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ABSTRACT

This paper reports that Cu acceptor substitution at the Ti site has significant

effects on structure and electrical properties of Aurivillius-phase Bi4Ti3O12

polycrystalline ceramics. Phase purity, microstructure and defect chemistry of

Bi4Ti3-xCuxO12-x (BiT–100xCu, x = 0–0.12) are characterized by XRD, SEM, EDS

and EPR measurements. Neutron diffraction refinement indicates that BiT–8Cu

has an orthorhombic symmetry [space group: B2cb; lattice parameters:

a = 5.4116(1) Å, b = 32.833(1) Å, c = 5.4479(1) Å and V = 967.98(5) Å3]. Impe-

dance spectra of BiT–100xCu were measured under variable oxygen partial

pressure (pO2). Bi4Ti3O12 shows mixed electronic (hole) and ionic conduction

owing to the existence of oxygen vacancies (V��
O) arising from the loss of Bi2O3

during sintering. Interestingly, bulk conductivity in Cu-substituted Bi4Ti3O12

ceramics is predominately ionic due to the fact that there are considerably

additional oxygen vacancies introduced into the perovskite lattices. The opti-

mum composition of BiT–8Cu shows high ionic conductivity in the bulk with a

value of * 0.007 S/cm at 650 �C.

Introduction

Aurivillius-phase bismuth titanate (Bi4Ti3O12) is

thought be one of the most prospective lead-free

ferroelectric and piezoelectric materials with poten-

tial applicants in nonvolatile ferroelectric random-

access memories (NvFRAMs) and high-temperature

piezoelectric transducers owing to giant spontaneous

polarization Ps (* 50 lC/cm2) and high Curie point

Tc (* 673 �C) of it, respectively [1–7]. It is well

known that the main problem in the study of

Bi4Ti3O12 ceramics and films is the fact that oxygen

vacancies (V��
O) at the lattices are readily generated

owing to the evaporation of Bi2O3 during processing.

In the development of Bi4Ti3O12 materials, urgent

problems that must be solved are their relatively high

leakage current and high electrical conductivity that

interfere with the poling process [8]. In addition, the

oxygen vacancies existing at domain walls would

cause a ‘‘pinning’’ effect against the reversal of fer-

roelectric domains. These disadvantages lead to rel-

atively low remnant polarization (Pr & 7.5 lC/cm2)
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and low piezoelectric activity (d33 & 8 pC/N) for

Bi4Ti3O12 ceramics and films [6, 8–11]. It has been

demonstrated that such problems can be essentially

solved by lanthanoid cation isovalent substitution

and/or B-site substitution, because the V��
O concen-

tration ([V��
O]) in the perovskite layers decreases sig-

nificantly [1–4, 9–14].

Oxygen ionic conductor is one kind of important

functional materials with potential applications in the

field of solid oxide fuel cells (SOFCs), gas sensors,

batteries, catalysts, etc. [15–18]. In the last two dec-

ades, fluorite-type Bi2O3 and pseudo-perovskite Bi4-
V2O11 have attracted accumulated attention, because

their high-temperature phases have high ionic con-

ductivity [18–21]. Bi4V2O11 also belongs to the family

of Aurivillius compounds and consists of alternating

(Bi2O2)
2? layer and the oxygen-deficient perovskite

block with composition of (VO3.5h0.5)
2- (h stands for

an oxide-ion vacancy) [22]. It is demonstrated that

high oxide ionic conductivity in d-Bi2O3 and c-Bi4-
V2O11 is associated with both intrinsic oxygen-defi-

cient structures of them and high polarizability of

Bi3? with 6 s2 lone pair electrons [19, 20, 23]. In

addition, some significant researches focus on per-

ovskite-related oxide ionic conductors, e.g., Na0.5-
Bi0.5TiO3-based (NBT), LaMeO3-based (Me = Ga, Co

and Fe) and SrMeO3-based (Me = Si and Ge) mate-

rials [24–29]. It is suggested that remarkable ionic

conductivity in them is primarily related to the

induced extrinsic oxygen vacancies due to nonstoi-

chiometric compositions and/or acceptor

substitutions.

