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Abstract

A series of glassy electrolytes in the ternary system (100 — x)(3K,S — 7P,Ss) —
xKI (x=0, 5, 10, 15 and 20) was investigated, with a focus on their potassium-
ion conductivity using electrochemical impedance spectroscopy (EIS). Among
the compositions studied, the electrolyte with x = 20 exhibited the highest am-
bient-temperature conductivity, measured at 2.36 x 107'° S-cm™. The materials
were characterized by XRD, DSC, and Raman spectroscopy. DSC results re-
vealed glass transition temperatures just above 130°C; therefore, temperature-
dependent conductivity measurements were performed within the range of
21°C - 125°C to determine activation energies without interference from ther-
mal transitions. Raman spectroscopic analysis confirmed the presence of in-
variant structural units of the network former— PS; ,PS}™, PS;” —across all
glassy electrolytes. The similarity of vibrational modes to those of the parent
composition indicates that halide ions do not interact chemically with these
network-forming units. Instead, the halide ions occupy interstitial sites within
the glass structure. The observed increase in ionic conductivity with higher KI
content is attributed to a rise in charge carrier concentration, consistent with
the interstitial incorporation of halide ions without disrupting the anionic
framework.

Keywords
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1. Introduction

Potassium batteries (such as K-ion battery, K-sulfur battery and K-O, battery)
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have gained considerable attention in recent years due to low cost, abundant re-
sources, and relatively low reduction potential [1]-[3]. It has been reported that
potassium batteries can deliver higher energy storage capacity and energy density
relative to Li— and Na— batteries [2] [3]. However, since the liquid electrolyte con-
taining commercially available batteries posed risks of leakage, flammability and
electrode corrosion, attention has been diverted to the development of all-solid-
state batteries (ASSB) [4] [5] which are considered the safest energy storage sys-
tems because of the nonflammable and electrochemically stable solid state elec-
trolytes [6]. Since the performance of a battery is rooted in the nature of the elec-
trodes and electrolyte [7], it is important to have an electrolyte of good quality in
a K- battery in addition to its cathode and anode. The introduction of high quality
solid electrolyte reflects the efficiency of a battery with high energy density, ca-
pacity and durability. For this reason, the search for electrolyte materials with high
K* ionic conductivity at ambient temperature is a key step toward developing all-
solid-state batteries with high energy and power densities [8].

The increasing research interest in developing all solid-state K-batteries neces-
sitated high room temperature K*-ion conducting solid electrolytes. Attempts
could be seen at developing different types of electrolytes such as solid polymer
[9] [10] and inorganic electrolytes of different classes and phases [11] [12] for
solid state K-battery. Inorganic solid electrolytes have been the focus of investiga-
tion [11]-[13]. Most of the studied inorganic solid electrolytes include mixed ionic
and electronic conductivity [13]-[16]. For all solid state potassium batteries (K-
ion or K-S or KO, batteries), purely K* ion conducting electrolyte which has no
electronic conductivity is required. Among the different classes of purely K* ion
conducting inorganic solid electrolytes, ionic glass/ amorphous electrolyte is one
of the potential electrolytes. Ag* and Li* ions conducting glassy electrolytes have
proved that the conductivity of glass electrolyte can be comparable to that of liquid
electrolyte that is required for a room temperature battery operation. [17]-[19]
Glasses are isotropic, without grain boundaries and are easy to fabricate in the
form of complex shapes that can be used to optimize the properties due to wide
compositional flexibility. Much attention has been paid to the studies of the ionic
glasses with Li* and Na* conductivity [20]-[23]. However, there has been less at-
tention in the study of K* ion conducting glassy electrolyte. Because of the larger
ionic volume of K* ion relative to Li* and Na* ions, achieving glassy solid electro-
lytes with high K* ionic conductivity is a major challenge for the design and syn-
thesis. Though, reports of mixed ions (such as K*, Li*, Na*, etc.) conducting glasses
can be found [24] [25], only a handful of reports can be found to have been studied
until today which reported only one and pure K* ion conducting glass electrolyte
[12] [26]-[29]. Among the 5 published reports [12] [26]-[29] we have found, only
one report mentioned the room temperature purely K* ion conductivity which is
close to 1071 S.cm™! [27].

