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A B S T R A C T

The partial electronic conductivity (σel) in Li solid electrolytes (SEs) has important implications in determining 
the self-discharge rate and degradation processes of solid-state batteries, but reliable scientific data on the 
electronic transport properties of Li SEs remain scarce. While Hebb-Wagner polarization measurement using 
asymmetric cells with a single ionic-blocking electrode has been reported as a powerful technique to probe σel at 
different Li activities, we suggest that it is not suitable for probing the intrinsic electronic transport properties of 
lithium thiophosphate-based SEs due to unavoidable anodic decomposition of the SE. Polarization using double- 
blocking-electrode cells is, therefore, proposed as a more appropriate technique to determine the σel at a specific 
Li activity related to the Li activity of the unpolarized SE. Using temperature-dependent double-blocking-elec
trode polarization, we examine the electronic transport properties of common lithium thiophosphate glass and 
glass-ceramic SEs, including Li3PS4 and Li7P3S11 glasses; Li3PS4 and Li7P3S11 glass-ceramics with varying crys
tallinity, as well as Cl-doped and N-doped Li3PS4 glasses with varying dopant concentrations. The results provide 
a reliable basis to investigate the effect of annealing and doping conditions on the electronic transport properties. 
Among all conditions, N3− doping was found to exhibit the largest effect on increasing σel. Moreover, all SEs 
studied in this work exhibit two distinct linear regimes in the Arrhenius plots of σel: a low-temperature regime 
with a lower activation energy, and a high-temperature regime with a higher activation energy. These findings 
provide important insights into understanding the electronic transport and conduction mechanisms in lithium 
thiophosphate-based SEs.

1. Introduction

An ideal solid electrolyte (SE) should have a high ionic conductivity 
(σion) but a low electronic conductivity (σel) [1–3]. While significant 
efforts have been devoted to understanding and improving the ionic 
transport properties of Li SEs with many materials, such as Li2S-P2S5 
[4–6], Li6PS5Cl [7], and Li10GeP2S12 [8], exhibiting a similar or even 
higher σion when compared with liquid electrolytes, the electronic 
transport in these SEs has rarely been studied, probably because the 
reported σel of most Li SEs are orders of magnitude lower than the cor
responding ionic conductivities. It has therefore been taken for granted 
that such a small electronic conduction is negligible. However, even 
very small σel can lead to perceptible self-discharge, especially when the 
battery is not under constant use [9]. A recent study by Deng et al [10]
showed that reversible capacity loss due to electronic leakage can 

dominate capacity decay over irreversible losses during calendar aging 
of Li6PS5Cl-based solid-state batteries, leading to a short calendar life of 
<3 years at room temperature. The residual σel of Li SEs was also re
ported to accelerate the electrochemical decomposition of solid elec
trolytes [11–13], as well as promote the internal deposition of Li 
dendrites in SEs [14–16]. Therefore, there is a pressing need to inves
tigate the electronic transport and conduction mechanisms in Li SEs to 
develop strategies to lower σel in SEs for the development of high- 
performance solid-state batteries [17,18].

Understanding electronic transport in SEs first requires accurate and 
reliable σel measurements, which have proven challenging. Significant 
variations in the measured electronic conductivities can be observed for 
SEs with the same SE [9]. The electronic conductivity of Li SEs was 
usually measured by DC polarization of two different ionic-blocking 
cells: (i) Hebb-Wagner cells with one reversible electrode (RE) and 
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one blocking electrode (BE) [19–22] (Fig. 1a), and (ii) double-blocking- 
electrode cells with two BEs (Fig. 1b) [1,23,24]. Initial polarization of 
these cells leads to migration of all charge carriers. Since the ionic 
transport is blocked, however, at steady state only electronic carriers 
(electrons and holes) are allowed to move. Given that the concentration 
of ionic defects is high and the concentrations of electronic carriers are 
small, the chemical potential gradient of the ions can be neglected. The 
high concentration of ionic defects also does not permit the build-up of 
an electric field, since any potential difference across the SE can be 
compensated by the redistribution of ionic carriers. As a result, the 
transport of electronic carriers is driven solely by its concentration 
gradient, following Fick's law [25]. Assuming that steady state con
duction is determined by just one electronic carrier (electron or hole), 
the evolution of the concentration profiles of the electronic carrier 
during DC polarization can be determined for Hebb-Wagner cells 
(Fig. 1c) and double-blocking-electrode cells (Fig. 1d) [24]. A four times 
longer period is needed for Hebb-Wagner cells to reach steady state 
under a fixed polarization voltage (i.e., fixed range of Li activity/con
centration) across the cell [23].

The concentration gradient of electronic carriers in the SE also sug
gests that the σel varies with position (x), as it depends on the local 
lithium activity, which is inherently linked to the potential of each 
electrode. As a result, Hebb–Wagner method should be, in principle, a 
preferred method for determining the Li activity-dependent electronic 
conductivity by fixing the electrode potential (i.e., Li activity) at the RE. 
By adjusting the potential of the BE, the σel, including both electron 
conductivity (σe) and hole conductivity (σh), at the lithium activity of 
the BE electrode can be determined by 

σel[aLi(BE) ] = σe+h[aLi(BE) ] = − L
djel,ss
dU

(1) 

where jel,ss is the steady state current density measured at each polari
zation voltage U. The electron conductivity (σe) and hole conductivity 
(σh) at the lithium activity of the RE can also be separately determined 
from the slope and the axial intersection of the plot of 
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where T is absolute temperature, R is the ideal gas constant, F is the 
Faraday constant and α is a characteristic exponent derived from the 
defect chemistry based on 

dlnσel

dlnaLi
= α (3) 

Despite the informative results from the Hebb-Wagner method, 
implementation of measurements can be quite challenging because of 
the limited electrochemical stability of lithium thiophosphate-based 
solid electrolyte (~1.7 to ~2.1 V vs. Li/Li+) [26–29]. The electro
chemical reduction/oxidation of the SE leads to an inaccurate deter
mination of Li activity at each electrode [30–32]. More importantly, the 
oxidation of the SE at the BE essentially makes the Hebb-Wagner cell a 
battery that introduces ionic currents at the “steady state” [9], leading to 
overestimated currents. Because the steady state current from electronic 
transport is typically very small for most solid electrolytes, even a slight 
oxidation of the SE can lead to a significant overestimate in the 
measured electronic conductivity. The limited electrochemical stability 
of lithium thiophosphate-based solid electrolyte introduces an inherent 
challenge to find an RE that is electrochemically stable with the solid 
electrolyte. Even if one can find an RE with an electrode potential of 
>1.7 V vs. Li/Li+, the voltage range (or correspondingly Li activity 
range) that can be probed for the BE is limited to <2.1 V (corresponding 
to a cell voltage of 0.4 V). Moreover, due to possible surface oxidation of 
the SE, the open circuit voltage (OCV) of the SE on the BE side can be 
much higher than its theoretical electrode potential. The OCV of an as- 
fabricated Li0.5In/Li3PS4/SS cells is around 1.8 V (Fig. S1), indicating 
that electrode potential on the BE side is 2.4 V vs. Li/Li+, which is 
already higher than the anodic limit of the SE, preventing any possible 
measurements without the decomposition of the SE. We believe this is 
also the reason why the reported electronic conductivity of Li6PS5Cl SEs 
from Hebb-Wagner measurement is one or two orders of magnitude 
higher than the value estimated from the reversible capacity loss of a full 
cell during calendar decay [9,12]. To address this challenge, a modified 
Hebb-Wagner method based on two-step polarization, consisting of a 
high voltage polarization (at 4.4 V vs. Li/Li+) to decompose the SE as 
much as possible followed by a low voltage polarization (at 4.2 V vs. Li/ 
Li+), was proposed by Shao et al [9] to determine the overall σel of 
thiophosphate-based SE and its decomposed interphases. While the in
formation can help reflect the σel of the thiophosphate-based SE in a 
high-voltage solid-state cell because the SE will decompose anyway in a 
high-voltage cell, it cannot separate the contribution of σel from the SE 
and that of the decomposed interphases, and therefore cannot be used to 
probe the electronic transport properties of the SE itself.