It is reported that Bi4Ti3O12 ceramics and signal

crystals both have mixed ionic- and p-type conduc-

tion [30, 31]. High level of lanthanoid cation substi-

tution by means of stabilizing the oxygen ions can

decrease effectively [V��
O] and hole concentration ([h�])

in the perovskite blocks, and consequently both

leakage current and electrical conductivity (r) of

Bi4Ti3O12 decrease significantly [2]. Also, the donor

substitution for Ti4? by higher valence cations (e.g.,

Ta5?, Nb5? or W6?) can effectively solve those

problems [32, 33]. Here, we report that Cu2? acceptor

substitution for the B-site Ti4? gives rise to high

oxygen ion conductivity for Bi4Ti3O12-based ceram-

ics. The optimal composition with a nominal formula

of Bi4Ti2.92Cu0.08O11.92 shows bulk ionic conductivity

of * 0.007 S cm-1 at 650 �C, which is close to that of

Na0.5Bi0.49Ti0.98Mg0.02O2.965 (* 0.01 S cm-1) [27].

This work not only clarifies the importance of V��
O in

the perovskite units on the electrical conductivity of

Bi4Ti3O12 but also highlights the negative influence of

defect dipoles on the migration of oxygen vacancies.

Experimental procedure

Cu-substituted Bi4Ti3O12 polycrystalline ceramics

were prepared by using a traditional solid-state

reaction process. For preparing nominal composi-

tions of Bi4Ti3-xCuxO12-x (x = 0, 0.04, 0.08 and 0.12,

abbreviated as BiT–100xCu), the appropriate

amounts of high-purity starting oxides [Bi2O3

(99.5%), TiO2 (99.8%), CuO (99.99%)] were ball milled

and then calcined in high-temperature furnace by

controlling temperature at 780–820 �C for 4 h. The

calcined powders were remilled in ethanol for 12 h.

Then, the products were dried, ground and cold

isostatically pressed into pellets at a pressure of

250 MPa. After that, the pressed pellets covered with

the same calcined powders were sintered at

1000–1100 �C for 2 h. The prepared BiT–100xCu

ceramics show a relative density of * 93.5–96.7%

(see Table 1).

For checking phase purity and calculating lattice

parameters, X-ray diffraction (XRD) data (X’Pert PRO

MPD, Philips, the Netherlands) of the prepared oxi-

des were collected in 2h range of 15�–100� with a step

size of about 0.02�, the entire run lasting for 60 min.

Crystal structure of selected BiT–10Cu was Rietveld

refined based on powder neutron diffraction data.

The data were collected from about 10 g sample on

the high-resolution powder diffractometer (CAEP,

Mianyang, China) at the wavelength of 1.8846 Å.

Cross-sectional scanning electron microscope (SEM)

images were performed by using a SEM instrument

(JSM 5610, JEOL, Japan) equipped with energy-dis-

persive X-ray spectroscopy (EDS). Electron param-

agnetic resonance (EPR) measurements were

performed on a high-sensitivity X-band (* 9.2 GHz)

EPR system (JES-FA200, JEOL, Japan) at 100 K.

Temperature dependences of dielectric permittivity

and dielectric loss were performed on a LCR meter

(4284A, Agilent, USA) at different frequencies (100,

1 k, 10 k, 100 k and 1 M Hz). The temperature ran-

ged from room temperature to 750 �C. Impedance

spectroscopy measurements under different atmo-

spheres were performed on an impedance analyzer

(20-30M Hz, Keysight, E4990A) or a Solartron 1260
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electrochemical workstation (0.1–5M Hz). Electrodes

for electrical property measurements were fabricated

with fired-on platinum (Pt) paste.

Results and discussion

Phase and structure

XRD patterns of BiT–0Cu, BiT–4Cu and BiT–8Cu are

displayed in Fig. 1a. For each composition, it can be

seen that all the diffraction peaks are in accordance

with those of the orthorhombic Bi4Ti3O12 (ICSD#01-

072-1019), implying that there is no evidence of any

impurity phase induced by lower level of Cu sub-

stitution. However, higher level of Cu substitution

leads to generation of impurity-phase CuBi2O4 at the

2h angle of * 28� in the XRD pattern of BiT–12Cu

(inset of Fig. 1a). In addition, BiT–12Cu ceramic

shows significant c-oriented grain growth (see

Fig. 1b). The intensity of (00 l) diffraction peaks of it

such as (006), (008) and (0014) is much higher than

that of the major (117) peak. However, the case is

adversely observed for the other compositions. Fig-

ure 2a–c demonstrates cross-sectional SEM images of

the polished BiT–4Cu, BiT–8Cu and BiT–12Cu

ceramics, respectively. The results reveal that there

are some amounts of impurity phases (dark) pre-

sented in BiT–8Cu and BiT–12Cu rather than in BiT–

4Cu. EDS analysis by line scanning indicates that

CuO is the main impurity phase (Fig. 2d). It is sug-

gested that the maximum x for Cu substitution at the

Ti site within solid solution limit is between 0.04 and

0.08.

