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A. Rietveld refinement of xBTSn (0.2≤x≤0.6) ceramics

The quantitative phase composition analyses of the xBTSn samples were performed using the Rietveld 

refinement method. For this purpose, the room-temperature XRD patterns were recorded in the 10–

80° 2θ-range with a step of 0.02°. The EdPCR coupled with WinPLOTR tools in FullProf Suite software 

was employed. For this purpose, the background (linear interpolation between a set of background 

points with refinable heights), unit cell parameters, crystallite size, scale factors, sample displacement, 

atomic coordinates, and thermal parameters were stepwise refined to obtain a calculated diffraction 

profile that best matched the experimental pattern. The profiles were described using a Pseudo-Voigt 

function. The fit quality was assessed from the goodness-of-fit parameters Rwp, Rexp, Rp, Rb, and 𝜒². The 

agreement factors of the Rietveld analysis and the cell parameters of the xBTSn ceramics are listed in 

Table S1, with acceptable residuals of the refinements obtained. The observed relatively high R-factors 

values could be attributed to the conditions of the data collection, such as high counting statistics and 

background levels.1 Indeed, the most important way to determine the quality of a Rietveld fit is to 

graphically check the observed and calculated patterns. Therefore, the enlarged peaks around 2θ=32⁰, 

38⁰, and 45⁰ were inserted in Fig. S1.
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Fig. S1. Rietveld refinement analysis of xBTSn (0.2≤x≤0.6) ceramics (in insets, the enlarged peaks around 

2θ=32⁰, 38⁰, and 45⁰).
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Table S1. Refined structural parameters for xBTSn (0.2≤x≤0.6) ceramics.

Composition 0.2BTSn 0.4BTSn 0.6BTSn

Crystal 

system
Tetragonal Orthorhombic Tetragonal Orthorhombic Orthorhombic Rhombohedral

Space group P4mm Amm2 P4mm Amm2 Amm2 R3m

Weight 

fraction (%)

79.89 20.11 50.61 49.39 33.51 66.49

a (Å) 4.0059(5) 3.9986(9) 4.0096(8) 4.0133(1) 4.0056(2) 4.0136(2)

b (Å) 4.0059(5) 4.0294(6) 4.0096(8) 4.0212(5) 4.0200(5) 4.0136(2)

c (Å) 4.0153(2) 4.0033(1) 4.0157(9) 4.0066(3) 4.0147(5) 4.0136(2)

V (Å3) 64.43(6) 64.50(1) 64.56(4) 64.66(1) 64.64(8) 64.65(6)

Rwp (%) 19.1 18.7 20.9

Rexp (%) 13.63 14.41 13.68

Rp (%) 15.0 14.1 17.6

Rb (%) 7.53 6.27 3.54 5.37 5.81 8.00

𝜒² 1.96 1.69 2.34

B. Temperature-dependent Raman spectroscopy of xBTSn (0.2≤x≤0.6) ceramics

For all xBTSn ceramics, the peak position and intensity of the Raman modes present a decreasing trend 

with increasing temperature, along with the attenuation of the Raman modes. However, from Fig. S2(a–

c), reliable identification of the temperatures corresponding to the structural phase transitions, i.e., FE–

PE phase transition, is challenging. Therefore, 2D color maps of the Raman spectra of xBTSn samples 

were obtained using Origin Lab, and the corresponding results are collected gathered in Fig. S2(d–f). At 

first sight, it is noticeable that the data show a much larger signal at low temperature than at high 

temperature, and the abrupt color change from yellow to green corresponds to the FE–PE phase 

transition, although more precise conclusions are required. For this purpose, it was found that the peak 

around 294 cm−1 is characteristic of the ferroelectric phase of BaTiO3-based materials.2 Hence, 

considerable attention was paid to the structural phase evolution in xBTSn ceramics. The 2D color maps 

of the Raman spectra of the xBTSn samples of E(TO2) Raman mode are shown in Fig. S2(g–i). For all 

samples, the intensity of the E(TO2) mode decreases with increasing temperature and a merging shape 

was observed. At high temperatures, the abrupt change in data intensity at the peak summit designates 
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the structural change from ferroelectric to paraelectric phase.3,4 This time, the phase transitions FE–PE 

are seen as marked by the dashed line. According to the Raman analyses, this phase transition occurs 

at around 90, 80 and 70 °C in 0.2BTSn, 0.4BTSn and 0.6BTSn, respectively.

