative ratio between NaOH/KOH = 51.5:48.5, 
the melting point of the mixture decreases to 165 °C.

First, the prepared mixture of sodium and potassium 
hydroxides in the ratio is put into a Teflon vessel and 
heated to melting (about 165° C). Heat is supplied to the 
vessel both from the bottom and along the side walls for 
uniform heating throughout the volume. The lid of the 
vessel should not be tight so that excess vapors can freely 
escape from the vessel. The power of the heater after boil-
ing is reduced to a minimum to avoid violent boiling.

All reagents (CuCl, Na2S * 9H2O) are put into a heated 
Teflon vessel at the same time.

After loading the charge, the vessel is filled with argon 
and tightly closed with a screw cap with a hole for steam 
release. During the course of the reaction, argon continues 
to flow into the upper part of the vessel, which creates 
some excess pressure over the surface of the melt.

The NaxCu1.75S nanostructure is formed within several 
hours, usually held for 15 h at 165 °C. The formed crystals 
are in the melt in the form of a gel. The sizes of nanocrys-
tallites can be varied by adding a small amount of water 
to the melt. The product obtained in the form of a gel 
clot is washed three times with heated distilled water, then 
washed with pure ethanol, and dried at room temperature.

From the powders, the tablets were prepared in the form 
of 2∙5∙20 mm3 for measuring of the transport properties. 
Cold pressing under pressure of 2–3 tons/cm2 was used. 
After pressing the annealing for 8 h at 450 °C in an argon 
atmosphere was provided for all samples.

X-ray phase analysis of the samples was carried out on 
a Bruker diffractometer (Germany) using radiation using 
CuKα X-ray tube radiation and a graphite monochroma-
tor with a diffracted beam. The diffraction patterns were 
recorded in the range of 2θ angles from 20 to 65°, with a 
step of 2θ = 0.02°. The phases were identified using the 
BrukerAXSDIFFRAC.EVAv.4.2 software and the inter-
national database ICDD PDF-2.

The study of phase transitions and thermal effects in 
NaxCu2-x-yS samples was carried out by differential scanning 
calorimetry method (DSC) with DSC 404 F1 Pegasus instru-
ment (NETZSCH, Germany) in an argon atmosphere in the tem-
perature range of 27–587 °C. The heating rate was 10 °C/min.

Mixed type of conductivity of the studied materi-
als does not allow the use of conventional methods of 
conductivity measuring, so the electronic and the ionic 
conductivities were measured by well-known method of 
suppressing of undesirable current component, described, 

for example, in [22, 23]. To separate the electronic and 
ionic conductivity, one of the current components was sup-
pressed by selecting the appropriate current electrodes and 
potential probes. For measurements of the ionic conductiv-
ity in the range of 330–440 °C, the Cu/CuBr current filters 
and potential probes were used. Ionic DC conductivities 
( �i ) and chemical diffusion coefficients ( D̃ ) were measured 
by a well-known Yokota’s method [23] from curves of 
establishing and decay of concentration polarization. The 
applied electrochemical cell is shown in Fig. 1.

A constant ion current of 1 mA was passed through the 
NaxCu1.75S sample using electrodes 1, 2 (Fig. 1) until a 
steady state was established. Steady potential difference U∞

ii
 

between ionic probes 3 and 4 was used to calculate the total 
ionic conductivity σi = σNa+  + σCu+ according to Ohm law

where I is the ionic current, l is the distance between ionic 
probes 3 and 4, S is a cross square of a sample, and Uo

ii
 is 

the initial potential difference between ionic probes 3 and 4 
before turning on the current. In our opinion, the measured 
ionic conductivity is a total cationic conductivity of the com-
pound σi = σNa+  + σCu+.

After switching off the current, the time dependences 
of the potential difference Uii(t) between ion probes 3 and 
4 were recorded. The chemical diffusion coefficient D̃ was 
calculated by the least squares method from the slope of 
the dependence ln Uii(t).

The measurements were performed in inert atmosphere 
of purified argon.

