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Abstract 

Light-emitting electrochemical cell (LEC) is an easy-to-fabricate electroluminescent device, 

which in its simplest manifestation comprises an electroluminescence organic fluorophore and 

electrolytes as the active layer sandwiched between two electrodes. To date, the LEC exhibits poor 

operational stability, and the poor thermal stability of the electrolyte is a major cause of the 
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instability. Because most of the electrolytes utilized in LEC are organic electrolytes (polymer and 

ionic liquids), the thermal stability is difficult to improve on a large scale. Therefore, in this work, 

we devote to preliminarily explore the possibility of using an inorganic glass electrolyte for LEC 

application. Following this objective, hybrid glass based on organic fluorophore (π-extended 

phosphole sulfide 1) doped inorganic phosphate amorphous matrix were successfully synthesized 

via the spark plasma sintering technology. The optical properties, microstructure and 

electrochemical properties of the hybrid glass were investigated respectively. The ionic 

conductivity of the glass host can reach 10-7 S/cm at room temperature, and the glass matrix contain 

aggregates of 1 of around 100 nm. Strong photoluminescence at 600 nm, characteristic of the 

organic fluorophore, was observed in the hybrid glass. The cyclic voltammetry performed on the 

hybrid glass shows a redox couple contribution of the organic fluorophore. This suggests 1 can 

complete the exchange of electric charges in the inorganic glass electrolyte, which is one of the 

fingerprints of the transient phenomena of a LEC. 

 

INTRODUCTION 

Light-emitting electrochemical cell (LEC), a single-layered lighting device consisting of an 

intimate blend of an emitter and an ionic electrolyte, offers many important advantages for solid-

state lighting and display applications, such as high brightness, a large quantum efficiency, and a 

low turn-on voltage for light emission [1-4]. Since the discovery of the LEC concept in 1995, the 

impact of the ions on the device mechanism has carefully been studied [1], and it is rational to state 

that the last 20 years have been a successful test-bed time for the LEC technology [5-8]. However, 

LECs devices have exhibited a distinctly poor operational stability in comparison to the other 
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electroluminescence devices such as organic light-emitting diodes (OLED).[3, 9] Concerning this 

issue, Gao’s group has reported that the role of both the substrate and the ionic poly-electrolyte 

are essential to control the device self-stability under different storage conditions[10], while 

Edman’s group has demonstrated that the devices encapsulated has better stability than that of 

those nonencapsulated[11]. These researches imply that the operational stability of LEC is highly 

dependent on the chosen ionic electrolyte [4, 12, 13]. 

Recently, Edman's group investigated the self-heating phenomenon in LEC, and it was found 

that the luminance and current efficacy of LEC is improved with the increasing temperature, and 

the operational lifetime of LEC is dropping as well [14]. In addition, Costa's group found that the 

self-stability of iTMC-LEC depends on the kinds of electrolyte, and LEC based on ionic 

polyelectrolyte obtained by mixing trimethylolpropane ethoxylate (TMPE) with Lithium Triflate 

(LiOTf) or Potassium Triflate (KOTf) is more stable than that based on the ionic liquid (IL) 1-

butyl-3-methylimidazolium hexafluorophosphate [15]. To some extent, the better stability of the 

electrolyte is, the longer the operational lifetime of LEC will be. To our best knowledge, most of 

the studies of electrolytes for LEC primarily focused on polymer electrolytes and IL exhibiting 

poor thermal stability [12,13]. Therefore, if an electrolyte with better thermal stability and relatively 

high ionic conductivity would considerably improve the operational lifetime of LEC devices. 

