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Abstract: The oxide glass-based anodes for Lithium-ion Batteries (LiBs) still suffer from
two critical drawbacks, i.e., low reversible capacity and low electrical conductivity. Here, we
report a new way to overcome the two drawbacks. Specifically, we chose 50Fe,03-50P,05
(50Fe50P) glass composition as the anode material for LiBs, and then thermally treat it at
1118 K (71345 K) for 0.5 h under reducing atmosphere (5mol% H,+95mol%Ar). The
thermal reduction treatment led to formation of Fe,(P40O;,) and Fe,Fes(P,O7)4 crystals. The
reduced glass-based anode for LiBs exhibits the capacity of 373 mA h g™ after 1000
charge/discharge cycles at 1 A g, which is higher than that of the oxidized one. The

reduction treatment greatly lowers the charge transfer resistance in the glass anode, indicating
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the enhancement of the electrical conductivity. This performance improvement could arise

from the increase of accessible active sites for Li" ion storage and transfer due to the
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existence of crystal-crystal/crystal-glass boundaries, as well as from the improvement of the
electron transfer between Fe*” and Fe’" during cycling. This reduction-crystallization
approach could help develop high-performance oxide glass-ceramics based anodes for

advanced LiBs.

Key Words: Iron phosphate glass; Crystallization; Reducing condition; Anode; Lithium ion

battery

1. Introduction

As the increasing demand for sustainable and renewable energy sources to replace the
fossil fuels, battery materials and technologies are being investigated in full swing, such as
lithiun/sodiunvzinc ion batteries! ), lithium-air battery'”, lithium-sulfur battery”, zinc-air
battery'® and all solid-state battery!’”). Nevertheless, Li-ion batteries (LiBs) are still by far the
commercially applied ones in the areas of electronics and automobiles. To improve the LiB
performances, it is important to ensure the superior properties of anode materials™.
Currently, the most common rechargeable Li-ion battery is based on graphite anodes due to
its flat and low working potential relative to lithium, low cost and excellent cycle lifel”.
However, both the low theoretical capacity and the low diffusion rate of lithium ions into
graphite are not sufficiently high for meeting the level required by various electric vehicles
and smart grids[g]. Therefore, it is crucial to develop high performance anode materials to

replace graphite in lithium-ion batteries (LiBs).

Oxide glasses severing as anode materials for LiBs have recently aroused considerable

interest of battery scientists owing to their unique 3D network structure!'*'*. The open
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network structure and absence of grain boundaries of the glasses can effectively buffer the
strain/stress induced by lithiation/delithiation, ensuring the stable charge/discharge cycling
performance of LiBs!'*!. Nonetheless, one of the main drawbacks of oxide glasses anodes is
their low electric conductivity, i.e., slow transfer kinetics of electrons and Li" ions. To
overcome this problem, many efforts have been made, such as reducing the multivalent metal
jons to the low-valence state in glass!'*'*!. According to the “small polaron hopping”
conduction mechanism"', the electron conductivity of oxide glasses with multivalent metal
ions mostly comes from the electron hopping from low to high valance sites. Therefore, the
content of low-valence metal ions plays a critical role in improving the electrical conductivity
of the semiconducting glass. Du ez al.l"* report that the V,0s-P,0s glass synthesized in a
reducing atmosphere exhibits superior electrochemical properties to the one prepared in
atmospheric air because of the increased content of low-valence vanadium ions. In addition,
Ei-Desoky’s group studied the effect of sulfur addition on the transport properties of
semiconducting iron phosphate glasses!'”!. They found that the Fe**/Fe*" ratio increased with
the increasing sulfur content, leading to an increased electrical conductivity. Somewhat
similarly, Seung-Su Lee et al" prepared the nanostructured Si-based composites to reduce
waste glass powder using Mg powder, which exhibited much better electrochemical

performances than the pure waste glass.

