" g $ % & 0+ - - %
L (012( 345 % 6 % 7!
- 2)8'8+7 7*9)2:%9):7 <, (=0

> % -? -@ 3
A BB% 7 B2)72222B$ 72C)2CD BB% 7 B2)72222B$ 72C)2CE

F 6 3 %3 %%
BB 7 77 B%B B92*82B

A6 - %6 % '+
A6 -G 7 - H % .
% - % 6 % '+ %B - 3 7,
% % % -% . % % 6 % -
. % . %- % .. 5
3 6 % % % .
% 6 3 - %B A % 7F
% -3-7" % - -
. % 3 . . - %7 F . -
6 BB 7 778B 7
F % -%1 . 5 % 6 . %
% 6 % 3 7F % %B
% 6 . 6 G 3 '
- %7+

e Northumbria 5

University
NEWCASTLE w

(1 =13

O]

8 UniversityLibrary


http://nrl.northumbria.ac.uk/policies.html

'.) Check for updates

Synthesis, Crystal Structure, and Characterization of Ma\.O..: A Low firing Dielectric Vanadate

Chunchun L} #, Yingzhi Mend, Hongping Hod,, Amei Zhand, JibranKhalig?, Na Liad', Caixia

Fut, Laijun Liu?, Hongliang D4

Ipt

'College of Engineering, Xi'aimternational SQLYHUV LW\ ;LT1DQ &KLQ

2 Guangxi University key laboratory of nderrous metal oxide electronic functional materials and
devices, College of Material Sciermed Engineering, Guilin University of Technology, Guilin,
541004, China

*Department of Mechanical and Construction Engineering, Faculty of Engineering and Environment,
Northumbria University at Newcastle, NE1 8ST, UK

Abstract

In this work,cyclotetravanadate N&rV4O12 was synthesized at a relatively low sintering
temperature of ~ 50%C using a soliestate reaction metho&-ray diffraction and
transmission electron microscope characterization fehtutetragonal structure thaes
built by a 3D frame of isolated tetracyclic {812)*. Dielectric measurementiemonstrated
strong dependence on frequency and temperature. A low relative permittivity 8 r 0.2
anda dielectriq(loss tang~ 0.4 r 0.01was achieved & frequency ofl0 kHz and room
temperatureacimpedance and conductivity analysis revealed a thermally activated
migration behavior of charge carriers witBlaortrangehopping feature. XPS analysis
validated the existence of oxygen vacancy and reduction in vanadium (fam V"),

which gaverise to charged lattice defects. The migration or hopping of such charged defects

Author Manuscr

" Authors to whom correspondence should be addreskednchun2003@126.cam

This is the author manuscript accepted for publication and has undergone full peer review but
has not been through the copyediting, typesetting, pagination and proofreading process, which
may lead to differences between thisersion and theVersion of Record Please cite this article
asdoi: 10.1111/jace.19019.

This article is protected by copyright. All rights reserved.

ArealD a|qealdde ayy Aq pausanob aie sajoie YO ‘asn Jo sajn. 1oy Areiqi] auluo As|im UO (SUORIPUOD-pUR-SWLIBY/WOD As|Im Areiqijauljuo//:sdiy) SUonpuoD pue swia | ayl 8as ‘[£202/20/60] uo Areiqi] auluo Asjim ‘Ausiaaiun euquinyuon Aq 5[06'['aae[/'[[r['OT/gop/moo'/(a|!M%qu|au!|u0'sa!me,|aa//:sduu woly papeojumoq ‘el ‘9T62TSST


https://doi.org/10.1111/jace.19019
https://doi.org/10.1111/jace.19019
mailto:lichunchun2003@126.com
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjace.19019&domain=pdf&date_stamp=2023-01-28

Accepted Article

was responsible for the observed electricahdviors Owing to thesimple composition,
inexpensivaaw materials, and low density (2.99 gRmalke Na,SrV4012 ceramic a
potential candidate for lightweight devicasdin photocatalytic degradation and

all-solid-stateion batteries

Keywords:Ceramics; Dielectric properties; Lei@mperature firing; ¥nadate

1. Introduction

Metal vanadateBave been widely applied as the matrix in fluorescence and laser
materials, and recently showed promising application potential in photocatalyst and
lithium-ion batteriesdue totheir low dielectric permittivity and low losk®. Comparedo
silicates, crystalline vanadates possess versatile structural chemistry stemming from the
various extension of vanadiuoxygen polyhedr&°. Depending on the manner of
polymerization, diverse structural configurations are formed in vanadates, including chains,
sheets, and thregimensional block&8%%. Among them, a rare cyclic structure
configuration, whictwas built by an isolated tetrgclic unit [V4O12], has been specialized.