Grain size of BiT–100xCu ceramics firstly decreases

and then increases as x value increases in BiT–100xCu

(Fig. 3). For BiT–12Cu, the ratio of length to thickness

of grains (L/t) is * 30–50, and the great majority of

grains are overlarge and laminated (Fig. 3d). It is

presumable that excess CuO acts as effective flux

agents functioning as lowering temperature for

ceramics’ sintering [34]. As a consequence, the lami-

nated grains stacking together lead to the fact that

BiT–12Cu ceramics are highly textured. Based on the

XRD data (see Fig. 1), the degree of orientation of

BiT–100xCu ceramics can be calculated by using the

Lotgering orientation factor (f) [35]. Value of BiT–

100xCu in the c-axis direction is * 74.4%, much

higher than that of the other compositions

(* 15.6–20.5%) (inset of Fig. 1b). Moreover, the main

phase composition of all ceramic samples was char-

acterized by point EDS analysis. After the cation

ratios being normalized to 100%, the results of BiT–

100xCu are listed in Table 1. For BiT–4Cu and BiT–

8Cu, the experimental percentage of Cu is close to the

theoretical one. This value of BiT–12Cu is * 0.98

at.%, much lower than the theoretical percentage

(* 1.71 at.%). In addition, the Bi percentage of all

compositions is * 56.69–56.81 at.%, which is lower

than the theoretical value of them (57.14 at.%) due to

the loss of Bi2O3 during processing. Lattice parame-

ters (a, b, c) of BiT–100xCu are calculated based on the

XRD data, as shown in Fig. 4a. It is clear that an

increase in x value in BiT–100xCu results in increase

in a and b but gradual decrease in c . In general, the

unit cell volume (V) increases as x value increases.

This is primarily due to the fact that the ionic radius

Table 1 Cation composition analysis in BiT–100xCu and relative density of them

Compositions Bi (at.%) Bi (at.%) Ti (at.%) Cu (at.%) Relative density (%)

BiT–0Cu Experimental 56.69 (± 0.38) 43.31 (± 0.39) – 95.8

Theoretical 57.14 42.86 –

BiT–4Cu Experimental 56.78 (± 41) 42.57 (± 32) 0.65 (± 43) 96.7

Theoretical 57.14 42.29 0.57

BiT–8Cu Experimental 56.72 (± 33) 42.36 (± 29) 0.92 (± 49) 96.1

Theoretical 57.14 41.72 1.14

BiT–12Cu Experimental 56.81 (± 43) 42.21 (± 42) 0.98 (± 52) 93.5

Theoretical 57.14 41.15 1.71

EDS measurements for the main phase were performed on ten randomly selected areas within grains. The mean value and standard

deviation were listed. The theoretical density was determined by using refined lattice parameters, and the experimental density was

measured by the Archimedes method
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of Cu2? is larger than that of Ti4? at the B site (Cu2?:

0.73 Å, Ti4?: 0.605 Å; 6 CN) [36].

Based on neutron powder diffraction data, Rietveld

refinement for BiT–8Cu was carried out by using the

GSAS program. The orthorhombic structure of Bi4-
Ti3O12 (space group Aba2; ICSD #87808) reported by

Hervoches et al. was adapted as an initial model,

where small parts of Ti atoms were replaced by Cu

atoms at the B site. The refined profile together with

the experiment one is displayed in Fig. 4b. For this

refinement, the agreement factors were Rwp = 3.94%,

Rp = 3.06% and Dwd = 1.739. Refining the Bi occu-

pancy reveals that value for the Bi1 site in the per-

ovskite layer is lower than that for the Bi2 site in the

(Bi2O2)
2? layer. This may be attributed to lower for-

mation energies of bismuth vacancy (VBi¢¢¢) and oxy-

gen vacancy (V��
O) in the (Bi2O2)

2? layer [37]. The

refined occupancy at the O1–O6 sites is about 0.986,

and the Cu occupancy at the Ti1 and Ti2 sites is about

0.007 and 0.032, respectively. As a consequence, BiT–

8Cu changes into Bi3.932Ti2.929Cu0.071O11.832, which is

close to the measured composition for the main phase

Figure 1 XRD (Cu Ka1)
patterns of BiT–100xCu.

a BiT–0Cu, BiT–4Cu and

BiT–8Cu; b BiT–12Cu. In a,

an inset shows an impurity

phase of CuBi2O4 at

2h = * 28� for BiT–12Cu. In
b, an inset shows degree of c-

axis orientation for BiT–

100xCu.
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Figure 2 Cross-sectional

SEM images (secondary

electron) of Cu-substituted

compositions, a BiT–4Cu,

b BiT–8Cu and c BiT–12Cu

(polished without thermal

etching). d EDS line scan of

the dotted frame in c. In b and

c, impurity phase of CuO

(dark) is marked as green

arrows in BiT–8Cu and BiT–

12Cu.