It is therefore proposed that double-blocking-electrode cell mea
surement should be used as a more reasonable approach to determine 
the intrinsic electronic transport properties of thiophosphate-based SEs. 
A few reasons were reported to explain why the σel measured from DC 
polarization of double-blocking-electrode cells is not reliable. Firstly, 
only an average σel can be determined from the double-blocking- 
electrode cells based on Ohm's law, but Ohm's law does not hold true 
anymore for diffusion-driven transport of electronic carriers [33]. Sec
ondly, since both BE do not possess a defined lithium activity, it is un
clear at what lithium activity the electronic conductivity of the SE was 
measured [9,33]. Nevertheless, the theory of electronic conductivity in 
an activity gradient has been well studied by Maier [24]. Based on the 
diffusion of electronic carriers in an Li activity gradient, the voltage- 
current relation from a double-blocking-electrode polarization should 
follow 

U
jel,ss

=

∫ xL

x0

dx
σel(x)

(4) 

Fig. 1. Schematic showing a Hebb-Wagner cell (a) and a double-blocking- 
electrode cell (b). Schematic showing the development of the linear station
ary concentration of the electronic carrier during DC polarization in a Hebb- 
Wagner Cell (c) and in a double-blocking-electrode cell (d) assuming just one 
charge carrier (electron or hole) determines the steady state conductance (t, 
time constant; L, sample thickness; D, diffusion coefficient).
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where x0 = 0 and xL = L in Fig. 1b, and σel(x) is local electronic con
ductivity of SE at various x. Eq. 4 can be interpreted as a series of 
different resistors (dRel = dx/σel(x) ) each with a locally constant con
ductivity. Correlating Eq. 4 with Ohm's law (U/jel,ss ≡ L/σel), where σel is 
considered the average electronic conductivity, 

U
jel,ss

≡
L

σel
= Rel =

∫ xL

x0

dRel (5) 

The average electronic conductivity σel and local electronic conduc
tivity σel(x) can then be linked by 

L
σel

=

∫ xL

x0

dx
σel(x)

(6) 

Assuming (i) just one carrier (electron or hole) dominates the σel, 
which is a reasonable assumption for measurements done in the limited 
range of lithium activity, and (ii) the polarization period is sufficiently 
long (t≫L2π− 2D− 1) so that a linear concentration profile of the electronic 
carrier is established (Fig. 1d), Eq. 6 can then be solved, 

σel =
σel(x0) − σel(xL)

lnσel(x0) − lnσel(xL)
(7) 

suggesting that the σel determined from double-blocking-electrode po
larization is essentially linked to the σel at the lithium activity of each of 
the two BEs (x0 = 0 and xL = L in Fig. 1b). Eq. 3 suggests that σel is 
proportional to (aLi)

α, and one recognizes that the average electronic 
conductivity measured from double-blocking-electrode polarization 
equals the conductivity measured at a uniform lithium activity aLi, given 
by 

(aLi)
α
=

(aLi(xL) )
α
− (aLi(x0) )

α

ln(aLi(xL) )
α
− ln(aLi(x0) )

α (8) 

Eq. 8 can be further exploited by considering the concentration 
profile of the electronic carriers in Fig. 1d. Because the boundary con
ditions at x0 = 0 and xL = L are the same, the concentration profile is 
symmetric about the midpoint (x0 = L/2), where the initial Li activity of 
the SE was maintained [24]. In other words, at the midpoint the con
centration is maintained at the initial concentration c0which is directly 
linked to the lithium activity in the unpolarized SE (a0

Li). From Nernst 
equation, the lithium activity of the SE at x0 = 0 can be obtained as 

aLi(x0) = a0
Li •
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and the lithium activity of the SE at xL = L is 
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Substituting Eq. 9 and Eq. 10 into Eq. 8, one can get 
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As a result, the averaged electronic conductivity σel from the double- 
blocking-electrode cells can be considered as the σel at a uniform Li ac
tivity of aLi, which is directly related to the lithium activity of unpo
larized SE (a0

Li). Therefore, the averaged electronic conductivity σel can 
be used to compare the electronic conductivity of SEs with the same or 
similar compositions. In principle, since aLi is also a function of cell 
voltage U (Eq. 11) it is also possible to measure the σel at different aLi by 

changing U. However, aLi/a0
Li changes only by a factor of 0.13 as U in

creases from 0 to 0.4 V when α = 1 (Fig. S2), while in a typical 4 V 
battery the Li activity within the SE changes by 34 or 68 orders of 
magnitude depending on the type of disorder. Therefore, not much in
formation can be obtained by changing the polarization voltage with 
double-blocking-electrode cells. As a matter of fact, it is recommended 
that the polarization voltage be as small as possible, depending on the 
accuracy/resolution of current measurement, not only to prevent po
tential SE decomposition, but also, and more importantly, to limit the 
activity range between the two BEs so that only one minority carrier 
(electrons or holes) dominates electronic transport - a primary 
assumption in Maier's derivation [24]. The polarization period has to be 
sufficiently long (t≫L2π− 2D− 1) to ensure the establishment of a linear 
concentration profile (Fig. 1d) which is also used to derive Eq. 7. We 
believe the high polarization voltages (e.g., ≥0.5 V) [34–37] and the 
short polarization periods (e.g., ≤1 h) [4,14,34–37] are among the main 
reasons why previous double-blocking-electrode polarization measure
ments lead to unreliable results. Apparent deviations of the steady state 
current and the resultant electronic conductivity of Li3PS4 SE can be 
observed for the results measured by double-blocking-electrode polari
zation at voltages >0.5 V [9], due to the electrochemical decomposition 
of the SE. The decomposition of Li3PS4 can also be supported by the 
change of the Nyquist plots of the SS/LPS/SS cell from a blocking 
behavior to a non-blocking behavior as the polarization potential in
creases from 0.3 to 1.1 V (Fig. S3). While σel over a wide range of lithium 
activities cannot be probed with double-blocking-electrode cells, the 
measured σel does dictate the intrinsic electronic transport property of 
the SE itself without the effects of its electrochemical decomposition, 
which is a significant advantage over the Hebb-Wagner method.

