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Abstract

To explore novel vanadate formulations, i.e. newly effective cathode active material for
sodium-ion battery (SIB), relationships among the local structure, electrical conductivity, and
cathode performance of XNaO<10P20s5¢(85-x)V20s¢5Fe2,03 and XNaxO+10P20s¢(85-x)
V205+5Sn0; (5<x<45 mol%) glasses and glass-ceramics nanocomposite abbreviated as xFeV and
xSnV, respectively, were systematically investigated before and after heat treatment at 500 °C for
100 min. Measurements of °'Fe- and 11°Sn Mdssbauer spectra (FeMS, SnMS, respectively), X-ray
absorption fine structure (XAFS), X-ray diffraction patterns (XRD), Fourier Transform Infrared
spectroscopy (FTIR), differential thermal analysis (DTA), electrochemical impedance spectra
(EIS) and charge-discharge capacity were carried out in this study. From DTA curves, decreases
in glass transition temperature (Tg) and crystallization temperature (T¢) were observed for xFeV
and xSnV glasses as ‘x’ increased from 5 to 45 mol% Na2O content. This indicates that the
introduction of Na,O reduces thermal stability. Furthermore, the DC conductivity for xFeV and
xSnV glasses and glass-ceramics nanocomposite, decreases from 2.82 « 10 to 6.61 » 107 S cm™
and from 1.26 + 10° t0 4.27 » 107 S cm'%, respectively, with increasing Na2O content from 5 to 45
mol%. The values of electrical conductivity of xFeV and xSnV are higher than that of
XNa20+10P.05+(90-x)V20s, abbreviated as xV glasses. This indicates that the introduction of
Fe,O3 and SnO; produces an increase in electrical conductivity. °’Fe-Mdssbauer spectra of xFeV
glass showed decreased quadrupole splitting from 0.73 to 0.63 mm s, indicating that Fe'!' ion
forms less distorted tetrahedra upon increasing ‘x’ from 5 to 45 mol%. Additionally, a high
capacity of about 200 mAh g* was achieved for the SIB made of 5FeV glasses as a cathode. This
capacity was larger than the previously reported value of 158 mAh g in Nai25V30s. It can be
concluded that the introduction of Fe or Sn ions into the phospho-vanadate glass as a cathode
causes an increase in durability and conductivity, so these glasses can be considered promising for
a high-performance cathode active material with significant improvement of cyclability in SIBs.

1. Introduction

Rechargeable Li-ion batteries (L1Bs) are now commonly applied as a portable energy source
for powering various electronic devices and household appliances. Meanwhile, there is still more

interest in achieving high-capacity rechargeable batteries for broader applications like electric
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vehicles (EVs) while maintaining their safety and economic feasibility [1-3]. Although having
high performance with a theoretical capacity of 274 mAh g*for LiCoO; cathode [4], commercially
available Li-ion batteries face the crisis of Li and Co scarcities in the future because their
abundance in Earth’s crust is only about 20 and 25 ppm, respectively [5]. Due to this reason, new
secondary batteries composed of ubiquitous elements with high capacity and recyclability are
intensively investigated. Many scientists have recently started looking for new elements abundant
in nature and inexpensive to utilize in batteries. Many batteries have recently been developed that
apply different chemical elements instead of lithium such as AI** [6], Ca®* [7], K* [8], Mg?* [9]
and Na* [10]. The Na-ion battery with a theoretical capacity of 235 mAh g* for NaCoO; cathode
[4] is one of the most promising candidates for a post-Li-ion battery age because Na has an
abundance in Earth’s crust of 23600 ppm, which is much larger than that of Li and Co [5]. As a
result, the interest in Na-ion batteries (SIBs) as a viable alternative to LIBs for large-scale energy
storage has grown significantly since 2010 [11].

A glass containing P2Os as a glass former enters into many technological applications because
of many unique properties such as low glass transition temperature (Tg), low melting temperature
(Tc) and high electrical conductivity compared to borate, borosilicate and silicate glasses [12,13].
Phosphate glasses are adaptable because their characteristics may be modified by changing their
composition, and the features and uses among these glasses were essentially associated with their
microstructure. The network of phosphate glasses is mostly polymeric, formed by connections
between PO4 tetrahedra and modified by the host matrix [14,15]. The structure is considered
responsible for the chemical endurance of phosphorous glasses, which affects their applicability.
Adding modifier oxides, such as transition metal oxides, can improve their characteristics and
chemical stability [12]. Several investigations have demonstrated that introducing transition metals
(TM) to glasses increases their chemical stability and endurance by substituting moisture-resistant
P-O-TM bonds for bridging P-O-P bonds [15]. Also, TM ions may coexist in glass structures in
various oxidation states, and electronic transfer between low-and high-valence states can
significantly impact semiconducting, magnetic, and electric properties[16,17]. Vanadium
pentoxide alone is an excellent conditional network forming oxide composed of corner-sharing
VO, tetrahedra. As a result, vanadate glasses can contain a high concentration of vanadium.
Vanadium pentoxide is introduced into phosphate glass, it is known to have network-modifying