X‑ray phase analysis and differential 
scanning calorimetry

Figure 2 shows the powder X-ray diffraction patterns of 
the Na0.15Cu1.75S (a), Na0.20Cu1.75S (b), and Na0.25Cu1.75S 
(c) samples taken at room temperature. Digits above pikes 

(3)�
i
=

Il

(U∞
ii
− Uo

ii
)S
,

T1 T2

 NaxCu1.75S 

CuB

Cu

 Cu  CuBr 
1 

 3 4

 CuBr 
2

 Cu 

Fig. 1   Scheme of the electrochemical cell for measurements of the 
ionic conductivity and chemical diffusion coefficient
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denote as follows: 1 triclinic roxbyite, 2 orthorhombic ani-
lite, 3 monoclinic Na2Cu4S3, 4 cubic Cu2O, 5 orthorhom-
bic Na2S.

Analysis of the spectra of Fig. 2 showed that samples 
of Na0.15Cu1.75S, Na0.20Cu1.75S, and Na0.25Cu1.75S con-
tain as the main phase the triclinic roxbyite Cu1.8125S 
with space group P 1 and cell parameters, a = 13.4051 
(9), b = 13.4090 (8), c = 15.4852 (3) Å, α = 90.022 (2), 
β = 90.021 (2), γ = 90.020 (3)° [24].

Roxbyite is a phase of variable composition with the 
formula Cu1.74÷1.82S. The structure of roxbyite is based on 
a hexagonal-close-packed framework of sulfur atoms with 
the copper atoms occupying these layers, all having trian-
gular coordination. The crystal structure of roxbyite bears 
a strong kinship to those of low chalcocite and djurleite. 
The authors of [25] draw attention to the propensity of 
roxbyite crystallites to twinning, which previously led to 
errors in determining the lattice symmetry and unit cell 
dimensions. However, twinning in nonstoichiometric cop-
per sulfide leads to a decrease in the superionic transition 
temperature to a room temperature [25], and this is a posi-
tive point, since an increase in ionic conductivity at room 
temperature is very important for the commercialization 
of sodium-ion batteries.

Accordingly to Zh‐H. Ge et al. [26], the solid solubil-
ity of Na in Cu1.8S did not exceed 3 at %. For Na0.05Cu1.8S 
composition, the additional phases appear as Na2S and 
Cu1.96S. Y.-X. Zhang et al. [27] noticed that a tiny amount 
of sodium sulfide hydrate (Na2S * 9H2O) doping into 
Cu1.8S can effectively suppress grain growth and create a 
porous structure during the fabrication procedure.

In our work along with the main phase, the studied sam-
ples contain impurities of orthorhombic anilite Cu1.75S, 
sodium sulfide Na2S, and cubic copper oxide Cu2O. In 
all samples, the significant content of the monoclinic 
Na2Cu4S3 phase, which is referred to as the so-called 
Scintl phases, was found.

The sizes of crystallites, estimated from the half-width 
of X-ray lines by the Williamson-Hall method, lie in the 
range from 13 to 82 nm in Na0.15Cu1.75S alloy, from 10 
to 113 nm in Na0.20Cu1.75S alloy, and from 13 to 99 nm 
in Na0.25Cu1.75S alloy which is due to approximately the 
same conditions for the synthesis in the melt of sodium 
and potassium hydroxides.

The Na2Cu4S3 phase has a monoclinic lattice, space 
group C2/m (12). The number of atoms in a cell is 32. 
The lattice parameters are as follows: a = 15.630  Å, 
b = 3.860 Å, c = 10.330 Å, angle β = 107.60°. The density 
is low and equal to 4.173 g/cm3. It is known that Na2Cu4S3 
crystallites have a chain structure and strong anisotropy 
[28]. At room temperature, for pressed samples, the 
conductivity of Na2Cu4S3 is about 300 Om−1 cm−1. The 
ionic conductivity in Na2Cu4S3 has not been studied, but 

the features of the crystal structure suggest a quasi-one-
dimensional ionic conductivity in crystalline samples and 
a three-dimensional one in polycrystalline-pressed sam-
ples, however, lower than in Cu2S.

