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A B S T R A C T   

The availability of solid electrolytes promisingly boosts the energy density of lithium-ion batteries (LIBs), yet the 
accurate voltammetry measurement of their electrochemical windows (EWs) poses a longstanding and critical 
concern. In this work, the mechanism of EW measurement of electrolytes is explained using the electrical double 
layer theory. The influence of crucial variables in voltammetry, including the scan mode, the working electrode, 
and the selection of two- or three-electrode test systems is investigated. Furthermore, the step voltammetry 
method is proposed and applied to EW testing of the inorganic solid electrolyte Li10GeP2S12 for the first time. 
Finally, suggestions for EW measurement of electrolytes are presented. The results of this work promote a 
comprehensive understanding and more accurate EW measurement of electrolytes, facilitating the selection of 
suitable solid electrolytes to match different cathodes, thus advancing the development of safer high-energy 
density LIBs.   

1. Introduction 

Lithium-ion batteries (LIBs) with high energy density, low self- 
discharge, and lightweight have become the main energy supply com-
ponents for portable electronic devices in recent years [1]. However, 
with the development of large-scale energy storage devices such as 
electric vehicles, smart grids, and industrial energy storage, higher re-
quirements for the energy density of LIBs have been put forward [2–4]. 
Two approaches are generally used to improve the energy density of 
LIBs. One is to further reduce the proportion of inactive substances in the 
battery by optimizing the battery preparation process. For example, 
energy density can be increased by reducing the mass of the current 
collector [5,6]. The other is to promote the performance of electrode 
materials, using active materials with higher capacity or higher oper-
ating voltage, such as sulfur [7], oxygen [8], silicon [9], and lithium 
metal [10]. 

Lithium metal is considered the most attractive negative electrode 
for high energy density LIBs with its high theoretical specific capacity 
(3860 mAh g− 1) and the lowest electrode potential (− 3.04 V vs. 

standard hydrogen electrode). However, due to inhomogeneous lithium 
metal deposition, it is difficult to avoid the growth of lithium dendrites 
in the lithium negative electrode during cycling [11,12], which might 
lead to short circuits and even more severe safety issues such as thermal 
runaway [13,14]. A widely researched approach to improving the safety 
of lithium metal batteries is to substitute the traditional flammable 
liquid electrolyte with a solid electrolyte [15–17]. There are mainly 
three types of solid electrolytes: polymer electrolytes, inorganic elec-
trolytes, and composite electrolytes [18]. Compared with liquid elec-
trolytes, solid electrolytes possess the following advantages: (i) Solid 
electrolytes are non-volatile, non-leaking, and generally non-flammable, 
and can prevent LIBs from burning and exploding, thus leading to higher 
safety [19]. (ii) With the use of inorganic solid electrolytes with high 
Young’s modulus, lithium metal can be safely adopted as the negative 
electrode, thus effectively promoting the energy density of LIBs [18,20, 
21]. (iii) Some inorganic solid electrolytes have much lower activation 
energy for ion migration, allowing solid batteries to operate over a wide 
temperature range (− 50 to 200 ◦C) [19]. A pouch battery with a sulfide 
solid electrolyte and lithium negative electrode achieved an energy 
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density of more than 900 Wh L− 1, a stable coulombic efficiency of 
99.8%, and a long life of 1000 cycles, showing a promising future of 
solid-state batteries [22]. 

Regardless of the above-mentioned advantages of solid electrolytes, 
there are still the following issues that need to be addressed to replace 
liquid electrolytes: (i) The interfacial problems between electrolyte and 
electrode needs to be solved [23]. Liquid electrolytes can effectively wet 
and infiltrate the gap on the electrodes. However, solid electrolytes 
(especially inorganic solid electrolytes), have inferior point contact with 
the electrode, resulting in a large contact resistance [24]. In addition, 
lithium dendrites remain inevitable with solid electrolytes, and the 
lithium metal negative electrode, especially defects, cracks, grain 
boundaries, and micro/nano-scale voids in the solid electrolytes, can 
induce faster growth of lithium dendrites [25]. (ii) The ionic conduc-
tivity of solid electrolytes needs to be enhanced. Some sulfide solid 
electrolytes have ionic conductivities comparable to those of liquid 
electrolytes at room temperature. For example, Li10GeP2S12 (LGPS) has 
an ionic conductivity of 10− 2 S cm− 1 at 50–80 ℃ [26]. However, the 
room temperature ionic conductivities of most solid electrolytes, espe-
cially polymer electrolytes, still need to be improved. For instance, 
polyethylene oxide (PEO) has ionic conductivities of only 10− 4 S cm− 1 