properties. This inclines the phosphate network to depolymerize, the longer chains to shorten, and
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the local structure to reorganize. At high concentrations, V20s can act as a network former,
seamlessly transitioning from a phosphate network to a pure vanadate network with isolated PO4
tetrahedra [18].
For the development of a Na-ion battery with high capacity, vanadate glass and ceramics are
suitable candidates for the cathode active material because the expected theoretical capacity is
about 400 mAh g [19]. It was reported that vanadate bronze (MxV20s, M: Na*, Ag*) showed
relatively high cathode performance when applied in a Na-ion battery [20]. For example, the
capacity of 62 and 83 mAh g was recorded for Naz.4sVeO1s and Nao33V2Os under the current
density of 1.5 and 0.02 mA g}, respectively [20]. Also, vanadate glass is a promising cathode
material for Na-ion batteries because of the large pore size due to the amorphous structure and the
electrical conductivity (o) of about 107~10" S cm™. This latter is due to electron hopping between
the vanadium ions of different oxidation states [21]. In our previous study, a large initial discharge
capacity of 3823 mAh g' was recorded for a Li-ion battery which contained
15Li02°10Fe203+20Sn02¢ 5P205+70V20s glass cathode with the electrical conductivity (o) of
7.44107 S cm [14, 15]. Recently, in comparison to equivalent bulk materials, nanostructured
semiconductor materials are currently very sophisticated and effective due to smaller crystallite
size, restriction impact, and higher surface area [22-24 ]. Tin oxide, SnOy, is a primary rutile type
tetragonal stage n-type semiconductor. It exhibits excellent clarity straightforwardness in the
obvious region, less electrical resistance, and a large energy hole (3.5 eV) [25-27]. It is frequently
used in photovoltaic cells, display devices, field impact semiconductors, cathodes, sensors,
biomedicine, batteries, and photocatalysis, among other things, because of its unique features [28].
The >Fe- and 1°Sn- Mossbauer spectra of this glass showed that Fe'"' was substituted at the
network forming site of vanadium ions with the isomer shift (o) of 0.35 mm s* and quadrupole
splitting (4) of 0.88 mm s, while Sn'Y accommodated network modifying sites of Li-ions showing
50f 0.08 mm st and 4 of 0.52 mm s [29,30]. Recently, Kubuki et al. found that Na-ion battery
with a cathode of XNa20+(90-x)V20s¢10P20s glass with ‘X’ of 5, 25 and 45 mol% showed a large
initial capacity of 307, 184 and 258 mAh g, respectively, and a small irreversible capacity of 86,
6 and 21 mAh g under the current density of 5 mA g [31]. Yan et al.[32], found that the
electrochemical performance of tin dioxide (SnO.) as anode materials for lithium-ion and sodium-

ion batteries is to be improved by (SnO) nanoparticle composites with biomass nitrogen-doped
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carbon microspheres (SNC composite materials) (LIBs). These results imply that vanadate glass
can be a better cathode active material for Na-ion batteries if Fe2O3 or SnO is introduced.

In this work, a novel vanadium glass and glass-ceramics nanocomposite with high thermal
stability and electrical conductivity is used for active materials for SIBs with high capacities. The
relationships between local structure, physical properties and cathode-active properties in the Na-
ion battery of Fe2O3 or SnO: substituted Na20O-V20s-P20s glass were investigated by DTA,
XRD,*"Fe- and 119Sn- M6ssbauer spectra, XANES, EXAFS, FTIR, DC conductivity and charge-
discharge capacity of the SIB.

2. Experimental

2.1. Sample preparation
2.1.1. Vanadate glasses and glass-ceramics

2.2. Characterization

The details of chemical reagents, materials and characterization are listed in the Supporting
information.

All practical steps for sample preparation are illustrated in a schematic figure as shown in Figure

2.3. Na-ion battery

Na-ion battery was assembled in the type of CR2032, in which Ti- and Ni- mesh respectively
fixed the active materials at the cathode and the anode. A separator separated them, and the inside
space of the coin cell was filled with electrolyte (LIPASTE-P/S1, NaClO4 1mol/L Propylene
Carbonate solution, Tomypure). The cathode of the Na-ion battery was prepared in the mass ratio
of xFeV or xSnV glass and glass-ceramics: acetylene black (ab, 06-0025, Strem Chemicals) to
polytetrafluoroethylene (PTFE) as 70:25:5. For the preparation, first, the finely pulverized xFeV
or xSnV glass/glass-ceramics powder and ab with the respective weight of 500 and 178 mg were
mixed with a zirconia planetary ball mill (Planet Min(-F), Nagano-Japan) under 900 r.p.m for 30
min. The cathode with the weight of 30 mg in 1 cm diameter was formed by pressing 95 mg of the
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mixture after adding 5 mg of PTFE. Next, an anode was prepared with 30 mg metallic Na (750-
70852, Wako-Japan) with the same dimension.

2.4. Na-ion battery performance

The charge-discharge capacity and recyclability of the Na-ion battery were measured by a
constant current providing device (TOSCAT-3100SK, Toyo-system) in the voltage range between
0.8 and 3.6 V and a current density of 0.2 mA cm? (= 0.15 mA g') and 2 mA cm? (=1.5 mA g*?)
at 25 °C. The charge-discharge process was repeated up to 30 times, including 10 min breaks
between the charge and discharge processes.

3. Results and Discussion
3.1 Structural Characterization
3.1.1 DTA measurements

DTA curves of XxNa2O+(85-X)V20s210P20s525Fe203 (XFeV) and XxNaxO+(85-x)V20se
10P205+5Sn02 (xSnV) glasses with ‘x” of 5, 25 and 45 mol% are shown in Figure 2 (A), (B) and
(C), respectively. DTA curves of xNa20+(90-x)V20s210P.0Os (xV) are shown together for
comparison. The glass transition temperature (Tg) and crystallization temperature (T¢) of xV
glasses decrease from 235.5 to 195.5 °C, and from 285> to 251., °Cwith an increasing ‘x’ from 5
to 45 mol%Na-O content [21]. On the other hand, the Ty decreased from 2665 to 2015 °Cand a
decrease of T from 343, to 260> °C were recorded for the xFeV glasses with an increasing ‘x’
from 5 to 45 mol% Na2O content. A similar change in Ty from 244.5 to 2025 °C, and T¢ from 307>
to 252., °Cwere observed for xSnV with an increasing ‘x’ from 5 to 45 mol%. The decreases in Tg
and T¢ observed for xFeV and xSnV glass and glass-ceramics with the increase of Na>O content
are similar to the trends observed in xV glasses, which was explained by the cleavage of the 3D-
glass network formed of VO4, VOs, and PO4 units generated by Na* [31]. It is also likely to be due
to increased in NBOs, and this has been inferred from the FTIR results that are mentioned in the
FTIR section. This is implying to the thermal stability of xFeV and xSnV glass and glass-ceramics
were decreased with the introduction of Na* in the glass matrix. Notably, the increases of Tq and
Tc were observed by the substitution of Fe.Oz and SnOz for V20s, which shows that the