In addition, the electrical conductivity of glasses can also be improved by thermal
induced crystallization process[lg'zo]. A recent work of some of the present authors!'®

demonstrated that the reversible capacity of 50Fe;03-50P,05 glass anode for LiBs was
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enhanced by 1.5 times after 1000 cycles at the current density of 1 A g due to formation of
Fe;(P,0O7), crystals. This enhancement in capacity is mainly attributed to the
crystallization-induced increase of electronic conductivity. Difference from pure glass, glass
ceramics possess a large amount of boundaries between crystals and glass matrix. These
boundaries not only benefit the contact between the glass-ceramics-based anode and the
electrolyte, but also provide more active sites for storage of Li" ions. Moreover, the glass
phase in the anode can stand the structural changes induced by the insertion/extraction of Li"

ions.

Given the above-mentioned aspects, in this work we investigated the crystallization
behavior of 50Fe,03-50P,05 (50Fe50P) glass under reducing atmosphere and its effect on the

anode performances for LiBs. The electrochemical performances of 50Fe50P glass!'®! w

as
compared with those of the 50Fe50P glass ceramics produced in atmospheric air and under
the reducing condition (i.e., Smol% H>+95mol%Ar), respectively. The reduced 50Fe50P
glass ceramics exhibited the largest reversible capacity, best rate capability and lowest charge
transfer resistance compared to both 50Fe50P glass and the glass ceramics prepared in

atmospheric air. We discussed the microstructural origin of the difference in electrochemical

performances among the three anode materials.
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2. Experimental section

2.1 Preparation of Glass and Glass Ceramics

We chose and prepared the 50Fe,O03-50P,05 (50Fe50P) glass as anode material for LiBs
by using the melt-quenching method!"®. 50Fe50P glass was milled in an agate mortar for 0.5h
to prepare the powder. Figure 1 shows the particle size distribution of the glass powder,
which are displayed as the volume of powder and the cumulative volume distribution. The
size distribution is in the range from about 0.1 to 25 um with a D50 (diameter at 50%
cumulative volume) of 1.4 um. Glass powders were heated at 5 K/min to 1118 K in air and 5
mol% H,+95 mol% Ar, respectively, in a tube furnace and kept for different time. After
treatment, the glass powders were cooled down to room temperature in the furnace naturally.
The treatment temperature was 1118 K on the basis of the DSC results. The choice of this
temperature was explained in Figure 2a. The final samples were marked according to their
preparation condition, e.g., R-0.5h refers to S0Fe50P glass treated at 1118 K for 0.5 h under

reducing atmosphere.

2.2 Material Characterization

The crystalline phases in samples were identified by X-ray Diffractometer (XRD,
Shimadzu LabX XRD-6100, CuKa radiation) in the range of 26 from 10-70° with a 26 step
01 0.02° per second. Differential scanning calorimetry (DSC) (Netszch Jupiter STA 449F3)
was used to determine the thermal events of both the glass and glass ceramics at a heating
rate of 20 K/min in a N, atmosphere. X-ray photoelectron spectroscopy (XPS) measurements

This article is protected by copyright. All rights reserved.
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were carried out with an ESCALAB 250Xi spectrometer (ThermoFisher Scientific, USA) to
determine the valence states of the sample. The field emission scanning electron microscope
(FE-SEM, ZEISS GeminiSEM500) was employed for microstructure observations at etched
section of the resultant glass ceramics with a plate shape by immersion in 40 vol.% HF
solution for 30 seconds in order to observe clearly the morphology of crystals. The bulk glass
ceramics were prepared under the same heat treatment condition to the powders. For the
electrical measurements, the samples with a flat surface of roughly 0.55 cm in diameter and a
thickness of 0.15 cm were prepared. Silver layers were coated on the surface of the sample.
The electrical conductivities of the samples were measured by a direct current high voltage

supply source (Keithley 6517B) at temperatures between 303 and 450 K.