Fig. S2. (a–c) Temperature-dependence of Raman spectra, 2D color map of (d–f) the entire Raman 

spectra and (g–i) around the E(TO2) Raman mode of xBTSn (0.2≤x≤0.6) ceramics.
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C. Morphological characteristics of xBTSn (0.2≤x≤0.6) ceramics

FESEM was performed to observe the morphological characteristics of BTSn addition. The grain 

morphology and grain size (GS) distribution of the xBTSn ceramics are illustrated in Fig. S3 (a–c). All 

samples exhibit non-uniform grain shape and size distribution. Clear grain boundaries and coarse grains 

were observed when BTSn was introduced. The coarse grains are surrounded by incipient melting 

regions at the grain boundaries, which replace the pores formed during sintering and densify the 

samples' microstructure (Fig. S3b). The grain size increases with the addition of BTSn, which is due to 

the smaller ionic radii of Sn4+ (0.690 Å) compared to Zr4+ (0.720 Å) in the B-sites5,6 Even a small amount 

of Sn4+ can increase the diffusion rate, leading to the high mobility of ions.7 As a result, the interdiffusion 

motion through the grain boundaries induced by the formation of necks between the grains leads to 

rapid grain growth, as shown in Fig. S3a and b.8 Moreover, all xBTSn samples are dense, ranging from 

91.6% to 94.6% of the theoretical density (see Table S2). It is well known that the electrical properties 

of a material are strongly related to the microstructure. Accordingly, a dense microstructure together 

with a suitable grain size can promote the electrical properties of ceramics.9

Fig. S3. (a–c) FESEM micrographs of etched surface and (d–f) grain size distributions of xBTSn ceramics.
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Table S2. Average grain size, bulk, theoretical and relative densities of xBTSn ceramics.

Sample 0.2BTSn 0.4BTSn 0.6BTSn

Average grain size (µm) 11.2±4.7 12.0±4.8 14.2±5.5

Bulk density (g/cm3) 5.35 5.48 5.62

Theoretical density (g/cm3) 5.84 5.92 5.94

Relative density (%) 91.6 92.6 94.6

D. Dielectric properties of xBTSn (0.2≤x≤0.6) ceramics

D.1. Broadening of the dielectric peak temperature

The dielectric peak was normalized from −20 to 150 °C for each xBTSn sample to visualize the 

broadening effect of BTSn addition. The full width at half maximum (FWHM) was reduced from 63.2 to 

51.6 °C by the addition of BTSn, due to the convergence of the FE–FE and FE–PE phase transitions, as 

shown in Fig. S4. This trend was also observed in the (1−x)Ba(Ti0.89Sn0.11)O3–x(Ba0.7Ca0.3)TiO3 system.10

Fig. S4. Normalized εr showing the broadening of the dielectric peak temperature of xBTSn (0.2≤x≤0.6) 

ceramics.

D.2. Relaxor behavior
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In the paraelectric phase, ferroelectric materials regularly obey the Curie–Weiss law, according to Eqn. 

(1),11 where εr is the relative permittivity constant, T0 is the Curie–Weiss temperature and C is the Curie-

Weiss constant. The reciprocal of εr was displayed in Fig. S5 (a–c) as a function of temperature at 1 kHz 

and fitted by the Curie–Weiss law for all compositions. The result of the fitting is shown in Table S3. In 

addition, the parameter ΔTm, which describes the degree of deviation of εr from the Curie–Weiss law 

above Tc, was calculated using Eqn. (2):12 

1
𝜀𝑟

=
𝑇 ‒ 𝑇0

𝐶
(𝑇 > 𝑇0),          (1)

∆𝑇𝑚 = 𝑇𝑑𝑒𝑣 ‒ 𝑇𝑚,         (2)

where, Tdev denotes the temperature at which εr starts to deviate from the Curie–Weiss law, and Tm 

indicates the temperature at which the εr value reaches the maximum. The highest value of ΔTm was at 

38 °C for 0.4BTSn compared to the other compositions. Moreover, the C value is of the order of 105 K, 

indicating a displacive-type ferroelectric such as BaTiO3 (1.7×105 K).13 To describe the diffusivity of the 

FE–PE phase transition in xBTSn ceramics, the modified Curie–Weiss law was used and fitted using Eqn. 

(3):14

1
𝜀𝑟

‒
1

𝜀𝑚
=

(𝑇 ‒ 𝑇0)𝛾

𝐶
(1 < 𝛾 < 2),          (3)

Where εm refers to the maximum value of εr and γ is taken as the degree of diffusivity of the phase 

transition. Thus, γ=1 represents a typical ferroelectric behavior according to the Curie–Weiss law and 

γ=2 describes the complete diffuse phase transition to a relaxor ferroelectric.15 The insets in Fig. S5(a–

c) shows the modified Curie–Weiss law plot, which indicates a relatively enhanced relaxor behavior in 

0.4BTSn ceramics.
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Fig. S5. Thermal evolution of the reciprocal of εr at 1 kHz for (a) 0.2BTSn, (b) 0.4BTSn and (c) 0.6BTSn 

ceramics. Insets: ln (1/εr−1/εm) vs. ln (T−Tm) is plotted at 1 kHz.

Table S3. The dielectric properties of xBTSn (0.2≤x≤0.6) ceramics at 1 kHz.

