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Abstract

Glass-ceramics xZrOz¢10Fe203+(90-x)V20s with X’ between 0 and 30 mol% and
yZrO+ (20-y)CaO - 10Fe;03* 70V20s glass with ‘y’ between 0 and 20 mol%,
respectively abbreviated as xZFV and yZCFV, before and after heat treatment at
500 °C for 100 min, were evaluated as potential cathode-active materials for
sodium-ion batteries (SIBs). Relationships between physical properties and local
structure of xZFV and yZCFV glass-ceramics were investigated by °’Fe-
Maossbauer spectroscopy, V K-edge X-ray absorption near edge structure
(XANES), X-ray diffractometry (XRD), DC four-probe method and differential
thermal analysis (DTA). SIBs containing heat-treated xZFV glass-ceramics
showed the highest discharge capacity of 153 mAheg™ under a current density of
50 mA-g?, which exhibited a high electrical conductivity of 1.8 X102 Scm™.
Precipitation of Vo.05Zr0.9502and Fe2V4013 nanoparticles were confirmed from the
XRD pattern of the heat-treated 20ZFV glass, consistent with the lower energy of
the pre-edge peak at 5467 eV in the V K-edge XANES spectrum. This result is
associated with the reduction of vanadium ions from VV to V'V It is concluded
that the precipitation of stable vanadium bronze phases with high electrical
conductivity and structural stability effectively enable the high SIB capacity of

these materials.

Keywords Na-ion battery, vanadate glass, °’Fe-Mdssbauer spectroscopy, XAFS
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1. Introduction

Lithium-ion batteries (LIB) are widely utilized as a secondary battery for
electrical facilities such as laptop PCs and smartphones because of the high
theoretical capacity of 3861 mAh g}[1]. However, the small abundance of Li in
the Earth’s crust (0.006) will cause future scarcity and an increase in the price of
LIB [1]. Therefore, post-lithium-ion batteries with the large capacity and long
lifetime have been keenly investigated. Among these, sodium-ion batteries (SIB)
are strong candidates for post-lithium-ion batteries because of the high availability
of sodium, having a larger abundance in the Earth’s crust of 2.63 and a high
theoretical capacity of 1166 mAheg™ next to LIB [1-3]. Many researchers have
investigated SIB with high performances. For example, Yasin et al. successfully
prepared SIB with the capacity of 122 mAhesg™ maintained after 4000 cycles by
using graphene as the anode [4], which leads to an oxygen reduction catalyst [5].
Concerning the development of new cathode active materials for SIB,
30Na20+40FeO+30P,0s glass exhibited an initial discharge capacity of 115 mAh
+g* when it was incorporated as a cathode active material of SIB[6]. In addition,
NASICON-type NasV2(POs)z nanoparticles prepared by an electrospinning
method as a cathode of SIB showed a larger initial discharge capacity of 94 mAh
+g’! than that of the bulk material of 56 mAheg? [7]. Furthermore, Uchaker et al.
reported that amorphous V.Os prepared by a combination of sol-gel method and
electrochemical deposition showed a capacity of 241 mAheg? [8]. These
previous studies indicate that amorphous vanadates present high potentially novel
opportunities for utilizing a new cathode active material for SIB.

Vanadate glasses and glass-ceramics are known semiconductors, with
electrical conductivities (o) of 107-10°S cm?, attributed to 3d electron (polaron)
hopping from VV' or V"' to VY [9, 10]. It has been reported that a drastic
increase in the electrical conductivity (o) from 107 to 10° S cm™ took place in
semiconducting barium iron vanadate glass, e.g., 20BaO+10Fe>03+70V20s glass,
when it was heat-treated at temperatures higher than glass transition temperature
(Tg) or crystallization temperature (Tc¢) [11, 12], thus forming a glass-ceramic.
Furthermore, Kubuki reported that the ovalue of alkaline iron vanadate glass
(R20-V205-Fe203, R: Li, Na) was sensitively affected by the crystalline phase
precipitated in the glass system [13]. For example, 20Na;O+70V205+10Fe>03

glasses showed the largest o of 2.5x102 S cm? after heat treatment at 500 °C for
3
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100 min, but a decrease in o was observed when heat-treated at 550 °C for 100
min due to the precipitation of FeVO, having the smaller oof 4.7x10° S cm™
[14]. These results show that o of vanadate glass can be regulated by the heat-
treatment temperature and the glass composition.

This unique electrical “tuneability” of vanadate glass / glass-ceramics could
enable their application as an electrode of secondary batteries. Kubuki et al.
revealed that heat-treated 15Li20+10Fe203220Sn02¢5P20550V20s glass resulted
in a remarkable increase in o amounting to the order of 102 S cm™ and a large
capacity of 493 mAh.g! when incorporated into the cathode of LIB [15, 16].
For the expected Li scarcity in the future, they also prepared a new vanadate glass
as a cathode active material of SIB as a post-lithium-ion battery. Kubuki
reported that the cathode-active materials of xXNa2O+(90-x)V20s+10P,0s glass with
‘x” of 5, 25 and 45 mol%, provided a relatively high discharge capacity of 150-
200 mAh+g* after recycling of 5 times under the voltage between 0.8 and 3.6 V
with the current density of 0.2 mA cm?[17]. The improvement of capacity and
cycle stability of SIB are recent focuses of a new vanadate glass as the high-
performance cathode. High conductivity, chemical and thermal stabilities are
essential factors for achieving this goal. Compared with the XxNPV glass,
increase of stability is expected when Na* is substituted for other cations with
high valence states such as Ca?* and Zr** because CaO-ZrO, ceramics is known as
an ion conductor.

In order to develop new vanadate glasses and glass-ceramics with high
electrical conductivity and structural stability, favourable for cathode active
materials for SIBs with high capacities, a relationship between the local structure
and physical properties of glass-ceramics systems ZrO;-V,0s-Fe;O3 and CaO-
Zr0,-V,0s-Fe,03 were investigated by °’Fe-Mdssbauer spectroscopy, XANES,
XRD, Ultraviolet-Visible (UV-Vis) absorption spectroscopy, diffuse reflectance
spectroscopy (DRS) and DC four-probe method together with a charge-discharge

capacity measurement of the SIB.