In this work, we examine σel of lithium thiophosphate glass and glass- 
ceramic SEs using double-blocking-electrode DC polarization. In addi
tion to a low polarization voltage of 0.3 V and a long polarization 
duration of 12 h, we also performed measurements at various temper
atures, which have been rarely done in previous studies, to reveal the 
temperature-dependent electronic transport properties. We conserva
tively chose 0.3 V as the polarization voltage– high enough to allow us to 
reliably measure currents of up to picoampere range, and low enough to 
potentially prevent any electrochemical decomposition. Two represen
tative lithium thiophosphate compositions were chosen: Li3PS4 (i.e., 
75Li2S-25P2S5) and Li7P3S11 (i.e., 70Li2S-30P2S5). Both systems are 
among the most widely studied lithium thiophosphate SEs and exhibit 
well-documented understandings of their ionic transport properties 
[38]. For Li3PS4, annealing-induced crystallization generally leads to a 
decrease in ionic conductivity [6,39–41], whereas for Li7P3S11, the in
crease in crystallinity enhances ionic transport [42–44]. This opposing 
behavior provides a useful internal comparison framework for exam
ining whether σₑ follows similar, inverse, or entirely decoupled trends 
relative to ionic transport. Beyond crystallinity, controlled doping was 
employed as a second lever to probe electronic transport [5,45]. Small 
concentrations of LiCl and Li3N were selected as dopants for Li3PS4 glass 
to introduce lithium-poor (Li3-4xPS4-4xCl4x, x = 1, 3, and 5%) and 
lithium-rich (Li3+4yPS4-4yN4y, y = 1, 3, and 5%) thiophosphates to un
derstand their effects on electronic transport. These results provide a 
reliable basis for discussing electronic transport in lithium thio
phosphate glass and glass-ceramic SEs and highlight the challenges and 
limitations that warrant further investigation.

2. Results and discussion

2.1. Temperature-dependent electronic conductivity measurement using 
DB cells

Double-blocking-electrode cells were fabricated by cold-pressing 
150 mg of SE powder at 400 MPa between two stainless steel (SS) ion- 
blocking electrodes, which also served as current collectors. DC 
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polarization was conducted at an applied potential of 0.3 V for 12 h at 
each measurement temperature. Fig. 2a shows the current-time curves 
of Li3PS4 glass SE measured at selected temperatures from room tem
perature to 100 ◦C. A longer duration is needed to polarize the cell at 
higher temperature, but the current variation for the last hour of the 
100 ◦C measurement (red line) remains <3%, suggesting that the 
duration is sufficient to reach a steady state. The steady state current was 
then used to determine the σel of the SE at various temperatures using 
Eq. 5. The electronic conductivity at room temperature is determined to 
be 0.9 × 10− 10 S cm− 1. This value is about 1 order of magnitude lower 
than the reported result for Li3PS4 glass [9], suggesting that the pro
posed method can reduce the overestimate from the conventional 
approach with a larger polarization voltage or a shorter polarization 
duration. A typical Arrhenius plot of the resulting σel are presented in 
Fig. 2b. While a clear increase in σel with temperature can be observed, 
the plot clearly shows two distinct linear regimes: a low temperature 
regime with an activation energy of 0.26 eV, and a higher temperature 
regime with an activation energy of 0.52 eV. Such distinct regimes have 
not been shown, to the best of our knowledge, for Li solid electrolytes, 
but have been reported for electronic conduction in Na-β-alumina [46]
and yttria-doped thoria [47]. While reliable reference values for Eel

a of Li 
SEs are scarce in literature, the Eel

a in the high-temperature regime is 
comparable with that of LiI (0.44 eV measured from 45 to 57.5 ◦C) [17]. 
Since the band gap of Li3PS4 is calculated to be 3.7 eV [48], the low 
activation energy for electronic conduction may be attributed to the 
localized states within the band gap, arising from native [49] or external 
[17] point defects and/or other types of disorder. The states can act as 
donors or acceptors, where electronic carriers are localized [50]. Elec
tronic carrier hopping through these localized states can lead to signif
icantly lower activation compared to the band gap. The distinct 
activation energy for electronic conduction suggests different hopping 
mechanisms involving localized states in the high-temperature and low- 
temperature regimes, although the exact sources of the localized states 
remain unknown.

In line with this observation, in the following study, we have reduced 
the number of temperatures for the measurements. Activation energies 
were extracted using linear fits over restricted temperature windows, 
corresponding to low- and high-temperature regimes and typically 
comprising three to four adjacent data points. The boundary separating 
the low- and high-temperature fitting regimes was not fixed a priori. 
This segmented fitting approach was adopted as a practical means of 
averaging experimental uncertainty while enabling internally consistent 
comparison across different samples. The extracted activation energies 
(Eel

a ) are reported with the room-temperature σel for comparative anal
ysis. In the next section, we first introduce the effect of individual 
annealing or doping conditions on the electronic conductivity and 
activation energy, followed by comparisons across different processing 
conditions and compositions. Nyquist plots of the SEs from EIS mea
surements are included (Figs. S4–S7) to understand the effect of pro

cessing and doping conditions on ionic transport. The current-time 
curves of the SEs during DC polarization of double-blocking-electrode 
cells are included in the supplementary materials (Figs. S8–S11). The 
values for the electronic and ionic conductivity of these SEs are tabu
lated in Tables S1–S4 in the supplementary materials.

2.2. Effect of annealing on electronic transport of Li3PS4 glass and glass- 
ceramics

We first investigated the effect of crystallinity on the electronic 
transport in Li3PS4 glass and glass-ceramic SEs. Li3PS4 glass-ceramics 
with various crystallinity were synthesized by annealing Li3PS4 glass 
(denoted as Li3-glass) at 200 ◦C for different durations from 5 min to 24 
h (denoted as Li3-5 min, Li3-1 h, and Li3-24 h, respectively). The XRD of 
the Li3-glass exhibits broad features without distinct Bragg peaks 
(Fig. 3a), consistent with an amorphous structure. Upon annealing, the 
emergence of diffraction peaks is observed even after short annealing 
durations (5 min), indicating the onset of crystallization. The observed 
peaks can be indexed to the orthorhombic β-Li3PS4 phase (space group: 
Pnma) [39]. With increasing annealing duration, the intensities of these 
reflections increase, suggesting a progressive increase in the degree of 
crystallinity in the corresponding glass-ceramics. Raman spectra of 
Li3PS4 glass and glass-ceramic samples exhibit characteristic thio
phosphate vibrational features, as shown in Fig. 3b. The spectra are 
dominated by a peak centered at ~425 cm− 1, commonly attributed to 
PS4