Figure 3 shows, for example, a snapshot of the surface 
of the Na0.25Cu1.75S sample. On Fig. 3a, the width of the 
field of view is 30 µm; piles of nanostrips up to 10-µm long 
and ~ 500- to 1000-nm wide are visible. In the lower left 
corner of Fig. 3a, an agglomerate of round or block particles 
with sizes up to 500 nm is observed. Figure 3b shows a sur-
face Sect. 3.75-µm long in more detail, on which nanostrips 
and nanoplates of irregular shape are clearly visible. The 
particle sizes according to electron microscopy exceed by 
several times the estimated results from the X-ray line half-
width. Perhaps this difference is due to the presence of sub-
blocks inside the particles, due to which the estimate from 
the X-ray line half-width gives smaller sizes.

Figure 4 shows differential scanning calorimetry results 
for four compositions: Cu1.75S, Na0.15Cu1.75S, Na0.20Cu1.75S, 
Na0.25Cu1.75S. The DSC curves demonstrate two strong ther-
mal effects with critical temperatures of 116 ÷ 120 °C and 
449 ÷ 453 °C.

For the Cu1.75S sample, the weak thermal effect is exhib-
ited at 95 °C approximately, which can be correspond to 
phase transition from orthorhombic modification of anilite 
to hexagonal modification, but this phase transition usu-
ally takes place at 75 ± 3 °C [29]. The Cu1.75S sample was 
synthesized by the same method as the rest of the samples; 
according to X-ray studies, its composition is dominated by 
roxbyite with an admixture of anilite. According to W. G. 
Mumme et al. [30], a conversion of roxbyite to a digenite 
phase was observed to commence at 65–70 °C. Two modi-
fications of digenite (Cu1.8S) exists, a low-temperature trigo-
nal form (below 91 °C) and high-temperature cubic Fm3m 
form (above 91 °C) [31, 32]. In our opinion, a wide (with 
a width of 40–50 °C) phase transition centered at 120 °C 
can be considered a structural transition to the superionic 
hexagonal phase of copper sulfide, the temperature of which 
depends on the stoichiometry of the composition [29]. Na2S 
and Na2Cu4S3 did not undergo phase transition in the studied 
temperature interval.

The first thermal effect can be considered a transition to the 
hexagonal superionic phase, which is delayed by 13–16° rela-
tive to the transition point for coarse-grained copper sulfide, 
which can be attributed to the influence of impurities. The 
second thermal effect is close to the transition point from the 
hexagonal to the cubic form of pure copper sulfide (437 °C 
[33]), exceeding it also by 12–16°, which can also be attributed 
to the influence of impurity phases.

For the Na0.15Cu1.75S composition, the peak of the thermal 
effect is located at 438 °C, practically coinciding with the criti-
cal temperature for pure coarse-grained copper sulfide. The 
same composition, as it turned out, has the activation energy 
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Fig. 2   Powder diffraction patterns of the Na0.15Cu1.75S (a), Na0.20Cu1.75S (b), and Na0.05Cu1.75S (c) samples taken at room temperature. Digits 
above pikes denote 1 triclinic roxbyite, 2 orthorhombic anilite, 3 monoclinic Na2Cu4S3, 4 cubic Cu2O, and 5 orthorhombic Na2S phases

4315Ionics (2022) 28:4311–4319



1 3

of ionic conductivity much lower than that of other samples 
(Table 1).

Ionic conductivity and chemical diffusion

The curves of establishing and decay of the concentra-
tion polarization were taken for all three samples at tem-
peratures 370, 380, 390, 400, and 410 °C with using the 
electrochemical cell, presented in Fig. 1. For example, one 
such curve is shown in Fig. 5a for Na0.15Cu1.75S sample 
at 370 °C.