2. Experimental

New vanadate glass and glass-ceramics with the nominal composition of
XZrOz¢10Fe203+(90-x)V20s  (x=0-30 in mol %) and yZrO,«(20-

4
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y)CaO+10Fe>03+70V20s5 glasses (y=0-20 in mol%), respectively abbreviated as
XZFV and yZCFV, were prepared by a conventional melt-quenching method.
Weighed amounts of reagent-grade ZrO> (Wako:264-00485), CaCOs (Wako:030-
00385), Fe203(Wako:096-04825) and V205 (Wako:225-00125) were well mixed
in an agate mortar, and the mixture in a platinum crucible was melted at 1200 °C
for 1 h in an electric muffle furnace. Homogeneous black samples of xZFV and
yZCFV glasses were obtained by dipping the crucible bottom into ice-cold water.
The well-pulverized samples were heat-treated in platinum crucibles at 500 °C for
100 min in air. For °’Fe-Mossbauer measurement, an enriched isotope of
>"Fe,03 (95.54%) was used for the sample preparation.

Measurements of differential thermal analysis (DTA) were performed from
room temperature (RT) to 700 °C under the heating rate (o) of 10 Kemin-using
Themo plus TG8120 (Rigaku). Ten milligrams of well-pulverized samples and a
reference of o-Al,O3 powder were used for the measurements. For estimating
activation energy for crystallization (Ea), the Kissinger equation [18] was applied,

i.e.,

In (Tc2/ 0() = Ea/RTc +C (1),

where T, R and C are crystallization (peak) temperature, gas constant, and
constant, respectively. Electrical conductivity was measured from RT to 125 °C
by DC four-probe method using DC Voltage Current Source Monitor (6241A,
ADC). The sample connection in the circuit is indicated in Figure 1. The
electrical voltage (E) was recorded by changing the electrical current (I) between -
10 and 10 mA. By attaching electrodes separatory to an ammeter and voltmeter,
the resistance of voltmeter is cancelled. Therefore, a more precise evaluation is
achieved as compared with DC-two probe method.

The value of o (Qtscm™) was estimated using the following equation, i.e.,

o =RsteStel (2),

where Rs, S and | are electrical resistivity (in Q) obtained from a slope of a

straight line of E vs. | plot, surface area (in cm?) and the distance between the

5
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electrodes (in cm), respectively. For conductivity measurements, each glass
block sample was ground into a rectangular plate of which edges were coated with
Ag solder to attach lead lines. By using a RINT-TTR Il (Rigaku) X-ray
diffractometer, XRD patterns were recorded using Cu-K, radiation (A = 1.54 A)
between 2 of 10° and 80° with data interval and scanning rate of 0.02° and 5°
min?, respectively. The obtained XRD patterns were analyzed by PDXL2
(Rigaku) software with the database of ICDD PDF4 (Light Stone). Surface
observation of the prepared samples using scanning electron microscopy (SEM)
was performed by VE-9800 (Keyence) under the applied voltage of 2 kV with a
magnitude of 5x10°. X-ray absorption spectra at the vanadium K-edge using
synchrotron radiation were measured at room temperature at beamline BL11 of
the Saga Light Source (Yayoigaoka 8-7, Tosu, Saga 841-0005, JAPAN) using a
double Si (111) monochromator. The thickness of the samples was controlled to
enable transmission mode measurement (V K-edge). °’Fe-Mdsshauer spectra
were recorded at room temperature by a constant acceleration method. The
system was composed of a driving unit (MDU-1200, Wissel), a digital function
generator (DFG-1000, Wissel), a proportion counter (4546, Niki Kogei), a
preamplifier (1421H, ORTEC), a high voltage supply (456, ORTEC), an amplifier
(485, ORTEC) and a multichannel analyzer (EASY-MCS, ORTEC). A °Co
(Rh) source with the radioactivity of 925 MBqg (MCo7. 123, produced on Jan. 10,
2018, by Ritverc) and a-Fe foil were used as a source and a reference of isomer
shift (o), respectively. Obtained spectra were analyzed by Mosswinn4.0 with
Lorentzian fitting. The optical bandgap was estimated from diffuse reflectance
UV-Vis spectroscopy recorded on Shimadzu UV-3600 spectrometer with an
integrating sphere attachment (ISR-3100, Shimadzu). Estimation of optical band
gap was carried out by diffuse reflectance UV-Vis spectroscopy and using the
Kubelka—Munk equation [19]:

FR) = (1-R)?«(2Ry)* (3),

where Rt is the reflectance. Further information was obtained by the Tauc plots
[20]:
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ashey = As (hv-Ep)" (4),

where A is the proportionality constant, « is the absorption coefficient (here, F(R)
being directly proportional to «), vis the frequency of light and Ej is the bandgap.
The value of n is dependent on the nature of the transition: n is 1/2 for a directly
allowed transition and 2 for an indirectly allowed transition [21, 22]. Sodium-
ion battery (SIBs) were prepared in 2032 type containing the anode of metallic Na
(Kishida: 620-70852), the electrolyte of NaClO4/ propylene carbonate solution
(Tomypure: LIPASTE-P/S1), and the cathode with the ratio of sample: acetylene
black (AB, Strem chemicals: 06-0025): polytetrafluoroethylene (PTFE, Wako:
165-13412) of 70:25:5. The cathode and anode were respectively loaded by 30
and 90 mg, where each electrode had a lcm diameter. An ECD8-0.5-LUsl
(Matsusada Precision) measured the charge-discharge capacity performance by
repeating 30 times under the voltage window of 0.8-3.6V, a current density of 50
mA g!(=2.0 mA cm), and the cut-off current of 0.5 mA in the charging process
under CCCV mode.

