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Abstract
In this work, we compare the thermoelectric performance ofMg2Si-based compounds by synthesizing
them inN2 compared toAr atmosphere during ballmilling. In addition, we achieved high
thermoelectric performance by introducing Sn-alloying aswell as Zn- andBi-co doping. The high
performance originated from simultaneous improvement in electrical conductivity and reduced
thermal conductivity. This results in peak zTnear 1.0 at 760 K forMg1.9925Zn0.0075Si0.48Sn0.5Bi0.02.
Owing to themuch lower cost (higher abundance) ofN2 compared toAr owing to theirmuch higher
relative abundance, such processing strategy is expected to improve sustainability. Furthermore, the
insights derived from this work can potentially be applied to other compounds containingMg- and
other reactive elements. Fundamentally, this result will alsomotivate further studies on the intrinsic
defect formation inN2 vs Ar atmosphere, which affects both electronic and thermal transports.

1. Introduction

Rapidly changing climate, driven by overconsumption of energy and electricity has imposed pressing needs to
innovate sustainablematerials for renewable energy needs. Amongst other renewable energy technologies,
thermoelectrics, with their special ability to inter-convert heat and electricity have a special role to play. For
instance, their ability to upcycle waste heat into electricitymakes them attractive to augment other technologies
such as photovoltaics to capture the portion of energy thatwould otherwise bewasted aswaste heat. On the other
hand, the ability of thermoelectrics to function as solid-state cooler is valuable for cooling down heat-sensitive
components among existing technologies such as batteries andmodern electronics. Yet, despite their
tremendous potential, thewidespread adoption of thermoelectrics is generally limited by both their
performance and overall cost [1–4].

In terms of performance, a thermoelectricmaterial is generally defined by both electronic and thermal
transport parameters, whichmakes up the figure-of-merit zT= S2σT/κ, with S,σ, andκ denoting Seebeck
coefficient, electrical, and thermal conductivity, respectively. To achieve high zT, multiple strategies such as
engineering scatteringmechanisms, interstitial doping, band convergence, and nanostructuring are commonly
used [5–8]. In addition, various types of defects, lattice anharmonicity, complex structures, hierarchical
structure, and lattice strain have been popularly used to reduce lattice thermal conductivity [9–15]. In recent
years, several keymaterials have emerged to be the leading performer amongst thermoelectrics such asGeTe,
SnSe, Cu2Se,Mg3Sb2, andAgSbTe2 based compounds [6, 16–33]. For designing high performancematerials,
besidesmaterials selection, the processing parameters are often deterministic. For instance,majority of
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thermoelectricmaterials synthesis are done in vacuum to prevent oxidation, which is very detrimental to their
performance. This has also posed great challenges in device fabrication and additivemanufacturing for
thermoelectrics, especially for thin films, as laid out by Tan, et al [2, 34–41]. Furthermore, for compounds
containing highly reactive and volatile elements such asMg, inert gas such as Ar is popularly used to prevent
unwanted reaction. As such, due to the stringent requirements during synthesis and processing, lack of
upcycling efforts, and not tomention tedious device fabrication, the overall cost of thermoelectric devices are
often forbiddingly high [42–46]. This often renders it uneconomical to use thermoelectric for large scale energy
harvesting applications.

One good example ofMg-containing compoundwith good thermoelectric performance ismagnesium
silicide (Mg2Si). It is a narrow bandgap n-type semiconductor with high electrical conductivity and low thermal
conductivity, nontoxic, pollution-free, and corrosion-resistant [47].Mg2Si is a well-studied compound, with
high thermoelectric performance previously using various doping/alloying strategies using Sn alloying or
dopingwith Bi, Sb, Zn, Ga, Pb, Sr, andAl [48–58]. In terms of synthesis, variousmethods ranging induction
melting, vertical Bridgman growth, spark plasma sintering, solid state reaction andmicrowave have been
explored [50, 59–63].Many of these processes involve pulverizing the ingot of theMg2Si sample inAr-protected
atmosphere. Therefore, barring its stringent requirement of Ar-protected atmosphere, it is an otherwise
environmentally friendly and economicalmedium-temperature thermoelectricmaterial with high power
conversion efficiency [64, 65].