3− tetrahedral units and a side peak at ~390 cm− 1, attributed to P2S6
4−

units. The peak corresponding to P2S6
4− however disappears even on 

short annealing (5 min), consistent with the local structure evolution 
Li3PS4 upon crystallization [39]. The effect of crystallinity on the ionic 
transport properties also agrees with prior literature results (Fig. 3c and 
d) [39–41]. The Nyquist plots of Li3PS4 after annealing for various du
rations are included in Fig. S3. With increasing annealing duration, the 
ionic conductivity decreases from 0.36 to 0.07 mS cm− 1, with a slight 
increase in the activation energy (Eion

a ) from 0.34 to 0.35 eV (Fig. 3d).
Fig. 3e shows the Arrhenius plot of the electronic conductivity for Li- 

3 glass, Li3-5 min, Li3-1 h and Li3-24 h. All SEs show two linear regimes 
within the measured temperature range. The activation energy ranges 
from 0.40 to 0.52 eV in the high-temperature regime and 0.09 to 0.26 eV 
in the low-temperature regime. The room temperature electronic con
ductivity of Li3PS4 glass is 0.9 × 10− 10 S cm− 1. A ~2× increase in the σel 
can be observed for Li3–5 min (Fig. 3f). Further increasing the annealing 
duration leads to slight increase but overall stabilized electronic con
ductivity of ∼ 1.9 − 2.0 × 10− 10 S cm− 1 for Li3-1 h and Li3-24 h 
(Fig. 3f). Apparent drop of both high-temperature Eel

a from 0.52 to 0.40 
eV and low-temperature Eel

a from 0.26 to 0.09 eV after annealing Li3PS4 
glass for 5 min (Fig. 3g). The activation energies for both temperature 
regimes then increase and decrease with the annealing durations. 
Overall, in contrast with the effect of crystallinity on the ionic transport 
behavior, enhanced electronic transport is observed after annealing in 

Fig. 2. a) Current-time curves of Li3PS4 glass at select temperatures measured by double-blocking-electrode cells. b) Arrhenius representation of σel for Li3PS4 glass in 
the temperature range of 23 to 100 ◦C.
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Li3PS4, with the most apparent enhancement observed after annealing 
for 5 min.

2.3. Effect of annealing on electronic transport of Li7P3S11 glass and glass 
ceramics

We then studied the effects of crystallinity on the transport proper
ties of Li7P3S11 glass-ceramics. Li7P3S11 glass-ceramics with various 
crystallinity were synthesized by annealing Li7P3S11 glass (denoted as 
Li7-glass) at 260 ◦C for different durations from 5 min to 24 h (denoted 

as Li7-5 min, Li7-1 h, and Li7-24 h respectively). As-prepared Li7-glass 
exhibits broad diffraction features without distinct Bragg peaks 
(Fig. 4a), consistent with an amorphous structure. Upon annealing, 
emergence of diffraction peaks is observed even after short annealing 
durations (5 min), indicating the onset of crystallization, and the peaks 
can be attributed to the metastable triclinic Li7P3S11 phase (space group: 
P1), in agreement with previous reports [44]. Apparent increase in the 
peak intensity can be observed after annealing for 1 h (Li-1 h), however, 
further annealing to 24 h led to the formation of Li4P2S6 (Fig. 4a) 
[42,44]. The structural evolution can be observed from Raman spectra 

Fig. 3. Effect of annealing on the transport properties of Li3PS4 glass and glass-ceramics. X-ray diffraction (a), Raman spectra (b), Arrhenius plot of ionic conductivity 
(c), room temperature ionic conductivity and activation energy for ionic transport (d), Arrhenius plots of electronic conductivity (e), room temperature electronic 
conductivity (f), and activation energy for electronic transport (g) in Li3PS4 glass and glass-ceramics.

Fig. 4. Effect of annealing on the transport properties of Li7P3S11 glass and glass-ceramics. X-ray diffraction (a), Raman spectra (b), Arrhenius plot of ionic con
ductivity (c), room temperature ionic conductivity and activation energy for ionic transport (d), Arrhenius plots of electronic conductivity (e), room temperature 
ionic conductivity (f), activation energy for electronic transport (f) of Li7P3S11 glass and glass-ceramics with various crystallinity.
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(Fig. 4b). The as-prepared Li7-glass displays peaks centered at approx
imately 425, 410, and 390 cm− 1, commonly assigned to PS4

3− , P2S7
4− , and 

P2S6
4− units, respectively, in agreement with previous reports [42,44]. 

Upon short-duration annealing (Li7-5 min), a reduction in the intensity 
of the P2S6

4− peak is observed, accompanied by an increase in the P2S7
4−

unit. A slight increase in the peak intensity of P2S6
4− can be observed for 

Li-24 h (Fig. 4b), consistent with the formation of Li4P2S6 phase from the 
XRD results (Fig. 4a) after prolonged annealing. Fig. 4c and d show the 
effect of the annealing on the ionic transport property. A monotonic 
increase in the room temperature σLi from 1.02 to 1.92 mS cm− 1 is 
observed with annealing duration, with a decrease in activation energy 
from 0.347 to 0.180 eV (Fig. 4d). The similar ionic transport property of 
Li7-24 h when comparing with Li7-1 h suggests that the enhancement of 
ionic transport by improving the crystallinity through extended 
annealing is compensated by the formation of a poorly conducting 
Li4P2S6 phase.

The Arrhenius plots of σₑ for Li7-glass and its corresponding glass- 
ceramics are shown in Fig. 4e. For Li7 glass, the activation energy in 
the high-temperature regime is 0.66 eV and 0.11 eV in the low- 
temperature regime (Fig. 4e). The as-prepared Li7-glass exhibits an σel 

of approximately 2.0 × 10− 10 S cm− 1 (Fig. 4f). Upon short-duration 
annealing (Li7-5 min), a slight decrease in room-temperature σₑ is 
observed. Further annealing leads to a systematic increase in σel, 
reaching 2.9 × 10− 10 S cm− 1 for Li7-1 h and 3.4 × 10− 10 S cm− 1 for Li7- 
24 h (Fig. 4f). With increasing annealing duration, the high-temperature 
Eel

a decreases monotonically, from 0.59 eV (Li7-5 min) to 0.55 eV (Li7-1 
h) and 0.42 eV (Li7-24 h) (Fig. 4g). In contrast, the low-temperature 
apparent activation energy remains relatively low across all annealed 
samples, clustering near 0.11–0.17 eV, with no clear monotonic trend. 
Different from the activation energy results for Li3PS4 (Fig. 3g), the high- 
temperature and low-temperature Eel

a for Li7P3S11 do not exhibit the 
trend with the annealing durations (Fig. 4g). Overall, in spite of a slight 
decrease in σel for Li7-5 min, the annealing process, which is required to 
achieve high ionic conductivity of Li7P3S11 glass-ceramics, may lead to 
enhancement of the electronic transport properties.

