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a b s t r a c t 

Science-driven design of future thermoelectric materials requires a deep understanding of the fundamen- 

tal relationships between microstructure and transport properties. Grain boundaries in polycrystalline 

materials influence the thermoelectric performance through the scattering of phonons or the trapping 

of electrons due to space-charge effects. Yet, the current lack of careful investigations on grain boundary- 

associated features hinders further optimization of properties. Here, we study n -type NbCo 1- x Pt x Sn half- 

Heusler alloys, which were synthesized by ball milling and spark plasma sintering (SPS). Post-SPS an- 

nealing was performed on one sample, leading to improved low-temperature electrical conductivity. The 

microstructure of both samples was examined by electron microscopy and atom probe tomography. The 

grain size increases from ~230 nm to ~2.38 μm upon annealing. Pt is found within grains and at grain 

boundaries, where it locally reduces the resistivity, as assessed by in situ four-point-probe electrical con- 

ductivity measurement. Our work showcases the correlation between microstructure and electrical con- 

ductivity, providing opportunities for future microstructural optimization by tuning the chemical compo- 

sition at grain boundaries. 

© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Thermoelectric (TE) devices exploit the Seebeck effect 

o directly convert heat gradients into electricity [1] . This 

nvironmentally-friendly energy conversion approach harvests 

aste heat and is particularly attractive as an alternative or 

omplement to non-renewable, fossil fuels for power generation 

2] . In addition, some advanced TE modules have been developed 

o transform the human body heat to power wearable devices 

ike electrocardiographic systems [3] . The conversion efficiency of 

E materials is determined by the dimensionless figure-of-merit 

 zT ). This parameter is expressed as zT = α2 σT /κ, where α, σ ,

 and κ are Seebeck coefficient, electrical conductivity, absolute 
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emperature and total thermal conductivity, respectively [ 2 , 4 , 5 ]. 

he thermal conductivity κ compounds the lattice and electronic 

hermal conductivities, κL and κe respectively [ 2 , 4 , 5 ]. 

Many promising materials have been developed for TE applica- 

ions, such as Bi 2 Te 3 [ 6 , 7 ], Mg 3 Sb 2 [ 8 , 9 ], half-Hesulser (HH) [10] ,

eTe [ 11 , 12 ] and so on. Among these materials, HH compounds, 

ith a stoichiometry XYZ, stand out as state-of-the-art TE materi- 

ls for medium-to-high temperature applications [ 10 , 13 , 14 ]. As the

hree constituents X, Y, Z can be individually substituted, there are 

bundant opportunities to optimize the TE performance of HHs by 

oping and isoelectronic alloying, i.e. tuning the alloy’s composi- 

ion [ 13 , 15 , 16 ]. HHs have an intrinsic high power factor in the or-

er of ~10 −3 W m 

−1 K 

−2 [ 10 , 15 ], due to the large optimal carrier

oncentration stemming from its heavy and flat band structure. 

he optimal power factor of HHs is 2,3 times higher than light- 

and PbTe [17] . 
. This is an open access article under the CC BY license 
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However, the key challenge for the application of HHs is 

heir intrinsically large thermal conductivity in the order of 

0 Wm 

−1 K 

−1 at T = 300 K, i.e. an order higher than GeTe

11] . Many effort s have been made to reduce κL by introduc- 

ng structural defects, e.g. dislocations [18] , nano-precipitates [19] , 

nd grain/phase boundaries [ 18 , 20 , 21 ]. For instance, Rogl et al.

18] conducted severe plastic deformation of high-pressure torsion 

n hot-pressed NbFeSb-based alloys. The thermal conductivity was 

educed by ~60% from 75 to 28.5 mW cm 

−1 K 

−1 due to the grain

efinement and a high concentration of deformation-induced de- 

ects of vacancies and dislocations. However, some defects such as 

rain boundaries (GBs) or phase boundaries can modify the local 

ransport properties in a way that is not necessarily beneficial to zT 

ue to the tradeoff between phonon scattering and electron trans- 

ort [ 18 , 22–24 ]. Thus, a net enhancement of zT requires metic-

lous control of the microstructure and a deep understanding of 

he local structural and chemical states of defects, as well as their 

nfluence on the transport processes. 