and 10− 6 S cm− 1 at 80 ℃ and room temperature, respectively [27]. (iii) 
Electrochemical windows (EWs) of electrolytes need to be widened. The 
EW of an electrolyte is the difference between its oxidation and reduc-
tion potentials, which represents the range of electrochemical potentials 
for stable operation of the electrolyte. Electrolytes with wide EWs can be 
utilized in LIBs with the lithium metal negative electrode and 
high-voltage positive electrode [28,29]. Accurate determination and 
widening of the EWs of electrolytes are essential to increase the energy 
density of LIBs. 

In the literature, EW test results of solid electrolytes by voltammetry 
methods tend to be inaccurate [30–32]. For example, cyclic voltam-
metry (CV) results showed that Li7La3Zr2O12 (LLZO) was stable within 
the voltage range 0–8 V [33], but computational [31,34] and experi-
mental [30] works revealed that LLZO decomposed at a voltage much 
less than 8 V. Lithium phosphorus oxynitride (LiPON) had a stable EW of 
0–5.5 V as measured by linear sweep voltammetry (LSV) [34], but 
Brecht Put et al. found that LiPON decomposed at 4.3 V [35]. LGPS was 
first discovered by Kamaya et al. and its EW was measured to be 0–5 V by 
CV [26]. However, many computational and experimental works in 
recent years argued that LGPS had a much narrower EW [30,36–39]. 
Yongyao Xia et al. measured the oxidation potential of PEO at 5 V by CV 
using stainless steel (SS) working electrode, while PEO decomposed at 
3.8 V using a carbon working electrode [40]. Cross-linked polyethylene 
glycol-based resin prepared in our previous work, had an oxidation 
potential of 4.8 V measured by LSV, but the infrared measurement 
demonstrated that the electrolyte decomposed at 4.4 V [41]. These 
studies reveal that EW measurement of solid electrolytes by voltam-
metry methods is not standard, and the use of different scan modes or 
working electrodes often yields different results, which hinders the 
development of solid electrolytes. 

Herein, the mechanism of EW measurement by voltammetry 
methods is explained using the electric double layer (EDL) theory. The 
effects of scan mode, working electrode, and two- or three-electrode test 
system on the results are investigated, and the step voltammetry (SV) 
method is applied to EW testing of solid electrolyte LGPS for the first 
time. This work presents a thorough understanding of EW measurement 
of electrolytes by voltammetry methods, which facilitates the appro-
priate selection of electrolytes and significantly boosts the research of 
LIBs with higher energy density and better safety. 

2. Experimental section 

2.1. Fabrication of SS, rSS, and SS@C working electrodes 

Working electrodes with different compositions and specific surface 

areas were prepared. SS electrodes were manufactured with a diameter 
of 10 mm and a thickness of 0.5 mm, and the rough SS (rSS) electrodes 
were obtained by rubbing the SS surface with abrasive paper. Carbon- 
coated SS (SS@C) electrodes were achieved by chemical vapor deposi-
tion on SS surface with acetylene precursor. 

2.2. Fabrication of CNT and CNT/AC working electrodes 

60 mg super-aligned carbon nanotubes (SACNTs) [42] were added to 
80 ml ethanol and sonicated for 30 min to produce a homogeneous 
dispersion. A flexible and self-supporting CNT film was obtained by 
vacuum filtration, which was then cut into discs with a diameter of 10 
mm for use as the CNT working electrodes. CNT/activated carbon 
(CNT/AC) working electrodes were prepared in the same way, except 
that 60 mg SACNTs and 60 mg AC powder were used together for 
dispersion in ethanol. 