Generally, inorganic glass electrolytes have better thermal stability and comparable ionic 

conductivity than those polymer electrolytes or IL mentioned above. However, one major 

challenge lies in the synthesis of organic emitter mixed within inorganic glass electrolyte because 

inorganic glass normally has a much higher synthesis temperature than the degradation 

temperature (Td) of the most organic compounds. Fortunately, Spark Plasma Sintering (SPS) 

technology may overcome this problem through selecting suitable organic emitter and glass 
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components. In fact, as demonstrated in our previous work [16], glasses can be firstly synthesized 

at high temperature through conventional melt-quenching technique and then be crushed and 

shaped at temperature close to the glass transition temperature (Tg) by SPS. Therefore, inorganic 

glasses host must possess Tg as close to the Td of an organic emitter as possible to prepare the 

mixed hybrid glass. Besides, the other physico-chemical characteristics of the inorganic electrolyte 

should match that of the organic emitter, such as the window of transparency, chemical 

compatibility, and electrochemical stability. Thus, an adequate selection of both organic molecules 

and phosphate glass composition must be realized to fulfill the requirements of LEC devices. 

Some of us pioneered the use of π-conjugated phospholes for organic electronics and in 

particular for colored and white OLED [17]. We also showed that simple chemical modifications 

permit fine-tuning of the physical and chemical characteristics of phosphole-based π-conjugated 

systems including thermal stability, redox potentials, emission wavelength. In addition, such 

derivatives display higher luminescence in the aggregated-state compared to the diluted solution, 

a phenomenon usually called “aggregation-induced emission”.[18] Ultimately, 1-Phenyl-2,5-bis(2-

thienyl) thiooxo-phosphole 1(Figure 1) fulfilling all the criteria discussed above was selected as 

prototypic fluorophore for this study. 

On the other hand, phosphate glasses present a broad window of transparency from the UV to the 

near IR, and it also has moderate glass transition temperature around or below 300 °C [19]. This 

family of glass presents the great interest to be highly doped with small cations such as Li+ in order 

to increase the ionic conductivity and in the meantime to decrease the network connectivity and 

the glass Tg. Therefore, in this work, we devote to preliminarily explore the possibility of 

synthesizing an inorganic phosphate glass electrolyte for LEC whose synthesis is compatible with 

the presence of an organic emitter such 1, and the schematic process for the synthesizing of the 
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organic-inorganic hybrid glass is illustrated in Figure 1.  The visible photoluminescence spectrum 

of the hybrid glass was performed. The microstructure of the hybrid glass was investigated by 

transmission electron microscope (TEM) and all-solid-state nuclear magnetic resonance (NMR). 

Further, the electrochemical properties of the hybrid glass were study through electrochemical 

impedance spectroscopy (EIS) and cyclic voltammetry (CV). 

Material and methods 

Synthesis 

Selection of organic emitter 

As mentioned above, the organic emitter used here is a 1-Phenyl-2,5-bis(2-

thienyl)thiooxophosphole 1 with high luminescence efficiency in solid-state (lem = 553 nm), 

reversible redox behavior and high degradation temperature (253°C, 10% weight loss).[20] It is 

worth noting that 1 was used to prepare the first OLED incorporating an organophosphorus emitter. 

The other characteristics of 1 are detailed in the Supporting Information Table S1. 

Selection and synthesis of inorganic glass component 

Binary alkali phosphate glasses with composition x%Li2O-(100-x)%P2O5 (x=40, 50, 60) and 

ternary alkali phosphate glass with composition 25%Li2SO4-40%Li2O-35%P2O5 (LPM) were 

prepared using the conventional melt-quench method. Batches consisting of Li2O (or Li2O and 

Li2SO4) and NH4H2PO4 were calcined in alumina crucibles at 300 °C for 12 h under ambient 

atmosphere in a muffle furnace. Then, the calcined solid were melted in the air at 1100°C (900 °C 

for LPM) for 30 min. The glass melt was quenched on a steel plate at room temperature and then 

annealed at the glass transition temperature, 320 °C (300 °C for LPM), for 1 h. The LPM glass 
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was crushed into powder to be used as raw material for synthesizing 1 doped hybrid glass by spark 

plasma sintering (SPS).  