introduction of these oxides can enhance the thermal stability of the vanadate glass. The thermal
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stability of glass can be evaluated by (T. — Tg) [Hruby parameter] [33]. The value of (Tc — Ty)
increased from 50 to 77 and 63 K for 5FeV and 5SnV, respectively. Similar changes in (T¢ — Tg)
were observed for 25V (33 K), 25FeV (39 K) and 25SnV (26 K), and for 45V (56 K), 45FeV (59
K) and 45SnV (50 K) - the Hruby parameters are given in the brackets. It can be considered that
the thermal stability of XV glasses can be effectively increased by the introduction of Fe>O3 and
SnO; oxides, which reduced NBOs in the glass matrix, so the values of (Tc —Tg) increase compared
to the same concentration of Na2O in xV, which causes an increase in the thermal stability of the
samples[30-34], which leads to an improvement in the ability of glass formation for use in sodium-
ion batteries. Based on the Tg’s and T¢’s of XFeV and xSnV glasses, the heat treatment temperature
was fixed to be 500 °C for 100 min. The changes in structure and physical properties of xFeV and

xSnV before and after the heat treatment were examined.

3.1.2. XRD patterns

Figure 3 (A), shows the (XRD) patterns for xNa,O+(85-xX)V20s210P,0s *5Fe203 (XFeV) glass
before heat treatment (BHT), with ‘x’ of 5, 25 and 45 mol% NaO content. The amorphous state
of the present samples is confirmed by the broad hump scattering band, which locates at 2@ in this
range (25- 28°) [35]. On the other hand, Figure 3 (B) and Table 1 show the XRD patterns of 5FeV
glass-ceramics nanocomposite after heat treatment, (AHT), at 500 °C for 100 min showing intense
main peaks with small linewidth observed, this is ascribed to Nao.2s2VV2Os crystalline phase (PDF
No.: 01-086-4171), and V20Os (PDF No.: 01-086-9697). In the XRD pattern of heat-treated 25FeV
glass-ceramics (Fig. 3(B)), peaks were observed due to the Nai.1V3O79 crystalline phase (PDF
No.: 00-045-0498) together with Nao282V20s crystalline phase. Meanwhile, the XRD pattern of
heat-treated 45FeV glass-ceramics (Fig. 3(B)) shows several peaks attributed to alINaVO3
crystalline phase (PDF No.: 00-027-0828) and to Nai.164V30s(PDF No.: 01-078-2864). Similarly,
XRD patterns of xSnV glass-ceramics showed a halo pattern due to the amorphous structure
together with intense peaks due to SnO, (PDF No.: 01-077-0447) (Figure 4 (A)), while those of
the heat-treated samples indicated the presence of Nao.33V20s crystalline phase (PDF No.: 01-073-
6271). Nar164V30g was found in 5SnV glass-ceramics as shown in Fig. 4 (B), and the V20s
crystalline phase (PDF No.:01-077-2418) appeared in 25SnV glass-ceramics. Relevant 2@ values

are summarized in Table 1.
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We calculated the crystalline size in glasses xFeV and xSnV after heat treatment by Scherrer’s

equation [36,37]:

09
B cos®

€Y)

Where D, B,A and @ are the crystallites size, full width at half maximum of diffraction peak, the
wavelength of the X-ray source and the diffraction angle for the diffraction line, respectively.
Tablel shows the crystallite size of xFeV and xSnV glasses and glass-ceramics before heat
treatment. XRD study of xFeV and xSnV showed amorphous structure, just like for previously
investigated xFeV samples, while some crystalline phases appeared increasingly in xXSnV with ‘x’
from 5 to 45 mol% Na;O content forming glass-ceramics nanocomposite with particle size
between 28 and 33 nm. The calculated crystal size of xFeV and xSnV after heat treatment at 500 °C
for 100 min was found in the nanometer (hm) range and changed with increasing Na.O content.
Table 1 shows the crystallite size values of xFeV glass-ceramics nanocomposite increasing from
26 to 39 (nm) with an increase of ‘x” from 5 to 45 mol%. Meanwhile, the crystallite size in xSnV
glass-ceramics decreased from 37 to 30 (nm), with an increasing ‘x’ from 5 to 45 mol%. The
detected crystalline phases of Nao.2s2V20s, Nai1.1V3079 and Nao33V20s are known as vanadium
bronzes. They can be responsible for the high electrical conductivity of 5SnV and 25SnV glass-
ceramics samples, as shown in (Figure 4 (B)). Therefore, heat-treated samples 5FeV, 25FeV and
5SnV are promising to be used as a cathode active material for SIB. These crystalline phases are
not identified in the heat-treated XxNa2O+10P20s5+(90-x)V20s glasses (xV) [31]. Therefore, the
introduction of Fe>Os or SnO; facilitates the formation of vanadium bronze by enhancing its
thermal stability [9, 34, 36, 38]. The crystalline phases are not detected from the XRD pattern of
45SnV glass-ceramics because the sample melted after the heat treatment. These results were
obtained from XRD patterns before and after heat treatment of xFeV and xSnV glasses and glass-
ceramics, confirming previously obtained results from DTA curves. The values of T4 and Tc
increase significantly with the increase of Na,O concentration in the glass network after adding
Fe>O3 and SnO- oxides.

