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Abstract: Ionic conductivity is common in liquid-like thermoelectric (TE) materials and it helps to understand the

abnormal electrical and thermal transports. However, in experiment, accurately measuring the ionic conductivities in

liquid-like TE materials is very difficult because of the very small contribution from ions to the total conductivity.

In this study, based on the ion-blocking method proposed by Yokota, a home-made instrument has been built to ac-

curately measure the ionic conductivity of liquid-like TE materials. The basic construction of this instrument and

the measurement principles are introduced. The related factors that might influence the measurement accuracy are

also analysed. Finally, the ionic conductivities for two typical liquid-like TE materials are presented to show the va-

lidity of our home-made instrument.
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Thermoelectric (TE) technology can directly convert
waste heat into useful electricity, which may provide an
alternative method to solve the global energy crisis''™..
Recently, the liquid-like materials satisfying the “phonon-
liquid electron-crystal” (PLEC) concept have attracted
great attentions in TE community'®. There are usually
two different sub-lattices in the crystal structures of these
liquid-like materials. One is the rigid anion sub-lattice
and the other one is the “liquid-like” cation sub-lattice.
Since there are many atomic positions with similar en-
ergies for the cations inside the anion sub- lattice, the
cations can easily migrate from one position to another
position like liquids. Many liquid-like materials, such as
CupsX (X =S, Se, Te)*” CuAgSe!'™" CusFeS,",
CuCrSe,'", Zn,Sby!"", Cu;PSes"™ and CugGeSeq '
have demonstrated excellent TE performances which are
comparable with the state-of-the-art TE materials re-
ported before!'"*).

However, the long range ion migration in liquid-like
TE materials may affect material’s chemical stability in
real applications?”??. Under the external electric field,
the movable ions can migrate from their initial high po-
tential positions to the low potential area with high diffu-
sivities, leading to the inhomogeneous ion concentration
distribution along the sample and even the formation of
metallic precipitates on the sample’s surface. Generally,
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such kind of ion migration behavior can be quantitatively
reflected by the ionic conductivity (o;)**. Larger o; in-
dicates that there are more movable ions taking part in
the migration, or the movable ions possessing high mo-
bility. Nevertheless, in experiment, accurately measuring
the o; values of these liquid-like TE materials is very
difficult because most of them are mixed electron-ionic
conductors, in which the ions only contribute a little to
the total conductivity (o). In this case, the common me-
thods (e.g. electrochemical impedance spectroscopy)i**>
that are used to measure the o; values in unipolar io-
nic-conductors are not suitable for these liquid- like TE

materials. Addressing this issue, Yokota!?¢2"!

proposed an
electron-blocking method to separate the ions’ contribu-
tion from the total conductivity. Taken Cu,S as an exam-
ple, two ionic Cu/CuBr electrodes are used to connect
with the two ends of the bar-shape Cu,S sample to con-
sist a Cu|CuBr|Cu,S|CuBr|Cu galvanic cell. These ionic
electrodes can block the electrons passing across the
Cu,S|CuBr interfaces while allowing the ions to freely
migrate through them. Meanwhile, two ionic Cu/CuBr
probes are used to record the potential variation on the
sample generated by the movable ions. Using this me-
thod, the o; values of Cu,SP”****! Cu,Sel”, Ag,SPP!,
Ag:SelPH) Ag,TelP? and LisCu,_sS (6=0~0.25)P%! have
been successfully measured. However, this elec-
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tron-blocking method is limited in very narrow tempera-
ture range because it requires very special materials as
the ionic electrodes and probes which can only conduct
ions. For example, if we choose CuBr to make the gal-
vanic cell, this method can be only used at 385~469°C1*.
Otherwise, CuBr is not a unipolar ionic-conductor and
this electron-blocking method does not work.