2.3. Assembly of two-electrode and three-electrode cells 

Two-electrode cells were assembled in an argon glove box (M. Braun 
Inset Gas Systems Co., Ltd., Germany) with CR-2016 shell, SS, rSS, 
SS@C, CNT, or CNT/AC working electrode, lithium (China Energy 
Lithium Co., Ltd.) counter electrode, and liquid electrolyte that was 
prepared by dispersing 1 M lithium hexafluorophosphate (LiPF6) in a 
mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1 
vol%). For the cells with solid electrolyte, a two-electrode mold (Hefei 
Kejing Materials Technology Co., LTD) was employed to cold-press SS, 
CNT, or CNT/AC working electrode with 100 mg LGPS for 3 min, fol-
lowed by the assembly with a 10 mm diameter lithium sheet. A two- 
electrode mold and SS, CNT, and CNT/AC symmetric cells were used 
to measure the ionic conductivity of the solid electrolyte LGPS. Three- 
electrode cells were assembled using a uniquely designed three- 
electrode mold with CNT as the working electrode, LGPS as the solid 
electrolyte, lithium sheet as the counter electrode, and lithium ring as 
the reference electrode. The counter electrode and the reference elec-
trode were isolated by a polyether ether ketone (PEEK) insulating ring. 

2.4. Material characterization 

The frontal and cross-sectional morphologies of the SS, rSS, SS@C, 
CNT, and CNT/AC electrodes were characterized by scanning electron 
microscopy (SEM, Sirion 200, FEI, USA). The specific surface areas of the 
electrodes were obtained by BET measurements on a surface area and 
porosity analyzer (ASAP 2020). The PARSAT2273 (AMETEK) electro-
chemical workstation was used to measure LSV, CV (scan rate: 1 mV 
s− 1), and Tafel curves (scan rate: 0.1 mV s− 1) of electrolytes. The Vertex. 
C (IVIUM) electrochemical workstation was employed to conduct SV 
and ionic conductivity (frequency range: 100 kHz-0.1 Hz, AC amplitude: 
30 mV) measurements of solid electrolytes, and the Land CT2001 
automated battery tester was utilized to monitor the potential difference 
between the counter electrode and the reference electrode. All electro-
chemical tests were conducted at room temperature. 

2.5. Finite element simulation 

Electrochemical models were constructed using the electrochemical 
module of COMSOL Multiphysics 5.5. Based on the finite element solver, 
the cell potential distribution was calculated in equilibrium, reduction, 
and oxidation states. 

3. Results and discussion 

Voltammetry is the most commonly used method to measure the EW 
of electrolytes. Typically, lithium is used as the counter electrode, and 
SS, carbon, or other inert materials that cannot store lithium serves as 
the working electrode. Based on the location of the redox peaks, the 
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potentials at which the electrolyte undergoes redox reactions are 
determined. At present, EW measurement of electrolytes lacks an ac-
curate and feasible standard. In particular, the selection of scan mode, 
working electrode, and two- or three-electrode system has not been 
systematically investigated. Therefore, this work aims to study the in-
fluence of these testing parameters on EW results and suggest suitable 
measurement methods, which provides a better way to investigate the 
inherent properties of electrolytes and explore their practical 
applications. 

3.1. Mechanism of voltammetry for measuring EW of electrolytes by the 
EDL theory 

Fig. 1a and 1b show schematics of typical current-voltage curves for 
EW measurement of reduction and oxidation potentials, respectively. 
During the cathodic scan (Fig. 1a), when the potential is gradually 
reduced from the open-circuit voltage, the current remains essentially 
constant at first and then forms a reduction peak. The reduction onset 
potential Vo-reduction corresponds to the intersection of the current peak 
tangent with the initial current baseline, and the reduction peak po-
tential is the voltage at the current peak. Similarly, when the oxidation 
potential is measured during the anodic scan (Fig. 1b), the oxidation 
onset potential Vo-oxidation and the peak potential Vp-oxidation can also be 
obtained from the current signal. 

For the accurate measurement of the EW of electrolytes, it is 
important to determine whether Vp or Vo should be chosen as the redox 
potential. The interface between the working electrode and the elec-
trolyte during the voltammetry measurement is considered. When two 
different objects are in contact, the particles at the interface and the 
internal particles are subjected to different forces, which yields an EDL 