3. Results and Discussion

DTA curves of xZFV and yZCFV samples are depicted in Figure 2. In the
case of xZFV glass, Ty and T respectively varied from 2445 to 2505, 25045, and
25145 °C, and from 324, to 360:2, 350+ and 361+ °C with ZrO, concentration
(x). On the other hand, a decrease in Tq from 284 to 250 °C and T, from 387 to
350 °C were observed for yZCFV with ZrO> concentration (y). Decreases in Tg
and T observed for yZCFV imply that thermal durability was decreased when
Zr** was replaced by Ca?* because the network forming cation of vanadium is
partially reduced from V°* to V**. On the contrary, the role of Zr** in the glass
network of xZFV is not clear due to the high oxidation number of 4+. Based on
the Tg’s and T¢’s of xZFV and yZCFV glasses, the isothermal annealing was
conducted at 500 °C for 100 min. From the Kissinger plot, Ea’s were calculated
to be 2.6+03, 2.6+02, 2.7+01 and 2.6x0.3 eV for xZFV glass with ‘x” of 0, 10, 20 and
30, while 2.2+08, 3.2+04, 2.9+05, 2.7+02 and 2.7:01 eV for yZCFV glass with y of O,

5,10, 15 and 20. Because chemical bond energies were reported to be 2.6 eV for
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Fe'''-O and 3.9-4.9 eV for V-O[23], this result implies that only the Fe-O chemical
bond was cleaved and rearranged during the crystallization.

In Fig. 3, electrical conductivity (o) and activation energy of electrical
conduction (WH) of xZFV glass were plotted against ZrO, content before and after
heat treatment at 500 °C for 100 min. Before the heat treatment, a gradual
increase in o was observed from 6.3x10° to 2.9x10, 1.6x107 and 2.9x10° S cm’
1 with an increase of ZrO content in xZFV glass from 0, 10, 20 and 30 mol%,
respectively (Fig.3 (A)(a)). The activation energy of electrical conduction (WH)

was calculated using the following equation [24], i.e.,

IneT = Inop-Wh/KT (5),

where T, op and k are measurement temperature (in K), conductivity at a given
temperature, and Boltzmann constant (1.380x102% JK). By measuring
electrical conductivity under different temperatures, required energy for moving
carries, i.e. Wy, can be estimated as a slope of a straight line with the intercept of
Inoo. Gradual decreases in Wr’s from 0.1840.01 (x=0) to 0.16:0.02 (x=10), 0.150.02
(x=20) and 0.13:001 (x=30) eV, and from 0.16:002 (x=0) to 0.15:002 (x=10),
0.1540.02 (x=20) and 0.14.0.02 (x=30) were observed before and after heat treatment,
respectively. These results indicate that the probability of electron hopping was
increased by substituting ZrO. for V20s in XZFV glass, regardless of the heat
treatment. It is considered that the increase of o in XZFV glass before and after
the heat treatment is caused by the reduction of vanadium with ZrO content. In
Fig. 4, o and Wy of yZCFV glass were plotted against ZrO content before and
after heat treatment at 500 °C for 100 min. As shown in open circles in Fig. 4
(A), o of yZCFV glass before the heat treatment was increased from 3.7x10° to
1.6x10°S cm™ with ZrO, content because of the reduction of vanadium ion from
VY to VV. As for heat-treated yZCFV glass, odecreased from 6.7x10* to
1.8x102 S cm?, while Wy increased from 0.09 to 0.15 eV with ZrO;
concentration. It is noted that o dramatically increased from 3.7x10°to 6.7x10"
1'S cm?® when 0ZCFV glass was heat-treated at 500 °C for 100 min, while
differences in obetween before and after heat treatment become smaller in the

case of yZCFV with °y’ of larger than 5 mol%.



XRD patterns of xZFV glass with ‘x” of 0, 10, 20 and 30 recorded before the
heat treatment are shown in Fig. 5. A halo pattern was observed for xZFV glass
with ‘x’ of 0 and 10, indicating the presence of an amorphous structure in the
glass matrix as shown in Fig. 5 (a)-(b). On the other hand, a halo pattern
superimposed by intense sharp peaks attributed to crystalline phases of
V0.03Znog702 (PDF No. 01-072-6680, open circles) and weak sharp peaks
attributed to crystalline V20s (PDF No. 01-089-2482, solid circles) and VO, (PDF
No. 03-065-7960, solid rhombuses) were also observed for samples 20ZFV and
30ZFV (see Fig. 5 (c)-(d)). The crystalline phase of Vo0.03Znoe702 was
unexpectedly produced because a clear surface was observed for as-quenched
20ZFV glass. Peaks attributed to V.Os were disappeared with increasing ‘X’
from 20 to 30, while those due to VO, appeared, suggesting that V¥ was partially
reduced into V'V with increasing ZrO, content in XZFV glass. VxZrixO- called
“vanadium-zirconia yellow baddeleyite”, is a well-known ceramic pigment. The
oxidation number 4+ in vanadium was found in both solid solutions (monoclinic
and tetragonal) based on zirconia crystalline forms [25-27]. Hence, the presence

of the crystalline phase of VxZri-xO2 (0<x<0.1) could be evidential to conclude

that V.Os was reduced to VO during sample preparation. XRD patterns for
20ZFV and 0ZCFV glass samples before and after the heat treatment are
illustrated in Fig. 6. The XRD pattern for sample 20ZFV before the heat-
treatment was mentioned in the previous section, while crystalline phases of
V0.0sZr0.9502 (PDF No. 01-072-6681: double circles) and Fe;V4013 (PDF No. 01-
089-5460: solid triangles) were detected in the heat-treated sample. Precipitation
of Vo.0sZr0.9502 phase observed for heat-treated 20ZFV shows that the fraction of
V!V is increased. The XRD pattern for sample 0ZCFV showed a halo pattern
characteristic of glass amorphous structure, whereas some sharp intense peaks
attributed to Cao17V20s (PDF No. 00-026-1165: open triangles), CaV20s (PDF
No. 01-073-0186: open squares), FeVOs (PDF No. 00-038-1372: open
rhombuses) and V2Os were observed for the heat-treated samples (see Fig. 6(B)
(@)-(b)). The crystalline phase Cao.17V20s is called beta-vanadium bronze (B-
MxV20s), a highly conductive anisotropic semiconductor with o of 10°-10* S cm™?
at room temperature due to small polaron hopping [28-33]. It was reported that
highly conductive glass-ceramics containing vanadium bronze could be produced

through the crystallization of vanadate glasses. Hirashima et al. reported that the

9
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DC conductivity of the crystallized Na,O-V20s-P20s glasses was more than 3
orders of magnitude higher than that of as-cast glasses [34]. A drastic increase
in conductivity observed here for 0ZCFV glass after heat treatment is associated
with the precipitation of vanadium bronze. Considering the difference of o values
between 20ZFV and OCZFV glasses, the network modifier (Ca2*, in this study)
seems to have played a significant role in forming the vanadium bronze (MxV20s)
phase.