Synthesis of inorganic glass and hybrid glass by SPS 

Firstly, 0.5g LPM glass powder was weighed and load into the graphite die of 10 mm diameter 

using a sheet of Papyex® (flexible graphite sheet) to ensure the release of the solid as well as to 

protect the diffusion of the graphite component from the mold [16]. Some experiments which is 

detailed in supporting information Figure S1 lead to the conclusion that the optimal densification 

is obtained when sintering conditions are established at around 300 °C for 3 minutes under a 

pressure of 5 kN. Then, 1 mg of 1 were dissolved in around 5 ml acetone in a beaker, then 0.5 g 

LPM glass powder was added. After that, the beaker was disposed into an ultrasonic apparatus and 

processed for 20 minutes at 50 °C. Then, the beaker was put on a hot plate at around 50 °C to dry. 

After drying, the mixed powder was put in the agate mortar to grind. This is for getting a better 

homogeneity of the sample. Lastly, the powder was load into the graphite die, and the follow 

process is the same as described above. 
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Figure 1. Schematic illustration for the synthesis of organic-inorganic hybrid glass 

Characterizations 

The DSC scans (TA Instruments SDT 2960) were carried out on samples of 10 mg in an Al pan. 

The overall accuracy of this measurement is expected to be within ±1 K. The Tg was determined 

at a heating rate of 10K/min. The amorphous nature of the prepared glasses were characterized by 

the X-ray diffraction measurements (XRD) (D/max 2550 VB/PC Rikagu, Japanese). All 

measurements were carried out at room temperature using Cu Kα radiation (λ=1.54056Å). A step 

size of 0.02ᵒ(2θ) was used with a scan speed of 2ᵒ/min. The electrochemical impedance 

spectroscopy (EIS) was characterized from the electrochemical station (Autolab PGSTAT302N). 

Before the measurement, two gold electrodes were deposited on both the surfaces of the glass 

sample (Leica EM ACE200) for 60 seconds. A stainless-steel plate covered by gold was attached 
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to both faces of the pellet as working and counter electrodes. The sample was put in a sealed cell 

connected to the electrochemical station and associated measuring devices. The transmittance 

spectrum of LPM was measured by UV-Vis spectrophotometer (JASCO V-570UV/VIS) ranging 

from 300 to 1000 nm. Microstructural analysis was performed by using transmission electron 

microscope (TEM, JEOL JEM 2100F). All-solid-state NMR experiments were performed using a 

Bruker 600 Avance III spectrometer (14T) using a Bruker triple-gramma 2.5 mm probe head 

operating at Larmor frequency of 242 MHz for 31P. Magic Angle Spinning frequency was set to 

20 kHz. 31P NMR spectra were acquired using a single pulse sequence. The pulse length was set 

to 1.5 μs corresponding to a 90° flip angle with a repetition delay set to 30 s. The cyclic 

voltammetry was undertaken using a chemical station (Autolab PGSTAT302N) at a scanning rate 

of 0.2 mV/s between 2.1 and 2.3 V, and the other processes is similar to that of EIS measurement. 

Results and Discussion 

Inorganic glass electrolytes  

As mentioned, the high resistance to thermal degradation is one of the main reasons for selecting 

the 1 in this work. Obviously, under the premise that the inorganic glass possesses an adequate 

ionic conductivity, the glass presenting low Tg is also essential for making hybrid glass. Binary 

lithium phosphate glasses are well known for being highly doped with Li+ in order to increase their 

ionic conductivity [21]. However, the Tg of all the binary lithium phosphate glasses is higher than 

300 °C, and the DSC results were shown in Figure S2. Fortunately, K. J. Rao has reported that the 

addition of sulphate ions into binary lithium phosphate glass can decrease the Tg and improve the 

ionic conductivity in the meantime [22]. Based on their study, the glass with composition of 

25%Li2SO4-40%Li2O-35%P2O5 (LPM) was selected as the glass host, and the chemical-physical 
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characteristics of the glass was investigated. Figure 2(a) shows that the Tg of the LPM is below 