Till now, such materials have been rarely repoded aremainly based on a general formula

M2M €XO3)s, €.9., NaSr(VOs)s, CaYx(GeQ)4" 4,

In our previous work, N&CaV4O1», as a representative cyclic compouvas
characterized in terms of solgdate preparation, phase transition, dielectric, and ionic
propertiesA phase transition was identifiedbased on various-Xay diffraction and

dielectric behaviorsTheionic conductivity of NaCaV4O1> wasobservedo be strongly
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correlated to the phase structutas reported that the coordination condition for
alkaline-earth metals in the cyclic M1 ¢XO3)4 varies from a square antiprism to a priém
151, Such crystal evolutiowas expected to induce various dielectric and conductivity

behaviors

which were effectively influenced by the polyhedral deformation, ithr@c radi and the
polarizability of central cations. Especially for the cycligNI¢XO3)4 structure, the dielectric
propertiesvere mainly influenced by the coordination condition for alkataeth metals.
Moreover, the ultrdow sintering temperature (500 °C) and lightweight make it of great
potential in the industrialization of ceramics from the perspective of megleciergy

consumption and costs.

Motived by the interesting structural and physical properties, it is worthwhile to exploit
novel dielectric materialsf this family. Considering the same valence and similar cation size
of SP* to Ca*, NaSrV4012 was fabricated in this work and the phase formation, crystal
structure, and dielectric properties were characterized in detaiibined ac impedance
spectrum and complex modulus plots were employed to unveil the electrical conduction

mechanism.

2. Experimental

Preparation of NaSrV 4012 ceramics: Ceramicpowderswere prepared by the
traditional solidstate reaction usingtoichiometric ratios daC0Os (99.9%),SrC0Os

(99.9%), and ¥Os (99.99%) as raw materials. Thewders were mixeldy ballmilling with
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alcohol as a grinding medium for 6 h. The calcination was conductetemperature range

of 100 * |IRU K WR VWXG\ WKH SKDVH IRUPDWmhikig $IWHU

for 6 h was carried ouhixedwith PVA (5 wt.% solutions) as bindefBhe mixedgranules
were pressed into pellets with a diameter of 10 mm and thicknes3 wim under a pressure

of 80 MPa. The pellets were sintered at 550 °C for 6 h in air.

Characterization: Phase formation was analyzed using differential thermal analysis
(DTA) and thermogravimetry (TGyith a PerkinElImer STA8000 from 25 to 600 ®hase
purity of the fabricated cerami@nd constituents of the calcined powders were identified by
;5" ;I3HUW 352 3%$1DO\W L MBOstrictiiskugrdraliz @dBroughSEM
(JSM6380, JaparandTEM (JEM-2100F, Japan). Dielectric properties were measured by a
precision impedance analyzer (Agilent 4294A, USKgr a broad frequency (400° Hz)
and temperature range (250°C). The temperaturevas controlled using handmade
furnace Beforedielectric measurements, silver electrodes were painted on both sides of the

sintered pellets.

3. Results and discussion

To confirm the chemical reacti@nd associated temperatuodNaSrV4012, thermal
analysis was carried oah the uncalcined stoichiometric mixtaré total mass loss of ~
15%was shown over the detectable temperature range from room temperaturé@((Bi0
13). The decomposition girecursorsarbonates (N&0z and SrCQ) releass carbon
dioxidewhich was responsible for the mass laglich is in accordance with thieeoretical
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calculation forCO; release fronthe raw material§14.3%). A sharp drop in mass at 493
was a result oichemical reaction to form thtargeted\NaSrV4O12 phase along with a brda
exothermic peak. Another broad endothermic peak with no massdesietected around

550°C, whichcouldbe related to the densification of the.NeV/4012 phase.