Motivated by the importance of exploring greener and cheaper processing, in this work, we explore the
processing ofMg2Si usingN2 compared toAr.N2 is a greener and cheaper alternative to Ar owing to its higher
relative abundance. In terms of abundance, N2 andArmake up of 78%and 0.93%of air-content, respectively. In
terms of cost, Ar is three timesmore expensive thanN2. The synthesis ofMg2Si andMg2Ge inN2 atmosphere
using amicrowave-induced-metal-plasmamethod has been performed by Fan et al, which demonstrates the
possibility of utilizingN2 gloveboxes in the formation ofMg-based compounds [49].While theworkmentions
thermoelectricity as a potential application ofMg2Si, further experimentation and testing of the electrical and
thermal transport properties are required to analyze if this synthesismethod is suitable for thermoelectric
materials. It is evident fromour study that while bothN2 andAr result in pure phaseMg2Si, the sample
synthesized inN2 atmosphere has simultaneously higher electrical conductivity and lower thermal conductivity.
As a result, high zT of close to 0.5 at 760 Kwas achieved, which is among one of the highest performance of
undopedMg2Si in the literatures. To demonstrate performance closer to the state-of-art value of optimized
Mg2Si-based compounds, further alloyingwith Sn and co-dopingwith Zn andBi results in zT close to 1.0 at
760 K, competitive with otherMg2Si1-xSnx performances [66]. The strategy and insights in this work can be
envisaged for otherMg-basedmaterials such as theMg3Sb2, which is a promising alternative for Bi2Te3-based
compounds for room temperature applications.More importantly, in terms of the fundamental of intrinsic
defects, this work can spur on further studies in understanding the role ofN2 inmodulating the defect formation
withinMg2Si, whichwas traditionally understood to be originated from the concentration of electrons in the
tiny cavity spaces formed byMg-sublattice [67].

2.Methods

High purity (>99.999%) Si chunks,Mg chunks fromZhongNuoAdvancedMaterial TechnologyCo. Ltdwere
weighed in stoichiometric ratios underN2-protected or Ar-protected atmosphere with 10% excess ofMg to
compensate for the loss of this element during ballmilling. Themixturewas ballmilled in sealed tungsten
carbide (WC) jars for 2 h, inwhich stearic acidwas added inWC jars to prevent the adhesion of the bulkmaterial
to the jar. Then themixture powders were heated in the glovebox to 400 °C to remove the stearic acid, and cold-
pressed (in vacuumof 1.0 Pa) into pellets under a pressure of 7 MPa for 2 minwith the diameter of 13 mm. The
Self-propagating high-temperature synthesis (SHS) process wasfirstly started by vacuum sealing the pressed
pellets at a pressure of 10−3 Pa in quartz ampules to prevent any oxygen from reactingwith sample before SHS,
then heating the bottomof the pellets in vacuumwith a hand torch. Once ignited, the hand torch is removed
immediately. Then the pellets were grounded into fine powders carefully by hand inN2-protected orAr-
protected atmosphere, then the fine powders were detected byXRD to determinewhethermagnesium silicide is
pure. Spark Plasma Sintering (SPS) at 1073 K and 1 pa vacuum, under a pressure of 50 MPa for 10 minwas
utilized to densify the homogenized powder. The size of the graphite diewas 12.7 mm in diameter. After which,
thefinal sintered pellets were cut and polished to test for electronic and thermal properties.

For the thermoelectric properties, electrical resistivity and Seebeck coefficient weremeasured
simultaneously using ZEM-3 fromULVAC. The thermal properties weremeasured using laser LFA 457,
NETZSCH. The heat capacity used for thermal conductivity calculationwas estimated usingDulong-Petit
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approximation, with correction term to account for thermal expansion [68]. XRD characterizationwas
conducted at room temperature.Microscopy analysis was done infield emission scanning electronmicroscopy.

