Electronic Supplementary Material (ESI) for Journal of Materials Chemistry A.
This journal is © The Royal Society of Chemistry 2017

Supplementary information

Optimisation of oxide-ion conductivity in acceptor-doped Na, sBiysTiO; perovskite:

approaching the limit?

F. Yang,»* M. Li,’ L. Li,2 P.Wu,? E. Pradal-Velazquez? and D. C. Sinclair®*

2 Department of Materials Science and Engineering, University of Sheffield, Sheffield S1 3JD,
United Kingdom.

b Department of Mechanical, Materials and Manufacturing Engineering, University of

Nottingham, Nottingham NG7 2RD, United Kingdom.

* Author to whom correspondence should be addressed.

Email: fan.yang@sheffield.ac.uk; d.c.sinclair@sheffield.ac.uk

Methods

The powders were prepared by a solid state reaction method using oxides and carbonates:
Bi,03 (99.9%, Acros Organics, USA), TiO, (99.9%, Sigma Aldrich, UK), Na,CO; (99.5%,
Fisher Chemical, UK), K,COj3 (99.0%, Fisher, UK), CaCO; (99.0%, Sigma Aldrich, UK),
SrCOj3 (99.9%, Sigma Aldrich, UK), BaCOj; (99.0%, Sigma Aldrich, UK), MgO (99.9%, Alfa
Aesar, UK), Sc,05 (99.99%, Stanford Materials, USA), Al,O; (99.95%, Alfa Aesar, UK),
Ga,05 (99.9%, Sigma Aldrich, UK), ZnO (99.9%, Fluka, UK). Prior to weighing, the raw
powders were dried overnight at 180 °C (K,COj3, CaCO;, SrCO; and BaCOs), 300 °C (Na,CO3
and Bi,03), 600 °C (ZnO and Ga,05) and 900 °C (MgO, Sc,0;, Al,05 and Ti0O,), respectively.
Appropriate amounts of each precursor were weighed and mixed thoroughly in iso-propanol
using yttria-stabilised zirconia grinding media for 6 hours. The mixture was dried overnight at
85 °C, sieved and then calcined at 800 °C for 2 hours. The resultant powders were subjected to
a second round of ball milling, drying, sieving and calcination and subsequently to a final, third

round of ball milling and sieving. The products were compacted into pellets by uni-axial cold
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pressing followed by isostatic pressing at 200 MPa. Pellets were embedded in sacrificial
powder of the same composition and sintered at 950-1150 °C for 2 hours.

Ceramic density was measured by the Archimedes’ method. Phase purity was examined
by X-ray diffraction on crushed pellets using a high resolution STOE STADI-P diffractometer
(STOE & Cie GmbH, Darmstadt, Germany) operating with CuKo,; radiation with a linear
position-sensitive detector. Ceramic microstructures were observed by scanning electron
microscopy (JEOL JSM-6010LA, JEOL Ltd., Tokyo, Japan; Philips XL30) on thermally
etched surfaces. Compositions were obtained by energy dispersive X-ray spectroscopy (EDX)
on polished samples (without thermal etching). High temperature neutron diffraction on
crushed pellets was carried out on GEM at the Rutherford Appleton Laboratory, UK.

Electrical properties were measured by high temperature impedance spectroscopy using
an Agilent E4980A impedance analyser (Agilent Technologies Inc., Palo-Alto, CA) or a
Solartron 1260 system (Solartron Analytical, UK) using Au paste (fired at 800 °C for 2 h) or
Pt paste (fired at 900 °C for 2 h) as electrodes. For selected samples, impedance measurements
were carried out in flowing air, nitrogen and oxygen. To probe possible proton conduction, wet
atmosphere was generated across ceramics with electrodes in a sealed impedance rig by
flowing compressed air through a water bubbler which was kept in a 70 °C water bath.
Equivalent circuit fitting was performed using Zview software (Scribner Associates, Inc.,
Southern Pines, NC). Oxygen-ion transport number measurements were performed using a
Probostat system (NorECs Norwegian Electro Ceramics AS, Oslo, Norway) from 600 to 800
°C. During measurements, a pellet was sealed onto a YSZ tube using a commercial glass frit.
An oxygen partial pressure (pO,) difference was created across the ceramic by flowing N, into
the YSZ tube and leaving the outside of the ceramic in air. The pO, difference was monitored
by measuring the voltage across the inner and outer electrodes on the YSZ tube. The voltage

was measured using a Keithley 182 sensitive digital voltmeter.



Doping mechanism

There are two possible compensation mechanisms for acceptor doping in NBT: electronic
compensation to create holes or ionic compensation to create oxygen vacancies. Table S1
shows that with acceptor doping, the bulk conductivity, o, is enhanced and the oxide-ion
transport number, t;,,, also increases to be close to unity. Furthermore, the '30 tracer diffusion
coefficient, D*, increases by ~2 orders of magnitude, from 2.64 x 101 ¢cm? s! for undoped
NB 49T to 1.17 x 108 cm? s7! for Mg-doped NB 49T. These results prove that acceptor doping
in NBT is by an ionic compensation mechanism to create additional oxygen vacancies.
Acceptor doping can enhance the oxide-ion conduction in NBT without introducing any

significant electronic contribution to the conductivity.