2.3 Cell Assembly and Electrochemical Measurements

The electrochemical performances of the as-prepared glass and glass-ceramics as anode
materials were evaluated using CR2032 coin cells with lithium foil (diameter of 10 mm) as
the counter/reference electrode. The assembly of the battery and the electrochemical
performance measurement are performed based on previous works!'®*'?¥. The
charge/discharge performance and cycling stability of the batteries were tested by a Land
battery test system (CT2001A) at different current densities. Both cyclic voltammetry (CV)
and Electrochemical impedance spectroscopy (EIS) were performed using an electrochemical
workstation (PARSTAT 3000A DX). CV curves were acquired in the voltage range of

0.01-3V, and EIS was tested in the frequency range of 100 kHz to 0.1 Hz.
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3. Results and Discussion

Figure 2a shows the 20 K/min DSC upscan curves of both the as-produced 50Fe50P glass
and the 50Fe50P glass-ceramics that were prepared by heat-treatment of SOFeS0P glass at
1118 K for 0.5 hour under the oxidizing and the reducing conditions, respectively. It is seen
that 50FeS0P glass has a glass transition peak with 7,=773 K, followed by a sharp
crystallization peak with the onset temperature of 980 K, which indicates a strong tendency
of the glass to crystallization''®. With increasing the upscaning temperature, two endothermic
peaks related to melting of crystals appear at 1118 and 1250 K, respectively, suggesting the
complex crystallization behavior of 50Fe50P. That is to say, the sharp crystallization peak in

DSC curve might be associated with the formation of at least two crystal phases!' *2**4. T

n
this work, the heat treatment temperature is chosen as 1118 K owing to the following two
aspects. On one hand, the glass ceramics with a main crystal phase is expected to be obtained
by melting some byproduct crystals in order to clearly study the effect of crystallization on
the electrochemical performances. On the other hand, such a high temperature of 1118 K
corresponds to a low viscosity which favors the reduction of Fe** to Fe*" ions under reducing
atmosphere. For both A-0.5h and R-0.5h samples, no glass transition peaks appear in their
DSC curves anymore. Instead, a melting peak appears at almost the same temperature of
1118 K, implying that most of the glass phases transform into crystals. This is confirmed by
the XRD patterns of A-0.5h and R-0.5h (Figure 2b). The as-produced 50FeS0P glass is fully
amorphous!'®. The identity of the crystalline phases is strongly affected by the heat-treating

atmosphere. Under oxidizing condition, only one crystal phase of Fe;(P,O7), (JCPDS

This article is protected by copyright. All rights reserved.
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80-2315) forms, and this behavior is similar to that of the 50Fe50P glass treated at 1033 or
1063 K for 4 hours "*1. On contrary, two different types of crystals, i.e., Fea(P4O12) (JCPDS

78-2285) and Fe(IIl),Fe(Il)s(P207)4 (JCPDS 77-0851) form in the reduced sample.

The microstructural evolution of these two glass ceramics revealed a significant
influence of the heat treatment atmosphere as is evident by the typical SEM images of A-0.5h
and R-0.5h (Figures 2¢ and d). A-0.5h sample has granular morphologies with the uniform
particle size of about 0.2 um interspersed between the remaining glass phases. The regularly
arranged prismatic crystals were observed in R-0.5h, showing the characteristic of
orientational crystallization, i.e., vertically well-aligned prismatic crystals. In addition, certain
irregular voids can be found among the precipitated crystals due to the etched glass phases.
This implies that there is still remaining glass phases in both oxidized and reduced samples
even no glass transition peaks appear in their DSC curves. In addition, the crystal structure of
Fe,(P40,,) was reported to be built up of two kinds of distinct FeOg octahedrons and two PO4
tetrahedra, preferentially in spherical small particles'”). Therefore, some small particles that
grow on the surface of prismatic crystals (Figure 2d) might be attributed to Fe,(P40O1,)
crystals. The integrity of these two crystals was easily noticed. The oxidized and the reduced
glass-ceramics have different morphologies that could lead to different electrochemical

performances if both are used as anode materials for LiBs.