3.1.3. *Fe- and 1°Sn-Mdgssbauer spectra

Figure 5 shows the Mdssbauer spectra of xFeV glasses recorded before and after heat
treatment at 500 °C for 100 min. >’Fe-Mossbauer spectra of xFeV glasses before heat treatment are
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displayed in Figure 5(A), shown together with the Mdssbauer parameters in Table 2. The
Massbauer isomer shift (o) for xFeV glass did not depend on the Na2O content within experimental
error. Before heat treatment, Fe ions were homogeneously distributed in the glass matrix because
no crystalline phases containing Fe were identified by the corresponding XRD patterns (see Fig.3).
The obtained values of & were smaller than 0.41 mm s indicating that iron ions form Fe'"'O4
tetrahedra (Tq) [9, 26, 29]. At the same time, the quadrupole splitting (A) decreased, indicating
that the local symmetry of Fe3* (Tq) decreased with the increase of Na.O content (x) (see Figure
5(A)). As previously shown in Figure 2, values of Ty of xFeV decreased from 266.s5 to 2015 °C,

with an increasing ‘X’ from 5 to 45 mol%. The decrease of (A) of Fe3* is due to the production of

non-bridging oxygens (NBOs) that increase with increasing Na2O content [33, 39, 40], referring

to the increase in the uniformity of the O-Fe-O angle and Fe-O length in the glass matrix [40].

According to Nishida [31], the gradual decrease in 4 observed from Mdssbauer spectra of alkali
vanadate glass systems of XxR20+(90—x)V20s¢10Fe203 (R = Na, K and Li) is caused by a structural
transition from two-dimensional layered structure composed of V205 tetragonal pyramids to a one-
dimensional network structure of VOq tetrahedra [31]. Similarly, xFeV glasses transfer from a
two-dimensional layer structure consisting of a V20s tetragonal pyramid to a one-dimensional
chain structure composed of VVO4 tetrahedra with the introduction of Na2O content. As smaller &
values of 0.39:001, 0.38:001 and 0.26:001 mms™? were obtained for °’Fe-Mdsshauer spectra of
xNaz0+(89-X)V205+10P,0s+°"Fe,03 with ‘x’ of 5, 25 and 45mol%, respectively [41], it is clear
that the substitution of 5 mol% Fe20s for V2Os in xV glass resulted in the reduction of Fe-O bond

covalency.

On the other hand, an increase in §from 0.3330.001 t0 0.447+000s mm ™%, and dramatic decrease
of A from 0.710:001 to0 0.318 1005 mm s and a decrease of 7" from 0.495:0.02 t0 0.265:005 Were
observed for xFeV glasses after heat-treated at 500 °C for 100 min with an increasing ‘x’ from 5 to
45 mol% as demonstrated in Figure 5 (B) and Table 2. A dramatic decrease in 4 indicates that the
Fe'''-O chemical bond strength becomes weaker and the distortion of Fe'"'O4 tetrahedra is reduced
because of the structural relaxation caused by the isothermal heat treatment. A concordant shift in
the intensity of pre-edge peaks in XANES was seen for xFeV glass before and after the heat

treatment, reflecting the improvement in symmetry of VOx polyhedral. After the heat treatment,
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the local distortion of FeO4 decreased. No research findings linking iron sites functioning as a
probe for vanadate glasses have been published to date. However, one may infer from the
Mossbauer and XANES results in the current study that Fe* serves as a probe for modifications
to the vanadate network. From Figures 5 (A and B), we conclude that the decrease in 4 for xFeV
is more evident after heat treatment, which enables the samples to gain more thermal energy,
effectively reducing the distortion of VO, and FeOjq tetrahedra. Figure 6 (A) depicts the *°Sn-
Mdossbauer spectra of xSnV recorded at room temperature, shown together with the Mdssbauer
parameters in Table 2. The values of & increased from 0.033:0006 t0 0.077+0001 mm s for Sn**
ions with an increasing ‘x’ from 5 to 45 mol%. [33]. The increase in ¢ values indicates the
octahedral Sn** ions with increasing Na,O content. The low & values are due to the more ionic
character of Sn** ions approaching the electronic configuration of 4d*° [33]. The A values of xSnV
glass-ceramics decreased from 0.526:0.02 to 0.520:0.003 mms™ with increasing Na,O content, this
may indicate that the structure transforms from tetrahedral to octahedral Sn** [30], however, this
decrease is comparable with the experimental error. As shown in Table2, the linewidth (1) values
at room temperature of xSnV decreased from 1.062:0.03 t0 0.960:004 mm s with ‘x* from 5 to 45
mol%. A decrease in I" values of xSnV glass-ceramics shows the increase in the uniformity of the
Sn**- 0% chemical bond. Additionally, an increase in & from 0.072:0.004 t0 0.231:000s mm s* and
a decrease in A from 0.522 +0.01 t0 0.443:003 mm s were observed for xSnV glass-ceramics after
heat-treated at 500 °Cfor 100 min as shown in Figure 6 (B). An increase in I"values of xSnV glass-
ceramics from 0.892:0.01 to 0.956-0.04 refers to the increased crystallinity of the internal structure
after heat treatment. Mossbauer parameters are not shown for 45SnV glass because the sample

melted after the heat treatment.
3.1.4. XANES and EXAFS spectra

For determining the valence states changes of vanadium in these glass materials, XANES
spectra were recorded for the samples xFeV. Figure 7 (A and B) depicts the x-ray absorption near
V K-edge spectra, and Fourier transforms of V K-edge EXAFS (FT- EXAFS) of xFeV with ‘x’
from 5 to 25 and 45 mol% of Na>O before and after heat treatment at 500 °C for 100 min together
with spectra of V20s and V foils. Figure 7 (A) shows the normalization spectra of a pre-edge peak
of V-K for V foils and V.05 observed at 5463 and 5468 eV, as well as that of xFeV glasses at 5468