Ionic conductivities were calculated accordingly to 
Eq.  (2) using (U∞

ii
− Uo

ii
) difference determined from 

taken concentration polarization curves. The temperature 

Fig. 3   Image of the 
Na0.25Cu1.75S powder taken with 
MIRA3 TESCAN scanning 
electron microscope. Piles of 
nanostrips up to 10-µm long 
and ~ 500- to 1000-nm wide are 
visible (a); in the lower left cor-
ner of Fig. 3a, an agglomerate 
of round or block particles with 
sizes up to 500 nm is observed. 
Figure 3b shows a surface 
Sect. 3.75-µm long in more 
detail, on which nanostrips and 
nanoplates of irregular shape 
are clearly visible

Fig. 4   Curves of differential 
scanning calorimetry of Cu1.75S, 
Na0.15Cu1.75S, Na0.20Cu1.75S, 
and Na0.25Cu1.75S samples 
recorded in argon atmosphere

Table 1   Parameters of the ionic transport of the NaxCu1.75S materials

Sample Activation energy of the 
ionic conductivity, eV

Activation energy of 
the chemical diffusion, 
eV

Na0.10Cu1.75S 1.10 ± 0.05 (below 390 °C)
0.30 ± 0.02 (above 390 °C)

1.87 ± 0.09

Na0.15Cu1.75S 0.40 ± 0.02 0.36 ± 0.02
Na0.20Cu1.75S 1.03 ± 0.05 2.57 ± 0.15

4316 Ionics (2022) 28:4311–4319
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dependences of the ionic conductivities are presented 
in Fig. 5b. As it seen in Fig. 5b, the ionic conductivity 
decreases with Na content in the compounds, but values of 
the ionic conductivity remain high (> 0.6 S/cm at 370 °C).

To determine the activation energy of the ionic conduc-
tivity, auxiliary graphs ln σi T (1/T) were plotted as shown 
in Fig. 5c.

All lines in Fig. 5c demonstrate linear character accord-
ingly in Arrhenius law. Calculated from the slope of the 
obtained straight lines, the activation energy values are 
presented in the Table 1. The temperature dependence of 
the ionic conductivity of Na0.15Cu1.75S in Fig. 5c shows a 
kink at 390 °C, in which there is an abrupt change in the 
activation energy without a jump in ionic conductivity. 

Below this temperature, the activation energy is 0.30 eV; 
above this temperature, it becomes 1.10 eV. As follows 
from the DSC calorimetry data (Fig. 4), a prolonged phase 
transition begins at 370 °C in the materials under study, 
which finally ends above 500 °C. It is somewhat incor-
rect to measure the activation energy of conduction in 
the region of the phase transition, so we will refrain from 
drawing any definite conclusions from these data.

To calculate the coefficient of conjugated diffusion of 
cations and electronic holes from the concentration polari-
zation decay curves, the graphs of the logarithm of the 
Uii(t) dependence were plotted, similar to one shown in 
Fig. 5d for the Na0.20Cu1.75S sample. It can be seen that the 
experimental points in the coordinates ln Uii = f(t) fit well 

Fig. 5   a The curve of establish-
ing and decay of the concentra-
tion polarization at switching 
on and off the direct ionic 
current 1 mA through the Cu/
CuBr/Na0.15Cu1.75S/CuBr/Cu 
electrochemical cell at 370 °C; 
b temperature dependences 
of the ionic conductivity for 
Na0.10Cu1.75S, Na0.15Cu1.75S, 
and Na0.20Cu1.75S samples; 
c temperature dependences 
of the ionic conductivity for 
Na0.10Cu1.75S, Na0.15Cu1.75S, 
and Na0.20Cu1.75S samples in ln 
σiT—(1/T) coordinates; d time 
dependences of the decay of 
the concentration polarization 
plotted in semilogarithmic coor-
dinates for the Na0.20Cu1.75S 
sample; e temperature 
dependences of the conjugated 
chemical diffusion coefficient 
of cations and electron holes 
for Na0.10Cu1.75S, Na0.15Cu1.75S, 
and Na0.20Cu1.75S samples; f 
temperature dependences of the 
chemical diffusion coefficient of 
Na0.15Cu1.75S plotted in ln D—
(1/T) coordinates
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on a straight line, which makes it possible to accurately 
determine the coefficient of conjugate diffusion of copper 
cations and electron holes D̃ in accordance with expression 
(1). The measurement error D̃ was no more than 4–5%.