Fig. 1 showsXRD pattern ofthe NaSrV401, powderssynthesizedat a broad
temperature range (18D0°C). In the lower temperature range (1200 °C) the main
phases were STtGQPDF: 0050418) and NaV@(PDF: 0321997), which indicatthat such
low heating temperaturegere insufficient forthe chemical reaction a@lecomposition of
SrCQ.With increasing temperatusghe diffraction peaks from Na\ibeame intense,
which accourgdfor the reaction between NaOs and \.Os. This result corresponds to the
first DSC curve with no mass loss as shown in Fig.1a. On inogethgitemperaturén the
range of 30450 °C, S#V207 (PDF: 0721593) and NaV 24064 (PDF: 0191257) appeared
in addition to the NaV@phaseUpon increasinghe temperature to 500 °C, the XRD pattern
matchel well with the standard card of b#rV4O12 (PDF: 06052-1891) with no second
phase detected. This result indichtieat the objective N&rV4012 phase can be purified at

500 °C.

Rietveld refinement was utilized to confirm the phase purityrandalthe crystal
structure of NgSrV4O12. A tetragonbstructural model based on P4/nbm was established. As
shown in Fig. 2aagood fit between the calculated and observed profiles results in reliable
factors Rwp = 6.87%,Rp = 4.46%, and? = 2.13 as shown in Table)1The crystal structure

of NaSrV4012 couldbe described as a 3D frame of isolated cycligQi¥)* whichis built of
This article is protected by copyright. All rights reserved.
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four cornershared (VQ) tetrahedra (in the inset of Fig. 2a). Thesagered ceramic
exhibiteddense microstructure of closely packed grains with an average grain sieff
(Fig. 2b), which conforms to the high relative density (95.6%). Tdglslysis oNaSrV4012
ceramics with a 8] zone axis provid#valid evidence for the tetragonal structure, as
shown inthe diffraction pattern ifrig. 2(c). The lattice parameter-€0.276 nm along the

[ 1] direction is illustrated in Fig. 2(d).

To investigatethe dielectric properties of NarV4O:2 ceramics, variations in relative
permittivity ( #/ and dielectric loss tangent (t&were measured as a function of frequency
and tempeature. As shown in Fig. 3a, typical frequency dependamasalisplayed,
especially at the lovirequency range (as marked by the liphte shadow), which led to a
relatively smooth change over 10 kHz. Similar frequency dispevesralso observed in the
temperaturalependence dielectric behavior (Fig. 3b). These dielectric behaviors can be

explained bythe existence of some slow polarization dipoles, such as space charge

polarization, which disappear at high frequencies but could be triggered at high temperatures

[16.171 |n addition, the temperature curves (Fig. 8io) notshowany abnormatiielectric
peaks, whichindicatedno phase transitiotook placen the temperature rangested This is
different from the previously reported p&aVsO12 counterpart, exhibiting a dielectric
anomaly at 515€19. It should be noted that in the temperature range -@0®5°C, both
and tan@emairedessentially constanlemonstratinghermal stability A roomtemperature
relative permittivity /#~ 8 at 10 kHz along with a high dielectric loss (&n0.4)were

obtained
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To probe the origin of high dielectric loss, complex impedance spectroscopy was
employed over a broad frequency {80 Hz) and temperature (6483K) range. As shown
in Fig. 4ac, one electrical responses active in the measured frequency and temperature
region, whichwas featured by only one relaxation behavior inZref curves and one
semicircular arc in th& &Z curves. To further reveal the relaxation process, the imaginary
impedance was normalidefrom which the characteristic relaxation frequerigdquldbe
obtained. The temperature variation in thv@lue can be expressed by the Arrhenius
formul&t8-29;

f =f, exp( K_EaT ) 1)

B

Wherefo is the preexponential factorza represents relaxation activation enerigy refers to

the Boltzmann constant, afids kelvin temperature. Ashownin Fig. 4c, an apparent line
relationship between lfrand 171 existsand via linear fittingthe relaxatn activation energy