Table S1. Bulk conductivity (o), oxide-ion transport number (t,,) and tracer diffusion

coefficient (D*) of undoped, 2%Mg-doped and 2%Sr-doped NBg 49T.

op/ S cm’! tion D*/ cm? 5!
150 °C 300 °C 500 °C 600°C 700 °C 632 °C
NBg49T [1] 2.08x107 1.19x10* 1.42x103 0.93 0.92 2.64 x 10710
2%Mg-doped NBo 4T [1]  7.62 x 107  2.57 x 10*  4.06 x 1073 0.98 0.95 1.17 x 108
2%Sr-doped NB 49T 1.44 x10° 481 x10* 5.13 x 103 0.96 0.94 -




Nominal composition, 6, and activation energy (E,)

Table S2. Nominal composition, o, at selected temperatures and E, of acceptor-doped NBT.

Values for undoped NBT are listed for comparison.

Site Dopant Doping level Nominal composition ap /S em-l Ea/eV
% 200 *C 400 °C = =330°C
Bi occupancy 300
“C
undoped NagsBipsTiO: 769 %107 154=10% 0386 0.45
NagsBio4eTiO2s85 204= 10 580=10*% 0489 042
NaysBip4sTiOze7 104=10%F  166=107F 003 037
Asite Na® 1 Nans(BipseNap o) TiO2.00 740 = 109 0.33
2 Nag s(Big4sNan o) T1028 855 x 108 0.86
K~ 2 Nag s(Bio4sKo02)Ti0z.08 869 x 10 092
Ca?* 2 Nans(BipsaCagnz) TiO2.00 121x10°  161=10° 084 0.36
Sr2+ 2 Naos(BinagSronz) T10m 00 127x10%  163=10° 084 0.37
Ba* 2 Nag s(Bio4sBaoz) TiO2e0 226 %10 246 x 10 0485 0.42
Stoichiometric MgZ* 1 NagsBios(TioeeMgoo)Ozee 361%x10% 907x10* 089 043
Sci 2 Nao sBin s(TinosSco02)0z 0ss 203 =108 316= 10+ Q.80 043
B-site 3 Nag sBios(TioerSco.0:)02.085 276= 10 T726=10*% 089 032
Ga™ 1 NansBios(T00Ganen)Oz005 403x109% 798=10% 086 0.46
3 NagsBins(Tine7Ganes)Ozess 218x 106 504 x10% 090 053
Ca* 2 Nag s(Bip47Can.0z)TiO2073 141 x10% 231 =10° Q.88 0.48
4 Nags(BinssCanne) Til206s 1.80 x 10-% 2,02 x10° (.82 0.50
6 Nags(BinaaCanos)TiO20s5 167 =105  211=x10° 073 0.63
B Nags(Bins1Canns)Til2oas 867= 10 167=10¢ 082 0.68
Srt 2 Nag 3(Bip47510.02) Ti02.075 L71=10% 225 =10% Q.83 0.46
4 Nag s(Bio4s510.04) TiO2 063 1.69 x 105 281 = 10°* (.84 0.52
A-site 6 Nag s(Bio435r0.06) Ti02.055 1.67 =105 2.83x10% 081 0.56
B Nag s(Bio415r0.08) Ti02.045 1.10= 10  2.01=10% 083 0.62
Ba®* 1 Nans(BipssBago1)TiO20 812x10% 137x10° 0094 0.35
2 Nao s(BiparBanoz)T102075 166=10%F 147=102 089 041
3 Nag s(Bip4sBano:)TiOz07 205 x10% 225 x10°% Q.82 0.39
4 Nap 5(Bip.4sBanos) T102 oes 233 x 10 1.94 =10 (81 0.43
5 Nag s(Bip44Banos)TiOz06 181 =10 188=10° 0.74 0.37
6 Nag s(Bio43Ba0as) Ti02.0s5 171 =10 1.80=10° 079 0.43
Bi-deficient Mg+ 1 NaosBipas(TigeeMgoo)0ze75 1.44 = 10F 184 =10% 078 0.48
2 Nag sBinas(TiossMgom) 0287 770x10%  138=10% 084 0.54
4 Nag sBioas(TinesMgons) 0205 497=10¢ 115=10¢ 088 0.46
5 NagsBioao(TioosMgoes)Oz0ss 472 x 10 1.10=10° 089 043
Zn®* 1 Nag sBioae(TineeZno o) Ooers 251 =10 513=10* 088 0.44
Sci 3 NagsBipasTioor5co.0:)0297 354=10% 781=10% 089 0.42
4 Nan sBinasTi0s65c0.04)02 065 404 =106 75010+ Q.85 0.54
5 Nag sBioasrTinesSco0s)O2.6 354=10%  815=10* 088 0.43
B-site AR 1 NansBioasTioeeAlpo1)Ozo7s 376=10% 020=x104% 080 043
3 NaosBioanT10e7Al 03) 0297 175=10¢ 608x10* 0095 047
5 Nag sBiossTinesAly.os)On 065 148 =x10¢ 438=10* 083 045
Ga* 1 Nag sBioasrTineeGanm)Oze7s 403=10¢ 972=10*% 0489 042
3 Nag sBigasTioorGagm)O207 164=10% 583 =104 0.00 0.49
5 052 x107 435=10% 094 048