Sample εm tan δ
T0

(°C)

C × 105

(K)

Tm

(°C)

Tdev

(°C)

ΔTm

(°C)
γ

0.2BTSn 5,500 0.021 93.4 1.41 87.2 113.5 26.3 1.43

0.4BTSn 10,630 0.031 77.2 1.55 75.3 113.3 38.0 1.45

0.6BTSn 11,270 0.038 60.8 1.81 63.8 93.3 29.5 1.36

E. Ferroelectric properties of xBTSn (0.2≤x≤0.6) ceramics

E.1. Room-temperature electric field dependence of P–E, J–E and S–E hysteresis loops

Room-temperature P–E, J–E and S–E hysteresis loops of xBTSn (0.2≤x≤0.6) samples at various electric 

fields from 10 to 50 kV/cm are shown in Fig. S6. Pmax, Pr, Ec, Jmax and Smax increase with the increase of 

the applied electric field. It is worth noting that the negative peak splitting observed in J–E tends to 

merge with increasing the electric field, confirming the orientation of a large number of polar and non-

polar regions with the applied electric field direction. Accordingly, an increase in the electric field 

enhances the ferroelectric properties. It should be noted that the hysteresis loops were not fully 

saturated at 50 kV/cm; however, the thickness of the samples prevented us from further increasing the 

electric field.
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Fig. S6. Room-temperature electric field dependence of (a–c) P–E, (d–f) J–E and (g–i) S–E hysteresis 

loops of xBTSn (0.2≤x≤0.6) ceramics.

E.2. Temperature dependence of P–E, J–E and S–E hysteresis loops 

Fig. S7 presents the thermal evolution of the P–E, J–E and S–E hysteresis loops of xBTSn (0.2≤x≤0.6) 

samples obtained at 25 kV/cm in the temperature range of 30–150 °C. As the temperature increases, 

the P–E curves become slimmer due to the disappearance of the ferroelectric domains when crossing 

the ferroelectric to the paraelectric phase transition, as shown in Fig. S7(a–c).  Above Tc, the P–E loops 

do not show strictly linear behavior, characteristic of the pure paraelectric phase. In contrast, very slim 

loops appeared, corresponding to ferroelectric clusters or residual polar nanoregions (PNR), often 

attributed to the relaxor behavior.16 It is worth noting that the increase of Ec and Pr in 0.6BTSn ceramics 
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at higher temperatures can be related to the electrical conductivity. Fig. S7(d–f) also shows the thermal 

evolution of the J–E hysteresis loops of xBTSn (0.2≤x≤0.6) samples. Obviously, increasing the 

temperature reduced the current peaks, and a flat platform was shown due to the gradual ferroelectric 

softening, leading to FE–PE state transformation.4,17 By heating the samples above the Curie 

temperature, the observed two distinct negative peaks were suppressed (Fig. S7d and e). The 

temperature dependence of the S–E hysteresis curves of xBTSn samples is plotted in Fig. S7(g–i). As the 

temperature increases, the maximum strain diminishes gradually, and the S–E curves become slimmer, 

demonstrating the paraelectric phase.

Fig. S7. Temperature dependence of (a–c) P–E, (d–f) J–E and (g–i) S–E hysteresis loops of xBTSn 

(0.2≤x≤0.6) ceramics at 25 kV/cm.
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F. Piezoelectric properties of xBTSn (0.2≤x≤0.6) ceramics

F.1. Room-temperature of the piezoelectric properties

Table S4. Comparison of the strain and large-signal piezoelectric coefficient of xBTSn ceramics with 

other lead-free ferroelectric ceramics.

Ceramic T

(°C)

Smax

(%)

Emax

(kV/cm)

𝑑 ∗
33

(pm/V)

Ref.

0.2BTSn 30 0.024 10 245 This work

0.4BTSn 30 0.022 10 221 This work

0.6BTSn 30 0.018 10 185 This work

0.2BTSn 30 0.048 25 191 This work

0.4BTSn 30 0.043 25 171 This work

0.6BTSn 30 0.034 25 138 This work

BCZT 30 0.062 25 234 18

BTSn 30 0.070 25 280 19

Ba0.80Ca0.20Zr0.02Ti0.98O3 30 0.054 25 218 20

Ba0.75Ca0.25TiO3 30 0.052 30 173 21

Ba0.80Ca0.20Zr0.05Ti0.95O3 30 0.085 30 284 21

BZT–52BCT 40 0.076 30 250 12

BaTi0.89Sn0.11O3 30 0.083 40 208 22

Ba0.85Ca0.15Zr0.08Ti0.92O3 25 0.185 40 463 23

Ba0.85Ca0.15Zr0.10Ti0.90O3-0.25Mn 25 0.130 40 325 24

BNKT–BST–Lax 25 0.372 60 620 25
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F.2. Thermal-stability of the piezoelectric properties

Fig. S8. Thermal stability of the piezoelectric coefficient ( ) of BCZT, BTSn and xBTSn (0.2≤x≤0.6) ∆𝑑 ∗
33

ceramics between 30 and 150 °C.

G. Piezoelectric energy harvesting performances

Fig. S9. The plots of d33, g33 and FoM of BCZT, BTSn, and xBTSn (0.2≤x≤0.6) ceramics.
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