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A B S T R A C T

To correlate glass chemical compositions with electrochemical performances, seven Mo-phosphate glasses (with/ 
without Fe and/or Mn) were prepared using a Design of Experiment approach and characterized (XRD, EDS, 
XRF). Evaluated as cathode active materials in Li-metal coin cells, their electrochemical performances were 
measured by galvanostatic cycling at C/50 rate. The glasses show high first discharge capacities, but energy 
densities (420 to 705 Wh/kg at the material level) were limited by low voltage. Significant capacities losses 
(≈50%) occured between the first and second discharges, affecting subsequent performances. Ternary diagrams 
for first cycles discharge capacities and voltage are presented.

1. Introduction

Development of new positive electrode materials (or cathode) for Li- 
ion batteries is a challenge to improve batteries performances. Most 
current cathodes are crystalline materials, while amorphous materials, 
such as glasses, are less studied. Glasses, being structurally tolerant, 
allow lithium insertion/deinsertion within their matrix [1]. Their 
amorphous network can theoretically incorporate high amount of 
transition metal oxide, potentially achieving high specific capacities.

Most of glass cathodes studies focus on Vanadium-containing sys
tems [2], due to Vanadium’s glass forming element behavior and ver
satile oxidation states (+III, +IV or + V), providing high electrochemical 
energy density up to 1000 Wh/kg at the material level [3]. However, 
Vanadium is toxic and classified as critical element by European Union. 
Vanadium-free glass cathodes are rarely reported in the literature [4–7], 
but Wu et al. [8] observed notable initial discharge capacities (300 mAh/ 
g) for unlithiated MoO3-P2O5 glasses, associated with significant ca
pacity losses in subsequent cycles.

MoO3 is an expensive transition metal oxide, so this study explores 
its substitution with Fe2O3 and MnO2. Optimal MoO3-Fe2O3-MnO2-P2O5 
glass compositions were determined using a Design of Experiment 
(DOE) approach in order to determine correlations between chemical 
compositions and electrochemical performances. The glasses were syn
thetized through melt-quenching method and characterized by 

galvanostatic cycling.

2. Materials and methods

Seven glass chemical compositions were selected using an 
augmented simplex lattice DOE (Fig. 1(b)). Constraints were set up from 
molar contents (Fig. 1(a)). As preliminary results led to crystallization 
during air-quenching for lower P2O5 contents in the glass formulation, 
P2O5 was fixed at 40 %mol.. MoO3 was ranged from 30 to 60%mol. to 
minimize cost, keeping relatively high theoretical specific capacities. 
This work studies inexpensive and less critical materials with Fe2O3 and 
MnO2 incorporation, these two components were ranged from 0 to 
30%mol. to make 100%mol. total.

Seven glass compositions defined by the DOE were synthetized using 
melt-quenching method. Precursors (Sigma-Aldrich: MoO3, >99.98 %; 
Fe2O3, >96 %; MnO2, >99 %; P2O5, >99 %) were mixed in an alumina 
crucible. The thermal protocol involved heating from room temperature 
up to 1200 ◦C at 5 ◦C/min, with a 1-hour dwell at 350 ◦C and a second 
one at 1200 ◦C. The melting glasses were then quenched on copper plate 
in air, cooled and crushed with a pestle in a mortar.

The amorphous structure of each glass was verified using powder X- 
ray diffraction diffractometer (XRD), with Cu-Kα radiation (λ = 0.154 
nm) in the range of 2θ = 10-80◦ (Bruker D8 advance diffractometer, 
Diffrac.Eva analysis software). Chemical homogeneity was checked 
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through Scanning Electronic Microscopy Energy Dispersive X-ray, SEM- 
EDX (ZEISS Sigma 300E, Oxford Ultim Max 170). EDX results were 
analyzed using Aztec V5.0 SP1 software. Chemical composition was 
determined by X-ray fluorescence spectroscopy, XRF (Bruker S8 TIGER 
Series 2), using fused bead glass samples prepared by melting 0.5 g of 
glass with 9.5 g of lithium borate mixture at 1200 ◦C, using XRF scien
tific xrFuse 1 machine.

The positive electrode was made by mixing 80 %wt. of glass powder, 
10 % wt. of nanometric black carbon (Super C65, Timcal®), and 10 % wt. 
of polyvinylidene fluoride binder (Solef® 5120/1001) with N-Methyl-2- 
Pyrrolidone solvent (>99.7 %, Supelco®). This ink was deposited on an 
aluminium foil with a Doctor blade coater set to 100-µm thickness, and 
dried at 60 ◦C overnight to remove solvent. Electrode pellets (Ø=14 
mm) were pressed at 10 tons in a hydrolic press to reduce porosity and 
improve electronic percolation. These electrodes were assembled into 
coin cell inside an argon glove box ([H2O] and [O2] < 1 ppm) using 1 M 
LiPF6 in 1vol./1vol./3vol. EC/PC/DMC (Ethylene Carbonate/Propylene 
Carbonate/Dimethyl Carbonate) electrolyte from UBE Industries, Cel
gard separator, Viledon electrolyte reservoir and Li-metal anode.