Figure 3 Cross-sectional

SEM images of BiT–100xCu

ceramics after polishing and

thermal etching, a x = 0,

b x = 0.04, c x = 0.08 and

d x = 0.012.
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by EDS analysis (Bi3.932Ti2.936Cu0.064O11.834). Crystal

structure of BiT–8Cu is illustrated in Fig. 4c based on

the refined structural parameters (see Table 2). One

can see that the (Ti,Cu)O6 octahedra are pro-

nouncedly distorted and tilted away from the c-axis.

This orthorhombic deformation is primarily attrib-

uted to the fact that in the ferroelectric of BiT–8Cu,

the lone pair of the Bi3? 6s2 electrons at the A site is

oriented along the polarization axis [38].

Dielectric permittivity and Dielectric loss

In Fig. 5a, temperature dependence of dielectric

permittivity (e0) at 100 k Hz reveals a high-and-sharp

dielectric permittivity peak between 600 and 700 �C
for BiT–100xCu, corresponding to the ferroelectric-to-

paraelectric phase transition. Pure BiT–0Cu shows a

Tc of * 670 �C, being consistent with that reported

by Yan et al. [6]. With the introduction of Cu substi-

tution, Tc of BiT–4Cu and BiT–8Cu decreased to

* 654 and * 661 �C, respectively. Shimakawa et al.

[39] and Sivakumar et al. [40] suggested that the

replacement of B-site cation by another one(s) with

larger size leads to the enhanced structural distortion

as well as the increased phase temperature for

Aurivillius-phase ferroelectrics. Distinctly, this is not

the case. The decreased Tc for BiT–4Cu and BiT–8Cu

is probably associated with an enhancement in

structure disordering because the increase in [V��
O]

resulted from Cu acceptor substitution [8]. Moreover,

these Cu-substituted compositions show significant

e0max (maximum e0 around Tc) of * 1837-3040, much

higher than that of BiT–0Cu (* 760) (inset of Fig. 5a).

However, Tc of BiT–12Cu increases abnormally,

Figure 4 a a, b and c as well as V of BiT–100xCu. b Neutron diffraction refinement for BiT–8Cu with an inset showing regionally

enlarged drawing. c Crystal structure of BiT–8Cu at room temperature.
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whereas e0max of it decreases dramatically with higher

x value in BiT–100xCu. Values of it are * 667 �C and

* 831, respectively, being close to those of BiT–0Cu.

Temperature dependence of dielectric loss (tand)
for BiT–100xCu is shown in Fig. 5b. BiT–4Cu and

BiT–8Cu both have much high dielectric loss. The

loss tangent (tan d) of BiT–8Cu is higher than 2.8

above * 550 �C and nearly goes up exponentially

with temperature above Tc, where conduction loss is

very significant. In contrast, the dielectric loss of the

c-oriented BiT–12Cu is lower, which should be

attributed to the fact that the electrical properties of

the layer-structured materials are dominated in the a–

b plane (normal to c-axis) [7, 30]. For each composi-

tion, there is a relaxation peak locating at 300–500 �C
in the T versus tand plot and more distinct relaxation

peak is clearly observed with decreasing frequency.

The results of BiT–8Cu as shown in the inset of

Fig. 5b reveal that this peak goes toward lower tem-

perature with decreasing frequency, implying that it

depends on the measured frequency. This character-

istic should be related to the relaxation of oxygen

vacancies in materials (mainly in the bulk), which is

the same as the results of Shulman et al. and Fous-

kova et al. [8, 41]. The activation energy for the

dielectric relaxation can be estimated with the

Arrhenius relationship of the relaxation time (s = 1/

2pf) versus the peak temperature (the relaxation peak

has the highest loss at this point):

s ¼ s0 exp
Ea

KT

� �
ð1Þ

Here, K and s0 are the Boltzmann constant and time

constant, respectively. This activation energy is

* 0.73 eV for the relaxation of V��
O at the low-tem-

perature segment (* 100–500 �C) (inset of Fig. 5b),

which is consistent with the results of LaGaO3 [42].