The mean free path of charge carriers is found to be a few nm 

n HHs [25] . While it depends on the grain size, the spacing be-

ween GBs is typically much larger. GBs are thus expected not to 

catter charge carriers and have no significant impact on electri- 

al conductivity. However, recent reports on Mg 3 Sb 2 -based ther- 

oelectric materials [ 9 , 26 ] have shown that GB could act as a well

f charge carriers and thus decreases the electrical conductivity of 

he material. A two-phase model is typically used to account for 

he influence of GB on the transport properties of the bulk mate- 

ial [26] . However, if this model assumes a structural discontinu- 

ty at GBs, the local chemical composition is typically ignored. As 

hermodynamically explained by the Gibbs adsorption isotherm, a 

hemically decorated interface is the rule and not the exception 

n ‘real’ microstructures [27] . The segregants can have either detri- 

ental or beneficial effects on the microstructure evolution and 

roperties [27] . Understanding the interaction between dopants 

nd GBs is hence critical to interpreting the TE performance. In- 

ights into the effect of GB composition on local transport proper- 

ies provide extra freedom to control the TE performance by seg- 

egation engineering. 

Here, we provide insights into GBs in high-performing n -type 

bCo 1- x Pt x Sn HH alloys to reveal the mechanisms leading to the 

nhanced TE performance. Pt replaces Co in the lattice with one 

ore valence electron and is an effective dopant. Pt-doping leads 

o significant improvements in the electrical power factor and re- 

uces lattice thermal conductivity, as reported for NbCo 1- x Pt x Sn 

 x = 0.00–0.15) [28] . This previous report showed an increased zT 

y post-annealing with increased grain size, but the local struc- 

ural details of GBs and their correlation to TE properties were not 

nvestigated. We hence focus on the local chemical composition of 

Bs for NbCo 1- x Pt x Sn samples with x = 0.06 (not annealed) and 

 = 0.05 (annealed) that show striking performance improvement 

o reveal the influence of GB chemistry on TE properties. Partic- 

larly, the electrical conductivity of x = 0.05 is higher than the 

 = 0.06 sample. The distribution of Pt dopants was characterized 

y atom probe tomography (APT), which is a burgeoning technique 

uited to relate nano-scale composition and TE performance, with 

igh chemical sensitivity and 3D spatial resolution [ 29–32 ]. APT 

esults show that the intragranular Pt-content is similar for both 

lloys, indicating that the improvement in the electrical conductiv- 

ty does not stem from the doping level, rather, from the evolu- 

ion of microstructure. We reveal strong levels of Pt-segregation to 

Bs. In situ four-point-probe local electrical conductivity measure- 

ent was then conducted to reveal the impact of Pt enrichment at 

Bs, at a micrometer scale, on the GB-electrical conductivity. The 

resent results deepen our understanding of the role of GBs on 

ransport properties and provide a guide to further optimize the 

E performance by tuning the chemical composition at GBs. 
2 
. Experimental procedures 

.1. Sample synthesis 

NbCoSn, NbCo 0.95 Pt 0.05 Sn and NbCo 0.94 Pt 0.06 Sn ingots were syn- 

hesized by arc-melting in an argon atmosphere. Nb slug, Co slug, 

n shot and Pt shot, were used as starting materials. The ingots 

ere flipped and remelted three times for compositional homo- 

eneity. Afterwards, the ingots were vacuum-sealed in quartz am- 

oules with Ta foils and annealed at 1073 K for 7 days. The bulk in-

ots were grounded and ball-milled (BM) using WC grinding balls 

Pulverisette 7, Fritsch). The powders were then placed in graphite 

ies of 10 mm and consolidated into disks by spark plasma sinter- 

ng (SPS). Post-SPS annealing was performed at 1073 K for 7 days 

n one NbCo 0.95 Pt 0.05 Sn sample. 