Besides using the ionic electrodes to block electrons,
the electrons’ contribution (o) can be also extracted
from the total conductivity by using the pure electric
electrodes (e.g. Ni, Pt) to block ions. In this case, the
ions are not allowed to pass across the interfaces and
their motions are limited inside the measured sample. If
there is no ion-precipitation, the ion numbers in the ma-
terials are not changed. After a long time at high tem-
perature, the sample will finally reach a steady state, in

which only electrons directionally pass across the sample.

Via recording the curves of the establishment and decay
of the ion concentration polarization, the o; values can be
measured according to the Yokota’s model®. If this
ion-blocking method works, it is possible to measure the
o; values in liquid-like TE materials at any temperature
ranges. Especially, as compared with the electron-
blocking method, this ion-blocking method does not re-
quire any special ionic electrodes and probes to consist
the galvanic cell, thus the measurement should be more
simple and convenient. However, since this method was
proposed by Yokota in 19539 its utilization has been
scarcely reported in the published literatures. The details
about the measurement instrument and the possible in-
fluencing factors on the measurement accuracy are still
unclear so far.

In this study, a home-made instrument has been built
based on the ion-blocking method to measure the ionic
conductivity in liquid-like TE materials. The basic con-
struction of the instrument, the measurement principle,
and the possible related factors are introduced. The
measured o; values for Cu; S and Cu,PSeg are also pre-
sented to show the validity of this study.

1 Instrument developed for ionic
conductivity measurement

1.1 Basicconstruction of theinstrument

The home-made instrument designed to measure o;
consists of three parts, termed as the temperature/atm-
osphere-controlling unit, electric-controlling unit, and
data-acquiring unit. The sketch map of this home-made
instrument is shown in Fig. 1. The commercial thermal
expansion equipment (Netzsch 402 C, Germany) is taken
as the temperature/atmosphere-controlling unit, which can

provide high-precision temperature control (+0.01°C)
from room temperature to 1600°C in vacuum or inert
atmosphere. The electric-controlling unit is realized by
the Agilent B2901A, which connects with two nickel
blocks (®@10x10 mm®). The Agilent B2901A as power
supplier can provide a constant DC current ranging from
1 pA to 10 A. The data-acquiring unit is realized by the
Agilent 32970A, which connects with two R-type ther-
mocouples pasted on the measured sample to real-time
monitor and record the temperature and voltage signals.
The measured sample is tightly fixed between the nickel
blocks by using the length adjustable Al,O; rod in the
Netzsch 402 C instrument. These two nickel blocks also
act as the ion-blocking electrodes to block the ions mi-
grating out from the measured sample. The nickel elec-
trodes, sample, and thermocouples are packaged into the
furnace chamber of the Netzsch DIL 402C equipment.
1.2 Measurement principles and steps

All the measurements are carried out in high purity
Argon atmosphere. The dimension of the measured sam-
ple is 1.5 mmx1.5 mmx10 mm. After the temperature of
the furnace chamber is raised to the specified value, the
Agilent B2901A is switched on. A constant DC current
flows from one nickel electrode to the measured sample
and then flows out from the other nickel electrode. Fig.
2(a) shows the sketch map of the ion motion in the
measured sample when a current is switched on and off.
At the instant when the current is stressed on the sample,
the initial random ion migration (step 1) is orientated
along the current direction (step 2). At this instant, the

Fig. 1 Sketch map (a) and optical image (b) for the home-
made instrument built for the ionic conductivity measurement.
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potential variation on the sample is caused by both the
electron motion and ion migration. Then, the potential
drop on the sample (named as the initial voltage) is de-
fined as

=t 1)

o, +0,
where j is the current density, d is the distance between
the two R-type thermocouples pasted on the sample. The
interfaces between sample and nickel electrodes allow
the free movements for electrons, but not for ions. Thus,
the ions migrated from the high potential place will ac-
cumulate at the low potential place, forming an ion con-
centration gradient along the sample. This ion concentra-
tion gradient will further induce the ion back-diffusion
from the low potential place to the high potential place
and counter-balance the ion-migration. If there is no ion-
precipitation, the sample will finally reach a dynamic
equilibrium state (step 3), in which only the current of
electrons flows through the sample. At this time, the po-
tential drop on the sample (named as the stationary volt-
age) is defined as
v =22 @)
O-E
If the current is switched off at this dynamic equilibrium
state, the electron motion will immediately disappear
while the ions at the high concentration place will gradu-
ally diffuse back to the low concentration place (step 4).
Finally, the ions distribution in the sample will return to
the initial homogeneous state (step 1).