structure [43,44]. A Stern EDL model is illustrated in Fig. 1c, where a 
compact layer and a diffuse layer are formed in the electrolyte under the 
combined effects of electrostatic interactions and thermal diffusion [45]. 
The potentials of the working electrode and the electrolyte in the 
compact layer are noted as ΦW and ΦE, respectively, and a potential 
difference ΔΦ = ΦW - ΦE exists, which is defined as the electrode po-
tential. Before the potential reaches the onset redox potential (corre-
sponding to Vo-reduction in Fig. 1a and Vo-oxidation in Fig. 1b), the change of 
potential merely induces charging and discharging of the EDL, altering 
the interface structure and generating non-Faraday currents. When the 
potential reaches Vo-reduction or Vo-oxidation, the electrolyte commences a 
redox reaction and charge transfer begins to take place at the interface, 
characterized by the onset of the current (i.e., the appearance of the 
Faraday current). As the potential exceeds the onset redox potential, 
ions in the compact layer are further consumed. The current signal at-
tains a peak (i.e., Vp-reduction in Fig. 1a and Vp-oxidation in Fig. 1b) when 
there are not sufficient ions in the compact layer and ions in the diffuse 
layer have not yet spread to the interface. The onset potential originates 
from the emergence of Faraday currents and indicates the beginning of 
the redox reaction. Whereas, the peak potential is formed subject to 
factors such as thermal diffusion within the electrolyte after the redox 
reaction occurs. Therefore, it makes more sense to choose the onset 
potential as the redox potential of the electrolyte rather than the peak 
potential for EW measurement. 

Experimental results have shown that there are deviations between 
the measured and true EW values of electrolytes (i.e., there is still a 
deviation between Vo and the actual redox potential of the electrolyte) 
[46]. An electrode polarization model is proposed to explain such phe-
nomena. For the electrode in an electrolyte, when the redox state par-
ticles are in dynamic equilibrium without any net current, the 

Fig. 1. The schematic of current-voltage curves for EW measurement of (a) reduction and (b) oxidation potentials. (c) Schematic diagram of the Stern EDL model. (d) 
Cell potential distribution in equilibrium, oxidation, and reduction states. 
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corresponding potential is called the equilibrium potential [47]. Ideally, 
the electrolyte should undergo redox reactions at the equilibrium po-
tential for EW characterization. However, in the actual measurement, 
electrode polarization exists, where the electrode potential deviated 
from the equilibrium potential by an overpotential [43]. To some extent, 
the overpotential reflects the degree to which the measured EW differs 
from the true value. Finite element simulations of the cell potential 
distribution are shown in Fig. S1, where the electrode polarization 
causes the reduction potential lower than the equilibrium potential and 
the oxidation potential higher than the equilibrium potential. Fig. 1d 
shows the schematic of the cell potential distribution in equilibrium, 
oxidation, and reduction states. The blue/red solid lines indicate the cell 
potential distribution when the electrolyte is at the reduction/oxidation 
equilibrium potential, and the potential difference of the EDL is denoted 
as ΔΦeq-reduction/ΔΦeq-oxidation. When the actual reduction/oxidation 
reaction occurs, the electrode is polarized. The blue and red dashed lines 
illustrate the potential distribution, and the corresponding EDL potential 
differences are expressed as ΔΦreduction and ΔΦoxidation. The oxidation 
overpotential ηoxidation (ΔΦoxidation – ΔΦeq-oxidation) and reduction over-
potential ηreduction (ΔΦreduction – ΔΦeq-reduction) exist in practical mea-
surement. Thus, the electrode polarization produces a redox 
overpotential, which causes the measured redox potential to deviate 
from the true value. The smaller the absolute value of the overpotential, 
the closer the measured redox potential to the true value. A detailed 
investigation of the overpotential and redox potential of electrolytes is 
conducted in this work. 

3.2. Effect of scan mode on EW measurement of electrolytes 

Among the voltammetry methods reported in the literature, LSV and 
CV scan modes are the most prevalent, in which a linearly varying po-
tential is applied to the working electrode. For the LSV scan mode, the 
potential is unidirectional, whereas the CV scan mode features an 
additional reverse sweep back. When the scanning potential reaches the 
electrolyte redox potential, a redox reaction occurs in the electrolyte and 
the charge transfer between the electrolyte and the electrode takes 
place, generating a Faraday current. It was found in the literature that 
for the same working electrode and electrolyte, different redox poten-
tials were obtained using LSV and CV scan modes [46]. To focus more on 
the effect of scan mode on EW measurements, a liquid electrolyte was 
chosen in this work to avoid the poor contact problem between solid 
electrolytes and electrodes. 

