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Seebeck coefficient in series circuit model 

The overall Seebeck coefficient (S) of a series circuit model is calculated by:1 

𝑆 =
𝑆G

1 − 𝑡GB
𝜅G

+ 𝑆GB
𝑡GB
𝜅GB

1 − 𝑡GB
𝜅G

+
𝑡GB
𝜅GB

 

                                                        (S1) 

where the subscript G and GB represent the grain and grain boundary, respectively; tGB is the 

size fraction of grain boundary phase in the material, κ is thermal conductivity. The value of 

tGB is very small (< 0.001),1 and the thermal conductivities of grain and grain boundary phase 

of the same order of magnitude (1~10), with similar values of SG and SGB. Therefore, 

𝑆 ≈ 𝑆G                                                              (S2) 

The plot of S versus tGB is provided in Figure S3 for reference. 

  



3 

 

Effect of porosity on electrical conductivity 

The effect of porosity on the electrical conductivity can be represented by calculation of 

effective electrical conductivity using literature reported approach based on Maxwell 

equations.2 In detail, 

𝜎

𝜎0
=

1 − 𝜀

1 − 0.5𝜀
 

                                                          (S3) 

where; σ is the experimental electrical conductivity, 𝜎0 is the effective electrical conductivity 

and ε is the porosity of the material which can be calculated using the following equation, 

𝜀 = 1 −
𝑑

𝑑0
 

                                                          (S4) 

where 𝑑 is the experimental and 𝑑0is the theoretical density of the material. 

 

The relative densities for the LSTO-H2, LSTO-H2-C and LSTO-H2-in C samples are 94.0%, 

96.0% and 89.3%, respectively. This means that d/d0 ratios are equal to 0.94, 0.96 and 0.893 

for three samples, respectively. By using equation S4, the ε of these samples can be obtained 

and then σ0 is calculated according to equation S3. The obtained results at 330 K for the three 

LSTO samples prepared in this work are given in Table S1. 
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Supplementary figures 

 

Figure S1. Energy band diagram of two SrTiO3 grains and their boundary region, the grain 

boundary drawn with a finite length contains the grain boundary itself and the adjacent region 

in the grains where the oxygen vacancy becomes lower than the bulk grain. (a) Energy 

diagram of the two grains and their boundary region if they are isolated materials, the Fermi 

energy level of grain boundary region is deeper than the grains because of the depletion of 

donor, i.e., oxygen vacancy. (b) Energy diagram of the two grains and their boundary when 

they are brought into contact, the equilibrium of Fermi energy level causes the flow of 

electrons from grains to grain boundary region, which the raises of Fermi energy level in the 

boundary and bends the band upward in the grains. 
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Figure S2. Verification of the transport coefficient (𝜎𝐸0) and parameter (s) for the grain phase 

by fitting with the electrical transport data of single crystal reported by Ohta et al.3 (a) 

Seebeck coefficients used to determine the reduced Fermi-energy level, (b) modelled and 

experimental electrical conductivity, (c) modelled and experimental log |S|—log σ plot at 500 

K. The symbols are experimental data points and the solid lines are from the model. The 

modelled electrical conductivity and log |S|—log σ plot agreed well the trend for 

experimental values with 𝜎𝐸0= 900 S cm−1 and s = 1. 
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Figure S3. The plot of total Seebeck coefficients S as a function of tGB calculated from 

equation S1 using parameters displayed in the figure, showing only slight variation of S (~ 2 

µV K−1) with the change of tGB from 0.0005 to 0.001. 
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Figure S4. Decoupled electric conductivity of neutral grain phase using the reduced Fermi 

energy level extracted from the measured Seebeck coefficients, showing minor variation in 

the electrical conductivities of the neutral grain phases. For instance, the difference in the 

electrical conductivity values of the neutral grain phases for LSTO-H2 and LSTO-H2-in-C at 

300 K is 366 S cm−1, which is much smaller than that of the measured value from bulk 

ceramics (> 1000 S cm−1, see Figure 6b). 
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Figure S5. The computed weighted mobility of La- or Nb- doped single crystals with varying 

doping levels and thus carrier concentrations. Original transport data (Seebeck coefficient and 

electrical conductivity), for weighted mobility calculation, are from Ohta et al.3 
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Figure S6. Dimensionless figure of merit ZT values for the three LSTO samples. 
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Figure S7. Thermal conductivities of the three LSTO samples prepared in this work. (a) 

Total thermal conductivity. (b) The calculated electronic and lattice components of total 

thermal conductivity; the solid symbols represent the lattice thermal conductivity, the open 

symbols represent electronic thermal conductivity. 
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Supplementary Tables 

Table S1. Effects of porosity on the electrical conductivity. Ratio of experimental to 

theoretical density (d/d0); porosity (ε); experimental conductivity (σ); effective conductivity 

(σ0). 

Sample Relative density d/d0 ε σ 

(S/cm) 

σ0 

(S/cm) 

LSTO-H2 94.00% 0.940 0.060 85 93.14 

LSTO-H2-C  96.00% 0.960 0.040 492 522.75 

LSTO-H2-in C  89.30% 0.893 0.107 1288 1519.49 
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Table S2 Summary of published data for electrical conductivity (σ), Seebeck coefficients (S) 

and power factor (PF: S2σ) for SrTiO3-based materials at low temperatures (T). 

Sample T 

(K) 

σ 

(S cm−1) 

|S| 

(µV K−1) 

PF (S2σ) 

(µW m−1 K−2) 

Ref. 

La-SrTiO3 single crystal RTa 1000 150 2300 3 

La0.05Sr0.95Nb0.05Ti0.95O3 320 2000 50 600 4 

La0.067Sr0.9TiO3 + 0.6 wt% graphene RT 2000 122 2500 5 

Sr0.95Ti0.90Ta0.10O3 425 923 130 1351 6 

SrTiO3 + 0.64 vol% RGO RT 16 310 150 7 

Sr0.95Ti0.90Nb0.10O3 373 1260 110 1524 8 

SrTi0.9Nb0.1O3 RT 500 110 600 9 

Sr0.93La0.07Ti0.93Nb0.07O3 RT 900 90 700 10 

Sr0.9La0.1TiO3 330 390 123 590 11 

Sr0.98Ti0.90Nb0.10O3 + 0.6 wt% RGO 330 2000 99 1980 12 

SrTiO3 + 0.7 wt.% RGO RT 85 350 110 13 

Sr0.93Ti0.9Nb0.1O3 + 0.6 wt.% RGO RT 100 125 150 14 

La0.080Sr0.9TiO3 RT 1423 111 1745 This work 

aRoom temperature (RT) 
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