In the following, undoped NbCoSn, doped NbCo 0.94 Pt 0.06 Sn and 

bCo 0.95 Pt 0.05 Sn with post-SPS annealing will be referred to as 

bCoSn, NbCoSn-Pt and NbCoSn-Pt-AN, respectively. In situ four- 

oint-probe local electrical conductivity measurement was con- 

ucted on the pre-ball milled sample (i.e. arc melted and annealed 

ample) with a nominal composition of NbCo 0.95 Pt 0.05 Sn. 

.2. Microstructure analysis 

The microstructure of Pt-doped NbCoSn, with and without post- 

PS, was characterized using a Zeiss Merlin scanning electron mi- 

roscope (SEM), operated at 30 kV in backscattered electron (BSD) 

ode. Energy-dispersive X-ray spectroscopy (EDX) was performed 

n the pre-BM sample in Zeiss Merlin SEM at 15 kV and 6 nA. 

lectron backscatter diffraction (EBSD) was conducted in Zeiss 

igma SEM at 15 kV, 9 nA and with a step size of 1 μm. Fur-

her microstructural analysis was carried out using atom probe 

omography (APT). APT needle-shaped specimens were prepared 

sing dual-beam SEM/focused-ion-beam (FIB) instruments (Helios 

anolab 600i ), following the procedures described elsewhere [33] . 

he final ion-milling step to minimize the beam damage was per- 

ormed at 2 kV for the APT specimen. LEAP 50 0 0XR instrument 

as operated in laser pulse mode at 50 K, 125 kHz laser fre- 

uency, and 30–35 pJ laser energy. Data reconstruction and pro- 

essing were performed using the Cameca IVAS 3.8.4 software tool. 

.3. Thermoelectric performance 

The Seebeck coefficient and electrical conductivity were mea- 

ured simultaneously using an ULVAC ZEM-3 system. The diffu- 

ivity was determined by the laser-flash method (LFA 457, Net- 

sch) and the thermal conductivity was calculated as the product 

f thermal diffusivity, specific heat and density. 

.4. Local electrical measurement 

A four-probe technique for local electrical measurement was 

onducted in Zeiss a scanning electron microscope (Gemini 500). 

he sample was inserted into SEM on a stage where four-electrode 

eedles are held each by independent manipulators. The four nee- 

les were positioned in a linear configuration with equal spacing 

f ~5 μm, within the grain interior and crossing a high angle grain 

oundary. A series of 100 electrical current pulses (direct current, 

0 mA) is applied to the two outmost needles with 10 ms long 

luses using a current generator (Keithly 6221). Voltage was mea- 

ured and averaged between the two middle needles at the pulse 

alf-time by employing a nano voltmeter (Keithly 2182A). In the 

alculation of resistivity, the deviation in spacing between adjacent 

eedles was considered and details are referred to elsewhere [34] . 
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Fig. 1. Temperature dependence of (a) weighted mobility, and (b) quality factor B for NbCoSn, NbCoSn-Pt and NbCoSn-Pt-AN. The dash line in (a) represents the temperature 

dependence of acoustic-phonon scattering ( μw ~ T -1.5 ). 
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. Results and discussion 

.1. Thermoelectric performance 

In order to exclude the effect of different doping levels on 

ransport properties, we calculated the weighted mobility ( μw 

) 

rom the experimental electrical conductivity and Seebeck coef- 

cient as μw 

is independent of the carrier concentration [35] . 

ig. 1 (a) shows the temperature dependence of μw 

for NbCoSn, 

bCoSn-Pt and NbCoSn-Pt-AN.The raw measured transport prop- 

rties were reported previously and are appended in Fig. S1 (Sup- 

lementary materials) [28] . The dash line in Fig. 1 (a) represents 

he μw 

~ T −1.5 relationship for the acoustic-phonon scattering of 

harge carriers [35] . The μw 

of pristine NbCoSn increases with 

emperature until 625 K. This thermally activated behavior of μw 

ndicates GB-scattering of charge carriers, which has also been 

ound in other HH alloys [36] and Mg 3 Sb 2 [26] . 