10
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eV. The intensity of the normalized absorbance (Eos) was observed to increase before heat
treatment with increasing Na,O content. We know that the pre-edge peaks have been attributed to
1s — 3d electronic-forbidden transitions [31]. It represents the level of oxygen atom distortion in
the first coordination, which is influenced by the degree of orbital hybridization between the 2p
and 3d. [31]. On the other hand, after heat treatment, all pre-edge peaks are remarkably similar
after the crystallization of the xFeV glasses. In (Figure 7 (B)), we see the XANES spectrum of
xFeV glass after heat treatment, noting that the pre-edge values did not change compared to the
values of xFeV before heat treatment. As shown in Figure 7 (A), the absorption peak of Vanadium
metal (V foil), xFeV with ‘x’ from 5 to 25 and 45 mol% and V20s show up at 5471, 5477, 5478,
5479 and 5480 eV, respectively.

Figure 8, shows the V K-edge EXAFS (FT-EXAFS) for xFeV glasses before and after heat
treatment are shown together with that of V2Os and V foil. Figure 8 (A), shows the peaks of the
xFeV before heat treatment. These peaks located at 0.82 A, 1.12 A, 1.62 A and 2.79 A were
attributed to V20s. From Figure 8 (A), note that the peak at 0.82 A for V205 disappeared in xFeV,
but the peak at 1.2 A was present in SFeV at 1.12 A, in 25FeV at 1.16 A, and in 45FeV at 1.24 A,
it shifts towards higher values with increasing ‘x’ from 5 to 25 and 45 mol%. Meanwhile, the
absorption peaks of metallic V appear at 0.87 A, 2.3 A, 3.8 A and 4.7 A as shown in Figure 8 (A).
The peaks of xFeV after heat treatment are shown in Figure 8 (B). The peaks located at 0.82 A,
1.12 A, 1.62 A and 2.79 A were attributed to V20s. The distorted VOs octahedron of the V2Os
crystal has V-O distances of 1.6 A, 1.8 A, 1.9 A, 2.0 A and 2.8 A [31]. The shoulder at 2.8 A is
due to V-V correlations at ~3.2 A [31]. The most prominent peak at 1.62 A in the figure is related
to V-0 bond lengths of 1.9 and 2.1 A. On the other hand, the FT curve of V foils showed peaks at
09A,12A,1.45A,and 2.4 A. [34].

Figure 8(A) shows the FT-EXAFS curves of xFeV glasses which differ from V.05 and
metallic V. The short V=0 double bonds, which peaked at 0.7 A in Figure 8(A), and the main peak
at 1.6 A, are also present in the glass. The majority of V-O bonds of the glasses are seen at the
peaks at 1.4 A. There are possibly a few longer distances at 2.85 A. Also, the shortest sharp V-V
peak is not detected in the FT curves of the glasses. After crystallization Figure 8 (B), the structural
units of xFeV glasses change clearly. The peak at 2.73 A in the 5FeV sample increasingly
resembles V.05 and the same can be confirmed from their XRD patterns. Also, for 25FeV and

11
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45FeV glass-ceramics nanocomposite obtained after heat treatment, the peak intensity is increased
compared to 5FeV glass. As a result, it could be said that the FT- EXAFS results and the XRD
study demonstrating the crystallinity of these nanocomposites are in good agreement.

3.1.5. FTIR Spectra

FTIR spectroscopy is essentially an analytical technique for understanding the composition
of various materials. FTIR transmission spectra of xFeV and xSnV glasses and glass-ceramics
before and after heat treatment at 500 °C for 100 min are shown in Figure 9, (Table S1 and Table
S2). A small peak is located in the range (1638 -1633) cm ™ in xFeV before heat treatment, (BHT),
also this peak is positioned in the range (1634 -1639) cm™ in xFeV after heat treatment, (AHT),
with ‘X’ increase from 5 to 45mol.% Na2O, this peak is attributed to the hydroxyl group(OH") [35].
A small peak was observed in range (1370-1373) cmtin xFeV (BHT), and (1378-1369) cmtin
xFeV (AHT) ‘x’ increase from 5 to 45mol.%, is ascribed to vibration of non-bridging (PO>)
[33,36,41]. The intensity of this peak was increased with increasing Na,O content, indicating an
increase in NBOs in the glass network. It is known that an increase in NBOs in the glass network
leads to an open structure, and leads to a decrease in Tg4 of glass samples [33,42]. These results are
in good agreement with the DTA results. Moreover, the absorption peak observed at 1206 cm™ in
xFeV (BHT), and at 1193 cm™ in xFeV (AHT) is attributed to P-O stretching mode [33,41], Table
S1 shows this peak was shifted to a lower wavenumber and Figure 9(A, B), shows the intensity of
this peak increases with increasing Na>O content. Also, the absorption peaks in this range (1006-
1064) cm™* of xFeV before and after heat treatment are ascribed to the V=0 stretching mode of the
VVOs pyramid [33,42], the intensities of the peaks were increased with increased ‘x’ from 5 to
45mol.% Na2O as shown in Figure 9(A, B). As well as, the absorption peaks in the range (933-
994) cm! of xFeV before and after heat treatment attributed to the VO3 terminal stretching mode
of pyrovanadate (V.07*) ion [41]. The absorption peak located at 758 cm™ in 5FeV(BHT), at 760
cm? in 25FeV(BHT), and did not appear in 45FeV(BHT) glasses, while this peak was only
appeared at 763 cm™ in 25FeV(AHT), this peak is assigned to V-O stretching mode of V(T4)Oa4
[33,41]. The absorption peak located at 688 cm™ in xFeV (BHT) was shifted to a lower
wavenumber and the intensity of the peak was increased with increasing Na2O content, while this
peak only appeared in 45FeV (AHT). This peak is attributed to the V-O-V anti-symmetric
stretching mode [41]. Moreover, the absorption peak located at 546 cm™ may be attributed to the
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P-O-P bending and Fe-O stretching mode of Fe(Tq)Os [33,36,41]. The results are in good
agreement with the results obtained by Mdssbauer spectroscopy. The small peak was observed in
the range (459- 476) cm™ in xFeV(BHT) and (478-474) cm™ in xFeV(BHT), assigned to bending
unite in PO4 tetrahedron [33, 42].