Theoretical capacities (Table 1) were estimated based on theoretical 
compositions, assuming 1 electron exchange for Mn, 2 for Fe, and 3 for 
Mo. Galvanostatic cycling was performed on an ARBIN test bench, be
tween 1 V and 4.7 V, at C/50 rate (i.e. ≈5.1 to 6.7 mA/g), starting with 
discharge.

3. Results and discussion

3.1. Glass synthesis and characterizations

After syntheses, the glasses’ amorphous structure were confirmed by 
XRD. No diffraction peaks were observed indicating glass formation 
(Fig. 2(a)). Despite P2O5 being hygroscopic, the measured contents 
determined by XRF (Table 1) are similar to the theoretical values, usu
ally within XRF uncertainty (±10 %mol.). Using (NH4)2HPO4 precursor 
could reduce P variations as this precursor is not hygroscopic. 

Furthermore, variabilities in MoO3, MnO2 and Fe2O3 contents could be 
due to precursor evaporation. Adapted thermal treatment could reduce 
variabilities.

Chemical homogeneity was confirmed by SEM-EDX with an example 
for the 35Mo-20Fe-5Mn-40P glass shown on the Fig. 2(c).

3.2. Electrochemical behavior

Glass electrochemical performances were evaluated by applying a 
constant current until voltage limit were reached, with voltage 
measured during charging and discharging at low rate. As glasses are 
lithium-free, galvanostatic cycling began with discharge (i.e. negative 
current application resulting in decrease of the cell voltage), to incor
porate lithium from Li metallic anode into the glass cathode. During 
charging (i.e. positive current application resulting in a voltage in
crease) lithium was extracted from the glass cathode and deposited on 
the anode. The first, second, fifth and tenth cycles of all glasses are 
presented on the Fig. 3(a)–(g).

For every glass, the first discharge curve shows a high specific ca
pacity typically above 385 mAh/g (compared with 120 to 200 mAh/g 
for commercial cathode materials). However, a high irreversible ca
pacity loss associated with significant change of the electrochemical 
curve shape suggest a possible irreversible structural modification dur
ing the first cycle. A first horizontal discharge plateau between 1 and 2.5 
V, may indicate conversion reactions, as observed on crystalline anodes 
materials [9], leading to metal formation. Another hypothesis would be 
the formation of Li2MoO4 phases, as observed in high MoO3 content 
glasses [8]. Fe2O3 and/or MnO2 may also contribute to phase formation. 
A similar capacity loss around 50 % is obtained across DOE glass com
positions (Table 1, Fig. 3(h)). For example, the 35Mo-20Fe-5Mn-40P 
glass has a first discharge capacity of 494.9 mAh/g, dropping of 42.8 
% down to 282.9 mAh/g after the second discharge (Fig. 3(e)).

Wu et al. [8] previously observed this irreversible phenomena in 
binary Mo-P glasses, likely due to lithium trapping in the glass structure/ 
network causing structural changes. Another hypothesis is that the 

Fig. 1. Seven glasses compositions defined by DOE (b), with DOE components limits (a). Ternary diagrams of first specific capacity (c) and first discharge voltage (d) 
generated by DOE. r²(Qdisch.1)=0.9922 and r²(Udisch. 1)=0.9999.
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particle size distribution (PSD) affects lithium diffusion kinetic during 
charge and discharge. Larger glass particles lengthen the lithium diffu
sion path, requiring more time for insertion and extraction. Our glasses 
currently have a PSD of around 100 µm (not shown) that could be 
reduced to decrease capacity loss.

3.3. Performance optimization using DOE

Electrochemical performances were analyzed using DOE to identify 
main effects and potential interactions. Ternary diagrams for the pre
dicted first discharge specific capacity and voltage were created (Fig. 1
(c) and (d)). Fig. 1(c) shows that, with a constant 40 %mol. P2O5 content, 
high initial discharge capacities (>500 mAh/g) could occur with low 
MnO2 content (≤3.1 %mol.), intermediate Fe2O3 content (15.9 %mol.-27 
%mol.) and high MoO3 content (32.9 %mol.-44 %mol.). However, these 
high discharge capacities correspond to a low voltage zone (1 to 1.2 V, 
Fig. 1(d)), limiting energy densities. The voltage diagram indicates that 
high MoO3 content (≈60 %mol.) can lead to higher voltage (>1.6 V), 