By adding Pt dopants, the μw 

of NbCoSn-Pt is increased, par- 

icularly at low temperatures. The increased μw 

can either re- 

ult from the enhanced Hall carrier mobility ( μH ) or the enlarged 

ensity-of-states effective mass ( m 

∗), while this latter hypothesis 

as previously dismissed [28] . Therefore, the increased μw 

only 

esults from the increased μH as the GB-scattering of charge carri- 

rs is reduced by doping Pt. No thermally-activated μw 

is observed 

n NbCoSn-Pt, but its temperature dependence is much weaker 

han the pure acoustic phonon scattering process, as indicated by 

he dash line in Fig. 1 (a). This implies that the GB-scattering of 

harge carrier is weakened but not entirely removed in NbCoSn-Pt. 

In contrast, NbCoSn-Pt-AN has a much higher μw 

than NbCoSn- 

t across the temperature range from 295 to 875 K, follow- 

ng a temperature dependence much closer to acoustic phonon- 

ominated scattering for single crystals. This enhancement in μw 

rom NbCoSn-Pt to NbCoSn-Pt-AN cannot be ascribed to the dif- 

erent content of Pt as μw 

is independent of the Pt content, but 

hould be due to the further weakened GB-scattering by anneal- 

ng. This suggests that the impact of the microstructural evolution 

nduced by post-SPS annealing is important for Pt-doped NbCoSn 

amples. 

The weakened GB-scattering of charge carriers could also facili- 

ate the phonon transport, which counterbalances the overall prop- 

rty improvement. A better evaluation of the effect of annealing 

n zT can be characterized by the thermoelectric quality factor B , 

hich is proportional to the ratio of μw 

to the lattice thermal con- 

uctivity κL [35] . The B factor is an indicator of the best zT that a
3 
aterial could achieve through optimal doping [ 4 , 35 ]. The calcu- 

ated B was plotted as a function of temperature in Fig. 1 (b). Even

hough NbCoSn-Pt-AN has a slightly higher κL than NbCoSn-Pt 

Fig. S2 in Supplementary materials), the prominent enhancement 

n μw 

overbalanced the increase in κL , leading to an increased B 

alue for NbCoSn-Pt-AN. The increased μw 

and B factor due to the 

eakened GB-scattering call for a thorough understanding of the 

ocal structural features of GBs and in turn to better understand 

he GB charge carrier transport. 

.2. Microstructural investigation 

During synthesis, the same BM and SPS parameters were used 

n both samples. BM is effective in producing nano-grained pow- 

ers and SPS enables the fabrication of bulk nanocrystalline com- 

ounds [37] . The combination is often used to synthesize HH 

ompounds [ 16 , 37 , 38 ]. The backscattered electron (BSE) images of 

bCoSn-Pt and NbCoSn-Pt-AN are displayed in Fig. 2 . The inset in 

ig. 2 (a) is a magnified view of NbCoSn-Pt, showing the submicron 

rains. The most striking difference between these two samples is 

he grain size: 0.23 ± 0.12 μm for NbCoSn-Pt, and 2.38 ± 1.65 μm 

or NbCoSn-Pt-AN. In addition, the grain size distribution is dis- 

layed in Fig. 2 (c) for both samples. Post-SPS annealing hence leads 

o a tenfold increase in grain size and a widening of the size distri- 

ution in NbCoSn-Pt-AN. During the post-SPS annealing, the stored 

eformation energy induced by BM drives grain growth, leading to 

 largely reduced GB-area of NbCoSn-Pt-AN. The difference in grain 

ize between these two samples becomes the first key factor that 

nfluences the μw 

through GB-scattering. 

Near-atomically resolved APT analyses were performed on 

hese Pt-doped samples to obtain local compositional information 

 39 , 40 ]. Fig. 3 (a) shows a representative atom map of the Pt distri-

ution from the analysis of a specimen of NbCoSn-Pt. Four of five 

rains from the volume, labeled as G1, G2, G3 and G4, are visi- 

le along this observation direction. The GBs are highlighted by a 

trong enrichment of Pt atoms along GBs. The local excess of Pt at 

Bs is herein referred to as enrichment or segregation interchange- 

bly. Interfacial energy, excess volume, grain boundary stress and 

iversity of atomic configurations at GBs often lead to chemical 

egregation, driven by the minimization of the system’s free en- 

rgy [41] . 