The potential variation for such processes mentioned
above is shown in Fig. 2(b). It has two parts. One is for
turning on the current (called process 1) and another is
for tuning off the current (called process 2). These two
processes are reversible in an ideal case. We thus use the
symbol ‘1’ for process 1 and ‘2’ for process 2 (see Fig.
2(c)). The voltage difference between V;and V; is defined
as the residual voltage V;

o Jd

V=¥,V =—— 2 ()

o,+0, O,
Measuring the initial voltage V;, the stationary voltage V,,
and the residual voltage V, gives the ionic conductivity at
specified temperature
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Therefore, we can calculate the o; by using the data of
process 1 (o;;) and process 2 (o). Yokota used the V7,
Vi, and V, to calculate the o; (o;y) for somewhat un-
known reason. As we mentioned, in an ideal case, oy
should be the same as o;,. However, taking into account

the measurement errors, the average value (o;4) of
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Fig. 2 (a) Sketch map of the ion motion process when a cur-
rent is switched on and off. (b) A typical potential variation
curve on a sample caused by the ion motion. (c) Process 1 is for
current on and process 2 is for current off

process 1 and process 2 is recommended. Thus the o; is
2jd V., +V.

— J ol 2 . (5)
VitV Va+V,
The ionic conductivities discussed below are calculated

by Eq. (5).

Oig

2 Results and discussions

2.1 Related factors and measurement im-

provements

Based on Eq. (1)-(5), this ion-blocking method seems
very simple and the ionic conductivity can be easily
measured. However, in the real test, many factors might
influence the measurement accuracy. Especially, for most
liquid-like TE materials, the ionic conductivity usually
weighs a small proportion in the total conductivity, thus
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these factors might introduce quite large uncertainties or
even wrong results. Here, the main factors are discussed.
Then the possible strategies to increase the measurement
accuracy are also proposed.
2.1.1 Peltier effect and Seebeck effect

The ion-blocking method requires a current flowing
through the sample to induce the ion concentration po-
larization. However, the current will simultaneously gen-
erate Peltier effect to conduct heat from the sample’s one
end to the other end, thereby leading to a temperature
gradient along the sample. This temperature gradient will
generate a Seebeck voltage on the sample, which con-
tributes to the measured voltage. To better clarify this
issue, we chose a filled CoSb; sample which does not
include any movable ions as an example to show the role
of Peltier effect and Seebeck effect. Two thin platinum
wires (@ 0.1 mm) connecting with the DC power supply
(Agilent B2901A) are pasted on the two ends of sample
to conduct electrons but minimize the heat exchange
between the filled CoSb; sample and environment (see
the inset in Fig. 3(a)). In this thermal-insulating condi-
tion, the heat conduction along the current direction
caused by the Peltier effect will induce obvious tem-
perature variation on the filled CoSb; sample to generate
extra potential variation as shown in Fig. 3(a). These
curves are quite similar to that shown in Fig. 2(b). How-
ever, there are no movable ions in filled CoSb; sample
and the ionic conductivity is zero. According to the prin-
ciple of Harman’s method””), such kind of potential
variation is caused by the Peltier effect and Seebeck ef-
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fect. These effects will definitely influence the measure-
ment accuracy and overestimate the ionic conductivity.