Four scan modes were used to measure the redox potentials of the 
liquid electrolyte (Fig. S2): LSV scan from the open-circuit voltage Voc to 
7 V and from Voc to 0 V (scan mode 1); LSV scan from 0 V to 7 V (scan 
mode 2); CV scan from Voc to 0 V, 7 V, and then Voc (scan mode 3); and 
CV scan from Voc to 7 V, 0 V, and then Voc (scan mode 4). Vo-reduction 
values of 1.65 V, 1.65 V, and 2.07 V were obtained by scan modes 1, 3, 
and 4. Vo-reduction could not be measured by scan mode 2. Vo-oxidation 
results of 4.13 V, 4.55 V, 4.70 V, and 4.13 V were achieved by scan 
modes 1, 2, 3, and 4. 

The discrepancy among the redox potential results using four scan 
modes can be explained by the interfacial reaction products. By scan 
mode 1, the electrolyte redox reaction occurs without the influence of 
solid electrolyte interlayer (SEI) or cathode electrolyte interlayer (CEI) 
at the electrolyte/electrode interface, and EW measurement is relatively 
accurate (Fig. S2a). By scan modes 2–4, the measured onset potentials 
are relatively accurate when the oxidation or reduction potential is first 
reached. However, as the potential deviates from the redox potential, 
the electrolyte involved in the reaction gradually increases. More 
amounts of SEI and CEI are generated, leading to additional redox peaks 
in subsequent tests, which affect the EW results. Therefore, to obtain a 
more accurate EW of the electrolyte, it is recommended to use scan mode 
1, i.e., LSV scan starting from Voc for both anodic and cathodic scans. 

3.3. Effect of the working electrode on EW measurement of electrolytes 

In addition to the scan mode, the use of various working electrodes 
also causes different EW results [48–51]. The role of the working elec-
trode in the EW measurement process is investigated. At equilibrium 
potential, there is a dynamic equilibrium of charge transfer at the 
working electrode/electrolyte interface for both oxidation and reduc-
tion, and the electron flow results in an exchange current density j0 [52]. 
Finite element simulations of the cell potential reveal that j0 of the 
working electrode impacts the redox overpotential (Fig. 2a). The contact 
of different working electrodes with the electrolyte generates various 
exchange current densities, which alters the overpotential and further 
affects the redox potential. Simulation results in Fig. 2a exhibit a 
negative reduction overpotential. At higher j0 of the working electrode, 
the absolute value of the reduction overpotential is smaller, and the 
measured Vo-reduction is closer to the equilibrium reduction potential. A 
similar analysis applies to the measurement of the oxidation potential. 

J0 correlates with many factors, including the specific reaction, the 
concentration of the reacting substance, and material type and surface 
area of the electrode [45]. For the EW determination of an electrolyte 
with a given specific reaction and concentration of the reacting material, 
the effects of the surface area and material type of the working electrode 
on j0 and EW were investigated. The most commonly available SS 
electrode was used for a comparative investigation. The rSS electrode 
had a larger surface area than the SS electrode. The SS@C electrode had 
the same surface area as the SS electrode and their material types were 
different. The SEM images of the surfaces and cross-sections of the 
electrodes demonstrate that the SS and SS@C electrodes had flat sur-
faces (Fig. 2d, e, g, h), while the rSS electrode exhibited a rough surface 
and a larger surface area (Fig. 2f, i). J0 can be derived from the Tafel 
curve of the working electrode [53]. The j0 of the SS, SS@C, and rSS 
electrodes were 8.39×10− 8 A cm− 2, 1.13×10− 7 A cm− 2 and 2.17×10− 7 

A cm− 2, respectively (Fig. 2b). These results suggest that j0 varied with 
both material type and surface area. For the same material type, j0 
increased with the increment of the surface area. With the same surface 
area, the use of carbon material led to a larger j0 than SS. 