In Figure 7, SEM images of 20ZFV and OCZFV are indicated. We could
confirm a crystalline of Zro.03Vo.9702 with the particle size of about 50 um in
20ZFV before treatment (Fig. 7 (A-a)), while rod-like crystalline of Zroo5V0.9502
and Fe>V4O13 with the length of 20 um were found in heat-treated sample
20ZFV(Fig. 7 (A-b)). Clear surface without crystalline phases is observed from
SEM image of 0ZCFV glass (Fig. 7 (B-a)), while small particles with the size of
smaller than 2 um were found in heat-treated 0ZCFV(Fig. 7 (B-b)).

To help determine the oxidation states of vanadium in these materials, V K-
edge XANES measurements were performed on the xZFV and yZCFV glasses.
Fig. 8 (A) shows the normalized V K-edge spectra of xZFV glass measured before
heat treatment, together with spectra for V20s, VO2and V203 chemical reagents.
The V K pre-edge peaks for xZFV glasses with ‘X’ of 0, 10, 20 and 30 were
observed at 5466.9, 5466.6, 5467.0 and 5466.6 eV with the normalized intensity
of 0.298, 0.311, 0.291 and 0.258, respectively. On the other hand, the V K pre-
edge peaks for the references of V205, VO2, and V.03 were respectively observed
at 5467.3, 5466.4, 5467.3 eV with the normalized intensity of 0.276, 0.073 and
0.054, respectively. The pre-edge peak has been attributed to a 1s-3d electronic
transition [35]. The intensity of the V K-pre-edge peak exhibited little change
with increasing ZrO> content, except for a small decrease in intensity with the
highest ZrO> content (x = 30) (Fig. 8(A)(d)). As reported previously on different
vanadium-bearing compounds, the pre-edge peak intensity of V K-edge XANES
spectra shifts toward the smaller intensity when the average oxidation state of
vanadium decreases [36-38]. However, in addition, the pre-edge peak intensity
(herein estimated from peak height and not the integrated peak area) is also
strongly affected by the symmetry of V-Ox polyhedra, as discussed in depth by
[35-37]. Consequently, the pre-edge peak intensity from V K-edge XANES

spectra is a convolution of the effects of oxidation state and site symmetry

10
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(coordination).  As discussed by [36, 37], these relationships are distinctly non-
linear and thus are challenging to deconvolute. Consequently, we can conclude
here that the combined effects of (oxidation state and site symmetry) were
approximately the same for xZFV glasses when x = 0, 10 and 20; and that one or
both of (i) average oxidation state decreased slightly; and / or (ii) average
coordination number increased slightly, when x increased to 30 in this glass
system. The V K-edge XANES pre-edge peak data for 20ZFV and 0ZCFV glasses
were also similar to each other, both before and after heat treatment (Fig. 9 (A)
and (B)). A slight decrease in the normalized intensity of sample 0ZCFV before
and after heat treatment was observed from 0.320 to 0.303, while the constant
normalized intensity of 0.291 was observed for heat-treated sample 20ZFV. This
again suggests only small changes in average (oxidation state / coordination
number) between these four samples. However, there are some subtle differences
between the spectra: the spectra for the two heat-treated samples exhibited
narrower linewidths, consistent with a narrower range of site parameters (thus
with crystallization). In addition, a weak shoulder at approximately 5464.5 eV is
resolved in these two spectra, indicating a contribution from VO, i.e. confirming
the presence of V#*. Indeed, the normalized V-K pre-edge peak intensity did not
change between before and after the heat-treatment of xZFV glass, although that
of 0ZCFV glass was slightly decreased after the heat treatment (Fig. 9 (B)). We
can thus conclude that the oxidation state and average coordination of vanadium
in all glasses studied were similar, and that heat treatment of the two glasses to
form glass-ceramics, also resulted in little difference in the pre-edge peak height,
reflecting little change in the average vanadium (oxidation state / coordination).
Maossbauer spectra and the parameters of the xZFV glasses measured before
and after heat treatment at 500 °C for 100 min are shown in Fig. 10 and Table 1.
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. 5). An identical & of 0.39:001 mm s and closely similar
quadrupole splitting (4) from 0.67 to 0.68, 0.74 and 0.72+002 mm s were obtained
by fitting spectra, with an increasing ZrO> content (x) from 0 to 10, 20 and 30 (see
Fig. 10 (A)(a)-(d)), respectively. This result indicates that local distortion of
Fe'''O, tetrahedra [39] was slightly increased as a result of the substitution of ZrO;
for V20s, as previously observed in 20BaOe<10Fe;032xWO3¢(70—Xx)V205 and