2.4. Effect of Cl− doping on electronic transport in Li3PS4 glasses

To gain further insight into the electronic transport mechanisms, we 
investigated the effect of doping on the electronic transport properties of 
Li3PS4 glasses. Cl− and N3− were selected as the dopants to create Li- 
poor and Li-rich thiophosphate glasses, respectively. Li3PS4 glasses 
with various Cl− doping contents were synthesized by the high-energy 
ball milling of Li2S, P2S5 and LiCl based on the composition, Li3-4xPS4- 

4xCl4x, where x = 0, 1, 3 or 5% (denoted as Li3-glass, LiCl-1%, LiCl-3%, 
and LiCl-5%). No discernible Bragg peaks can be observed from the XRD 
of all SEs (Fig. 5a), consistent with retention of an amorphous structure. 
No peaks associated with LiCl were observed either, suggesting complete 
dissolution and incorporation in the glass network. In the case of Raman 
spectra (Fig. 5b), at higher dopant concentrations, an additional peak 
near 410 cm− 1, commonly assigned to P₂S₇4− units, emerges in LiCl-3% 
and increases in intensity in LiCl-5%. These changes are correlated with 
an apparent, marginal decrease in the PS₄3− peak, possibly related to the 
decrease of Li content in the glasses. For Cl-doped samples, the room- 
temperature ionic conductivity increases sharply to 0.43 mS cm− 1 for 
LiCl-1%, followed by a decrease to 0.18 and 0.17 mS cm− 1 for LiCl-3% 
and LiCl-5%, respectively (Fig. 5c and d). The corresponding activation 
energies for ionic conductivity also display a non-monotonic depen
dence, decreasing to 0.27 eV for LiCl-1%, increasing to 0.36 eV for LiCl- 
3%, and decreasing again to 0.32 eV for LiCl-5% (Fig. 5d).

The Arrhenius plots of electronic conductivity Cl-doped Li3PS4 can 
also be separated into two regimes (Fig. 5e). Nevertheless, an apparent 
increase in the transition temperature that separates these two regimes 
can be observed for LiCl-3% and LiCl-5%. The localized state that 
dominates the hopping mechanism in the low-temperature regime can 
be equilibrated at a slightly higher temperature. The high-temperature 
activation energy ranges from 0.52 to 0.56 eV, while the low- 
temperature activation energy varies from 0.16 to 0.31 eV. The room- 
temperature σel increases monotonically with increasing Cl content, 
rising from 0.9 × 10− 10 S cm− 1 for undoped Li3 glass to 2.4× 10− 10, 
2.8× 10− 10, and 3.5 × 10− 10 S cm− 1 for LiCl-1%, LiCl-3%, and LiCl-5%, 
respectively (Fig. 5f). The high-temperature activation energy exhibits a 
minor, but monotonically increasing trend with LiCl content, increasing 
from 0.52 eV for Li3PS4 glass to 0.53 eV, 0.54 eV and 0.56 eV for LiCl- 

Fig. 5. Effect of Cl− doping on the transport properties of Li3PS4 glasses. X-ray diffraction (a), Raman spectra (b), Arrhenius plot of ionic conductivity (c), room 
temperature ionic conductivity and activation energy for ionic transport (d), Arrhenius plots of electronic conductivity (e), room temperature electronic conductivity 
(f), and activation energy for electronic transport (f) of Li3PS4 glasses with various Cl− doping contents.
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1%, LiCl-3% and LiCl-5%, respectively (Fig. 5g). In contrast, no apparent 
trend can be observed for the low-temperature activation energies, 
varying from 0.23 to 0.31 eV (for Li3-glass, LiCl-1% and LiCl-3%) to 
0.16 eV for LiCl-5% (Fig. 5g). Therefore, Cl-doping is associated with a 
systematic increase in room-temperature σₑ and a progressive increase 
in high-temperature Eel

a at higher dopant concentrations. The electronic 
conductivity and activation energy do not follow a typical inverse 
relationship that describes charge transport in solids, i.e., an increase in 
conductivity with a decrease in activation energy, suggesting the pre- 
exponential factor also plays an important role in governing electronic 
transport in these glasses [51,52].

2.5. Effect of N3− doping on electronic transport of Li3PS4 glasses

Li3PS4 glasses with various N3− doping contents were synthesized by 
high-energy ball milling of Li2S, P2S5 and LiCl based on the composition, 
Li3+4yPS4-4yN4y, where y = 0, 1, 3 or 5%. The XRD results in Fig. 6a 
suggest all samples retain an amorphous structure across all dopant 
concentrations. No peaks associated with Li3N were observed either, 
suggesting complete dissolution and incorporation in the glass network. 
Raman spectra (Fig. 6b) show increases in the P2S6

4− peak intensity with 
increasing N content, without discernible P₂S₇4− formation. N-doped 
glass samples show an opposite trend in room-temperature ionic con
ductivity compared to LiCl doping (Fig. 6c). The conductivity initially 
decreases to 0.23 mS cm− 1 for Li3N-1%, followed by an increase to 0.25 
and 0.40 mS cm− 1 for Li3N-3% and Li3N-5%, respectively. The associ
ated activation energies increase initially to 0.41 eV at a low Li3N con
tent and subsequently decrease to 0.35 and 0.27 eV for Li3N-3% and 
Li3N-5%, respectively (Fig. 6d).

Fig. 6e shows the Arrhenius plot of electronic conductivity in N- 
doped Li3PS4 glasses. The room-temperature σel compiled in Fig. 6f, 
increases strongly with increasing Li3N content, rising from 0.9 × 10− 10 

S cm− 1 for undoped Li3 glass to 2.5× 10− 10, 3.8× 10− 10, and 8.6 ×

10− 10 S cm− 1 for Li3N-1%, Li3N-3%, and Li3N-5%, respectively. The 
increase of σel is also accompanied by an overall decrease in both high- 
temperature activation energy from 0.52 to 0.33 eV and low- 
temperature activation energy from 0.26 to 0.18 eV with the increase 
of dopant concentration (Fig. 6g).

2.6. Comparison of electronic transport properties across processing 
conditions and compositions

The results we collected also allow us to compare the electronic 
transport properties, including σel at RT and 85 ◦C, as well as Eel

a in the 
high-temperature and low-temperature regimes across the annealing 
and doping conditions (Fig. 7). Firstly, it is unfortunate to note that 
almost all processing and doping conditions may lead to increase in the 
room temperature σel when compared to baseline Li3PS4 glass (Fig. 7a). 
N-doping leads to the largest enhancement in the room temperature σel, 
followed by Cl-doping and annealing (Fig. 7a). The σel at 85 ◦C (Fig. 7b) 
generally follow the same trend with few deviations (Li3-24 h, LiCl-5%, 
and Li3N-3%). Secondly, while annealing Li3PS4 glasses for 5 min in
creases the σel at RT, no apparent variations can be observed for 
extending annealing to 1 and 24 h. While increasing the annealing du
rations of Li7P3S11 glasses leads to slight increase in the σel at RT, no 
apparent trend can be observed for σel at 85 ◦C. The results suggest that 
the well-documented trend for ionic conductivity evolution during 
annealing is not applicable to electronic transport properties. No 
apparent correlation between the evolution of electronic and ionic 
conductivities can be observed as well (Fig. S12), indicative of different 
mechanisms of ionic and electronic transport in these SEs. No apparent 
temperature dependence of the activation energy for ionic transport can 
be observed for all SEs within the investigated temperature range. While 
it is not expected that ionic transport and electronic transport in Li solid 
electrolytes are governed by the same point defects, the results highlight 
the challenges of understanding electronic transport and conduction 
mechanisms based on conventional wisdom learned from ionic trans
port. Common design approaches to improve the ionic conductivity may 
not work for reducing the electronic conductivity.