Ea (1.03 eV)was obtained According to the literature, it is speculated that the relaxation
process of N&srV4012 ceramic samples might be related to the migration of charge carriers

such a®xygen vacancie® 22

To gain annsight into the migration mechanism of the charge carriers, modulus
spectroscopy of N&rVs012 wascarried outo supplement the impedance analysis. Fig. 4d
shows the variation in the imaginary part of moduMs¥as a function of frequency at some
fixed temperatures. Like the impedangead( strong frequencgiependence vga

demonstrated, whiclas characterized by a lefwequency relatively smooth regi@mda
This article is protected by copyright. All rights reserved.
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rapid increase in the higinequency region. Such a variation reedin a series of relaxain
peaks vhich shiftedtowards the highetfrequency side witlanincrease in temperature. It is

well known that the modulus spectrum below the relaxation peak frequency is partly due to
the longrange distance of the carrier in the crystal, while the part above the relaxation peak
frequency is caused by shoange molity 3%, The relaxation of the modulus spectrum

can be expressed by the following Fourier transformation equation:

ad,

dt o )

o > éexp(wt)(

Where1 :PB is a time constant related to the frequency of changfeecdlternating electric

field and can be expressed as:

t exp tMm, 2 (3)

m

Here, 1 :P is the relaxation time of the conductivity(O< " 1) is a parameter indicating
the degree of deviation oélaxation from the ideal Debye relaxation. Otherwise, Bergman

proposed a simpler KWW formula as follows:

=l @) T E W W) (W) VSR @

Where / {8 .is the maximum value dheimaginary modulus{ 7! S, g4 is
corresponding to the frequency of thHel8 . The values obtained by fitting are shown in
Fig. 4eas a function of temperature. A continuous increasevaluewas observedavith
increasing temperature. This indicdtbat the number of carriers that contribute to the
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conductivity increases with temperature. Additionally, the separate peaks for the normalized

<08 and / A1/ 08, at 653 K, as illustrated iRig. 4f, indicate the migration of

O

charge caiers in the present N&rV.Oi2ceramics is shomangé¥.

The frequency dependenceaafconductivity (\4) at some selected temperatures is
shown in Fig. 5a. The ac conductivity is independent of frequency at&dquency range
(< 10* Hz), and strong frequency dependemes demonstrated when the frequency

exceeed10° Hz. According to the universal dielectric response aiheonductivity is fitted:
Y=y & )

Where the &y @is theac conductivity, &, gis thedcconductivity, &, is a constant,is the
frequency, and (0<s ” LV We&porehtial factor. By fitting, théc conductivity can be
obtained and is shown in Fig. 5b as a function of temperature. As the temperature riges, the
conductivity showdan upwardrend suggesting the semiconductor nature of3\8:O1>.
Additionally, the relationship between the fitted @bnductivity and the temperatusas

studied via the Arrhenius formula:
4/ ex I& 6
sV o €XP( KBT) (6)

where &, yis the dc conductivity; &, is the preexponential factor;' ¢ 5 4S the activation
energy ofdc conductivity. A linear correlatioexistedbetween Iré; sand 1T, resulting in a
slope of 0.822 eVHcon). This result further indicates that the electrical behavior of

NaSrV4012 is attributed to the thermally activatedarge carriers.
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XPS spectra on Na, Sr, V, and O elements oB8R&0:. areshownin Fig. 6. By fitting via

the Gaussian sdpeaks, the oxide state of Na and Sr was confirmed as +1 and +2, whereas
partial reduction of V" to V** was alsmbservedThe V 2p and V 2p,2 located at 516.8 eV
and 524.4 eV witla spirorbit splitting of 7.6 eMvere assigned to ¥. Whereas those

located at 516 eV and 522.5 @xére assignedo V**, which is consistent with the previous
report!’). For the Qls XPS spectrum, tH&29.7 eV peak correspoedto the oxygen ion, and
the peak at 531.3 eWas assignedo O ions near the oxygen vacancies, which verifies the
existence of oxygen vacancies. It has been establisheokigen lossvould occur during
sintering at elevatedrigperatures, generating oxygen vacan@fes$’. The ionization of

oxygen vacancies would release electrons, whichdde described based on the defect

equations:

Oo7 8&+120, (7)
& 7 Gte' (8)
& 7 G +e' 9)

Once the released electrons are captured by the neighbdtingdction to V* would

happen according to the equeti

V5*+ 1 g 4 (10)

This article is protected by copyright. All rights reserved.