typical of MoO3-P2O5 glass.
In our study, the first mean discharge voltage remains low (<2V), 

compared to typical cathodes (3 to 4 V). As the voltage is highly 
dependent on the components of the active materials, the voltage could 
be increased by selecting other transition metals or substituting the 
phosphate anion to modify inductive effect [11]. Therefore, despite high 
first discharge capacities, our first measured energy densities ranges 
from 420 to 705 Wh/kg at the material level (Table 1), which are 
moderate but encouraging for Vanadium-free glasses cathodes devel
opment up to 1000 Wh/kg. Furthermore, capacity loss leads to decrease 
energy in the second discharge, despite stable voltage between the two 
cycles.

4. Conclusion and perspectives

To our knowledge, this study is the first to incorporate Mn and/or Fe 
into Mo-phosphate glasses using a DOE approach for battery application. 
Initial discharge capacity are promising, but performance is limited by 

Table 1 
Theoretical glass chemical compositions suggested by DOE, and XRF determined chemical compositions. Glasses electrochemical performances at the first and the 
second discharge, determined by galvanostatic cycling.

Sample 
name

Theoretical composition (%mol.) Chemical composition (%mol,XRF) Electrochemical performances

MoO3 Fe2O3 MnO2 P2O5 MoO3 Fe2O3 MnO2 P2O5 Qth. Qdisch.1 Qdisch.2 Udisch.1 Udisch.2 Edisch.1 Edisch.2 Loss 
between 
Qdisch.1 and 
Qdisch.2

(mAh/g) (V vs Li+/Li) (Wh/kgAM)

40 Mo- 
10Fe- 
10Mn- 
40P

40 % 10 % 10 % 40 % 39.6 
%

13.1 
%

6.5 % 40.8 
%

289 453.9 275.2 1.32 1.36 597.9 375.2 39.4 %

30Mo- 
30Mn- 
40P

30 % − 30 % 40 % 37.6 
%

− 20.1 
%

42.3 
%

255 386.4 145.3 1.09 1.11 420.1 161.0 62.4 %

60Mo-40P 60 % − − 40 % 66.1 
%

− − 33.9 
%

337 398.8 207.0 1.79 1.70 713.7 351.8 48.1 %

50Mo-5Fe- 
5Mn-40P

50 % 5 % 5 % 40 % 53.7 
%

6.0 % 3.0 % 37.3 
%

313 476.5 264.7 1.38 1.52 655.2 403.4 44.4 %

35Mo-20Fe- 
5Mn-40P

35 % 20 % 5 % 40 % 38.9 
%

19.8 
%

2.6 % 38.7 
%

280 494.9 282.9 1.42 1.45 701.1 409.3 42.8 %

35Mo-5Fe- 
20Mn- 
40P

35 % 5 % 20 % 40 % 40.2 
%

9.5 % 11.2 
%

39.1 
%

273 454.4 227.8 1.24 1.28 563.7 292.6 49.9 %

30Mn-30Fe- 
40P

30 % 30 % − 40 % 23.6 
%

34.6 
%

− 41.8 
%

272 464.5 250.2 1.52 1.57 704.9 392.0 46.1 %

Fig. 2. XRD diffractograms of the seven glasses (a). Example of SEM (b) and EDX cartography analyses (c) performed at 15 kV on 35Mo-20Fe-5Mn-40P glass.
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Fig. 3. Galvanostatic cycling of the seven glasses. First cycle (continuous line), the 2nd cycle (dashed line), the 5th cycle (dotted line) and the 10th cycle (dashed- 
dotted line). Seven glasses discharge specific capacities evolution through the cycling (h).
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capacity loss in the second cycle. At the material level, discharge energy 
density is moderate (420 to 705 Wh/kg) mainly due to low average 
discharge voltage. Optimization of electrode formulation is another 
strategy to improve electrochemical performances, enhancing its 
conductivity.

DOE helped create electrochemical performances ternary diagrams 
linked to chemical compositions. It could be interesting to use the pre
dictive capability of the DOE models to explore additional compositions 
and to optimize responses.

Additional characterizations could reveal underlying mechanisms. 
Post-mortem structural characterizations will study glass network or 
identify phases formation (Raman spectroscopy, XRD, or X-Ray Photo
electron Spectroscopy). Determining oxidation state (XPS, X-ray Ab
sorption Near Edge Structure) is crucial to understand performance. 
Conductivity measurement (chronoamperometry and electrochemical 
impedance spectroscopy [10]) will determine ionic and electrical con
ductivities. These results will be added to a database to correlate 
chemical composition, glass properties and electrochemical 
performances.
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