On the other hand, the FTIR absorption peaks of xSnV before and after heat treatment are shown
in Figure 9(C, D) and Table S2. The absorption peaks of xSnV glasses and glass-ceramics were
observed at 443 cm™in xSnV (BHT) and at 473 cm™ in xSnV (AHT) are may be ascribed to
bending unit of PO4 tetrahedra [33, 42], at 535 cm™ in xSnV (BHT) and at 537 cm™* in xSnV
(AHT) may be attributed to P-O-P bending [33,36,41], at 633 cm™ in xSnV (BHT) and at 652 cm™*
in XSnV (AHT) to V-O-V anti-symmetric stretching mode[41,42] at 738 cm™ in 45SnV (BHT)
and at 755 cm™t in 5SnV (AHT) to V-O stretching mode of V(T4)O4 [33,41], at 828 to 863 cm™
in xSnV (BHT) and at 817 to 838 cm™* in xSnV (AHT) to P-O-P groups[33, 42], at 944 to 997
cm? in xFeV (BHT) and at 949 cm™ in 55nV (AHT) to VOs terminal stretching mode of
pyrovanadate (V20;*) ion, at 1006 cm™! in xSnV (BHT) and at 1016 cm™ in xSnV (AHT)
[33,36,41], 1064 cm™ in xSnV (BHT) and at 1065 cm™* in xSnV (AHT) to V=0 stretching mode
of VOs pyramid [36,42]. Moreover, the absorption peak observed at 1205 cm™ in xSnV (BHT),
and at 1218 cm™ in xSnV (AHT) is attributed to P-O stretching mode [33,41], Table S2 shows
this peak was shifted to a lower wavenumber and Figure 9(C, D), shows the intensity of this peak
increases with increasing Na2O content. A small peak was observed in range (1370-1373) cmtin
xSnV(BHT), and (1378-1369) cm tin xSnV (AHT) ‘X’ increase from 5 to 45mol.%, is ascribed to
vibration of non-bridging (PO2) [33,36,41]. The intensity of this peak was increased with
increasing Na2O content, indicating an increase in NBOs in the glass network. It is known that an
increase in NBOs in the glass network leads to an open structure, and leads to a decrease in T4 of
glass samples [33,42]. A small peak is located in this range (1638 -1633 cm ™) in xSnV before heat
treatment, (BHT), also this peak is positioned in the range (1634 -1639) cm™ in xSnV after heat
treatment, (AHT), with ‘x’ increase from 5 to 45mol.% NaO, this peak is attributed to a hydroxyl
group(OH)" [35].

According to the FTIR study, xFeV and xSnV glasses and glass-ceramic samples are
considered to be formed of PO4 tetrahedra with P-O-P bonds to form a 3D-network structure, in
which tetrahedral Fe3* ions form P-O-Fe bonds. Since stretching or vibrational mode was seen in

the FTIR spectra, it is important to emphasize that Tin functions as a network modulator in the
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glass matrix. By breaking the P-O-P bonds and forming ionic connections with NBO atoms, tin is
thought to function as a network modifier (NWM). These results are in good agreement with the
DTA results.

3.2. Electrical Conductivity

The conductivity spectra at different temperatures for 5FeV, 25FeV, 5SnV and 25SnV glasses
are shown in Figure 10 (a,b) and Figure S1(a,b). Similar conductivity spectra are obtained for
5V and 25 V glasses free of Fe2O3 and SnO.. As can be seen from the figure, for all samples and
at all temperatures, conductivity isotherms are frequency-independent (obc) over nearly the entire
experimental frequency range indicating fast electronic transport. None of the conductivity spectra
shown in Figure 10 exhibits a decrease in conductivity at low frequencies, a feature known as the
electrode polarization effect arising from the blocking of ions at the metallic electrodes [31, 34,
43]. This signifies that the mobility of sodium ions in xFeV and xSnV glasses with x < 25 mol%
is very low and that the dominant conductivity mechanism in these glasses is naturally electronic
(polaronic). On the other hand, conductivity spectra at room temperature for 45FeV, 45SnV and
45V glasses exhibit the electrode polarization effect, as seen from the low-frequency region in
Figure 11. This implies that in these three samples, ionic transport is the significant if not the main
conductivity mechanism. Also, it is worth noting that the conductivity spectra of these glasses
show an increase of conductivity with an increasing frequency above 10 kHz which originates
from the correlated short-range hopping of charge carriers [44], i.e. mobile sodium ions.
With increasing temperature, the conductivity of xFeV, xSnV, and xV glasses with x < 25 mol%
increases, showing a linear dependence of log(opcT) vs. 1000/T, see Figure 12. From the slope of

these lines, the values of DC activation energies, Epc, were calculated using the equation [44]:

opcT =00 eXp(Epc/ksT) 2)

where kg is Boltzmann’s constant and oo is the pre-exponential factor. The Epc values and opc at
30 °C for all samples are listed in Table 3 and shown in Figure 13. The electrical conductivity of
the glasses within all three series decreases continuously with increasing Na>O content up to 45
mol%, as seen in Figure 13. On the other hand, the Epc exhibits increases as the Na2O increases