In general, inorganic alkali ionic glass is composed of glass network former and

glass modifier. Network formers are the compounds of covalent nature such as
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oxides and sulfides of Si, P and B and glass modifiers are the compounds of ionic
natures such as oxides and sulfides of alkali metals. Modifiers break the network
of long chain to build the pathways for cation movement from one spot to an-
other. This makes a glass ion conductive. However, salts are added to improve the
ionic conductivity [30] in glasses. Generally, the added salts are alkali halides or
oxyanion salts of the alkali metals, such as MX, M,SO4, M4sSiO4 (M = Li, Na, K and
x = Cl, Br, I) etc. [31]-[35]. Sometimes nitrides are also added [36]. We added
potassium iodide in the glassy electrolytes. The conventional alkali ionic glasses
were generally synthesized by melt quench technique at higher temperature
(>700°C) [20] [37]. We also followed the conventional method for the synthesis
of our glass system, (100 — x)(3K,S — 7P,Ss) — xKI (x = 0, 5, 10, 15 and 20).

2. Experimental

Glassy electrolytes were synthesized from three chemicals: K>S (95%, Strem Chem-
icals), P»Ss (99.99%, Alfa Aesar) and KI (99.99%, Alfa Aesar) as starting materials
at different compositions. Before their use, all the chemicals were dried at 120°C
for 2 days. Stoichiometric amount of each chemical was weighed for each compo-
sition. They were mixed homogeneously in mortar and pestle and kept in a quartz
tube which was sealed later on. All the work was done in argon environment in-
side a glovebox. The quartz tube was then taken out of the glovebox and vacuum
sealed and heated to 700°C for 3 hours. It was quenched in liquid nitrogen. The
phase purity and glass formation were characterized by powder X-ray diffraction
using Brucker D8 ADVANCE with X-ray diffractometer copper Ka-radiation de-
vice (1.5418 A). Since the samples were air sensitive, the materials were covered
with 3M film to collect the XRD data. The data were collected between 26 of 10
and 60 degrees. Differential scanning calorimetry (DSC) method was used to char-
acterize the glass transition temperatures. The measurements were carried out in
the temperature range from 0°C to 380°C in Al pans with a heating rate of 10°C
min™ in dry Argon atmosphere using DSC Q200-1776. Raman spectra were col-
lected using a 514/613 nm Argon laser on a Reinshaw inVia Spectrometer scan-
ning from 100 to 800 cm™ with a 50x objective lens. 10 accumulations are taken
per sample lasting 20 seconds each in length. Because the samples were susceptible
to hygroscopic attack, they were contained in glass capillary tube and sealed with
a sealant. The ionic conductivities of the glass samples were investigated by elec-
trical impedance spectroscopy (EIS) using Gamry reference 600 potentiostat. Im-
pedance measurements were performed in the frequency range 0.1 Hz to 1 MHz
using a computer-controlled frequency response analyzer. For the measurements,
pellets of as synthesized materials were pressed into a disc of 6 mm diameter using
a pressure of 2 tons. The pellets were coated with Pt spray on both sides using
plasma sputtering for 6 minutes on each side. This platinum coating acts as cur-
rent collector and electrodes. The pellet was kept in an air sealed Swagelok cell.
The whole setting of the pellet in Swagelok cell was performed inside glovebox

and the AC impedance measurement was performed outside the glovebox in an
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MTT 1100 box furnace. The pellet in the Swagelok cell was first sintered at 125°C
for 4 hours to bring the particles into close packing and then the impedance meas-

urement was started from 21°C to 125°C.