SS, SS@C, and rSS electrodes were used to evaluate EW of the liquid 
electrolyte (Fig. 2c) to experimentally verify the simulation results in 
Fig. 2a, that is, a working electrode with a large j0 leads to a small ab-
solute value of the overpotential and a minor deviation of the redox 
potential from the equilibrium potential. The solid line in Fig. 2c refers 
to the measured data and the dashed line is the tangent to the current 
peak that is used to identify the onset potential. For the SS, SS@C, and 
rSS electrodes, the measured reduction onset potentials Vo-reduction were 
1.38 V, 1.55 V, and 1.72 V, and the measured oxidation onset potentials 
Vo-oxidation were 4.13 V, 4.08 V, and 4.02 V, respectively. Table 1  
summarizes the j0 and onset redox potentials of the electrodes. The use 
of a working electrode with a larger j0 (such as rSS) produced a higher 
Vo-reduction and a smaller Vo-oxidation that were closer to the true redox 
potentials. These results indicate that for a liquid electrolyte, a larger j0 
leads to a smaller absolute value of the overpotential, as well as a smaller 
deviation from the true redox potentials, which agrees well with the 
finite element simulation results in Fig. 2a. 

Furthermore, the effect of the working electrode on EW measure-
ment of solid electrolytes was investigated for the first time. Considering 
the poor contact between solid electrolyte and electrode, inert materials 
with higher surface area and better flexibility than rSS are required as 
working electrodes. Here, self-supporting and flexible CNT films that 
possessed a continuous conducting network structure [54] were used as 
the CNT working electrodes. Flexible CNT/AC working electrodes with 
an even higher specific surface area were also prepared (Fig. S3). The SS 
electrode with a smooth surface had poor point-to-point contact with the 
solid electrolyte LGPS (Figs. 3a, d and S4a), whereas the CNT and the 
CNT/AC electrodes were flexible (Fig. S4b–e) and provided better con-
tact with LGPS (Fig. 3b, c, e, f). The Tafel curves in Fig. S5 show that the 
j0 of SS, CNT, and CNT/AC electrodes were 8.39×10− 8 A cm− 2, 
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1.33×10− 6 A cm− 2, and 4.64×10− 6 A cm− 2, respectively. According to 
the characterization method of the kinetic parameters [55–58], the ionic 
conductivities of the LGPS were measured as 1.7 × 10− 3 S cm− 1, 4.0 ×

10− 3 S cm− 1, and 4.2 × 10− 3 S cm− 1 using the SS, CNT, and CNT/AC 
electrodes, respectively (Fig. S6). 

The onset reduction potentials Vo-reduction of LGPS using SS, CNT, and 
CNT/AC electrodes were 1.10 V, 1.29 V, and 1.39 V (Fig. 3g). The Vo- 

reduction rose with the increase of the j0 of the working electrode. The 
onset oxidation potential Vo-oxidation could not be measured using the SS 
electrode due to the poor contact between SS and LGPS (Fig. 3a). Using 
CNT and CNT/AC electrodes with better contact with LGPS, the Vo- 

oxidation were 2.80 V and 2.76 V. The experimental redox potential results 
of solid electrolyte LGPS also agree well with the simulation results in 
Fig. 2, demonstrating that a higher j0 induces a smaller absolute value of 

Fig. 2. (a) Relationship between redox overpotential and exchange current density. (b) Tafel curves and (c) EW measurement using the SS, SS@C, rSS electrodes. 
Surface and cross-sectional SEM images of the (d,g) SS, (e,h) SS@C, (f,i) rSS electrodes. 

Table. 1 
j0, Vo-reduction, and Vo-oxidation of the SS, SS@C, rSS working electrodes.  

Materials SS SS@C rSS 

j0 (A cm− 2) 8.39×10− 8 1.13×10− 7 2.17×10− 7 

Vo-reduction (V) 1.38 1.55 1.72 
Vo-oxidation (V) 4.13 4.08 4.02  

Fig. 3. SEM images and schematic diagrams of the contact interfaces between (a,d) SS, (b,e) CNT, (c,f) CNT/AC electrodes and LGPS. (g) EW measurement of LGPS 
using different working electrodes. 
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overpotential and a more accurate redox potential result. The redox 
potentials of a liquid electrode using the SS, CNT, and CNT/AC working 
electrodes (Fig. S7) confirm the conclusion. The measured onset redox 
potentials of the liquid electrolyte and solid electrolyte LGPS are listed in 
Table 2. 

The limitations of using working electrodes with large surface areas 
and high j0 were also observed. The large surface areas of the CNT and 
CNT/AC electrodes produced significant non-Faraday currents. Blue and 
red curves in Fig. 3g show that cells assembled with the CNT and CNT/ 
AC electrodes had a non-zero initial potential before the peak formation 
during the cathodic scan, and the potential varied drastically. These 
make the baseline difficult to determine, leading to inaccurate mea-
surement of the reduction potential. Such phenomena appeared simi-
larly in the liquid electrolyte (Fig. S7). Therefore, the specific surface 
area of the working electrode should not be too high and the effect of 
non-Faraday current on the test results must also be considered for the 
determination of the redox potentials of electrolytes. 