All the SEs exhibited a lower Eel
a in the low-temperature regime than 

in the high-temperature regime (Fig. 7c and d), indicative of a generally 
weaker hopping process at lower temperatures as a generalized phe
nomenon for lithium thiophosphate glasses and glass-ceramics. 
Different from ionic transport properties (Fig. S12), no inverse correla
tion between the activation energies and electronic conductivity can be 
observed, except for N-doped Li3PS4 glasses, indicative of a strong 
contribution from the pre-exponent in governing values [52]. The 

Fig. 6. Effect of N3− doping on the transport properties of Li3PS4 glasses. X-ray diffraction (a), Raman spectra (b), Arrhenius plot of ionic conductivity (c), room 
temperature ionic conductivity and activation energy for ionic transport (d), Arrhenius plots of electronic conductivity (e), room temperature electronic conductivity 
(f), and activation energy for electronic transport (g) of Li3PS4 glasses with various N3− doping contents.
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average of the high-temperature Eel
a for SEs at the same condition de

creases from Cl-doping (0.54 eV), Li7P3S11 annealing (0.52 eV), Li3PS4 
annealing (0.43 eV) to N-doping (0.38 eV), while the average of the low- 
temperature Eel

a ranks N-doping (0.24 eV)= Cl-doping (0.24 eV) > Li3PS4 
annealing (0.14 eV) > Li7P3S11 annealing (0.13 eV). The inconsistent 
order for the two Eel

a may also imply two independent hopping mecha
nisms in the high-temperature and low-temperature regimes.

Overall, N3− doping is found to have the largest effect in enhancing 
electronic transport properties. Compared with the baseline Li3PS4 glass, 
σel increases by a factor of 9.6 at RT and by a factor of 5.0 at 85 ◦C, 
accompanied by a decrease in Eel

a from 0.52 to 0.33 eV in the high- 
temperature regime and from 0.21 to 0.18 eV in the low-temperature 
regime. Based on a previous study on the defect chemistry and trans
port mechanism of Li2S, the introduction of negative dopants such as 
Li3N in Li2S, will lead to the formation of holes [53]. The clear trend of 
electronic transport properties in N-doped lithium thiophosphate SEs 
also implies holes, instead of electrons, as the possible dominant charge 
carrier for electronic transport in Li3PS4. It is hypothesized that the 

introduced N3− can attract holes, forming localized states within the 
bandgap for the hopping process [50].

The results also highlight the knowledge gap in understanding the 
electronic transport mechanisms in lithium thiophosphate glass and 
glass-ceramic solid electrolytes. Many questions remain to be answered. 
The origin of the temperature-dependent activation energy is not clear. 
Nevertheless, the decrease in activation energy for electronic transport 
at lower temperatures has been widely reported for semiconductor 
glasses, where several weak hopping processes (e.g., small polaron 
hopping, variable range polaron hopping) at lower temperatures have 
been proposed [54–61]. More careful study of the relationship between 
the electronic conductivity and temperature over a wider temperature 
range may be helpful to understand the similarities and differences of 
the hopping mechanism between semiconductor glasses and ionic 
glasses. A recent computational study from Demir et al [62] suggested 
small polaron hopping as the electron transport mechanism in single- 
crystal Li7P3S11. The authors further proposed that the “small electron 
polaron” is localized on a PS4

3− structural unit while the “small hole 

Fig. 7. Comparison of electronic transport properties across processing conditions and compositions. Electronic conductivity at room temperature (a) and 85 ◦C (b) 
and activation energy of electronic conductivity for the high-temperature regime (c) and the low-temperature regime (d).
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polaron” is located on P2S7
4− polyhedra [62]. The existence of small 

polarons also lowers the barrier to delocalize the charge between two 
sites to 0.4 eV [62], which is similar to what we observe in the high- 
temperature regime. However, the trend between the electronic con
ductivity and the contents of PS4

3− , P2S6
4− or P2S7

4− structural units in the 
glass and glass-ceramics studied in this work appear to be convoluted 
(Fig. S13).

It has also been reported, through first-principles defect calculation, 
that the formation of native point defects can play an important role in 
providing electronic carriers and lowering the energy barrier for elec
tronic transport [49,63,64]. Given the large effect of N-doping on the 
electronic transport properties, we would also like to highlight the 
critical role of extrinsic defects, for example from impurities, surfaces, or 
grain boundaries [65]. As the defect chemistry is very sensitive to im
purity, even a slight amount of impurity, from the reactants or pro
cessing, may lead to significant enhancements in electronic transport 
properties [53]. Alt et al. proposed the effect of Li2O impurity on the 
electronic transport property of lithium halides [17]. Inspired by a 
computational study from Tian et al [66] that highlighted the important 
role of surfaces in promoting electronic transport in β-Li3PS4, we also 
tried to measure the electronic conductivity of Li3PS4 glasses fabricated 
by cold-pressing SE powders at various pressures to see if there is any 
correlation between the measured electronic conductivity and porosity. 
However, no repeatable results were obtained, probably due to the large 
uncertainty in controlling the contact between the SS electrode and the 
porous SE. The results are therefore not included here. It should also be 
noted that uncertainty remains for DC polarization of double-blocking- 
electrode cells with controlled voltage and durations, such as the con
tact overpotential between the electrode and SE. A four-probe setup with 
four blocking electrodes may be helpful to mitigate the effects of the 
contact overpotential [67]. More careful characterizations of the local
ized defect states, for example by diffuse reflectance UV–vis spectros
copy [49] or photoluminescence spectroscopy [17] may also provide 
critical insights into identifying possible defects that governs electronic 
transport in the SEs.

We would also like to note that while double-blocking-electrode cells 
were proposed as a more reasonable approach over Hebb-Wagner cells 
to determine the intrinsic electronic transport in lithium thiophosphate 
solid electrolytes, it does not mean this applies to other types of SEs. For 
more electrochemically stable SEs such as oxides or halides, Hebb- 
Wagner method is still the most powerful technique to determine the 
electronic transport properties, including both electron transport and 
hole transport over a wide range of Li activities. Therefore, a more 
cogent explanation is that the method to be used to determine the 
intrinsic electronic conductivity in the SEs depends on the electro
chemical stability of the SEs. Since double-blocking cells can also be 
used to probe the electronic conductivity at a certain Li activity, it would 
be intriguing to compare it to the value measured by Hebb-Wagner 
method at the same Li activity.