Figure 2e shows the Fe 2p spectra of R-0.5h sample, in which the Fe 2ps/, and Fe 2p;.
peaks locate at 711.5 and 724.2 eV, respectively®®.. Due to the asymmetry features of the two

peaks, the spectrum is deconvoluted into four bands at 710.7, 724.1, 716.3 and 724.8 eV,
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respectively. The former two bands are attributed to Fe**. While the latter ones correspond to
Fe’". This implies that although the as-received 50Fe50P glass is treated in reducing
atmosphere (5 mol% H?+95 mol% Ar), not all the Fe** ions were reduced to Fe*". According
to the chemical formula, the crystal Fe,(P4O),) contains only Fe*" ions while both Fe’" and
Fe®" ions exist in Fe,Fes(P,0-)4 crystal. In addition, Fe’* jons might also exist in the
remaining glass matrix. Therefore, it is concluded that the existence of the pairs of Fe*" and

Fe’" in R-0.5h glass ceramics will contribute to the electrical conductivity.

The electrochemical performances of the three derived 50Fe50P samples were determined
using the galvanostatic charge/discharge cycling method, electrochemical impedance
spectroscopy and cyclic voltammetry. Figure 3a shows the cycling performances of the three
anodes at a current density of 1 A g™ and the coulomb efficiency (CE) of R-0.5h based

anode. Like most of oxide glass-based anodes!' !

, all the three anodes exhibit fairly large
initial reversible capacities. However, the capacities drop drastically to about 45 cycles with a
value of 122, 148 and 206 mA h g'1 for 50Fe50P, A-0.5h, R-0.5h, respectively, then increase
and keep stable until 1000 cycles. Take R-0.5h for an example, the first cycle showed
discharge and charge capacities of 797.1 and 396.4 mA h g™, respectively, corresponding to
an initial CE 0f 49.7%. Noted that the irreversible capacity loss during the first several cycle
could be attributed to the inevitable formation of the SEI film and the irreversible reactions
between the inserted Li" ions and glass/glass ceramics!'®'*). Afterwards, the capacity
gradually increases with cycling and keeps stable until 1000 cycles. Impressively, the

remaining capacity of R-0.5h anode reaches up to the largest value of 373 mA h g™ at the end

This article is protected by copyright. All rights reserved.
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of 1000 cycles, which achieves more than 200% increase of that exhibited by 5S0Fe50P glass
anode (150 mA h g™). Furthermore, the capacity of R-0.5h anode is also much larger than
that of A-0.5h (213 mA h g™"). The coulombic efficiency of R-0.5h from the 45" to the 1000™

cycle is nearly 100% with excellent cycling stability.

Figure 3b displays the rate capacities to the three anodes at different current densities. At
the initial low current density of 0.5 A g™, the discharge specific capacity of R-0.5h reach
429.7 mA h g in the second cycle (the initial value is not shown due to the too large value of
821.3 mA h g) and around 257 mA h g™ at the end of 20 cycles. Beyond that, the ideal
discharge specific capacity attains 218.2, 215.9 and 186.7 mA h g at the current densities of
0.8, 1,and 2 A g, respectively. Additionally, the discharge specific capacity is recovered to
272 mA h g at the end of 20 cycles when the current density returns from2 A g™ t0 0.5 A
g, suggesting that R-0.5h anode has superior rate capacity. The superior cycling
performance of the R-0.5h anode could be attributed to the well-constructed microstructure
during the reducing heat-treatment. The electrochemical impedance results for S0Fe50P,
A-0.5h and R-0.5h anodes are compared in Figure 3c. The Nyquist plot of each sample
exhibits a depressed semicircle in the high frequency region and an inclined line in the low
frequency region®”**!. The diameter of the semicircle is associated with the SEI resistance
and the charge-transfer resistance. The inclined line is assigned to the Warburg impedance,
which is related to the coefficient of Li" ion diffusion into the bulk anode. The inset in Figure
3c is the equivalent circuit used to fitting the Nyquist plots of impedance spectra. In the
equivalent circuit, R1 represents the resistance of electrolyte, corresponding to the