11
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20R20°10Fe203°xWO0O3+(70—x)V20s (R = Na, K) glasses [40, 41]. Two doublets
with isomer shift (6) and quadrupole splitting (4) of 0.38:0.01 and 0.29:002 mm s,
0.30:00s and 1.29:007 mm s were observed in 'Fe-Maossbauer spectra of the
heat-treated xZFV glass samples, respectively of which is ascribed to a crystalline
Fe'';VVV4013 and an amorphous Fe''-V'V-O phase [42] (Fig. 10 (B)(a)-(d)). *"Fe-
Maossbauer spectra and the parameters of yZCFV glass with ‘y’ of 0, 5, 10, and 15
mol% before and after heat treatment at 500 °C for 100 min are shown in Fig. 11
and Table 2. Before the heat treatment, an identical & of 0.38:000 mm s and
almost identical A values of 0.76, to 0.77, 0.75, and 0.74:00. mm s* were
respectively observed with an increase in ZrO> content (y) from 0 to 5, 10 and 15
(see Fig. 11 (A)(a)-(d)). This result shows that the local distortion of tetrahedral
Fe'''O, was not affected by ZrO,.  This is the case for “distorted” VOx polyhedra
since they are directly connected to the “distorted” FeOs tetrahedra by sharing
corner oxygen atoms.  Since high-spin Fe'' has an isotropic electron
configuration of 3d°, the electric field gradient (EFG) caused by valence electrons
(eqva) is “zero”. Therefore, A reflects the EFG caused by the distortion of lattice
(eqiat), i.e., composed of Fe''O, and VOx polyhedra. It is expected that the
probability of electron hopping from VV!' or V" to VV will be enhanced by
substituting ZrO, for CaO. On the contrary, three paramagnetic doublets which
are ascribed to Fe''"VVO, [13, 42] with sand 4 of 0.39:0.01 and 0.65:0.02, 0.39:0.01
and 0.33:002, and 0.32:001 and 1.12:002 mm s were observed from heat-treated
0ZCFV glass (Fig. 11 (B)(a)-(c)). Only one paramagnetic doublet attributed to
Fe''',vVV4013 was observed for heat-treated 15ZCFV glass (Fig. 11(B)(d)). These
results indicate that the crystallization behaviour is different in xZFV and yZCFV
glass samples. Heat treatment of xZFV glass caused precipitation of Fe,V40i3
phase, while that of 0ZCFV resulted in the precipitation of FeVO4 as confirmed
from the corresponding XRD patterns. The o values of Fe;V40i13 and FeVOs
phases were respectively reported to be 102 S cm™[43] and 4.7+10° S cm™[14].
Therefore, the precipitation of these crystalline phases doesn’t significantly
contribute to the increase of electrical conductivity of xZFV and yZCFV after heat
treatment. On the other hand, increases in Tq and T were confirmed from the
DTA measurements of analogous vanadate glasses of xNa2O¢(90-x)V20s¢10P20s
and xNa2O (89-x)V20s¢10P20sFe,03[17]. Therefore, the thermal stability of
xZFV and yZCFV is increased by the introduction of Fe;0s.
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Using equation (4) and by plotting and (F(R)hv)*" as a function of photon
energy hv (Tauc plot), optical bandgaps for indirect and direct transitions could be
estimated for before and after heat-treated 20ZFV and O0ZCFV glasses,
respectively. It was seen that the best fitting occurs for n = 1/2, indicating a
direct allowed transition. Due to the defective structure of glass amorphous, the
Tauc plot of 20ZFV and 0ZCFV glasses before and after heat treatment didn’t
show clear baselines likely to be observed in the flat baseline of V.Os. In order
to evaluate more precisely, the Egs’ of the studied samples are decided at the
tangential point of baseline and reflective line [44, 45]. Tauc plots of data from
samples 20ZFV and 0ZCFV before and after heat treatment are shown in Fig.12.
The Eq4 values of 4.02 and 3.88 eV were respectively estimated for 20ZFV and
0CZFV, while the smaller Eg s’ of 2.30 and 2.27 eV were obtained for the
corresponding heat-treated samples. o of 0ZCFV glass increased from 3.7x10®
to 6.7x10t S cm? after the heat treatment (See Fig. 4 (A)), which corresponds to
the decrease in Eq from 3.88 to 2.27 eV. The Eq of V205 is estimated to be 2.35
eV, and the o was reported to be 6.5¢10° S cm™ [46, 47]. These results show
that the decrease in Eg due to heat-treatment of 0ZCFV glass causes an increase of
o due to the precipitation of conductive B-vanadium bronze. Although Eq4
decreased from 4.02 to 2.30 eV, 20ZFV glass showed the smaller increase in
o from 1.6x10° to 1.8x102 S cm™ after heat treatment because the conductive
crystalline phase of Vo.03Zro9702 is contained in the original sample (See Fig.
5(c)). Similar decreases in bandgap energy were reported for heat-treated
20Ba0+70V20s°Fe 03 glass partially substituted for metal oxides such as MnOg,
Cu20 and SnO2[48].

In Fig. 13, the charge-discharge capacity of 20ZFV glass-ceramics and 0ZCFV
glass before and after the heat treatment are indicated. Before the heat treatment,
discharge capacities of 118 mAhsgin 20ZFV glass (Fig. 13 (A)-(a)) and 95 mAh
gt in 0ZCFV(Fig. 13 (A)-(b)) were recorded after 5 cyclings, whereas the larger
discharge capacity of 153 mAheg™ in 20ZFV(Fig. 13 (B)-(b)) and 137 mAheg in
0ZCFV glass (Fig. 13 (B)-(b) were observed in heat-treated samples. The larger
capacities observed in heat-treated 20ZFV and 0CZFV samples will be involved
with the higher electrical conductivity of 1.8x102 and 6.7x10? Scm?,
respectively (See Figs. 3 and 4). In Fig. 14, charge and discharge profiles are
plotted after 30 cyclings using 20ZVF and 0ZCFV glasses before and after the
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heat treatment. The largest discharge capacities of 153 mAh g were recorded
for 20ZFV after the heat treatment (Fig. 14(A) blue solid triangles). However,
after 30-time cycles, the capacity decreased to 69 mAheg?. As for 0ZCFV glass
before the heat treatment, the smaller capacity of 89 mAheg™ was estimated after
5th cycling(Fig.14(B) red open triangles), which decreased to 56 mAheg?
eventually. On the contrary, the heat-treated 0ZCFV glass showed a larger
capacity of 137 mAh+g?, ending up with 80 mAheg? after 30 times cycling. In
our previous research, the discharge capacity of SIB containing
25Na20+65V20510P.0s glass before and after heat treatment at 450 °C for 100
min resulted in larger capacities of 184 and 173 mAhe.g?, respectively [17].
Discharge capacities of 153 mAheg™ recorded for heat-treated 20ZFV glass
containing SIB showed comparable performance, although the test was carried out
under the larger current density of 50 mAg™ (=2.0 mA cm). Heat treatment of
20ZFV samples resulted in a slight increase of o from 1.6x107 to 1.8x102 S cm™*
due to the stable Wx 0.15 eV accompanying reduction of crystalline phase from
V0.03ZN0.9702 t0 V0.05Zr0.9502. On the other hand, 0ZCFV samples increased o
from 3.7°10° t0 6.7-10" S cm™ due to a decrease in Wy 0.14 to 0.09 eV because of
the precipitation of B-Cao.17V20s caused by heat treatment. It is recognized that
a higher capacity of SIB was achieved by the heat-treated 20ZFV (= 153 mAheg™)
and that of 0CZFV (= 137 mAheg?). In addition, T and T. values of 20ZFV (T:
250 °C, T¢: 350°C) and 0ZCFV (Tg4: 284 °C, T¢: 387°C) are higher than those of
25Na;0+65V205210P20s5 glass (Tg: 221 °C, Tc: 254 °C) [17]. Based on the
above-mentioned comparison, the reason for maintaining the high capacity of
20ZFV glass containing SIB is that 20ZFV glass before and after the heat-treated
samples have higher electrical conductivity and structural stability than those of
Na20-V20s-P.0s glass systems. In Table 3, a comparison of vanadates in terms
of cathode active performance in SIB is indicated. Unfortunately, previous
reports for cathode performances of calcia- and zirconia-vanadates are not
available. By comparing the SIB cathode active performance in this study with
other analogous sodium vanadates, the achieved capacities in this study by heat-
treated 20ZFV and 0ZCFV glasses of 153 and 137 mAheg™ are comparable or
larger than that previously reported sodium vanadium bronzes of Naz46VeO16 [51]
and Na11V3079[52]. This may be due to the high electrical conductivity of heat-
treated 20ZFV and 0ZCFV. Based on the above results, we conclude that the
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vanadate glass-ceramics containing Zr** or Ca®* could be good candidates for the