3. Results and Discussion
3.1. Synthesis and Characterization

The glassy electrolytes of the compositions (100 — x)(3K.S — 7P,Ss) — xKI (x = 0,
5, 10, 15 and 20) were prepared by conventional quenching. The powdered mate-
rials were characterized by powder X-ray diffraction. All the compositions showed
no peaks in the X-ray diffraction conforming the formation of the glassy/amor-
phous materials. Figure 1 Shows the powder X-ray diffraction of the glassy elec-
trolytes (100 — x)(3K,S — 7P,Ss) — xKI (x =0, 5, 10, 15 and 20). Since the materials
were very hygroscopic and sensitive to air, the samples were covered by 3M film
during the X-ray data collection. The peaks of the 3M film were intense and ap-
peared between 26 of 26 and 29 degrees. To avoid the interference or confusion
of the peaks in the data, they were cut off. The materials were also characterized
by differential scanning calorimetry (DSC). DSC data were collected between 0
and 380°C. Figure 2(a) shows the DSC data for x = 0, 5, 10, 15 and 20. The relation
of glass transition temperature with the compositions is shown in Figure 2(b).
The Tg increases with the increase of KI salt in the glassy electrolyte until x = 15.
However, the Tg value decreases after x = 15. Since the DSC data shows a peak
near 180°C, XRD data were collected after heat treatment of a sample at two dif-
ferent temperatures to figure out the cause of the peak. For this, first a pure glass
composition of x = 20 was prepared by quenching at 700°C. Then the same sample
was divided into two portions. One was heated to 125°C and the other was heated
to 180°C. The heating rate was 5°C/minute and the cooling was natural. The sample
heated to 125°C did not show impurity peak but the one heated to 180°C showed
the impurity peaks in XRD data as shown in Figure 3. The Peak in DSC data near
180°C should be therefore due to the phase change from glass to glass ceramic.

X
o — 20
e —— 10
| e e —— 5
e — 0
T I" T T T
10 20 30 40 50 60

20 (degree)

Figure 1. Powder X-ray diffraction of the glassy electrolytes (100 — x)(3KzS — 7P:Ss) — xKI
(x=0,5, 10, 15 and 20).
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Figure 2. DSC data of (100 — x) (3K:S — 7P:Ss) — xKI (x =0, 5, 10, 15 and 20). (a) The arrows
show the glass transition temperature (Tg). Tg were taken at the onset of the slope in all
samples. (b) Tg as a function of x (mole).
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Figure 3. Powder XRD of (100 — x)(3KzS — 7P:S5) — xKI (x = 20) collected at room tem-
perature after sintering to (a) 125°C and (b) 180°C for 2 hours and then cooled naturally.

Figure 4 shows the Raman spectra of the electrolytes. In the Raman spectra, x
=0, 5, 10 and 15 show the similar data but 20 differs from them; specifically,
P,S!” peak splits and new peaks appear. These new peaks are not known to at-
tribute to which species. According to the previous report of Li-analog, the simi-
larity of vibrational modes with parent composition indicates the non-interaction
of halide ion with network former units and reside interstitially in the glass system
[38].
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Figure 4. Raman data of (100 — x)(3KzS — 7P2Ss) — xKI (x = 0, 5, 10, 15 and 20).

3.2. Conductivity

ASSB requires purely ion conducting electrolyte. Ionic conductivity of an electro-
lyte can be determined by EIS studies. We measured the impedance of a series of
glassy electrolytes using EIS within the frequency range of 0.1 Hz to 1 MHz. To
determine the highest temperature limit for conductivity measurement at variable
temperature, differential scanning calorimetry (DSC) data were collected for the
series of the electrolytes which showed the glass transition temperatures just above
130°C and another peak near 180°C. To analyze the peak at 180°C, XRD data was
collected after heating the glass at 180°C for 2 hours which exhibited peaks (Fig-
ure 3(b)) conforming the phase transformation. Glassy electrolytes lose their
properties after phase transition temperature. Since the glass transition tempera-
tures were just above 130°C, the conductivities of the glasses were measured below
130°C within the temperature range of 21°C to 125°C. Generally, impedance is
measured at low voltage (10 - 100 mV). However, different problems are observed