Impedance spectra and bulk conductivity

Complex impedance spectra (Z*) of BiT–100xCu at

500 �C are displayed in Fig. 6a–d. In Fig. 6a, BiT–0Cu

without Cu substitution shows three poorly resolved

arcs as well as a weak Warburg-like element at the

lowest frequencies. The leftmost arc at the high fre-

quency range should result from the grain (bulk)

response, whereas the one at the middle frequency

range should result from the grain-boundary

response. The rightmost arc at the left hand of the

small Warburg-like spike shows capacitance with a

value of * 5 9 10-6 F/cm, which is possibly ascri-

bed to the fact that an exchange of oxygen between

the O2 in the atmosphere and the O2- anions in the

ceramic samples occurs. The size of this arc should be

equivalent to the charge transfer resistance (Rct) [43].

Table 2 Neutron refinement

atom parameters for BiT–8Cu

at room temperature

Atom Site x y z Uiso Occupancy

Bi1 8 1.001 (1) 0.0662 (1) 0 0.0061 (6) 0.991 (3)

Bi2 8 0.019 (1) 0.2113 (1) 0.008 (1) 0.0072 (6) 0.975 (3)

Ti1 4 0 0.5 0.055 (2) 0.001 (2) 0.993 (4)

Cu1 4 0 0.5 0.055 (2) 0.001 (2) 0.007 (4)

Ti2 8 - 0.005 (2) 0.3704 (3) 0.053 (2) 0.002 (2) 0.968 (4)

Cu2 8 - 0.005 (2) 0.3704 (3) 0.053 (2) 0.002 (2) 0.032 (4)

O1 8 0.265 (1) 0.0062 (2) 0.319 (1) 0.020 (2) 0.986 (2)

O2 8 0.262 (1) 0.2489 (3) 0.260 (1) 0.003 (2) 0.986 (2)

O3 8 0.068 (1) 0.4395 (2) 0.092 (1) 0.011 (1) 0.986 (2)

O4 8 0.947 (1) 0.3195 (2) 0.055 (2) 0.003 (1) 0.986 (2)

O5 8 0.262 (2) 0.1108 (2) 0.279 (1) 0.018 (1) 0.986 (2)

O6 8 0.200 (1) 0.8749 (2) 0.211 (1) 0.013 (2) 0.986 (2)

Here, the Bi4Ti3O12 coordinates in space group Aba2 (ICSD #87808) were used as an initial model

(this structure was transformed from space group B2cb to Aba2 by rotating axes and coordinates

according to abc = b0c0a0). And the occupancy of oxygen at the O1–O6 sites is uniformly released

under the constraint of charge neutrality, i.e., [V��
O] = 1.5[VBi¢¢¢] ? [CuTi

00]

Lattice parameters: a = 5.4116(1) Å, b = 32.833(1) Å, c = 5.4479(1) Å, V = 967.98(5) Å3, Z = 4.

Reliability factors: Rwp = 3.94%, Rp = 3.06% and Dwd = 1.739. Space group: Aba2
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However, this response becomes rather weak and

associated Rct is rather low with Cu substitution

(Fig. 6b, c). In the complex Z* plots of BiT–4Cu and

BiT–8Cu, three main arcs correspond to three differ-

ent component effects, i.e., grain (bulk), grain

boundary and electrode–sample interface effects

which locate at the high, middle and low frequency

ranges, respectively. Simultaneously, there are three

relevant capacitance plateaus in the 500 �C capaci-

tance (C0) plots of them (Fig. 6f). Inspection from the

figures reveals that Cu substitution leads to the

decrease in the size of the bulk response arc and

consequently the arc associated with the grain

boundary response is relatively enlarged. Bulk

resistivity (Rb) of BiT–4Cu and BiT–8Cu is calculated

roughly to be * 0.8–1.2 kX cm, which is about a

tenth part of that of BiT–0Cu (* 9.8 kX cm). In con-

trast, BiT–12Cu shows a large arc with Rb of* 4.5 kX
cm at high frequencies due to high c-axis orientation,

and the RGB (grain boundary resistance) and Rct arcs

are poorly resolved at middle frequencies (Fig. 6d).

In Fig. 6a and d, the Rb arc is distorted because the

two conducting parts (ionic and electronic) together

contribute to the total grain conductivity of BiT–0Cu

and BiT–12Cu [31]. The impedance spectra of BiT–

100xCu at 500 �C were fitted with modified Randles

equivalent circuit I or II (Fig. 7). Circuit I was used to

fit the experimental data for BiT–0Cu and BiT–12Cu

but circuit II for the other two compositions. For each

composition, the calculated and experimental data

are nearly identical (see Fig. 6a–d). At higher tem-

perature up to 725 �C, the grain boundary response

disappears in the impedance spectra of BiT–0Cu and

BiT–8Cu (Fig. 6e). In this case, BiT–8Cu shows two

incomplete arcs associated with the bulk and elec-

trode responses due to the limit of the measurement

frequency. The Rct arc still appears on the plot of BiT–

0Cu, and the bulk response is the main component

(inset of Fig. 6e).