NansBipas T100:Gapns) 02085




Low solution limit of acceptor dopants in NBT

The solid solution limit of acceptor dopants in NBT is low. Figure S1 shows examples of
the presence of secondary phases in 2% Sr-doped and 2% Mg-doped NB 49T under SEM. EDX
analysis indicates the secondary phase for Sr-doped NBg 49T is a Na,Ti-rich compound, and in

Mg-doped NBy 49T it is MgTiOs.

Na, Ti-rich
secondary

phase

(c)

Na (at.%) Bi (at.%) M (at.%) Ti (at.%)
2%Sr-doped NBg 40T  Main phase 25.6 (£0.3) 243 (=0.3) 1.1 (=0.3) 49.0 (+£0.3)
Secondary phase  30.6 (+4.1) 11.5 (+3.9) 0.5(+0.3) 574 (£0.7)
2%Mg-doped NBg ,cT Main phase 253 (£0.3) 25(=0.1) 0.6 (£0.2) 49.1 (£0.2)
Secondary phase 2(=1) 1 (1) 48 (= 1) 49(=1)

Figure S1. SEM images of polished surfaces (without thermal-etching) of (a) 2%Sr-doped
NBy 49T and (b) 2%Mg-doped NB 49T. Both show the presence of secondary phases. (c) EDX

analysis showing the composition of the main and secondary phases of the above two samples.



Change of Ea ~ 300 °C

Impedance spectra for a Sr-doped NBg 49T pellet measured in flowing oxygen, air and
nitrogen at 200 and 400 °C are shown in Figure S2. There is no change in the bulk conductivity
with pO,, indicating the absence of any significant electronic (or hole) conduction.
Measurements carried out in wet and dry atmospheres show there is no significant change to
the bulk conductivity (Figure S3a), indicating the absence of significant protonic conduction
in doped NBT samples at temperatures above~ 150 °C. Measurements were also carried out
during heating and cooling. o, values are similar on both heating and cooling (Figure S3b). The
absence of any hysteresis for 6, on heating and cooling gives further evidence that there is no
significant protonic conduction as protons (water) would be driven off at higher temperatures
and not reabsorbed on cooling to the same extent. The possibility of a change in the charge

carrier species from oxygen ions to electrons, holes or protons can therefore be excluded.
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Figure S2. Complex impedance (Z*) plots of a 2%Sr-doped NB( 4T ceramic measured in

flowing N,, Air and O, using Pt as electrodes at (a) 200 °C and (b) 400 °C. The inset in each

figure is an expanded view of the bulk response.
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Figure S3. (a) Z* plots for a 2%Sr-doped NBg 49T ceramic measured in dry and wet air. (b)
Bulk conductivity of a 2%Sr-doped NB(49T ceramic measured during heating and cooling

cycles.

Evidence for two-phase coexistence in NBT

Coexistence of rhombohedral (R) and tetragonal (T) phases in NBT between 250 to 400
°C has been reported previously [2, 3], and is confirmed by variable temperature neutron
diffraction data (Figure S4). At 200 °C, diffraction peaks can be indexed on the rhombohedral
polymorph (space group R3c). With increasing temperature, the (210) and (211) peaks
associated with the tetragonal polymorph (space group P4bm) emerge and increase in intensity.
The (113) peak associated with the rhombohedral polymorph gradually decreases but is still
detectable at 400 °C. R and T phase coexistence has also been confirmed by our previous high

temperature electron diffraction studies using TEM [4].
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Figure S4. Portion of the neutron diffraction patterns of NBg 49T from 200 to 400 °C showing

the co-existence of rhombohedral and tetragonal phases.

Conductivity decay at 500 °C: comparison with §-Bi,O; phases

The two best-known 06-Bi,0; phases, 20ESB and 8D4WSB, suffer from conductivity
degradation at 500 °C due to anion ordering. NBT materials show almost no degradation of o,
at this temperature. For example, oy, for 2%Sr-doped NBy 49T is initially lower than 20ESB and
8D4WSB and it is stable over time. After 50 h, it is higher by a factor of 3 than that of 20ESB
and 8D4WSB. Although the conductivity degradation of 6-Bi,O; can be alleviated by
increasing dopant concentration, considering the price and availability of rare-earth oxides such

as Dy,0s;, doped NBT is competitive as a more sustainable material.

Table S3. Time-dependence of 6, of 2%Sr-doped NBg 49T at 500 °C in comparison with 20ESB
and 8D4WSB. (Unit for 6;,: S cm™!)

Oh 10h 50h
2%Sr-doped NB 49T 5.13 x 103 5.13 x 103 5.13 x 103
20ESB [5] 1.48 x 10~ 2.51 x 1073 1.20 x 103
8D4WSB [6] 2.11 x 10 2.04 x 103 1.26 x 103
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