In order and suppress the Peltier effect and Seebeck
effect, the influence of samples should be designed to
easily exchange heat with the environment to minimize
the temperature variation on the sample. In this study,
two large and high thermal-conductive nickel blocks
(@ 10x10 mm®) are adhered on the two ends of the sam-
ple to accelerate the heat exchange between the sample
and environment (see the inset in Fig. 3(b)). Here, we
still take the filled CoSb; sample as an example to dem-
onstrate the role of these nickel blocks. As shown in Fig.
3(b), comparing to the nearly thermal- insulating condi-
tion, when the current is switched on and off, the poten-
tial and temperature variations are greatly weakened be-
cause the heat accumulated at the end of the sample can
be rapidly absorbed by the nearby nickel blocks. Under
the current density of 0.3 A/cm?, the Vg/V; ratio in the
thermal-conducting condition is almost close to 1, as
compared with the value of 1.28 in the thermal- insulat-
ing condition.

The above strategy can effectively suppress the influ-
ence of Peltier effect and Seebeck effect on the ionic
conductivity measurement. Here, we use a Cu;¢4S sam-
ple to show how to improve the ionic conductivity mea-
surement. At 477°C, the measured o; in the thermal-ins-

ulating condition is 1540 S/m. This o; value is defini-
tely overestimated due to the presence of obvious tem-
perature gradient (0.4°C/mm, see Fig. 4(b) red curve)
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Fig. 3 Variations of potential and temperature difference on a filled CoSbs; sample at 227°C in (a) nearly thermal-insulating
condition and (b) thermal-conducting condition under different current densities. Both the potential and temperature
difference are measured between the two R-Type thermocouples pasted on the sample
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Fig. 4 Variations of potential (a) and temperature difference (b) on a Cu; o4S sample at 477°C
in thermal-insulating condition and thermal-conducting condition

along the Cu;qsS sample. Via adhering two large Ni
blocks on the two samples’ ends to eliminate the tem-
perature gradient (see Fig. 4(b) black curve), the meas-
ured o; in this thermal-conducting condition is only
1000 S/m, about 35% lower than that in the thermal-
insulating condition.
2.1.2 lon-precipitation

The ion-blocking method requires no ions to precipi-
tate out from the measured sample during the whole
measurement process. However, if the stressed current is
over-high, ions will precipitate from the sample to
change material’s chemical composition and electrical
conductivity. This is also a common factor influencing
the measurement accuracy. Taken copper sulfide Cu;¢9S
as an example, Fig. 5(a) shows the potential variation
curves at 477°C under different test current densities.
When the test current densities are less than 0.048 A/cm?,
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Fig. 5 (a) Potential variation curves for Cuj oS under differ-
ent test current densities at 477°C. (b) o; values calculated
based on the potential variation curves shown in (a)

The inset in (a) shows the optical image of the sample after the meas-

urement under 0.512 A/cm®. Obvious Cu precipitation is observed on
the sample’s surface

the curves are similar with the standard curve shown in
Fig. 2. The o; values obtained from these curves are
around 330 S/m (see Fig. 5(b)). No Cu precipitation is
observed after the measurements. However, when the test
current density is increased to 0.064 A/cm?, the voltage
firstly increases to reach a maximum value and then
slightly decreases with further prolonging the current
stress duration. Using the V;, V;, and V; values extracted
from this curve, the calculated o; value is 320 S/m. When
the current density is further increased to 0.512 A/cm?,
the voltage drop from the maximum value is more obvi-
ous and the calculated o; value is only 280 S/m. After the
measurement, we found obvious copper metallic precipi-
tates on the sample’s surface (see the inset in Fig. 5(a)).
Hence, the test current should be as small as possible to
ensure the high measurement accuracy.
2.1.3 Positions of the thermocouples

The key point of the present ion-blocking method lies
on whether the V;, V;, and V; values shown in Fig. 2(b)
can be accurately measured. For a fixed sample,
these voltages are simultaneously determined by the
magnitude of the test current density j and the distance d
between these two R-type thermocouples. As we dis-
cussed above, the test current density should be as tiny as
possible to suppress the Peltier effect and Seebeck effect.
However, too small test current density generates too
small potential variation with very weak signal/noise
ratio, which will influence the ion conductivity meas-
urement accuracy especially for those samples with low
electrical resistivity. Under the same current density, in-
creasing the distance between the two R-type thermo-
couples can obtain larger voltage values and enhance the
signal/noise ratio. In addition, increasing the distance
between the two R-type thermocouples can also ensure
the low measurement error when measuring the d value.