This article is protected by copyright. All rights reserved.
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intersection of the semicircle at the real axis in the high frequency region. R2 and CPEI are
the resistance and capacitance, respectively, of the SEI films formed on the electrode. Rct and
CPE2 represent the charge-transfer resistance and the double layer capacitance, respectively
(291 The cell with R-0.5h exhibits the SEI and charge-transfer resistances (R2 and Ret) of
0.0001 and 76.98 Q, respectively, which are apparently lower than those of the cell with
A-0.5h (70.12 and 329.6 Q) and 50Fe50P (208.4 and 708.2 Q). These results confirmed that
the heat treatment of S0Fe5S0P under reducing atmosphere can ensure efficient electron and
ion transportation. That is, R-0.5h exhibits the lowest charge transfer resistance than the other
two samples. As is known, the charge transfer resistance is associated with complex reaction

(30311 " Another inset of

process of charge transfer between the electrolyte and the electrodes
Figure 3¢ shows the temperature dependence of electrical conductivity (log o) for 50Fe50P,
A-0.5h and R-0.5h, respectively. All the three samples display a linear increase in electrical
conductivity with temperature. Consistent with the EIS result, R-0.5h possesses the largest

electrical conductivity, which increased by almost one order of magnitude compared to that

of 50Fe50P. This implies that treating the S0Fe50P glass under reducing condition could be

an effective way to increase the electronic conductivity.

Figure 3d shows the cyclic voltammetry (CV) curves of R-0.5h anode recorded at a scan
rate of 0.1 mV s in the voltage range of 0.01-3.0 V. The first cycle has a quite different peak
from the other cycles at 0.54 V in the cathodic scan, which is attributed to the side reaction
and the formation of SEI layer from the electrochemical reduction of the electrolyte. Except
for the first charge/discharge cycle, there is a reduction peak at around 1.58 V. From cycle 1

This article is protected by copyright. All rights reserved.
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to 5, the reduction peak gradually shifts to a lower voltage of 1.45V, indicating that the
polarization reaction of the anode material is decreasing during the charge/discharge cycling.
Moreover, the reactions between the Li" ions and the anode material become easier. In the
oxidation scans, a broad peak near 2.27 V was observed in all the cathodic scans. Note that
there is only a single couple of redox peaks in each CV curve, indicating that the
insertion/extraction process of Li" ions is relatively simple. In addition, the inset of Figure 3d
shows stable charge/discharge curves of the R-0.5h based anode at a current density of 1 A
¢! with identical profile, implying its high reaction activity. A discharge plateau at around

0.65 V is observed which is nearly well matched with the CV result.

To explore the origin of the enhanced capacity of R-0.5h anode from the microstructural
aspect, Figure 4a shows the XRD patterns of the reduced sample before and after 1000 cycles
at the current density of 1 A g™'. Strikingly, there are no Bragg diffraction peaks for the
reduced sample-based anode after 1000 cycles, implying that the crystal phases transform
into amorphous phase upon lithiation/delithiation process. That is, the order-disorder
transition occurs in R-0.5h anode during the charge/discharge cycles?”). Furthermore, the
DSC curve of the reduced anode after cycles further confirms the occurrence of
order-disorder transition (Figure 4b). In the DSC curve of R-0.5h anode after cycles, two
exothermic peaks appear at 740 and 895 K, which could be due to two crystallization events.
The endothermic peak at 1059 K is attributed to the melting of crystals. Contrariwise, there is
only an endothermic melting peak at 1123 K in the DSC curve of R-0.5h. It is worth noting
that no glass transition peak occurs in the DSC curve of R-0.5h after 1000 cycles, implying