cathode active material of SIB with high capacity and stability.

4. Summary

A relationship between the electrical conductivity, the cathode performance of
SIB, and the local structure of xZFV and yZCFV glass and glass-ceramics
prepared by heat treatment at 500 °C for 100 min were investigated. Before
isothermal heat treatment, a gradual increase in electrical conductivity (o) from
6.3x10° to 2.9x10*, 1.6x103and 2.9x10° S cm™ were observed in xZFV glass
with x* of 0, 10, 20 and 30, respectively. After heat treatment at 500 °C for 100
min of 0ZCFV glass to form a glass-ceramics, a drastic increase in o from 3.7x10°
®t0 6.7x10" S cm™ was observed, whereas o of sample 20ZFV showed a smaller
increase from 1.6x10° to 1.8x102S cm™. V-K edge XANES spectra of xZFV
glass showed little change in normalized pre-edge peak intensity as ZrO, content
was increased, indicating little change in either oxidation state and / or local
symmetry (coordination). Moreover, after heat treatment, the normalized V-K
pre-edge peak intensity did not change between before and after heat treatment in
20ZFV samples. By combining the results of XRD pattern and electrical
conductivity, B-vanadium bronzes precipitated in the heat-treated 0ZCFV played
an essential role in the drastic increase in . The highest SIB performance with
the discharge capacity of 153 mAh+g™ at the top was recorded for the heat-treated
20ZFV glass under the current density of 50 mA g*. We can conclude that the
precipitation of stable vanadium bronzes in the studied system is important for

achieving the high capacity of SIB.

Acknowledgment

One of the authors (SK) expresses his gratitude for the financial support by Grant-
in-Aid for Scientific Research (B) (KAKENHI, No. 15H03882) and cooperative
research program of "Network Joint Research Center for Materials and Devices:
Dynamic Alliance for Open Innovation Bridging Human, Environment and
Materials" (Nos. 20201316, 20193025 and 20183034). Furthermore, KM is
grateful to the International Conference Dispatch Program for Students and the

15



© 00 N o O

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Program for Enhancing Systematic Education in the Graduate Schools of Tokyo

Metropolitan University.

References

[1] N. Yabuuchi, K. Kubota, M. Dahbi and S. Komaba, Research Development on
Sodium-lon Batteries, Chem. Rev. 114 (2014) 11636-11682.

[2] M. D. Slater, D. Kim, E. Lee, and C. S. Johnson, Sodium-lon Batteries, Adv.
Funct. Mater. 23 (8) (2013) 947-958.

[3] M.-S. Balogun, Y. Luo, W. Qiu, P. Liu, Y. Tong, A review of carbon materials
and their composites with alloy metals for sodium ion battery anodes, Carbon
98 (2016) 162-178.

[4] G. Yasin, M. Arif, T. Mehtab, M. Shakeel, M. A. Mushtag, A. Kumar, T. A.
Nguyen, Y. Slimani, M. T. Nazir, H. Song, A novel strategy for the synthesis
of hard carbon spheres encapsulated with graphene networks as a low-cost and
large-scalable anode material for fast sodium strage with an ultralong cycle
life, Inorg. Chem. Front. 7 (2020) 402—410.

[5] G. Yasin, S. Ibrahim, S. Ibraheem, S. Ali, R. Igbal, A. Kumar, M. Tabish, Y.
Slimani, T. A. Nguyen, H. Xu, W. Zhao, Defective/graphic synergy in a
heteroatom-interlinked-triggered metal-free electrocatalyst high-performance
rechargeable zinc-air batteries, J. Mater. Chem. A 9 (2021) 1822218230

[6] S. Nakata, T. Togashi, T. Honma, Cathode properties of sodium iron
phosphate glass for sodium ion batteries, J. Non-Cryst. Solids 450 (2016) 109-
115.

[7] S. Kajiyama, J. Kikkawa, J. Hoshino, M. Okubo, E. Hosono, Assembly of
NazV2(PO4)3 Nanoparticles Confined in a One-Dimensional Carbon Sheath
for Enhanced Sodium-lon Cathode Properties, Chemistry-A European Journal
20(39) (2014) 12636-12640.

[8] E. Uchaker, Y. Z. Zheng, S. Li, S. L. Candelaria, S. Hu and G. Z. Cao, Better
than crystalline: amorphous vanadium oxide for sodium-ion batteries, J.
Mater. Chem. A 2 (2014) 18208-18214.

[9] N.F. Mott, Electrons in disordered structures, Adv. Phys. 16 (1967) 49-144.

[10] M. Imada, A. Fujimori, Y. Tokura, Metal-insulator transitions, Rev. Mod.

Phys. 70(No.4) (1998) 1039-1263.

16



© 00 N oo o B~ W N P

W W W W N DN DN DN DN DD DNDDNDDNDDN P PP PP PP PP
w N PO © 00N OO Ol A WOWDN P O O 0N O O WOWDN P O

[11] T. Nishida, Japan patent Nos. 3854985 (2006) and 5164072 (2012).