The above experimental results demonstrate that various materials 
and surface areas of the working electrodes offer distinct j0, leading to 
different overpotentials and redox potentials. Working electrodes with 
higher surface areas generate remarkable non-Faraday currents that 
might mislead the redox potential determination (Figs. 3g and S7g). 
Therefore, it is advisable to adopt working electrodes with moderate 
surface area and high j0, such as SS and CNT films. SS is cheap and 
readily available, and can be used to effectively determine the redox 
potential of liquid electrolytes, but is not suitable for EW measurements 
of solid electrolytes. Flexible porous CNT films can effectively provide 
good contact with solid electrolytes, but possess larger non-Faraday 
currents than SS. As a result, there is still a lack of superior working 
electrode candidates for EW measurement of solid-state electrolytes. 

3.4. SV for EW measurement of solid electrolyte LGPS 

The electron transfer kinetics for solid electrolytes was relatively 
slow because of the low conductivity and the poor contact at the inter-
face between the SS electrode and the LGPS electrolyte. Therefore, it is 
unfeasible to measure the EW of solid electrolytes using conventional 
voltammetry methods. It is desirable to develop a modified voltammetry 
method for accurate EW measurement of solid electrolytes. In our pre-
vious work, the SV method was used to measure the EW of solid polymer 
electrolytes, which demonstrated high accuracy and short test times for 
materials with low electrical conductivity [41]. Here, the SV method 
was extended to EW measurement of inorganic solid electrolyte LGPS 
using SS working electrode. The SV method controls the process by 
adjusting the amount of each potential change ΔU and the relaxation 
time Δt [59]. A certain voltage U is applied and held for Δt. Then the 
voltage is changed to U+ΔU and kept for Δt, and so forth until the end. 
Relaxation time Δt is maintained after each voltage variation, which 
effectively improves the electron transfer dynamics of solid electrolytes. 

ΔU was set as 0.02 V and Δt was set at 75 s, 150 s, and 300 s, 
respectively (Fig. 4). The Vo-reduction results for Δt at 75 s, 150 s, and 300 
s were 1.52 V, 1.55 V, and 1.55 V, higher than 1.10 V in Fig. 3g by the 
LSV method. The increased Δt permitted a longer time for electron 
transfer from SS to LGPS. When Δt was long enough to complete the 
electron transfer process, such as a relaxation time of 150 s, the 

measured redox potential became constant. The same procedure and 
mechanism were applied to the measurement of oxidation potential. The 
relaxation time of 75 s was not adequate for the electron transfer 
(Fig. 4d), while at Δt of 150 s and 300 s (Fig. 4e, f), the Vo-oxidation was 
measured as 2.46 V. 

To conclude, the Vo-oxidation of LGPS could not be detected by con-
ventional voltammetry (Fig. 3g), and its EW could not be determined. 
Whereas the Vo-reduction and Vo-oxidation of LGPS were 1.55 V and 2.46 V 
by the SV method, showing its EW of 1.55–2.46 V, which coincides with 
the 0–1.7 V reduction potential and 2–2.5 V oxidation potential of LGPS 
derived from first-principle calculations and experimental results in the 
literature [60]. The superior SV method can be used to measure the EW 
of other low-conductivity materials. The electron response rate can be 
effectively boosted by setting appropriate ΔU and Δt, and a more ac-
curate and efficient EW acquisition method is developed while ensuring 
minimal non-Faraday currents. 

3.5. Selection of two- or three-electrode system for EW measurement of 
solid electrolytes 

In the above-mentioned experiments, a two-electrode system was 
used for EW measurement of electrolytes, where a lithium foil served as 
both counter and reference electrode. Yet, the potential of lithium might 
change during testing and thus impact the EW measurement of elec-
trolytes. In this section, EW measurements of solid electrolyte LGPS 
using two- and three-electrode systems are discussed. A three-electrode 
device was designed (Fig. 5a). To ensure good electrode/electrolyte 
contact, CNT film was used as the working electrode. The cathodic and 
anodic scans in Fig. 5b show that the Vo-reduction results of LGPS were 
1.29 V and 1.39 V using two- and three-electrode systems, respectively, 
and the Vo-oxidation values were 2.80 V for both systems. 