1D-composition profiles along 20 nm-diameter cylinders posi- 

ioned perpendicular to the GBs were calculated. Fig. 3 (b) shows 

he 1D-composition profile across the G2/G3 grain boundary along 
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Fig. 2. Backscattered electron (BSE) images of (a) NbCoSn-Pt and (b) NbCoSn-Pt-AN. The inset in (a) is a magnified view showing the submicron grains of NbCoSn-Pt. (c) 

Grain size distribution of NbCoSn-Pt (green) and NbCoSn-Pt-AN (Orange)(For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article). 

Fig. 3. APT analysis of NbCoSn-Pt: (a) distribution map of Pt atoms, indicating the presence of four grains (G1, G2, G3 and G4); (b) 1D-composition profile in a 20 nm- 

diameter cylinder perpendicular to the G2/G3 grain boundary. 
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Fig. 4. Individual inner-grain composition of G1–G5 and the average inner-grain 

composition (Avg.), evaluated by APT for the volume shown in Fig. 3 . The content 

of Nb, Co, Sn and Pt are present with orange, blue, green and red bars, respec- 

tively. The stoichiometric composition of the NbCoSn-Pt is indicated by the dash- 

dot bar(For interpretation of the references to color in this figure legend, the reader 

is referred to the web version of this article). 
he direction indicated by the arrow in Fig. 3 (a). Composition pro- 

les across other GBs are displayed in Fig. S3 (Supplementary ma- 

erials). The peak Pt composition in NbCoSn-Pt is in the range of 

.4–12.8 at.%. Different GBs have a varying degree of Pt enrich- 

ent, which can be dependent on the geometric characteristics of 

he GB affected [ 42 , 43 ]. The intragranular composition from differ- 

nt grains is summarized in Fig. 4 , which shows a similar intra- 

ranular Pt-composition at 1.35 ± 0.09 at.%. 

Segregation of Pt to GBs is also observed in NbCoSn-Pt-AN. The 

ampled volume by APT is much smaller than the grain size of 

bCoSn-Pt-AN (several micrometers ( Fig. 2 (b)), and APT datasets 

ypically only contain one GB at most. Fig. 5 (a) and (b) show the

D-composition profiles across the GB of NbCoSn-Pt-AN in two 

PT datasets. The corresponding distribution map of Pt near GB 

s displayed in the inset. The maximum segregation content of Pt 

s ~10.7 at.% in Fig. 5 (a) and ~6.3 at.% in Fig. 5 (b). Importantly, the

ntragranular Pt-composition is approx. 1.27 ± 0.09 at.%; markedly 

imilar to the non-annealed NbCoSn-Pt sample. 

Our APT analyses in Figs. 3 and 5 show that Pt dopants dis- 

ribute within the matrix and segregate to GBs in both samples. 

n the grain interior, Pt dopants enhance the phonon scattering 

y point defects and thus decrease the lattice thermal conduc- 

ivity. The average intragranular composition across multiple APT 

atasets is reported in Fig. 6 . It shows that the intragranular Pt- 

ontent is within one standard deviation, i.e. ~1.35 ± 0.09 at.% 

or NbCoSn-Pt and 1.27 ± 0.09 at.% for NbCoSn-Pt-AN, which ex- 

lains their similar Seebeck coefficients (Fig. S1(b), Supplementary 
4 
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Fig. 5. (a) and (b) 1D-composition profiles across the GB of NbCoSn-Pt-AN in two APT datasets, with the inset showing the corresponding distribution map of Pt atoms. 

Fig. 6. A comparison in the intragranular composition of NbCoSn-Pt and NbCoSn- 

Pt-AN. The average content of Pt is similar: 1.35 ± 0.09 at.% for NbCoSn-Pt and 1.27 

± 0.09 at.% for NbCoSn-Pt-AN.(For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article). 
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aterials), and suggests a Pt-solubility of approx. 1.3–1.4 at.% in 

bCoSn. This further confirms that the increased u w 

from NbCoSn- 

t to NbCoSn-Pt-AN ( Fig. 1 (a)) at low temperatures could not 

e attributed to ionized impurity scattering as the two samples 

ave similar intragranular content of Pt and thus similar con- 

entration of ionized impurities. Rather, it supports the presence 

f GB-scattering of charge carriers. Similar phenomena have also 

een reported in Mg 3 Sb 2 [ 9 , 26 ] and other materials [ 36 , 44 , 45 ].