to apply low voltage to measure impedance for a material with very high imped-
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ance [39]. So, high voltage is used to measure high impedance of a solid material
[40]. Our materials exhibited the impedance of several GQ at room temperature.
So, we used different voltage ranging from 20 to 200 mV to measure the imped-
ance of the studied materials depending on the impedance of the materials. We
also tested for one of our materials with different voltage from 20 mV to 500 mV
for the impedance. There is no difference in the magnitude of real and imaginary
part of the impedance data. For most of the materials, 20 mV was used. Glass is
lack of grain boundaries. The ideal EIS of glasses with ionic conductivity exhibit a
semicircle. When the impedance of a glass is measured as an electrolyte, bulk re-
sistance from bulk material, capacitive effect of the bulk and the double layer ca-
pacitance at the interface of the electrode and material can be considered. Hence,
we used an equivalent circuit for our materials as shown in inset of Figure 5 where
R1 and R2 represent resistance of wire (lead) and the bulk material, respectively
and CPEI and CPE2 represent the capacitance of the bulk material and the elec-
trode electrolyte double layer capacitive behavior, respectively [41]. Constant
phase element (CPE) is generally applied for nonideal capacitive behavior which
is demonstrated by imperfect semicircle. The nonideal behavior is considered to
be caused by surface roughness, leakage capacitance, and nonuniform distribution
[41]. In our materials (Figure 5), depressed semicircles with heights smaller than
half of their diameter were observed. Thus, the classical parallel R//C circuit which
is used for perfect semicircle with the center located on the real axis in the Nyquist
diagram is not the suitable equivalent circuit to model this type of glasses. Figure
5 shows a fitted impedance data of x = 20°C at 100°C as a representative of the
compositions (100 — x)(3K,S — 7P,Ss) — xKI (x = 0, 5, 10, 15 and 20). The inset
demonstrates the equivalent circuit used. The black circles represent the raw data
and the red stars represent the fitted data. The observed curve shows the typical
ionic conductivity behavior containing a high-frequency semicircle which repre-
sent the bulk properties of the material and the low frequency tail is the response
of interfacial (electrode) polarization [42]. Some of the studied materials did not
show the tail region at room temperature which might be due to frequency limi-
tation as it showed the high resistivity. The semicircle without spike observation
at lower temperature for some materials is not surprising. It has been observed for
other materials in the past reports [43]-[45]. The intercept of the semicircular
curve on the low frequency region gives the resistance of a material under study.
This resistance (R) is used to determine the conductivity (o) of the bulk material
(circular pellet) by the application of its thickness (L) and surface area (A) as given
in the relation 1 [46].

GZE (1)

In the series of materials, the room temperature ionic conductivity increases
with the increase of KI concentration. Li and Na based chalcogenide glasses were
also reported to increase ionic conductivity with the addition of halide ion and its

concentration. The increase of ionic conductivity is attributed to the increase of
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charge carriers with the increase of the halide ions [38] [47]. Handful of reports
can be found for the study of K* ion conductivity of glassy electrolytes of which
only one paper reported the room temperature K* ion conductivity [48] [49].
Among the studied glassy electrolytes of our study, the electrolyte with x = 20
demonstrated the highest room temperature K* ion conductivity with 2.36 x 107"
S-cm™. Table 1 shows the room temperature K* ion conductivity and Ea of the
glassy electrolytes (100 — x)(3K,S — 7P,Ss) — xKI (x = 0, 5, 10, 15 and 20). The
room temperature conductivity order for X is 20 >15-10 > 5> 0.

3
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W—B\/\_} L 2 @ 10
] R2 CPE2 - 15
2.0 ~sl ® I
«© IE v
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Figure 5. (a) Representative Impedance data of x = 20 at 100°C with inset of equivalence
circuit used for fitting and (b) Conductivity of (100 — x)(3K.S — 7P,Ss) — xKI (x = 0, 5, 10,
15 and 20).

Table 1. Conductivity at 21 °C and Ea values of (100 — x)(3K.S — 7P,Ss) — xKI (x = 0, 5, 10,
15 and 20).