up to 25 mol%, see Table 3. The observed trends in opc and Epc are interesting in several aspects.
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For one, the decrease in conductivity in all three series is related to the decrease in V20s content
and hence the decrease in electronic transport contribution to the total conductivity. The glasses
containing high amounts of vanadate oxide with a constant amount of Fe-O3 and SnO> are well-
known polaronic conductors [41, 45-47]. Our results clearly show that introducing sodium ions
cannot compensate for the decrease in electronic transport associated with the decrease in the
concentration of vanadium ions. Also, it is noteworthy to observe that the trend in conductivity is
consistent with the decrease of Tg and T¢ as shown in Figure 2, since the glass network structure
weakens by the gradual increase in Na2O, preventing the polaronic transport via V4*-V°*, Sn3*-
Sn** and Fe?*-Fe* ions [33, 41, 45,48]. For two, it is remarkable to observe that for each
concentration of Na2O, the conductivity of glasses free of Fe2O3 and SnO: is the lowest and for
glasses containing Fe2Oz is the highest with glasses containing SnO2 being mostly in the middle,
see Figure 13. The conductivity change for each concentration of Na.O spans nearly one order of
magnitude. This result implies that the substitution of 5 mol% of V20s by either Fe2O3 or SnO»
positively impacts electronic transport, stimulating polaron hopping most likely between various
TM ions, for instance, V**-Sn®* or V#*-Fe®". Here, iron ions appear to have a more positive
influence than tin ones, which could be related to the Mdssbauer parameters, as shown in Table 2.
Eventually, for the highest fraction of Na>O (45 mol%), the conductivity of 45FeV and 45SnV
glasses are very similar due to the small contribution of polaronic transport, and predominance of
sodium ion dynamics.

Finally, it should be noted that no influence of the crystalline phase(s) detected by XRD in 55nV
and 45SnV glass-ceramics, see Figure 4 and related discussion, on the electrical transport was
observed from conductivity spectra. That is conductivity spectra of these samples do not show any
additional frequency-dependent features in the middle-frequency range, which might point
towards the electrical relaxation inside or at the boundaries of the crystalline grains. This result
suggests that the crystalline grains are randomly distributed and disconnected, so the electrical

transport interruptedly occurs in the continuous glassy matrix.
3.3. Charge-Discharge capacity

Charge-discharge capacity loops of xFeV and xSnV glasses and glass-ceramics
nanocomposite before and after heat treatment with increasing Na.O content from 5mol% to

45mol.% were recorded 30 times, as displayed in Figures 14, 15, (S2 and S3). Before the heat
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treatment, the initial capacity and irreversible capacity for xFeV glasses were found at 97, 118 and
83 mAhg* as well as 19, 22 and 15 mAhg™ for 5FeV, 25FeV and 45FeV glasses in 10 cycles as
shown in Figure 14 (A) and (Figure S2). Figure 14 (B) and (Figure S2) show charge-discharge
capacity loops for heat-treated xFeV glasses recorded in 10 cycles, and the capacities were found
to be 119, 83 and 82 mAhg™ as well as 22, 16 and 15mAhg™* for 5FeV, 25FeV and 45FeV glass-
ceramics nanocomposite, respectively. The initial capacity and irreversible capacity of xSnV
glass-ceramics before heat treatment were found at 83, 83 and 82 mAhg™ as well as 22, 15 and 16
mAhg? for 5SnV, 25SnV and 45SnV glass-ceramics, respectively, as shown in Figure 15 (A) and
(Figure S3) recorded in 10 cycles. Figure 15 (B) and (Figure S3) show the initial capacity and
irreversible capacity for xSnV recorded in 10 cycles being 118, 117 and 116 mAhg™ as well as 23,
24 and 24 mAhg? for 5SnV, 25SnV and 45SnV glass-ceramics nanocomposite, respectively.
According to A. Langrock, et al. [37], the high irreversible capacity of 75 mAhg™ was recorded
for Na;FePO4F. We affirmed that an irreversible capacity of 22 mAhg™ was recorded for 5FeV
glass, whereas this value decreases significantly at 45FeV to 15 mAhg™. Also, the same behaviour
occurred with the xSnV glass-ceramics nanocomposite when the Na>O was increased, the
irreversible capacity has been reduced from 22 mAhg? (x=5) to 16 mAhg™ (x=45). This result
shows that adding Na* as a modifier to the V205¢P20s+Fe20z and V205P205+SnO:> glass and glass-
ceramics series leads to a decrease in the irreversible capacity [50]. Therefore, it will play an
important role in the improvement of the performance of the secondary Na-ions battery when xFeV
glass and xSnV glass-ceramics nanocomposite are applied as a cathode. Table S3 shows the values
of the irreversible and initial capacities for xV, xFeV and xSnV from 5mol% to 45 mol% Na,O
content. The irreversible and initial capacity for, xV, xFeV and xSnV decreases with increasing
Na2O content. The higher values of the irreversible and initial capacity of xV, xFeV and xSnV
samples were observed at x=5 mol % Na2O content. On the other hand, the irreversible and initial
capacity of xFeV is higher than those of xSnV before heat treatment confirming the DC electrical
conductivity results. As shown in (Table S3) the irreversible and initial capacities decreased in our
present samples xFeV and xSnV in comparison with XV samples [21]. Based on this result, charge-
discharge capacity evaluation of Na-ions battery taking place at a higher current density of 1.5 mA
cm™? was carried out for the xFeV glasses and xSnV glass-ceramics nanocomposite at room

temperature.
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3.4. Cyclability and Stability