300 °C, which is indeed caused by the introduction of sulfur confirmed by the EDS analysis 

mapping as shown in Figure S3. This low Tg may allow for making hybrid materials combining 

phosphate glass and organic emitter by SPS densification below 300°C. The XRD pattern of the 

prepared phosphate glass indicates the glass is amorphous as shown in Figure 2(b). The peak at 

around 13° is contributed to the sample plate. Although some reports mention that the ionic 

conductivity of the glass would improve with the occurrence of crystal phase in the glass matrix, 

it is believed that the amorphous state host could promote the recombination of the hole and the 

electron within the electrolyte, which is beneficial to the electrochemical reaction of the LEC [3]. 

As shown in Figure 2(c), the optical window of the prepared glass starts at about 320 nm thus 

covering the full visible range, which indicates the corresponding bandgap is about 3.87 eV. The 

glass presents a high transmission of 85% without absorption bands in the working wavelength 

range. Moreover, the glass has high absorbance in UV range, which can prevent 1 from being 

damaged by the UV irradiation. 

 

Figure 2. (a) DSC curve; (b) XRD pattern; (c) Transmittance spectrum; of the LPM glass 

The temperature-dependent ionic conductivity of LPM is shown in Figure 3(a). A typical 

behaviour of ions transport glass solid electrolyte presenting a semicircle at high frequency and a 

spike at low-frequencies is observed. The semicircle is attributed to bulk conductivity, whereas the 
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spike is a product of space-charge polarization effects from the accumulation of ions at the 

electrodes[23]. The conductivity of the prepared Li phosphate glasses were also determined by the 

frequency dependent complex impedance, 𝑧̂(𝑣)′ = 𝑧′(𝑣),+ⅈ𝑧′′(𝑣). The real part of conductivity 

was calculated according to  

𝜎′(𝑣) =
𝑡

𝐴

𝑍′(𝑣)

⌈𝑍′(𝑣)]2 + [𝑍′′(𝑣)]2
(1) 

where t is the thickness of the glass and A is the area of the electrode. Here, since just the DC 

conductivity was considered, the circuit resistance (R) equal to the real impedance 𝑧′(𝑣) when the 

imaginary impedance 𝑧′′(𝑣) is at a local minimum at low frequencies(equal to about 0). Thus, the 

Eq(1) is approximately equal to  

𝜎dc =
t

𝑅𝐴
(2) 

where R is equal to 𝑧′(𝑣) and the fitting of ionic conductivity of the samples also obey well the 

Arrhenius law 

𝜎dc𝑇 = 𝐴 exp (−
𝐸act
kB𝑇

) (3) 

Where A and Eact denote respectively the pre-exponential factor and the activation energy of the 

DC conductivity, while kB is Boltzmann’s constant. As shown in Figure 3(b), the ionic conductivity 

of the prepared glass can reach 10-7 S/cm at 297 K and 10-6 S/cm at 330 K, respectively, which is 

higher than that of binary lithium phosphate glasses as shown in Figure S4 and is comparable to 

that of the organic electrolyte used in LEC[24]. 
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Figure 3. (a) Electrochemical impedance spectroscopy at different temperature and (b) ionic 

conductivity of the LPM glass 

Inorganic glass and hybrid glass prepared by SPS 

Firstly, the optimal sintering condition for LPM was investigated. The images of the glass samples 

with different sintering temperature and pressure are shown in Figure S2. It is found that the glass 

sample sintered at 298 °C for 3 minutes under the pressure of 5 kN, denoted as LPS, shows the 

best densification. Then, the 1 doped hybrid phosphate glass was also successfully obtained by 

SPS sintering at 298 °C with a pressure of 5 kN as shown in Figure 4(a). It can be seen that the 

hybrid glass is yellow and transparent, in agreement with the optical characteristic of the dopant. 

Figure 4(b) displays the strong photoluminescence of hybrid glass under 430 nm excitation. 