[12] S. Kubuki, H. Sakka, K. Tsuge, Z. Homonnay, K. Sinkd, E. Kuzmann, H.
Yasumitsu, and T. Nishida, Crystallization and structural relaxation of xBaO*
(90-x)V20s- 10Fe.O3 glasses accompanying an enhancement of the electric
conductivity, J. Ceram. Soc. Jpn. 115 (2007) 776-779.

[13] S. Kubuki, K. Matsuda, K. Akiyama, T. Nishida, >'Fe-Mdssbauer study of
electrically conductive alkaline iron vanadate glasses. J. Radioanal. Nucl.
Chem. 299 (2014) 453-459.

[14] V. D. Nithya, R. K., Selvan, Synthesis, electrical and dielectric properties of
FeVVO4 nanoparticles, Physica B 406 (2011) 24-29.

[15] S. Kubuki, H. Masuda, K. Akiyama, Z. Homonnay, E. Kuzmann, T. Nishida,
Electrical conductivity and local structure of lithium tin iron vanadate glass,
Hyperfine Interact. 219 (2012) 141-145.

[16] H. Masuda, S. Kubuki, K. Akiyama, P. Zsabka, Z. Homonnay, E. Kuzmann,
T. Nishida, >'Fe- and *°Sn-Mdssbauer studies of electrically conductive new
vanadate glass, In: Proc. Spec. Res. Meet. “Science and Engineering of
Unstable Nuclei and Their Uses on Condensed Matter Physics” (2013) 25—
29.

[17] S. Kubuki, K. Osouda, A. S. Ali, I. Khan, B. Zhang, A. Kitajou, S. Okada, J.
Okabayashi, Z. Homonnay, E. Kuzmann, T. Nishida, L. Pavi¢, A. Santi¢, A.
Mogus-Milankovic, °’Fe-Mdssbauer and XAFS Studies of Conductive
Sodium Phospho-Vanadate Glass as a Cathode Active Material for Na-ion
Battery with Large Capacity, J. Non-Cryst. Solids 570 (2021) 120998.

[18] H. E. Kissinger, Reaction Kinetics in Differential Thermal Analysis. Anal.
Chem. 29 (1957) 1702-1706.

[19] A. Murphy, Bandgap determination from diffuse reflectance measurements
of semiconductor films, and application to photoelectrochemical water-
splitting, Sol. Energy Mater. Sol. Cells 91 (2007) 1326-1337.

[20] J. Tauc, R. Gigorovici, A. Vancu, Optical Properties and Electronic Structure
of Amorphous Germanium, Phys. Status Solidi B 15 (1966) 627-637.

[21] J. Luan, B. Pan, Y. Paz, Y. Li, X. Wu, Z. Zou, Structural, photophysical and
photocatalytic properties of new Bi>SbVO7 under visible light irradiation,
Phys. Chem. Chem. Phys. 11 (2009) 6289-6298.

17



© 00 N o o B~ WwDN e

W W W W W N DN N DN DD DN DN DNDDN P PP PP PP PP
A WON P O ©W 0N OO Ol A WODN P O O 00N OO O b W DN P O

[22] W. Tong, L. Li, W. Hu, T. Yan, G. Li, Systematic Control of Monoclinic
CdWO4 Nanophase for Optimum Photocatalytic Activity, J. Phys. Chem. C
114 (2010) 1512-1519.

[23] K. H. Sun, Fundamental Condition of Glass Formation. J. Am. Ceram. Soc.
30 (1947) 277-281.

[24] L. Smart, E. Moore, “Defects and non-stoichiometry” in Solid State
Chemistry -An introduction-, Chapman & Hall, London (1992) 97-162.

[25] S. Ishida, Y. Fujimura, K. Fujiyoshi, S. Kanaoka, Valences of Vanadium lon
in Vanadium-Containing Ceramic Stains, Yogyo-Kyokai-Shi 91 (1983) 546.

[26] F. J. Torres, J. M. Amigd, J. Alarcon, Rietveld Refinement of Tetragonal
V4*-Zr0O, Solid Solutions Obtained from Gels by X-ray Powder Diffraction.
J. Solid State Chem. 163 (2002) 33-36.

[27] F. J. Torres, J. M. Amigo, J. Alarcon, X-ray powder diffraction study of
monoclinic V**-ZrO; solid solutions obtained from gels, J. Solid State Chem.
173 (2003) 40-44.

[28] M. J. Sienko and J. B. Sohn, Electric, Magnetic, and Magnetic Resonance
Properties of the Nonstoichiometric Sodium-Vanadium Bronzes. J. Chem.
Phys. 44 (1966) 1369-1374.

[29] J. H. Perlstein and M. J. Sienko, Single-Crystal Studies of Electrical
Conductivity, Seebeck Effect, and Hall Voltage in Sodium Vanadium Bronze
and a Crystal-Field Model of Electron Transport, J. Chem. Phys. 48 (1968)
174-181.

[30] R. H. Wallis, N. Sol, A. Zylberstejn, Anisotropic conductivity of the
vanadium bronze Nap33V20s, Solid. State. Commun. 23 (1977) 539-54.

[31] V. K. Kapustkin, V. L. Volkov, A. A. Fotiev, Electrical conductivity in
single-crystals of vanadium oxide bronzes, J. Solid. State. Chem. 19 (1976)
359-363.

[32] J. B. Goodenough, Interpretation of MxV20s-3 and MxV>-,TyOs- phases. J.
Solid. State. Chem. 1 (1970) 349-358.

[33] J. Haemers, E. Baetens, J. Vennik, On the electrical conductivity of V20s
single crystals, Phys. Stat. Sol. a 20 (1973) 381-386.

[34] H. Hirashima, A. Sato, T. Yoshida, Electrical Conductivity of Crystallized
Glasses of the System Na.O-V20s-P.0s Containing Vanadium Bronze
Crystals. Yogyo-Kyokai-Shi 94 (1986) 875.

18



© 00 N o o B~ WwDN e

W W W W W N DN DN DN DD DD DD DD P PP PP P PR PR
A WO N P O © 0N OO Ol A WODN P O © 00N OO0 O B WO N —» O

[35] D. A. McKeown, I. S. Muller, K. S. Matlack, I. L. Pegg, X-ray absorption
studies of vanadium valence and local environment in borosilicate waste
glasses using vanadium sulfide, silicate, and oxide standards. J. Non-Cryst.
Solids 298 (2-3) (2002) 160-175.