More generally, the electrical properties including

leakage current and conductivity of materials are

very susceptible to the defects (mainly oxygen

vacancies), which in turn are functions of the oxygen

partial pressure (pO2). Figure 8a and 8b displays the

impedance spectra of selected BiT–0Cu and BiT–8Cu

measured at 650 �C under different atmospheres (air,

N2 and O2), respectively. The low-frequency data of

them associated with the electrode–sample interface

effect both show a strong dependence on pO2. For

BiT–8Cu, the small arc under air and O2 changes into

an inclined spike under N2 owing to the limited ion

incorporation into a partially blocking electrode [44].

In addition, the bulk resistivity of BiT–8Cu nearly

remains unchanged as the atmosphere varies from

air/O2 to N2. Similar impedance data have been

reported for typical ionic conducting oxides [25, 27].

It is suggested that the bulk of BiT–8Cu is charac-

teristic of predominately ionic conduction. It is

widely accepted that a decrease in pO2 gives rise to

the fact that the hole conductivity (rhole) decreases

but the ionic conductivity (rion) remains unchanged

[45, 46]. Here, the total conductivity (rtotal) of BiT–

0Cu can be estimated with a relationship of rtotal-
= rion ? rhole [pO2 (atm)]1/6 [45]. In Fig. 8c, it is

observed that BiT–0Cu demonstrates ionic-and-hole

mixed conduction, because its bulk conductivity (rb)
decreases partially with decreasing pO2. In contrast,

rb of BiT–8Cu remains constant of * 0.007 S cm-1,

implying that the ionic conduction dominates the

Figure 5 Dielectric properties of BiT–100xCu at 100 k Hz.

a dielectric permittivity (e0) and extracted Tc and maximum e0

(at Tc) as an inset. b Dielectric loss (tand) with an inset showing

frequency-dependent loss peak for BiT–8Cu in the low-

temperature segment.
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bulk. But its grain boundary conductivity (rGB)

decreases dramatically, because the hole conductivity

is significant at the grain boundary range. It is spec-

ulated that this significant conductivity makes the

strongly inclined spike under N2 turn over the arc

under air/O2 (at lowest frequencies). Therefore, the

total conduction of the sample appears to be ionic

under N2, whereas it changes into a mixed electronic-

and-ionic conductor under air/O2.

Commonly, the electrodes are obeying an ion-

blocking condition but ‘‘reversible’’ for electrons. In

this scenario, ionic transference number (tion) can be

derived from the Warburg-like impedance in the Z0

versus Z00 plots, which is described in detail else-

where [47, 48]. As sketched in Fig. 8e, for nonblocked

carrier species (electronic), the sum resistivity

(Reon = RG
eon ? RGB

eon) in materials is equivalent to the

zero-frequency intersection of impedance data on the

Z0-axis. For total carrier species including ions and

electrons (holes), the sum resistivity in materials

(Rtot = RG
tot ? RGB

tot ) corresponds to the low-frequency

part intersection of grain-boundary semicircle on the

Z0-axis. In addition, impedance data can be trans-

formed into the admittance data, and the 650 �C Y0

versus Y00 plots of BiT–8Cu under different atmo-

spheres were drawn. Figure 8d intuitively shows the

ionic and electronic components of the total conduc-

tivity. Here, the interval of the Warburg element

projected on the real axis corresponds to the con-

ductivity of ionic species (rion) but the zero-frequency
intersection of admittance data on the Y’-axis is equal

to the conductivity of electronic species (recon) [49].

As a consequence, tion can be calculated with the

following equation:

Figure 6 a–d Complex Z* plots of BiT–100xCu at 500 �C, and
insets in a and b show regionally enlarged drawings. e Complex

Z* plots of BiT–0Cu (inset) and BiT–8Cu at 725 �C. f 500 �C C0

spectroscopic plots of BiT–100xCu, and an inset shows 725 �C C0

spectroscopic plots of BiT–0Cu and BiT–8Cu. In a–e, symbols are

the experimental data, whereas red lines are the calculated data.

J Mater Sci (2020) 55:5715–5729 5723



tion ¼
rion
rtot

¼ rion
rion þ recon

ð2Þ

where rtot is the total conductivity contributing from

both ionic and electronic species. Inspecting the fig-

ure, a relationship of rtot & rion indicates that tion is

nearly the unit with negligible electronic conductivity

under N2. However, tion decreases dramatically

under the oxide atmospheres due to the increased

hole conductivity. This value is estimated to be

* 0.34 and * 0.29 under air and O2, respectively.