B-scattering is not only dominant at low temperatures, but also 

ffects high-tem perature performance. In Mg 3 Sb 2 [ 9 , 26 ], even at

igh temperatures where the conductivity is finally decreasing 

ith temperature, there is still sufficient GB resistivity to decrease 

T by ~20% or so. 

.3. In situ four-point-probe local electrical conductivity 

easurement 

To assess the impact of the segregation of Pt to GBs observed in 

oth samples on the electrical conductivity, an in situ four-point- 
5 
robe technique was used to measure the local electrical conduc- 

ivity within a SEM [34] . This technique has sufficiently high sen- 

itivity and spatial resolution to resolve the change in electrical 

onductivity across a single GB, even in a highly conductive ma- 

erial like Cu [34] . To enable these measurements, the grain size 

ust be sufficiently large to separate the four probes, but neither 

f the two samples discussed above was suitable for this approach. 

e therefore selected the NbCoSn-Pt ( x = 0.05) sample before BM, 

ith an average grain size of approx. 25 μm. The corresponding 

SE image and EDS map of Pt are, respectively shown in Fig. 7 (a)

nd (b), highlighting Pt enrichment and percolation along GBs. 

The electrical conductivity was measured inside two adjacent 

rains and across the corresponding high angle grain boundary 

HAGB), as assessed by electron-backscattered diffraction (inset in 

ig. 7 (c) and (d)). The local electrical conductivity was the average 

f five measurements, which were repeatedly conducted by relo- 

ating the needle positions within the region of interest. We also 

onducted the local measurement within the grain interior with 

ifferent distances to GBs, and it shows that the electrical conduc- 

ivity does not dependent on the distance to GBs. One example of 

he position layout of the four probes is displayed in Fig. 7 (c) for

rain interior and Fig. 7 (d) for HAGB. The absolute value of the 

lectrical conductivity is (1.39 ± 0.01) × 10 5 S/m for the grain inte- 

ior, i.e. comparable with the value of NbCoSn-Pt-AN at room tem- 

erature, indicating that the electrical conductivity of the pre-BM 

ample and post-BM sample within a single grain are comparable 

nd the local electrical conductivity values are reliable. Across the 

B, and despite possible space-charge effects, the conductivity in- 

reases almost twofold to (2.27 ± 0.22) × 10 5 S/m thanks to the 

nrichment of Pt at GBs. 

. General discussion 

.1. Microstructure-thermoelectric performance relationship 

We now wish to discuss the details of how the microstructure 

nd the thermoelectric properties are linked, and their evolution 

hrough the annealing process. 

First, a change in the properties associated to the post-SPS an- 

ealing could be associated to suppressed anti-site defects. It was 

eported that the anti-site defects could shrink the band gap, en- 

ance the density of states slope near the Fermi level, and are fa- 

orable for the electrical transport properties of intrinsic semicon- 

uctors [46] . Therefore, if the impact of anti-site defects is signif- 
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Fig. 7. (a) Backscattered electron (BSE) image of the pre-BM NbCo(Pt)Sn sample. (b) The corresponding energy-dispersive X-ray spectroscopy (EDX) map of Pt. The white 

GBs in the BSE image is due to the enrichment of Pt. The position layout of the four needles used for the local measurement (c) within the grain interior, and (d) crossing a 

high angle grain boundary, which was assessed by electron-backscattered diffraction (inset). 
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cant, post-SPS annealing should decrease the electrical conductiv- 

ty due to the decreased density of anti-site defects [ 46 , 47 ]. How-

ver, an inverse trend is observed in our study: post-SPS annealing 

esults in a higher electrical conductivity of NbCoSn-Pt-AN. In ad- 

ition, X-ray diffraction (XRD) is an effective experimental method 

o examine the anti-site defects as they usually lead to different 

eflection positions or reflection intensities [ 4 8 , 4 9 ]. However, as

hown in our previous work [28] , we did not observe a marked 

ifference in the XRD patterns between x = 0.6 (not annealed) and 

 = 0.5 (annealed) sample. Therefore, the density of anti-site de- 

ects does not change significantly upon annealing and its impact 

s marginal in our study. 