Received temperature dependences of the coefficient D̃ 
of conjugate chemical diffusion for NaxCu1.75S samples 
obtained at 370–410 °C are shown in Fig. 5e. The chemi-
cal diffusion coefficient has the highest values for solids, 
reaching 1.6∙10−3 cm2s−1. As can be seen from these fig-
ures, the temperature dependences for all compositions 
have an Arrhenius character.

To determine the activation energy of chemical diffu-
sion, auxiliary graphs ln D (1/T) were plotted as shown 
in Fig. 5f. Calculated from the slope of the straight lines 
in Fig. 5f, the values of the activation energy of chemical 
diffusion are shown in Table 1.

In coarse-grained copper sulfide Cu1.98S, the transition 
from the hexagonal to the cubic modification occurs at 
about 367 °C, also without a jump in ionic conductivity, 
and the activation energy of ionic conductivity decreases 
from 0.47 to 0.29 eV [34]. For nanosized Na0.15Cu1.75S, the 
activation energy of the ionic conductivity is close to one 
for coarse-grained copper sulfide. For the Na0.10Cu1.75S 
and Na0.20Cu1.75S compositions, the activation energies are 
three times higher than those for coarse-grained copper 
sulfide. It is possible that the distribution of cations over 
the interstices of the superionic conductor changes, and 
deeper potential wells appear which increase the activation 
energy. Other reasons may be both the incompleteness of 
the phase transition in the measurement interval and the 
influence of interphase boundaries, since the material is 
not homogeneous, and there is an admixture of a non-
superionic phase (Cu2O).

As can be seen from Table 1, with an increase in the 
sodium content in the material, the chemical diffusion 
coefficient decreases slightly, but it remains very high. 
The activation energy of chemical diffusion is minimal 
for Na0.15Cu1.75S composition, which corresponds to the 
idea of mixing two salts with conductivity for different 
alkali metal ions (mixed-alkali effect).

Conclusion

The process of conjugate chemical diffusion of ions and 
electrons (holes) in copper chalcogenides proceeds under 
the influence of a gradient of the degree of nonstoichiometry. 
Due to the action of the principle of electroneutrality, diffu-
sion jumps of ions in a mixed electron–ion conductor lead to 
the same movement of matter as the jumps of neutral atoms. 
The resulting internal electric field accelerates the movement 
of “slow” particles (cations) and accelerates the movement 
of “fast” particles (electron holes) [10]. This explains the 

observed high values of CCDC in the studied electron–ion 
conductors Na0.10Cu1.75S, Na0.15Cu1.75S, and Na0.20Cu1.75S. 
The chemical diffusion coefficient of the compositions has 
the highest values for solids, reaching 1.6∙10−3 cm2s−1 for 
Na0.10Cu1.75S alloy at 410 °C. Nevertheless presence of 
sodium in the lattice essentially changes the conditions of 
the ionic transport in comparison with binary copper sulfide. 
For the Na0.10Cu1.75S and Na0.20Cu1.75S compositions, the 
activation energies of the ionic conductivity are three times 
higher than those for coarse-grained copper sulfide. The 
activation energies of the conjugate chemical diffusion for 
these compositions are roughly two times higher than those 
for their ionic conductivities.

The high values of the chemical diffusion coefficients in 
sodium-substituted copper sulfides allow us to hope for an 
increase in the operating current density of sodium-ion bat-
teries using copper sulfides as an active electrode material.

Funding  This research was funded by the Science Committee of the 
Ministry of Education and Science of the Republic of Kazakhstan (no. 
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