Arrhenius rb plots of BiT–100xCu at 250–800 �C are

shown in Fig. 8f. It can be seen that rb of BiT–4Cu

and BiT–8Cu increases by Cu2? substitution for the B-

site Ti4?, being about ten times that of BiT–0Cu. This

improvement is primarily associated with the

increased [V��
O] at the lattices. However, rb of BiT–

12Cu with higher level of Cu substitution decreasesFigure 7 Modified Randles equivalent circuits were used to

calculate the impedance data of BiT–100xCu at 500 �C.

Figure 8 a–b Z* plots of BiT–0Cu and BiT–8Cu, c rb and rGB
of BiT–100xCu and d Y0 versus Y00 plots of BiT–8Cu at 650 �C,
under N2, air and O2. e Schematic impedance spectrum for mixed

conduction in the polycrystalline ceramic with ion-blocking

electrode. f Arrhenius rb plots for BiT–100xCu with an inset

showing variable Ea as x increases in BiT–100xCu. Here, the

grain, grain boundary and electrode components contributing to

the total resistivity or conductivity are abbreviated as ‘‘G,’’ ‘‘GB’’

and ‘‘ED,’’ respectively.
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abnormally. This is consistent with the change trend

in the dielectric loss (Fig. 5b). Takahashi et al. [45]

revealed that the conductivity of BiT–0Cu single

crystals along the perovskite slabs (i.e., along the a–

b plane) is * 2–3 orders of magnitude higher than

that in the c-axis direction. Therefore, the decreased

rb in BiT–12Cu seems to be associated with the c-

oriented grain growth of it. For each composition, the

plot of log rb versus 1000/T shows different linear

relationships below and above Tc. Consequently, the

activity energy (Ea) in the low-temperature (\Tc) and

high-temperature ([Tc) segments is different. Ea of

BiT–0Cu, BiT–4Cu and BiT–8Cu is * 0.58–0.64 eV

and * 0.4–0.44 eV below and above Tc, respectively.

In contrast, Ea of BiT–12Cu increases to * 0.77 eV

and * 0.61 eV, respectively. These higher values for

the c-oriented BiT–12Cu are primarily attributed to

the fact that the (Bi2O2)
2? layer acts as a barrier

against the charge transport. Also, that trapping of

charged carriers by CuTi
00 leads to higher Ea.

Commonly, high [V��
O] can facilitate the movement

of O2- or the migration of V��
O in the oxide materials.

In BiT–0Cu, the production of V��
O is primarily asso-

ciated with the loss of Bi2O3 during sintering, which

is associated with the following reaction:

2BiXBi þ 3Ox
O ¼ 2V000

Bi þ 3V��
O þ Bi2O3 ð3Þ

The resulting oxygen vacancies possibly exist at the

lattices of both perovskite and (Bi2O2)
2? layers. It is

likely that the migration of O2- would adopt an

appropriate pathway with the lowest barrier energy.

For Aurivillius-phase materials with layered per-

ovskite structure, this pathway involves a zigzag-

type mechanism of the O2- ion hopping from the

apical site to the adjacent equatorial one in the octa-

hedron [50]. Probably, the [V��
O] at the perovskite lat-

tices of BiT–0Cu is relatively low. The replacement of

each Ti4? ion by Cu2? at the B site can lead to an

additional V��
O:

CuOþ TiXTi þOX
O ¼ Cu00

Ti þ V��
O þ TiO2 ð4Þ

It is likely that the resulting V��
O inhabits the corre-

sponding lattice in the perovskite layer [51]. Li et al.

[27] suggested that high polarizable Bi3? cations and

weak Bi–O bonds both promote the migrating O2-

ions passing through an opening of a triangle defined

between two A cations and one B cation (i.e., the

saddle point). Moreover, the exchange of V��
O between

the perovskite layer and (Bi2O2)
2? layer probably

occurs at high temperature [52]. Above Tc, the com-

bination of these beneficial effects seems to lead to

significant ionic conductivity for BiT–0.08Cu.

However, the lone electron pair (6s2) of Bi3? at the

A site will be reoriented along the polarization axis

below Tc. Meanwhile, a ferroelectricity is generated

in BiT–100xCu due to an orthorhombic deformation.