This article is protected by copyright. All rights reserved.
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the amorphous rather than glass state of R-0.5h after cycles. Figures 4c and d show the SEM
images of R-0.5h (ball milled for 4 h at the rotation speed of 400 rpm/min) and that after
1000 cycles. It can be seen that R-0.5 h is composed of particles with a broad size distribution
in micron size. The particles have smooth surfaces and irregular shapes. As is known, the
insertion/extraction of Li" ions will generate a certain amount of structure stress and volume
changes on the host material, especially for the insertion of a large amount of Li” jons®?. As
shown in Figure 4d, the particles of R-0.5h were transformed into very smooth microspheres
after cycling and these nanoparticles aggregated with each other. The formed nanoparticles
with larger interface areas will not only increase the contact area with the electrolyte but also

. . . —+ .
provide numerous structural defects/active sites to accommodate more Li™ ions.

The effect of treating time (z,) on the electrochemical performance of the S0Fe50P glass
treated at 1118 K under reducing atmosphere was evaluated by Galvanostatic
charge/discharge tests. Figure 5a shows the cycling performances for 50Fe50P, R-0.16h,
R-0.5h and R-4h, respectively, at the same current density of I A g”'. Among the four
samples, the R-0.5h delivered the largest capacity at the end of 1000 cycles (see the inset of
Figure 5a) although all samples exhibit stable cycling performance. Figure 5b displays the
Nyquist plots for the 50Fe50P, R-0.16h, R-0.5h and R-4h anodes before cycles. It is known
that both the storage capacity and rate capability are strongly dependent on Li" ions diffusion
kinetics between the electrolyte and the electrode interface!®*!. The R-0.5h cell shows the EIS
spectra with the smallest diameter of the semicircle, indicating the lowest charge transfer
resistance during cycling among the four anodes. This result can be explained in terms of the

This article is protected by copyright. All rights reserved.
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structural evolution of 50Fe50P glass treated under reducing atmosphere. As shown in Figure
6, the Bragg peaks in the XRD pattern of 50Fe50P becomes stronger with the increasing z,,
indicating the increasing number of crystals. With the increasing #, to 0.5 h, the increased
number of crystals will lead to an increase of the specific surface areas accordingly, which
thus provides more active sites for lithium storge and consequently the increase in capacity.
Moreover, as the number of crystals increases, the interfacial regions between crystalline and

20,34-
the glass phases become narrower[2’~*3¢]

, resulting in the improvement in the conduction
channels for hoping from Fe*" to Fe’" ions. This is responsible for the enhanced electrical
conductivity in S0Fe50P with the increasing ¢, to 0.5 h. However, when ¢, is extended to 4 h,
both the amount and the average size of the crystals increase, leading to the decrease of the
interfacial regions, and thereby, to lowering the number of conduction paths. The large
crystals in the reduced sample in turn lead to the decrease of the surface areas, and hence, of

the capacity. Therefore, the optimal heat-treatment duration of 50Fe50P is 0.5 hour to achieve

the superior electrochemical performance.

According to the above results, the reduced glass-ceramic-based anode exhibits the best
lithium-storage performance. The improvement of the electrochemical performances of
R-0.5h was attributed to the following three interdependent factors. The first is the increased
electrical conductivity and the formation of well-conducting regions along the
glass-crystallites interfaces. The second is the increased interface areas between crystals and
glass matrix, which facilitate the contact between the anode material and the electrolyte, and
provide active sites for lithium storage. The third is the remaining glass matrix in R-0.5h

This article is protected by copyright. All rights reserved.
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anode, which avoids lattice stress and provides open vacancies for faster Li" diffusion, and

thereby improve the reversible capacity and the structural stability.
4. Conclusion

The crystallization behaviors of the 50Fe,03-50P,05 glass were investigated upon
heat-treatment under the oxidizing and the reducing conditions, respectively. The oxidizing
heat-treatment leads to formation of the Fe;(P,0O5), crystals with granular morphologies,
while the reducing heat-treatment results in formation of the well-aligned prismatic
Fe,Fes(P,07)4 crystals, on the surface of which there are some smaller spherical Fe;(P4O,;)

crystals.