Although the Tg of LPM is still higher than the Td of 1, it is reasonable to point out that the 1 

molecule fluorophore was not destroyed during the SPS sintering process, which suggests SPS 

technology can be an innovative route to synthesize organic-inorganic hybrid materials. The 

emission peak of the hybrid glass is at 600 nm, in the typical range of the emission of 1, as shown 

in Figure 4(c).  
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Figure 4. (a) Digital photo of the hybrid glass; (b) Digital photo of the hybrid glass under 430 nm 

excitation; (c) The photoluminescence spectrum of the hybrid glass under 430 nm excitation 

TEM was performed to study the miscrostructure of the hybrid glass due to it is a feasible way to 

investigate the interface morphology of glass-ceramics. The TEM pictures of 1 doped hybrid glass 

are shown in Figure 5(a). Since the atomic mass of the 1 (mainly carbon) is much lower than the 

glass host (mainly P and O), the 1 is bright and the glass matrix is dark. It can be seen from Figure 

5(a) that the aggregates of 1 are indeed homogeneously distributed in the glass matrix. As a 

contrast, the TEM images of the undoped LPS glass was also performed as shown in Figure 5(b), 

and no bright aggregates were observed in all the LPS glass sample pieces, which indicates that 

the bright aggregates are indeed 1. Complementary TEM images are shown in Figure S5. The 

average size of the aggregates of 1 is of about 100 nm, which suggests the hybrid glass exhibits a 

minor phase separation on a sub-micron scale. This is probably because 1 have been aggregated 

when they separate out of the acetone during the heating process as shown in the Figure 1. Thus, 

a better mixing process of glass powder and 1 should be realized to obtain a better morphology of 

the hybrid glass, such as low-energy ball milling method.  
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Figure 5. TEM images of the organic-inorganic hybrid glass(a) and inorganic glass matrix(b) 

Moreover, the NMR study of the 31P nucleus has been performed in the LPM, LPS and hybrid 

glass, the results are presented in Figure 6. The 31P resonances and related parameters have been 

identified and all the chemical shifts are listed in Table 1.  

Table 1 31P chemical shifts of LPM, LPS and the hybrid glass and the relative proportions of Q1 

and Q2 species as determined by 31P NMR 

Sample  δiso (ppm) FWHM (Hz) δCSA (ppm) δCSA  I(%) 

LPM 

Q1 -3.4 2000 98 0.2 38 

Q2 -21 3200 -125 0.6 62 

LPS 

Q1 -3.2 2100 89 0.3 46 

Q2 -20.2 3300 -117 0.9 54 

Hybrid  

Q1 -3.3 2000 94 0.2 47 

Q2 -20.2 3200 -124 0.5 53 

 

Only two 31P resonances are observed, and the chemical shift of -3 ppm and -20 ppm correspond 

to the contribution of Q1 and Q2 species, respectively [25-27]. As expected, no peaks of Q3 species 

(chemical shift of -50 ppm) were observed. The ratio between Q1 and Q2 species is directly affected 
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by the synthesis process, passing from 38/62 for LPM to 46/54 for LPS and hybrid glass. This is 

probably because the glassy network is less polymerized for glasses prepared by SPS. Moreover, 

the linewidth is similar for the 3 samples (Q1: about 2kHz and Q2: about 3.2 kHz). That indicates 

that the local disorder is not impacted by the synthesis route or the presence of the molecule. The 

chemical shift tensor presents approximatively the same values for the 3 samples ((δiso, δCSA and 

ηCSA are quite similar for LPM, LPS and hybrid glass). So, the chemical environment is not affected 

by the synthesis process or by the presence of the 1. 

 

Figure 6. 31P NMR of LPM, LPS and the hybrid glass. Spinning sidebands are indicated by stars 

The ionic conductivity of the hybrid glass was determined by the complex impedance analysis and 

the corresponding Arrhenius plots were fitted as shown in Figure 7(a), LPS is shown as a reference. 