3. Conclusions

Due to unavoidable anodic decomposition during Hebb-Wagner 
polarization measurements, we propose double-blocking-electrode po
larization as a more appropriate method to determine the intrinsic 
electronic transport properties of lithium thiophosphate-based SEs. 
Deriving from a diffusion-driven electronic transport mechanism, the 
average σel measured from the double-blocking-electrode polarization is 
equivalent to the σel at a certain Li activity related to the initial Li ac
tivity of unpolarized SEs. Using this method, we benchmark the elec
tronic transport properties of common Li thiophosphate glass and glass- 
ceramic SEs, including Li3PS4 and Li7P3S11 glasses, Li3PS4 and Li7P3S11 
glass-ceramics with varying crystallinity, as well as Cl-doped and N- 
doped Li3PS4 glasses with varying dopant concentrations at different 
temperatures from 23 to 85 ◦C (or 100 ◦C). The results allow us to 
investigate the effect of annealing and doping on the electronic transport 

properties of lithium thiophosphate SEs. It was found that all annealing 
and doping conditions will lead to enhancements in σel when compared 
with the baseline Li3PS4 and Li7P3S11 glass SEs, with N-doping exhibit
ing the largest enhancement in room temperature σel from 0.9 × 10− 10 to 
8.6 × 10− 10 S cm− 1 (after introducing 5% Li3N in Li3PS4). As the intro
duction of N3− will likely generate point defects with positive charge, 
holes instead of electrons are suggested as the dominant electronic 
carriers under the measured conditions. There is a correlation between 
the various structural units and the electronic conductivity. However, it 
appears to be convoluted, and we are cautious to draw any definitive 
conclusions. All SEs studied in this work exhibit two distinct linear re
gimes in the Arrhenius plots of σel; a high-temperature regime with an 
activation energy ranging from 0.33 to 0.66 eV and a low-temperature 
regime with activity energy ranging from 0.09 to 0.31 eV, suggesting 
temperature dependence of the hopping mechanism for electronic 
transport. No apparent correlation between electronic and ionic trans
port can be observed by changing the processing and doping conditions. 
Our findings highlight the challenges in understanding and suppressing 
partial electronic transport in lithium thiophosphate SEs. We hope that 
our experimental data on the electronic transport properties of a wide 
range of lithium thiophosphate SEs will establish crucial benchmark 
parameters for upcoming experimental and computational studies on 
this largely ignored topic.

4. Experimental

4.1. Materials synthesis

Lithium thiophosphate SEs were prepared by high-energy planetary 
ball milling (Retsch PM100/PM200) of a 3.6 g mixture of Li2S (99.98% 
trace metals basis; Sigma-Aldrich) and P2S5 (99%; Sigma-Aldrich) in 
appropriate stoichiometric ratios (3:1 for Li3PS4 glass and 7:3 for 
Li7P3S11 glass). Milling was carried out for 100 h in zirconia jars at 510 
rpm using 10 zirconia balls for Li3PS4 and 15 zirconia balls for Li7P3S11. 
To obtain the corresponding glass-ceramics, approximately 1 g of the as- 
prepared glass was sealed in quartz tubes and annealed in a box furnace 
(Lindberg Blue M). Li3PS4 glass samples were annealed at 200 ◦C for 5 
min, 1 h, or 24 h, while Li7P3S11 glass samples were annealed at 260 ◦C 
for the same durations. Cl-doped Li3PS4 glass samples were prepared by 
ball milling a ~ 3.6 g mixture of Li2S, P2S5, and LiCl (99.9%; Thermo 
Scientific) such that the final stoichiometry was Li3-4xPS4-4xCl4x, where 
x = 1, 3 or 5 mol% (LiCl). Similarly, Li3PS4 glass samples doped with 
Li3N (99.4%; Thermo Scientific) were prepared using mixtures of Li2S, 
P2S5, and Li3N to obtain a final stoichiometry of Li3+4yPS4-4yN4y, where 
y = 1, 3 or 5 mol% (Li3N). All doped compositions were milled for 100 h 
in zirconia jars at 510 rpm using 10 zirconia balls. All sample handling 
was performed either under vacuum or in an argon-filled inert 
atmosphere.

4.2. Materials characterization

Powder X-ray diffraction (XRD) measurements were performed using 
a diffractometer equipped with a Cu Kα radiation source (Malvern 
PANalytical X'Pert). Samples were loaded onto fiberglass sample holders 
and sealed with kapton tape to prevent air exposure during measure
ment. Raman spectroscopy was conducted using a confocal Raman mi
croscope with a 532 nm laser source (Renishaw). Samples were mounted 
on glass slides, covered with a glass coverslip, and sealed with trans
parent tape prior to measurement.

4.3. Cell fabrication

Double-blocking-electrode cells were fabricated by cold-pressing 
150 mg of SE powder at 400 MPa for 3 min between two stainless 
steel ion-blocking electrodes, which also served as current collectors. 
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The assembled cell was subsequently clamped tightly to maintain me
chanical contact during measurements. The assembly was placed and 
sealed in a glass jar with external current leads to prevent exposure to air 
and moisture.

4.4. Electronic conductivity measurements

DC polarization measurements were performed using an electro
chemical workstation (BioLogic VSP-3 potentiostat) equipped with an 
ultra-low-current module (BioLogic ULC300; base current ~1 pA) to 
enable reliable detection of small electronic currents. The measurement 
electronics was placed inside a Faraday cage to minimize electromag
netic interference. The assembled double-blocking-electrode cells were 
placed inside an oven (VWR Forced Air) that also served as a Faraday 
cage. DC polarization was conducted at an applied potential of 0.3 V for 
12 h at each measurement temperature (23, 40, 55, 70, and 85 ◦C; 
100 ◦C where applicable). Steady-state currents were extracted by 
averaging the final ten data points of each current-time curve, corre
sponding to the last 5 min of each measurement.

4.5. Ionic conductivity measurements

AC impedance spectroscopy measurements were performed using an 
electrochemical workstation (BioLogic VSP-3 potentiostat). The mea
surement electronics was placed inside a Faraday cage to minimize 
electromagnetic interference. The assembled double-blocking-electrode 
cells were placed inside an oven (VWR Forced Air) that also served as a 
Faraday cage. Impedance spectra were collected using a small-signal AC 
perturbation of 10 mV over a frequency range from 1 mHz to 7 MHz at 
each measurement temperature (23, 40, 55, 70, and 85 ◦C).
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Mechanism of hopping conduction in Be–Fe–Al–Te–O semiconducting glasses and 
glass–ceramics, J. Mater. Sci. 57 (2022) 1633–1647, https://doi.org/10.1007/ 
s10853-021-06834-w.

[62] S. Demir, A. Tekin, Y.-T. Chan, C. Scheurer, K. Reuter, A.C. Luntz, J. Voss, Factors 
affecting the electron conductivity in single crystal Li7La3Zr2O12 and Li7P3S11, ACS 
Appl. Energy Mater. 7 (2024) 2392–2404, https://doi.org/10.1021/ 
acsaem.3c03092.