The discharge capacities of xFeV and xSnV before and after heat treatment with increasing
Na2O content from 5mol% to 45mol.% recorded at room temperature were measured up to 30
cycles as presented in Figure 16 (A, B). A gradual decrease in capacity with an increasing number
of cycles is observed with increasing the Na>O content. From the data in Table. 4, one can see that
the initial capacity after adding Fe>Oz and SnO- to the base glass system is higher than that of xV,
at 5 mol.% NaO content. Figure 16 (A) shows the initial capacity of xFeV before heat treatment
and after heat treatment, (abbreviated as (BHT) and (AHT)), observed as 101, 110, 142, 84, 8 and
30 mAh g for 5FeV (BHT), 5FeV (AHT), 25FeV (BHT), 25FeV (AHT), 45FeV (BHT) and
45FeV (AHT), respectively. Also, the capacity of xSnV after 30 cycles gradually decreased being
80, 77, 66, 30, 4 and 9 mAh g for 5FeV (BHT), 5FeV (AHT), 25FeV (BHT), 25FeV (AHT),
45FeV (BHT) and 45FeV (AHT), respectively. The maintenance rate (%) of xFeV after 30 cycles
was 78.2, 69, 46.4, 36.9, 50 and 26.6 % for 5FeV (BHT), 5FeV (AHT), 25FeV (BHT), 25FeV
(AHT), 45FeV (AHT) and 45FeV (BHT), respectively. It is noticed that the glass samples
containing 5 and 25 mol% Na>O before and after heat treatment have the largest capacity as well
as the highest maintenance rate (%) of xFeV after 30 cycles. Therefore, the glasses samples, 5FeV
(BHT) and 5FeV (AHT) and 25FeV (BHT) are promising samples to be used as cathodes in SIB.

In Figure 16 (B) the initial capacities of xSnV before and after heat treatment were detected
as 162, 103, 114, 98, 9 and 3 mAh g for 5SnV (BHT), 5SnV (AHT) 25SnV (BHT), 25SnV (AHT),
45SnV (BHT) and 45SnV (AHT), respectively. Also, the capacity of xSnV after 30 cycles
gradually decreased. The measured values were found 106, 96, 63, 70, 5 and 2 mAh g for 55nV
(BHT), 5SnV (AHT) 25SnV (BHT), 25SnV (AHT), 45SnV (BHT) and 45SnV (AHT),
respectively. The maintenance rate (%) of xFeV after 30 cycles was 65.4, 93.2, 55.2, 71.4, 55.5
and 67% for 5SnV (BHT), 25SnV (BHT), 5SnV (AHT), 25SnV (AHT), 45SnV (BHT) and 455nV
(AHT), respectively. Likewise, the glass samples containing 5 and 25 mol% NaxO before and after
heat treatment have the largest capacity as well as the highest maintenance rate (%) of xSnV after
30 cycles. Hence, the glass-ceramics nanocomposite samples, 5SnV (BHT), 5SnV (AHT), 25SnV
(BHT) and 25SnV (AHT) are also considered promising to use as cathode in SIB. From Table 4,
an increase in the capacity values is noticed as Fe or Sn was added to xV samples, especially at

x=5 and 25 mol.% Na;O content. This increase in capacity after adding Fe-O3 or SnO- oxides to
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the xV glasses network indicates that Fe and Sn ions improve the capacity and the cyclability. In
Table 4, data on some cathodes containing sodium, vanadium and iron are presented for
comparison: the highest capacity is shown with the number of cycles as well as the current density
applied. Finally, one can see that the samples 5FeV (BHT), 5FeV (AHT), 25SnV (BHT) and
25SnV (AHT) are considered promising for application as a cathode in SIB because there is no
drop in the capacity value after 30 cycles. By Comparing the capacity values of 115 mAh g
recorded for Nas Fes (PO4)2 P2O7 [51] and 75 mAh g* for Na,FePO4F [46] by our results, one can
say that our samples are considered promising for more studies in this field. It can be concluded
that 5FeV (BHT), 5FeV (AHT), 25FeV (BHT), 5SnV (BHT), 5SnV (AHT) and 25SnV (BHT)
glasses and/or glass-ceramics nanocomposite have the possibility of being used as a cathode active
material of SIB because it shows a large initial capacity value 101, 110, 142, 162, 103 and 114
mAh g, respectively.

Conclusion

Sodium Vanadate Phosphate glasses with the addition of iron or tin oxides and their glass and
glass-ceramics nanocomposite of the composition of xFeV and xSnV were investigated in as
prepared and heat-treated. The DTA study of xFeV and xSnV glasses with increasing Na-O content
from 5 to 45 mol% showed a decrease in crystallization temperature (Tc) and glass transition
temperature (Tg) with increasing Na2O content. The T¢ and Tq were increased after adding Fe2O3
and SnOz to the previously glasses system (xV). These results indicated that the introduction of Fe
and Sn increases the thermal stability of the glass network. XRD study of xFeV and xSnV showed
amorphous structure, similarly to previously investigated xFeV samples, while some crystalline
phases appeared increasingly in xSnV forming glass-ceramics nanocomposite. We can conclude
that the results of XRD of xFeV showed that after heat treatment, several crystalline phases formed
Nao 282V20s, V20s, Nao282V20s, Na1.1V307.9, NaVO3 and Nai 164V30s °'Fe Mossbauer spectra of
xFeV glasses showed a decrease in quadrupole splitting (4) with the increase of Na,O content,
indicating a decrease in the distortion of the iron polyhedral. *°Sn Mgssbauer spectra of xSnV
glass-ceramics nanocomposite showed an increase in 4 with the increase of Na,O content,
referring to that the structure transforms from tetrahedral to octahedral Sn**. Electrical

conductivity for xFeV and xSnV before heat treatment decreased from 2.82 « 10°t0 6.61 « 107 S
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cm?tand 1.26 + 10° to 4.27+107 S cm™ with increasing Na2O content from 5 to 45 mol%,
respectively. While 5FeV had higher electrical conductivity than any other prepared samples.
According to the data obtained from charge and discharge capacity, it is concluded that 5FeV
(BHT) and 5SnV (BHT) glasses can be considered good candidates for use as a cathode material

for SIBs because of the large capacity of 142 and 162 mAh g recorded after 30 cycles.
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