Unfortunately, both LPS (8.110-8 S/cm at RT ) and hybrid glass (6.110-8 S/cm at RT) present a 

lower ionic conductivity than that of LPM (10-7 S/cm at RT), which may be caused by defects due 

to the sintering process such as impurities, residual pores and grain boundaries. Moreover, the 

ionic conductivity of the hybrid glass is slightly lower than that of LPS. Effectively, aggregates of 

1 within the glass matrix can hinder the movement of lithium ions in the glass decreasing the ionic 



 15 

conductivity. In fact, a single crystal or single amorphous phase material, without grain boundary, 

is the ideal medium for fast ionic conduction.[8] Therefore the phase separation between the glassy 

matrix and 1 in the hybrid glass is expected to be similar to the grain boundary behavior in the 

glass-ceramics[28]. 

 

Figure 7. (a)Arrhenius plots of the dc conductivities of LPS and hybrid glass; (b) Nyquist plots 

of LPS and hybrid glass at 50 °C; (c) Cyclic voltammetry measurement of LPS and hybrid glass 

with a scanning rate of 0.2 mV/S at 50 °C 

This explanation is supported by the complex impedance plots of the LPS glass and hybrid glasses. 

The complex impedance plots of LPS and hybrid glass at 50 °C (keep the ionic conductivity above 

10-7 S/cm) are shown in Figure 7(b). Two semi-circles, can be distinguished at high frequency and 

a small one at low frequency, in the hybrid glass, which is not observed from other prepared 

glasses. According to other reports[28,29], this second semi-circle is a typical fingerprint of the grain 

boundary. Although there is no grain boundary in the glass matrix, the phase separation is probably 

causing a slight decrease in ionic conductivity. 

Cyclic voltammetry (CV) measurement is used to determine the electrochemical stability window 

of the glass electrolyte as well as the electrochemical doping process of the 1. As shown in Figure 

7(c), visible anodic and cathodic currents respectively attributable to gold dissolution (Au→ Au3+ 

+ 3e-) and deposition (Au3+ + 3e- →Au) are observed in the potential range from 1.5 to 1.3 V, 
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which also shows good reversibility. In addition, the current due to electrolyte decomposition is 

detected in the range -2V/2 V. In the hybrid glass, besides the observed peaks, a redox couple was 

observed. Although the oxidation peak (Epa) and reduction peak (Epc) of 1 have been measured in 

CH2Cl2, referenced to Fc/Fc+ half cell [30], the simple contrasting method does not work since the 

measurement condition is different. Compared to the result of LPS, this redox couple is mainly 

due to the contribution of 1. This suggests that 1 can complete the exchange of electric charges [3], 

which is a fingerprint of the transient phenomena of a LEC. However, because of the complex 

dynamic reaction process of LEC, the present results are not able to complete support that the 

inorganic glass electrolytes can be utilized in a LEC. Obviously, further works need to be done to 

unravel this question such as 1) to fabricate a thin hybrid glass (thickness < 50μm); 2) to improve 

the doping homogeneity; 3) to find glass electrolyte with higher ionic conductivity; 4) to find a 

more proper method for the synthesis of hybrid glass, for example, using a Sol-gel process. 

Conclusion 

To conclude, we have successfully synthesized 1 doped hybrid glass which appears to be a 

promising active material for LEC through SPS method. Strong photoluminescence characteristic 

of the organic emitter (-extended phosphole sulfide 1) was observed in the hybrid glass. The 

organic emitter is not destroyed during the sintering process, which is further confirmed by the 

TEM picture of the hybrid glass. Aggregates of 1 were directly observed in the hybrid glass 

through TEM images, and the average size of the aggregates is of about 100 nm. Moreover, the 

ionic conductivity of the hybrid glass is lower than that of LPS glass, and a “grain boundary” 

between the glass matrix and 1 was observed. The redox couple contributed to 1 was determined 

by the CV of the hybrid glass, suggesting that 1 can complete the chemical doping process. This 
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doping process is a fingerprint of the transient phenomena of a LEC. However, further works need 

to be done to confirm that hybrid glass electrolytes can be used to prepare efficient LEC. 
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