However, the positions of the thermocouples should
not be too close to the samples’ two ends. In the real test,
the two end-surfaces of the measured sample are difficult
to completely contact with the nickel blocks. The actual
contact area in the ends is much smaller than the cross-
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sity nearby the ends of the sample might be larger than N ~

the nominal value, leading to the underestimation of the ij 40 ‘gl

o; value by Eq. 5. As shown in Fig. 6, for the same g B

Cu, 00S sample, when d is increased to 6 mm, the poten- § 20

tial curve has large signal/noise ratio. The calculated o; g -c Uncoated

value from this curve is 103 S/m. However, for the same g oor Coated

Cu,99S sample, when d is increased to 9.5 mm, the cal-
culated o; value is 75 S/m, which is about 30% lower
than that at d = 6 mm. Thus, the d value should be care-
fully chosen for each measured sample according to its
electrical resistivity and geometric length.

2.1.4 Oxidation and volatilization

Although the measurement is carried out under vac-
uum or inert atmosphere, slightly oxidation might still
happen due to the high test temperature. Furthermore,
since almost all liquid-like TE materials consist of vola-
tile elements such as S, Se, Te, and Sb, the volatilization
of these elements at high temperature during the meas-
urement is inevitable if the samples are not properly pro-
tected. Both oxidation and volatilization will change the
chemical compositions of the sample and the measured
results. Here, we take a Cu,PSes sample as an example.
As shown in Fig. 7, at 277°C, if the sample is not pro-
tected, the electrical resistance of the Cu,PSeq sample is
significantly increased with the value 20% than the initial
number after 120 min. Such electrical resistance varia-
tion will definitely influence the ionic conductivity mea-
surement accuracy.

In order to prevent the oxidation and volatilization, we
used one kind of heat resistant silicone sealant to coat on
the sample. The optical picture of one coated Cu;PSes
sample is shown in the inset of Fig. 7. This coating can
prevent the sample’s surfaces to directly contact with the
atmosphere. Thus, the oxidation and volatilization should
be effectively suppressed by this method. As we have
expected, after 120 min at 277°C the resistance is almost

03} 9.5 mm
9.5 mm 6 mm
0=75 S/m
Z02}
< 10 mm
(]
= 6 mm
; 0.1 L =103 S/m
ok ;
Time / min

Fig. 6 Potential variation curves for Cu; oS measured under
different distances between the two R-type thermocouples at
227°C

The test current density is 0.04 A/cm?

0 20 40 60 80 100 120
Isothermal time / min

Fig. 7 Resistance variations of uncoated and coated Cu;PSe¢
samples at 277°C

The inset shows the optical images of these two samples

unchanged. In this way, the influence of oxidation and
volatilization can be greatly weakened in the ionic con-
ductivity measurement.

2.2 Measured o; values for typical liquid-like
TE materials

Using this home-made instrument, we successfully
measured the ionic conductivities of Cu; ¢9S and Cu,PSeg.
The data are listed in Table 1. Clearly, the o; values cal-
culated by four kinds of methods are very close with a
deviation less than 6%, indicating these methods are very
reliable and the measurement accuracy is about 6%.