In contrast, the density of GBs is substantially different. GB- 

cattering affects the weighted mobility [35] of NbCoSn HH at low 

emperatures ( Fig. 1 (a)). The large difference in the weighted mo- 

ility of the pristine NbCoSn and NbCoSn-Pt demonstrates that the 

egregation of Pt to GBs lowers the GB scattering. Moreover, the 

cattering is further reduced by the microstructure evolution in- 

uced by post-SPS annealing, which modifies both the grain size 

nd GB chemistry. 

We employed the two-phase model [ 26 , 50 ] to interpret the im-

act of GB-associated features on electrical conductivity. Due to 

he space-charge effect, GBs can trap charge carriers (e.g. electrons 

n n -type semiconductors), forming electron-depleted regions near 

Bs and leading to a high GB resistivity. In the two-phase model, 

Bs are considered as a GB-phase where an effective band offset 

 �E ) is applied compared to the neutral grains [ 26 , 50 ]. The electri-

al conductivity of the GB-phase ( σ GB ) is associated to �E through 

he relationship: 

GB = A exp 

(
�E 

k B T 

)
(1) 

here A is a pre-expotinal factor, which is related to the charge 

arrier density n , the carrier effective mass m 

∗, Boltzmann constant 

 and tempereature T [50] . 
B 

6 
In a series circuit, the conductivity of the materials could be 

xpressed as: 

−1 = σ−1 
G + 

(
σ−1 

GB − σ−1 
G 

)
t GB (2) 

here G and GB refer to grain phase and grain boundary phase, re- 

pectively, while t GB is the size fraction of the GB-phase. This two- 

hase model accounts for the effect of grain size on the electrical 

onductivity through t GB . However, this is insufficient to account 

or the local composition of GBs, e.g. the segregation of Pt as we 

bserved herein. Compositional variation at GBs will have an im- 

act on �E and thus influences σ GB . 

We provided direct experimental evidence that GB segregation, 

ere of Pt, enhances the electrical conductivity, and it turns out 

hat the space-charge effect of GBs could be partially or even en- 

irely compensated by GB segregation. Similar experimental results 

ave also been reported for ceria [51] . Therefore, both grain size 

nd GB segregation influence the total electrical conductivity. The 

wo-phase model needs to evolve to include the impact of GB seg- 

egation and a possible approach is to apply different �E for GBs 

q. (1 )) with different local compositions. 

Based on both, local and bulk electrical transport measure- 

ents, as well as the grain size, we calculated σ GB in Eq. (2 ) for

bCoSn-Pt and NbCoSn-Pt-AN. The solubility of Pt in NbCoSn im- 

oses a similar intragranular composition of Pt for the pre-BM and 

ost-BM samples. Therefore, σ G in Eq. (2 ) was taken as the value 

f the electrical conductivity which was locally measured in the 

rain interior. The difference in the total electrical conductivity be- 

ween NbCoSn-Pt and NbCoSn-Pt-AN is then attributed to the sec- 

nd term in Eq. (2 ). We calculated the volume fraction of GBs by 

 GB = 1 − ( d−h 
d 

) 3 , where d is the grain size and h is the width of

he GB-phase [52] . The data used in Eq. (2 ) and the calculated σ GB 

re listed in Table 1 . Here, the width of the GB-phase is assigned

o 3 nm and its impact on the relative value of σ GB is minor. The 

alculated σ GB of NbCoSn-Pt-AN is approximately four times larger 

han that of NbCoSn-Pt. 



T. Luo, F. Serrano-Sánchez, H. Bishara et al. Acta Materialia 217 (2021) 117147 

Table 1 

Total electrical conductivity ( σ ), inner grain electrical conductivity ( σ G ), the volume frac- 

tion of grain boundaries ( t GB ) and the calculated electrical conductivity of grain boundaries 

( σ GB ) for NbCoSn-Pt and NbCoSn-Pt-AN. 