[36] G. Giuli, E. Paris, J. Mungall, C. Romano, D. Dingwell, V oxidation state
and coordination number in silicate glasses by XAS, American Mineralogist
89 (2004) 1640-1646.

[37] P. Chaurand, J. Rose, V. Briois, M. Salome, O. Proux, V. Nassif, L. Olivi, J.
Susini, J. L. Hazemann, J. Y. Bottero, New Methodological Approach for the
Vanadium K-edge X-ray Absorption Near-Edge Structure Interpretation:
Application to the Speciation of Vanadium in Oxide Phases from Steel Slag,
J. Phys. Chem. B 111 (2007) 5101-5110.

[38] R. Héggblad, S. Hansen, L. R. Wallenberg, A. Andersson, Stability and
performance of cation vacant Fesx.yVxyOs spinel phase catalysts in
methanol oxidation. J. Catalysis 276 (2010) 24-37.

[39] T. Nishida, “Mdssbauer effect in inorganic glasses (Ch. 2)” in Mdssbauer
Spectroscopy of Sophisticated Oxides, Akadémiai Kiad6, Budapest (1996)
27-87.

[40] I. Furumoto, S. Kubuki, T. Nishida, Mdssbauer study of water-resistive
conductive vanadate glass, Radioisotopes 61 (2012) 463-468.

[41] S. Kubuki, K. Matsuda, K. Akiyama, Z. Homonnay, K. Sinko, E. Kuzmann,
T. Nishida, Enhancement of electrical conductivity and chemical durability of
20R20°10Fe203°xWOs3 +(70 — X)V20s glass (R = Na, K) caused by structural
relaxation, J. Non-Cryst. Solids 378 (2013) 227-233.

[42] A. Bruckner, G. U. Wolf, M. Meisel, R. Stésser, H. Mehner, F. Majunke, M.
Baerns, On the Nature of the Active Species in Cesium-Doped V.0s-Fe 03
Catalysts. J. Catalysis 154 (1995) 11-23.

[43] Si.-R. Li, N. Yesibolati, Y. Qiao, S.-Y. Ge, X.-Y. Feng, J-F Zhu, C.-H. Chen,
Electrostatic spray deposition of porus Fe>V4O13 films as electrodes for Li-
ion batteries, J. Alloys Compnd 520 (2012) 77-82.

[44] C. A. Vilca-Huayhua, K. J. Paz-Corrales, F. F. H. Aragon, M. C. Mathpal, L.
Villegas-Lelovsky, J. A. H. Coaquira, D. G. Pacheco-Salazar, Growth and
vacuum post-annealing effect on the structural, electrical and optical
properties of Sn-doped 1n.O3, Thin Solid Films 709 (2020) 138207.

19



© 00 N o o B~ WwDN e

W W W W N DN DN DD DN DD DN DD DNDDN P PP PP PP RP PP
w N PO © 0N OO 0ol A WODN P O O 0N o O W DN P O

[45] P. Makula, M. Pacia, W. Macyk, How to Correctly Determine the Band Gap
Energy of Modified Semiconductor Photocatalysts Based on UV-Vis
Spectra, J. Phys. Chem. Lett. 9 (2018) 6814-6817.

[46] C. Sanchez, R. Morineau, J. Livage, Electrical conductivity of amorphous
V05, Physica Status Solidi (a) 76(2) (1983) 661-666.

[47] M. Benmoussa, E. Ibnouelghazi, A. Bennouna, E. L. Ameziane, Structural,
electrical and optical properties of sputtered vanadium pentoxide thin films,
Thin Solid Films 265 (1995) 22-28.

[48] T. Nishida, Y. Fujita, S. Shiba, S. Matsuda, N. Yamaguchi, T. lzumi, S.
Kubuki, N. Oka, °"Fe Mdsshauer study of highly conductive vanadate glass,
J. Mater. Sci.: Mater. Electron. 30 (2019) 8847—8854.

[49] S. Bach, N. Baffier, J.P. Pereira-Ramos, R. Messina, Electrochemical sodium
intercalation in Nag33V20s bronze synthesized by a sol-gel process, Solid
state ionics 37 (1989) 41-49.

[50] H. Liu, H. Zhou, L. Chen, Z. Tang, W. Yang, Electrochemical insertion/
deinsertion of sodium on NaVeO1s nanorods as cathode material of
rechargeable sodium-based batteries Journal of Power Sources 196 (2011)
814-819.

[51] S. Hartung, N. Bucher, J. B. Franklin, A. M. Wise, L. Y. Lim, H.-Yi Chen, J.
Nelson, Weker, M.-E. Michel-Beyerle, M. F. Toney, M. Srinivasan,
Mechanism of Na* Insertion in Alkali Vanadates and Its Influence on Battery
Performance, Adv. Energy Mater. 6 (2016) 1502336-1502347.

[52] S. Yuan, Y.B. Liu, D. Xu, D.L. Ma, S. Wang, X.H. Yang, Z.Y. Cao, X.B.
Zhang, Pure Single-Crystalline Nay1V307.9 Nanobelts as Super Cathode
Materials for Rechargeable Sodium-lon Batteries, Adv. Sci. 2 (2015)
1400018-1400024.

[53] Y.F. Dong, S. Li, K.N. Zhao, C.H. Han, W. Chen, B. L. Wang, L. Wang, B.
A. Xu, Q. L. Wei, L. Zhang, X. Xu, L.Q. Mai, Hierarchical zigzag
Na1.25V30g nanowires with topotactically encoded superior performance for
sodium-ion battery cathodes, Energy Environ. Sci. 8 (2015) 1267-1275.

[54] Y. Cai, J. Zhou, G. Fang, A. Pan, S. Liang, Nao.2s2V20s: A high performance
cathode material for rechargeable lithium batteries and sodium batteries, J.
Power Sources, 328 (2016) 241-249.

20


https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Hartung%2C+Steffen
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Bucher%2C+Nicolas
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Franklin%2C+Joseph+B
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Wise%2C+Anna+M
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Lim%2C+Linda+Y
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Chen%2C+Han-Yi
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Weker%2C+Johanna+Nelson
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Weker%2C+Johanna+Nelson
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Michel-Beyerle%2C+Maria-E
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Toney%2C+Michael+F
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Srinivasan%2C+Madhavi