Since the present ion-blocking method does not rely
on the special ionic electrodes, the o; values in a quite
broad temperature range can be successfully obtained.
For example, for the copper sulfides Cu,_;S, the previous
literatures only reported the o; values of the hexagonal
phase. Nevertheless, the o; values of the cubic phase

Table1l lonic conductivitiesfor Cu, S and Cu,PSeg cal-
culated by using the Yokota's method (aiy), the data of
process 1 (oi1) and process 2 (i), and the average
data of process 1 and process 2 (oip)

Sample 7/°C (Si?l{l) (Siirllil) (Si’;{l) (Siﬁil)
177 58 57 58 58
227 97 98 96 97
277 137 137 138 137
327 178 179 175 177

Cuy 908 427 298 291 310 300
452 309 305 314 309
477 327 326 328 327
502 349 351 347 349
527 369 356 376 366
127 50 55 50 53
177 79 81 79 80

Cu,PSeq
227 118 117 118 118
277 163 172 163 167
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(above around 427°C) is absent because the temperature
limitation for the CuBr ionic electrode mentioned above.
Using the present ion-blocking method, the o; values of
Cuy9S from 177°C to 527°C have been measured. As
shown in Fig. 8(a), the o; values of these liquid-like TE
materials are between 50 S/m and 500 S/m, which are
very high values as compared with those of the metal
halogens (e.g. CuBr** and Cu;CdIs").

The measured o; values provide many useful informa-
tion to help us to better understand these liquid-like TE
materials. Based on the temperature dependence of the o;
values, we can calculate the ionic activation energy (£,)
by the equation

0; =0y exp(=E, / kpT), (6)
where o is a pre-exponential factor and kg is the Boltz-
mann constant. As shown in Fig. 8(b), the E, values for
both Cu; ¢S and Cu,PSes are 0.1-0.2 eV, comparable
with the kg7 at elevated temperature. In addition, E, for
B-Cu;.99S is larger than that of the a-Cu; ¢S phase. In
B-Cuj.99S, most copper atoms are located in the sulfur
layers with the Cu—S bond length of ~0.22 nm. However,
in a-Cuj ¢S, most copper atoms are located inside the
tetrahedral anti-fluorite positions with the Cu-S bond
length of ~0.24 nm. The shorter Cu—S bond length in the
B-Cu;99S phase suggests that the Cu—S chemical bonds
wherein are stronger than those in the a-Cu, ¢S phase.
Thus, a larger energy is required for the Cu ions in the
B-Cuj 99S phase to hop from one site to another.

Furthermore, based on the measured o; values, we can
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Fig. 8 (a) Ionic conductivity (o;) and (b) ionic activation en-
ergy (E,) for liquid-like TE materials
Ionic conductivities are calculated by Eq. (5)

also calculate the ionic self-diffusion coefficient (D;) by
the equation (7) and (8):

u=0o;/me, (7)

D, = pikyTle, @®)
where n; is the mobile Cu ions concentration and o is the
ionic mobility. By assuming that the Cu ions in a liquid-
like material are fully ionized and all Cu ions take part in
the ionic conductivity, n; can be simply regarded as a
constant value at different temperatures which equals to
the total Cu ions concentration in this material. For ex-
ample, n; for CuyeS is 4.62x10% cm™. At 227°C, the
calculated D; is 5.63x107° cm?/s. This D; value is com-
parable with those in typical simple liquid self-diffusion
systems, e.g. 1.6x10”° c¢cm?®/s in Argon and 2.2x 107
cm?/s in water™”). This can well account for the Cu ions’
liquid-like behavior in the rigid sulfur framework.

3 Conclusion

In this study, based on the principle of ion-blocking
method proposed by Yokota, we built a home-made in-
strument to measure the ionic conductivity in liquid-like
TE materials. The basic construction of the instrument
and the measurement principle are introduced. The in-
fluences of Peltier effect/Seebeck effect, ion precipitation,
positions of the thermocouples, and oxidation and vola-
tilization on the measurement accuracy are also demon-
strated and discussed. Then, several strategies were pro-
posed to increase the measurement accuracy. Using this
instrument, the o; values of Cu; ¢S and Cu,PSes were
successfully measured.
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