In the three-electrode system, the potential variations in the counter 
electrode were assessed by monitoring the difference between the 
counter electrode and the reference electrode (VRE-VCE, Fig. 5c, d). At 
the beginning of the cathodic scan, the potential of the counter electrode 
and the reference electrode were equivalent; afterward, the potential of 
the counter electrode became larger than that of the reference electrode; 
eventually, the counter electrode potential was 0.10 V higher than the 
reference electrode potential (Fig. 5c). In a two-electrode system, the Vo- 

reduction is the potential difference between the working electrode and 
the counter electrode, while in a three-electrode system, the Vo-reduction 
is the potential difference between the working electrode and the 
reference electrode. Since the counter electrode potential increases 
during testing, Vo-reduction would be smaller in the two-electrode system 
than that in the three-electrode system. The anodic scan can be analyzed 
similarly. Since the potentials of the counter electrode and the reference 
electrode remained the same (Fig. 5d), the Vo-oxidation results using two- 
and three-electrode systems should be the same, which matches the 
experimental results in Fig. 5b. 

According to the above experiments, the three-electrode system al-
lows for a more accurate EW measurement due to the introduction of a 
reference electrode with a constant potential. However, EW measure-
ment of electrolytes using the three-electrode system requires complex 
preparation processes. Meanwhile, the difference in the EW measure-
ment results was insignificant between the two systems. Therefore, from 
the perspective of the practical applications of solid electrolytes in LIBs, 
the use of the two-electrode system for EW measurement is sufficient. 

4. Conclusion 

Experimental results reveal that the selection of scan mode, working 
electrode, and the two-electrode or three-electrode system affects EW 
measurement of electrolytes. Firstly, the LSV cathodic and anodic scans 
from the Voc avoid the influence of SEI and CEI, which is the recom-
mended scan mode. Secondly, the working electrode with a larger sur-
face area and j0 exhibits a smaller absolute value of overpotential and 

Table. 2 
j0, redox onset potentials of liquid electrolyte and solid electrolyte LGPS using 
the SS, CNT, CNT/AC working electrodes.  

Materials SS CNT CNT/AC 

j0 (A cm− 2) 8.39×10− 8 1.33×10− 6 4.64×10− 6 

Vo-reduction of liquid electrolyte (V) 1.38 1.98 2.65 
Vo-oxidation of liquid electrolyte (V) 4.13 4.04 3.53 
Vo-reduction of LGPS (V) 1.10 1.29 1.39 
Vo-oxidation of LGPS (V) – 2.80 2.76  
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the measured redox potentials are more accurate. Thirdly, the EW 
measurement of LGPS in the three-electrode system shows a slight in-
crease in Vo-reduction compared to the two-electrode system, while Vo- 

oxidation results are the same in both systems. 
Based on these results, the following recommendations are offered 

for EW measurements of electrolytes. For liquid electrolytes, it is 
advisable to measure EW using SS or CNT working electrodes with 
moderate surface areas and to perform LSV anodic and cathodic scans 
(scan mode 1) starting from Voc to minimize the effect of SEI/CEI. For 
solid electrolytes, EW cannot be measured by conventional voltammetry 
methods using SS working electrodes with the limited surface area due 

to the poor interface contact, whereas the use of working electrodes with 
higher specific surface area results in a significant non-Faraday current, 
which also affects EW measurement. Therefore, the SV method using SS 
working electrodes is a more desirable option to improve the accuracy of 
the EW test with minimal non-Faraday current effect. Finally, the choice 
between a two- or three-electrode system can be based on specific re-
quirements. A more accurate three-electrode system is appropriate for 
the investigation of the intrinsic properties of an electrolyte. For the 
study of electrolyte stability under real cell conditions, a two-electrode 
system is more practical and the preparation process is simpler. 

Fig. 4. SV measurement of reduction and oxidation potentials of LGPS by setting Δt at (a,d) 75 s, (b,e) 150 s, and (c,f) 300 s.  

Fig. 5. (a) Schematic diagram of a three-electrode system. (b) EW measurement results of LGPS using two- and three-electrode systems. The potential difference 
between reference and counter electrodes during the (c) cathodic and (d) anodic scans. 
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