σ ( × 10 4 S/m) σ G ( × 10 4 S/m) t GB (%) σ GB ( × 10 4 S/m) 

NbCoSn-Pt 7.15 13.88 3.86 0.55 

NbCoSn-Pt-AN 13.59 13.88 0.38 2.09 
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In our study, the grain size and the content of Pt segregation 

t GBs are interrelated, due to the grain growth process between 

bCoSn-Pt and NbCoSn-Pt-AN. The ten times larger grain size of 

bCoSn-Pt-AN leads to a ~90% reduction in t GB . In addition, grain 

rowth also results in the intragranular Pt being repelled into GBs, 

ince the content of Pt for both samples is higher than the esti- 

ated solubility of Pt in NbCoSn. The larger grain size of NbCoSn- 

t-AN is expected to push more Pt at GBs on average, leading to a 

igher value of σ GB . 

.2. Microstructural optimization 

Gaining a holistic understanding of the influence of the mi- 

rostructure on TE performance is a necessary step to guide the 

icrostructural optimization via, for instance, GB engineering, and 

mprove the efficiency of future materials and devices. Our work 

emonstrates that grain size and GB segregation combine to influ- 

nce electrical conductivity. Due to the space-charge effects, pris- 

ine GBs are more resistive than the neutral grains [ 26 , 51 ], while

he GB-electrical conductivity could be modified by GB segregation. 

herefore, the effect of both factors must be considered to develop 

ffective TE design strategies. 

If the GB-electrical conductivity is lower than the grain inte- 

ior, increasing the grain size would be helpful to enhance the to- 

al electrical conductivity. But the larger grain size could also lead 

o higher thermal conductivity [ 18 , 22 ], so the optimization win- 

ow through increasing the grain size might be narrow. Our work 

ffers another potential strategy. As shown in the pre-BM sample, 

B segregation is possible to partially or entirely compensate the 

pace-charge effects associated with GBs. If this strategy could be 

mployed in other TE materials, the electrical conductivity would 

e less sensitive to the grain size, and grain refinement might be 

avorable for the TE performance by reducing the thermal conduc- 

ivity. 

Ultimately, both the segregant and the magnitude of the segre- 

ation influence the GB-electrical conductivity [ 51 , 53 ]. Therefore, 

hermodynamic (e.g. solubility of dopants, precipitation of sec- 

ndary phases) and kinetics (e.g. grain growth and diffusion of 

opants) should be considered in the design of future TE mate- 

ials. Calculations of the solubility of dopants in the matrix and 

he corresponding electronic structure of GBs would further help 

ptimize the microstructure. For HH compounds which are often 

ynthesized through ball milling and sintering, grain growth and 

opant diffusion are highly likely to happen in their service con- 

itions at medium-to-high temperatures [ 10 , 13 , 14 ]. Therefore, ap- 

roaches should be considered to stabilize the microstructure to 

mprove the long-term performance of TE devices in service, e.g. 

ptimizing the solute concentration [ 52 , 54 ] or post-sintering an- 

ealing. 

. Conclusion 

GB-scattering of charge carriers is the dominant scattering 

echanism of the NbCo 1- x Pt x Sn HH alloys, which deteriorates the 

eighted mobility of NbCo(Pt)Sn at low temperatures. After post- 

PS annealing, NbCoSn-Pt-AN has a two times higher weighted 

obility at room temperature compared to that of NbCoSn-Pt. We 
7 
emonstrated that GB-scattering of charge carriers is influenced 

y the microstructure variation induced by post-SPS annealing be- 

ause of a tenfold increase in grain size and Pt-segregation to 

Bs. The associated drop in electrical resistivity was confirmed by 

n-situ measurements. We hence show that dopant segregation, 

n our case Pt, can completely counteract the space-charge effect 

ssociated with GBs and thus leading to an overall higher GB- 

lectrical conductivity. By adjusting the material composition and 

rocessing, it is possible to use grain boundary engineering to ma- 

ipulate the GB-transport properties, opening new possibilities for 

ptimizing TE performance. 
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