The reduced glass-ceramic-based anode exhibits the capacity of 373 mA h g after 1000
cycles at the current density of 1 A g”', whereas the oxidized glass-ceramic-based ones
feature the capacity of 213 mA h g™ at the same current density. In addition, the reduced
glass-ceramic-based anode features a significantly higher rate capability compared to both the
untreated one and the oxidized one. The reduction-caused enhancement of the electrical
conductivity has the following implications: (i) the concentration of Fe*'-Fe*" pairs is
increased, and (ii) the conduction channels in the formed glass ceramics are modified in favor
of the hoping from Fe*" to Fe*". In addition to the iron-containing glasses, other types of
transition metal containing oxide glasses could be employed to develop high-performance

anodes for LiBs via reducing heat-treatment strategy.
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Figure 1. particle size distributions of the glass powders milled of 50Fe50P glass in an agate

mortar for 0.5h.

Vol %

100

480

160

140

Cumulative vol (%)

420

particle size (um)

This article is protected by copyright. All rights reserved.

21



Figure 2. (a) The temperature dependence of DSC upscan curves of S0Fe50P glass and
50Fe50P subjected to treatment at 1118 K for 0.5 hour under air and reducing atmosphere,
marked as A-0.5h and R-0.5h, respectively. (b) XRD patterns of A-0.5h and R-0.5h. SEM

images of (¢) A-0.5h and (d) R-0.5h. (e) Fe 2p XPS spectra of R-0.5h.
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Figure 3. Electrochemical performances. (a) The cycling performances of 50Fe50P glass,

A-0.5h and R-0.5h based anodes at 1 A g™ and the coulomb efficiency of R-0.5h based

anode. (b) Rate capability of S0Fe50P, A-0.5h and R-0.5h anodes. (c) EIS patterns of

50Fe50P, A-0.5h and R-0.5h anodes. Insets: the modeled equivalent circuit and the

temperature dependence of electrical conductivity (log ) for 50Fe50P, R-0.5h and A-0.5h,

respectively. The solid lines are guide for eyes. (d) CV curves of R-0.5h based anode. Inset:

Galvanostatic discharge/charge voltage profiles of R-0.5h based anode at different cycles.
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Figure 4. (a) XRD patterns and (b) the temperature dependence of the DSC curves of R-0.5h
sample before and after 1000 cycles. (c) SEM images of R-0.5h sample (c) before and (d)

after 1000 cycles. (e) Nyquist plots for R-0.5h anode before and after 1000 cycles.

(A) R-0.5h (B) R.05n
= T =1059 K
—_ 3
S S After 1000 cycles
&8 =
> £
= =
. After 1000 cycles o
5] O T_=895K
= 7] T =740K |
h Before cycles = U
Before cycles
400 600 800 1000 1200
T(K)

120
(E) R-0.5h ‘I
1004 p MR
’ .
.‘ |
80 I ‘
[ »
604 After 1000 cycles $

[
L]
(]

40

Zim (Ohm)

20+

Before cycles

0 20 40 60 8 100 120
Zre (Ohm)

Accepted Article

This article is protected by copyright. All rights reserved.



Accepted Article

Figure 5 (a) The cycling performance and (b) EIS patterns of 50Fe50P glass heat treated at
1118 K for different time (#,) under reducing atmosphere, i.e., R-0.16h, R-0.5h and R-4h. The

inset of (a): the ¢, dependence of the capacity of S0FeS0P anode at the end of 1000 cycles.

The inset of (b): the enlarged EIS patterns.
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Figure 6 The XRD patterns of 50Fe50P glass heat treated at 1118 K for different time (7,)

under reducing atmosphere, namely, R-0.16h, R-0.5h and R-4h, respectively.
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