X o021 (S-cm™) E. (eV)
0 9.18E-12 0.65
5 3.15E-11 0.83
10 8.72E-11 0.64
15 8.32E-11 0.64
20 2.36E-10 0.81

The studies of temperature dependent conductivity of glassy electrolytes can
also characterize their nature. Thus, almost all of our glassy electrolytes studied
for their ionic conductivities were studied for their conductivities at variable tem-
peratures ranging from ambient to high temperature. Temperature dependent
conductivities of all of the studied glasses were measured from 21°C to 125°C. All
electrolytes exhibited the semiconductive nature by decreasing resistivity with the
increase of temperature within the measured temperature range. The measure-
ment was stopped at 125°C because the glassy electrolytes showed the glass tran-
sition temperature just above this temperature. It is found that the conductivity is
higher for higher KI concentration at all temperature except for x = 10 and 15.

The conductivities overlap at almost all temperatures for these two compositions.
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From these experiments the activation energies were obtained, as shown in Table
1. The conductivity trends and the Arrhenius plots for the series of glasses are
shown in Figure 5(b). The plot in Figure 5(b) was used for fitting with the Ar-
rhenius equation for thermally activated conductivity [46] (shown in Equation
(2)) which helped to find the activation energy.

E,

a

oT =c’e ¥ (2)

where o' is a pre-exponential factor and a characteristic of a material, and E,,
k, and T are the activation energy for the conductivity, Boltzmann constant, and
absolute temperature, respectively. The activation energy (E,) can be calculated
from slope of the lines of best fit in the log 07'vs 1000/T plot.

Raman Spectroscopic Analysis

Raman spectroscopy was used to examine the structural units present in the
(100 — x)(3K,S — 7P,S5) — xKI glass system (x = 0, 5, 10, 15 and 20) and to assess
the effect of KI addition on the glass network. The Raman spectra of all composi-
tions show characteristic vibrational bands corresponding to PS} ,and PS;
units, which are well-known network-forming species in alkali thiophosphate
glasses. The presence of these units across all compositions confirms that the basic
thiophosphate glass network remains intact upon KI incorporation.

No significant shifts in Raman peak positions or the appearance of new bands
are observed with increasing KI content, indicating that KI addition does not
cause major structural modifications of the network former units. This suggests
that iodide ions do not chemically interact with the thiophosphate network but
instead reside interstitially within the glass matrix, consistent with earlier reports
on halide-doped glass electrolytes.

For the composition with x = 20, an additional Raman band corresponding to
the PS; unit is observed. The formation of PS; units indicate partial net-
work depolymerization and an increase in non-bridging sulfur species, which can
facilitate alkali-ion transport. This structural feature correlates with the highest K*
ion concentration and the maximum room-temperature ionic conductivity of 2.36
x 1071% S.cm™ observed for this composition.

Opverall, the Raman results confirm that the enhancement in K* ion conductiv-
ity with increasing KI content is primarily due to the increased charge carrier con-
centration rather than changes in the glass network structure, with the emergence
of PS]  units at higher KI content providing a favorable local environment for

improved ionic conduction.

4. Conclusion

The study of the ternary glass system (100 — x)(3K,S — 7P,Ss) — xKI (x = 0, 5, 10,
15 and 20) demonstrates that the addition of KI does not lead to significant struc-
tural modification of the thiophosphate glass network. Raman spectroscopic anal-
ysis confirms the presence of PSi™,and PS; structural units in all compositions,

indicating that the fundamental network structure is preserved. The similarity of
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vibrational modes with the parent composition further suggests that iodide ions
do not interact with the network former units and are accommodated interstitially
within the glass matrix.

The K* ion conductivity increases systematically with increasing KI content,
which is primarily attributed to the enhanced charge carrier concentration. Among
the studied compositions, the glass with x = 20 exhibits the highest room-temper-
ature jonic conductivity of 2.36 x 107'° S.cm™, consistent with its highest K* ion
concentration. In addition, the appearance of the PS] structural unit exclu-
sively in the x = 20 composition indicates partial network depolymerization, lead-
ing to the formation of non-bridging sulfur species. The presence of PS] units
is likely to facilitate K* ion transport by creating a more open structural environ-
ment and favorable conduction pathways.

Overall, the enhanced ionic conductivity observed with increasing KI addition
arises from the combined effect of increased mobile K* ion concentration and the
formation of PS; units at higher KI content, while the thiophosphate glass net-

work remains largely unchanged.
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