10

AiealD aqeslidde ayy Aq pausanoh are sajole YO ‘8Sn Jo SajNnJ 1oy Areiqi auljuQ A3jIA\ UO (SUORIPUOD-pUB-SWIBY/WOD A3)Im"Arelqiauljuo//:sdiy) suompuoD pue swid] ay} 3as [£202/20/60] uo Areigi aunuo Asjim ‘Ansianiun euqunyuoN Ag 6TO6T @9€l/TTTT 0T/I0p/Wwo A3|Im Arelqijauljuo’ solwelady/:sdny woly papeojumod ‘el ‘9T62TSST



Accepted Article

XPS results validatkthe presence of charge carrie8 (ecand : £”;9. The shorrange
migration or hopping of such carriers gives rise to conductivity, which explairdsesved

electrical behaviors.

Conclusions

Singlephase Ng5rV4012 was successfully synthesized at relatively low temperatures (~
500°C) and the corresponding dense ceramics were fabricated 4 Bbth a relative
density of 95.6%. XRD and TEM confiedthat NaSrV4O1. crystallizes io a tetragonal
structure with a space gro®g/nbmand the crystal structumeas built bya 3D frame of
isolated tetracyclic (¥O12)*. Dielectric measurements featdialow relative permittivity A
~ 8 with a dielectric loss ta6- 0.4 at 10 kHz andtroom temperaturecimpedance and
conductivity analysis revealed a thermally activated migration behavior of charge carriers
with ashortrangehopping feature. XPS analysis validated the existeho&ymen vacancy
and reduction in vanadium (fronP¥to V*#*), which gave rise to charged lattice defects. The
migration or hopping of such charged defeeés responsible for the observed electrical
behaviorsThe ceramic could therefore have the potembiahpplications in photocatalytic

degradation andll-solid-stateion batteries
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Table 1Wyckoff positions, displacement parameters and refinement factors #8r\We:..
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Atoms Wyckoff X y z Occ. Biso.
positions
Sr 2b 0.2500 0.2500 0.2500 0.2500 0.151
02 16 n 0.1839 0.0529 0.2352 1.0000 1.242
01 16 n 0.6305 0.3695 0.1553 1.0000 0.482
Vv 8k 0.5353 0.2500 0.0000 0.2500 0.702
Na 4 f 0.0000 0.0000 0.5000 0.0625 0.500
Lattice
parameter
a= b =10.6345 c =4.9621
10.6345
Crystal Tetragonal
system
Space P4/nbm
group
Ro/Rwy/ £ Rwp = Ro=4.46% F£=2.13
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Fig. 1 aThermal analysis of the mixed raw materials of®t&1012 before calcinationb
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XRD patterns of N£5rV4O12 ceramics sintered at various temperatures-%20°C).
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Fig. 2 aA representative Rietveld refinement plots for the cracke®NaO. powders
sintered at 550C/4h (rystalstructure showing the coordination polyhedra &f,9¥a’, and
V>*is shown in the insetl)y SEM image on the surface of the ceramic sintered atGBM
with the grain size distributiort;selected area electron diffraction patterns witt$#] zone

axis;d HRTEM image of the N&5rV4O1..

Fig. 3Frequencyd, in a range of 110" Hz) and temperature (b, in a range of48H°C)

dependence of dielectric properties.
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Fig. 4 aComplex impednce plots at various temperatures (883 K); b the frequency
dependence of the normalized imaginary part of impedah@sa( the same temperature
range;c the Arrhenius plot for the relaxation frequency as shown in Figd #e frequency
dependence of the imaginary part of moduMs¥at various temperatures (6433 K); e
the degree of deviation from the ideal Debye relaxati§rag a function of temperaturfethe

normalized <1<fd . and / ff/ 18, at 653 K.

Fig. 5 athe frequency dependence of ac conductivity at various temperatures3®43; b

the Arrhenius plot for the conductivity.
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Fig. 6 ad XPS curves for Na, Sr, V, and O elements.
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