It is observed from Fig. 9a (left) that the (Ti/Cu)O6

octahedra are clearly distorted in BiT–0.08Cu and the

tilt angle of Ti1–O3–Ti2 is 156.8(6)�. And the severely

distorted BiO12 polyhedron consists of 12 Bi1–O

bonds with seriously inequivalent bond lengths. The

lengths of Bi–O bonds near the negative part of Bi3?

are longer than those near the positive part of Bi3?. In

the ferroelectric-phase structure, the defect dipoles

would realign along the polarization axis when in

equilibrium [53, 54]. In this case, the orientation of

defect dipole (VBi¢¢¢–V��
O3)

0 parallel to PS is the most

stable; i.e., the V��
O should be generated at the O3 site

in the (VBi¢¢¢O11) polyhedron (middle, Fig. 9a). With

Cu2? acceptor substitution for the B-site Ti4?, the

resulting V��
O locates at the position 1 or 2 with an

identical probability. Therefore, the orientation of

(CuTi
00–V��

O)
X is questionable in the stable state

because it cannot become collinear to Ps (right,

Fig. 9a). The overall vector direction for different

orientated defect dipoles of (CuTi
00–V��

O)
X in a small

region (e.g., a ferroelectric domain) may be parallel to

the overall Ps, i.e., induced defect polarization (PD) is

parallel to the overall Ps. As a result, the migration of

V��
O from one site to another can be considered as the

reorientation of PD in the lattice cell. In particular, the

situation of PS//PD is with the lowest energy (left),

and then value of PS\PD (middle) and PS antiparallel

to PD (right) increases in order (Fig. 9b) [55]. There-

fore, the long-range diffusion of V��
O becomes difficult,

and BiT–100xCu shows a dramatic degradation in

conductivity with higher Ea in the low-temperature

segment.

EPR spectra as shown in Fig. 9c reveal the defect

dipoles of (CuTi
00–V��

O)
X and (FeTi

0–V��
O)

� in BiT–100xCu

[51, 56]. It is well known that Fe3? is one of the most

abundant impurities in nature and can be detected in

many oxides with EPR measurements. It is inferred

that the source of hole conduction in BiT–0Cu is

associated with the oxidation of Fe3? to Fe4? (FeTi-
? h�? FeTi

X ). In our previous work [11], 1 at.% Nb

substitution at the Ti site is sufficient to fill the oxy-

gen vacancies at the perovskite lattices, and
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consequently this Nb-substituted Bi4Ti3O12 shows

significantly decreased rb and increased Ea. Here, the

peak associated with (FeTi
0–V��

O)
� is not visible in the

EPR spectrum of the Nb donor composition (inset of

Fig. 9c). These results imply that the [V��
O] at the

perovskite lattices in BiT–0Cu is about 0.15 at.%. For

Cu-substituted compositions, the defect dipole

(CuTi
00–V��

O)
X relative to (FeTi

0–V��
O)

� shows much

higher peak intensity, indicating that Cu2? concen-

tration as well as its induced V��
O concentration is

much higher than that of Fe3? in the perovskite lay-

ers. Therefore, BiT–8Cu shows predominant ion

conductivity in the bulk.

Conclusions

Polycrystalline ceramics of Cu-substituted Bi4Ti3O12

were prepared by a traditional solid-state reaction

process. Structure, dielectric property and electrical

conduction behaviors of the prepared Bi4Ti3-xCux-

O12-x (BiT–100xCu, x = 0, 0.04, 0.08, and 0.12)

ceramics were investigated in detail. Crystal structure

of representative BiT–8Cu was Rietveld refined based

on neutron powder diffraction data. The structural

refinement reveals that BiT–8Cu changes into an

oxygen-deficient composition with a formula of

Bi3.932Ti2.929Cu0.071O11.832. Impedance measurements

under different oxygen atmospheres reveal that BiT–

Figure 9 a (Ti, Cu)O6 octahedra and BiO12 polyhedron of BiT–

8Cu and schematic illustrations of defect dipoles (VBi¢¢¢–V��
O)

0 and

(CuTi
00–V��

O)
X orienting along the polarization axis (a-axis) in the

orthorhombic symmetry. b Schematic formation energies of

possibly orientated (CuTi
00–V��

O)
X in the (CuTi

00O5h) octahedron.

c EPR spectra of BiT–100xCu and Bi4Ti2.97Nb0.03O12.015 (BiT–

3Nb) with Nb donor substitution (inset) at 100 K.
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0Cu without Cu substitution ceramic shows oxygen-

ion-and-hole mixed conduction, whose rb is partially
dependent on pO2. With Cu acceptor substitution,

modified BiT–100xCu ceramics have high oxide ion

conductivity in the bulk due to the considerably

increased V��
O in the perovskite layers. The optimum

composition of BiT–8Cu shows bulk ionic conduc-

tivity of* 0.007 S/cm at 650 �C. This paper opens up
new horizons for Bi4Ti3O12 as SOFCs materials

operating at the intermediate temperature range.
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