[63] S. Pacetti, C. Karlsson, E. Mijit, M. Drüschler, A. Di Cicco, N. Pinto, D. Bresser, 
J. Rezvani, Interplay of ionic and electronic properties of LPSCl with its micro- and 
macrostructural dynamics, J. Phys. Chem. C 130 (2026) 3040–3049, https://doi. 
org/10.1021/acs.jpcc.5c06227.

[64] D.O. Scanlon, A.B. Kehoe, G.W. Watson, M.O. Jones, W.I.F. David, D.J. Payne, R. 
G. Egdell, P.P. Edwards, A. Walsh, Nature of the band gap and origin of the 
conductivity of PbO2 revealed by theory and experiment, Phys. Rev. Lett. 107 
(2011) 246402, https://doi.org/10.1103/physrevlett.107.246402.

[65] X. Liu, R. Garcia-Mendez, A.R. Lupini, Y. Cheng, Z.D. Hood, F. Han, A. Sharafi, J. 
C. Idrobo, N.J. Dudney, C. Wang, C. Ma, J. Sakamoto, M. Chi, Local electronic 
structure variation resulting in Li “filament” formation within solid electrolytes, 
Nat. Mater. 20 (2021) 1485–1490, https://doi.org/10.1038/s41563-021-01019-x.

[66] H.-K. Tian, Z. Liu, Y. Ji, L.-Q. Chen, Y. Qi, Interfacial electronic properties dictate Li 
dendrite growth in solid electrolytes, Chem. Mater. 31 (2019) 7351–7359, https:// 
doi.org/10.1021/acs.chemmater.9b01967.

[67] I. Riess, Four point Hebb-Wagner polarization method for determining the 
electronic conductivity in mixed ionic-electronic conductors, Solid State Ion. 51 
(1992) 219–229, https://doi.org/10.1016/0167-2738(92)90204-3.

R. Das et al.                                                                                                                                                                                                                                      Solid State Ionics 444 (2026) 117265 

11 

https://doi.org/10.1515/zna-1991-0506
https://doi.org/10.1515/zna-1991-0506
https://doi.org/10.1002/aenm.201501590
https://doi.org/10.1002/aenm.201501590
https://doi.org/10.1002/adma.201500180
https://doi.org/10.1002/adma.201500180
https://doi.org/10.1021/acs.chemmater.5b04082
https://doi.org/10.1021/acs.chemmater.5b04082
https://doi.org/10.1021/acsami.5b07517
https://doi.org/10.1016/0167-2738(93)90235-u
https://doi.org/10.1016/0167-2738(93)90235-u
https://doi.org/10.1016/s0167-2738(96)83022-0
https://doi.org/10.1016/0167-2738(94)90116-3
https://doi.org/10.1149/1.1836980
https://doi.org/10.1149/1.1836980
https://doi.org/10.1021/acs.nanolett.0c02489
https://doi.org/10.1021/acs.nanolett.0c02489
https://doi.org/10.1016/j.jpowsour.2005.03.063
https://doi.org/10.1021/acsenergylett.8b01997
https://doi.org/10.1021/acsenergylett.8b01997
https://doi.org/10.1016/j.ensm.2021.03.017
https://doi.org/10.1016/j.ensm.2021.03.017
https://doi.org/10.1039/c7ta06067j
https://doi.org/10.1039/c7ta06067j
https://doi.org/10.1021/acs.jpcc.9b01425
https://doi.org/10.1021/acs.jpcc.9b01425
https://doi.org/10.1002/aenm.202101111
https://doi.org/10.1002/aenm.202101111
https://doi.org/10.1016/j.ssi.2021.115568
https://doi.org/10.1016/j.ssi.2021.115568
https://doi.org/10.1039/c4ta04332d
https://doi.org/10.1111/j.1551-2916.2010.04335.x
https://doi.org/10.1021/acs.chemmater.6b02163
https://doi.org/10.1016/j.ssi.2017.03.010
https://doi.org/10.1016/j.ssi.2017.03.010
https://doi.org/10.1016/0167-2738(94)90221-6
https://doi.org/10.1016/0167-2738(94)90221-6
https://doi.org/10.1016/0167-2738(93)90226-s
https://doi.org/10.1016/0167-2738(93)90226-s
https://doi.org/10.1021/acsami.6b06754
https://doi.org/10.1021/acs.chemmater.1c02345
https://doi.org/10.1016/s0081-1947(08)60135-6
https://doi.org/10.1016/s0081-1947(08)60135-6
https://doi.org/10.1007/s11581-019-03243-7
https://doi.org/10.1007/s11581-019-03243-7
https://doi.org/10.1002/aenm.202100325
https://doi.org/10.1002/adfm.201807688
https://doi.org/10.1002/adfm.201807688
https://doi.org/10.1016/0022-3093(68)90002-1
https://doi.org/10.1103/physrevb.4.2612
https://doi.org/10.1103/physrevb.4.2612
https://doi.org/10.1103/physrevlett.92.216802
https://doi.org/10.1063/1.2904933
https://doi.org/10.1063/1.2904933
http://refhub.elsevier.com/S0167-2738(26)00141-4/rf0290
http://refhub.elsevier.com/S0167-2738(26)00141-4/rf0290
http://refhub.elsevier.com/S0167-2738(26)00141-4/rf0290
http://refhub.elsevier.com/S0167-2738(26)00141-4/rf0290
http://refhub.elsevier.com/S0167-2738(26)00141-4/rf0290
https://doi.org/10.1063/1.4845855
https://doi.org/10.1063/1.4845855
https://doi.org/10.1016/j.materresbull.2021.111323
https://doi.org/10.1007/s10853-021-06834-w
https://doi.org/10.1007/s10853-021-06834-w
https://doi.org/10.1021/acsaem.3c03092
https://doi.org/10.1021/acsaem.3c03092
https://doi.org/10.1021/acs.jpcc.5c06227
https://doi.org/10.1021/acs.jpcc.5c06227
https://doi.org/10.1103/physrevlett.107.246402
https://doi.org/10.1038/s41563-021-01019-x
https://doi.org/10.1021/acs.chemmater.9b01967
https://doi.org/10.1021/acs.chemmater.9b01967
https://doi.org/10.1016/0167-2738(92)90204-3

	Benchmarking the electronic transport properties of lithium thiophosphate glasses and glass-ceramics using double-blocking- ...
	1 Introduction
	2 Results and discussion
	2.1 Temperature-dependent electronic conductivity measurement using DB cells
	2.2 Effect of annealing on electronic transport of Li3PS4 glass and glass-ceramics
	2.3 Effect of annealing on electronic transport of Li7P3S11 glass and glass ceramics
	2.4 Effect of Cl− doping on electronic transport in Li3PS4 glasses
	2.5 Effect of N3− doping on electronic transport of Li3PS4 glasses
	2.6 Comparison of electronic transport properties across processing conditions and compositions

	3 Conclusions
	4 Experimental
	4.1 Materials synthesis
	4.2 Materials characterization
	4.3 Cell fabrication
	4.4 Electronic conductivity measurements
	4.5 Ionic conductivity measurements

	CRediT authorship contribution statement
	Declaration of generative AI and AI-assisted technologies in the writing process
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