3. Results and discussion

In order to ascertain the percentage ofMg in different stages, X-ray diffraction (XRD)was done after ballmilling,
SHS and on thefinal sample, as shown infigure 1. It is worth noting that after 2 h ballmilling, the powders
consistmostly ofMg and Si, someMg2Si is detectable. This stems from incomplete reaction betweenMg and Si.
Subsequently, after SHS,most of the product isMg2Si, withminor residualMg peaks, presumably due to the
excessMg introduced during synthesis. Lastly, after the SPS, theminor peaks belonging toMgdisappear due to
its volatility, with the resulting product purelyMg2Si. The characteristic peaks are indicative of a highly
crystallinematerial andmatchedwell with the indexed pristineMg2Si [69], which can be observed at around 40°.
Furthermore, for sample synthesizedwith SHS inN2, no oxide phase can be observed from thefigure, which
suggests thatminimal oxidation occur during the synthesis and consolidation processes. This is in contrast to the
same sample synthesized using SPSmethod inN2, which showsminor peaks ofMgO. This observation is
important since the presence of oxide phase has been known to be detrimental to the electronic transport
properties. In addition, the resulting sample appears homogeneouswith no observable agglomeration or phase
separation under electronmicroscopy, as shown infigure S1. Importantly, no structural difference can be
observed between sample synthesized inN2 andAr atmosphere.

To further elucidate the thermoelectric properties, both the electronic transport consisting of Seebeck
coefficient (S) and electrical conductivity (σ) and thermal transport (κ)weremeasured, as shown infigure 2.
Evidently, the value of Seebeck coefficient, electrical conductivity and power factor forMg2Si (N2) is higher than
inMg2Si (Ar), as shown infigures 2(a)–(c). Figure 2(a) shows a general trend of decreasing electrical conductivity
across the entire temperature range, consistent with degenerate behavior and alsowith increasingmagnitude of
Seebeck shown infigure 2(b). The origin of the higher electrical conductivity of sample synthesized inN2

atmosphere can possibly come from the presence ofMg in interstitial sites [70]. This can be associatedwith the
starting composition of 10%excessMg, whichmight have over compensated forMg loss during synthesis. In
addition, in comparison to literatures, samples synthesized using the combination of SHS and SPS generally
showhigher electrical conductivity and power factor compared to other synthesis routes, as demonstrated by the
current work and thework byZhang, et al.which also employed SHS and SPS in their synthesis [71].

In terms of thermal transport, despite having higher electrical conductivity,Mg2Si (N2) also has lower
thermal conductivity compared toMg2Si (Ar), as shown infigure 2(d). As a result, the estimated lattice thermal
conductivity ofMg2Si (N2) is drastically lower compared toMg2Si (Ar) infigure 2(e). Interestingly, the results
fromTani, et al andCederkrantz, et al also shows lower lattice thermal conductivity as compared toMg2Si (Ar)

Figure 1.XRD scans ofMg2Si after ballmilling, SHS and on final pellet after SPS.
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and result fromZhang, et al [53, 71, 72]. This can be associatedwith difference in processing conditions. In the
reports by Tani, et al andCederkrantz, et al, the samples were prepared by direct SPS and ballmilling followed by
SPS, respectively. Trace amount of unreacted silicon andmagnesiummay have contributed to nanoprecipitate
phonon scattering in the samples by Tani, et al andCederkrantz, et alOn the other hand, the possible presence of
Mg3N2 inMg2Si (N2)may have resulted in increased phonon scattering and thus lower lattice thermal
conductivity. Consequently, reasonably high zT value near 0.5 at 760 Kwas achieved inMg2Si (N2), as shown in
figure 2(f). This is among the highest value compared to undopedMg2Si in the literatures so far.

To demonstrate the feasibility of further alloying and doping to enhance the zT ofMg2Si (N2), Sn alloying as
well as Zn- andBi- co-dopingwere introduced to the samples. As evident from figure 3, the alloying of Sn into
Mg2Sn0.5Si0.5 shifted the peaks to lower angles. This is due to the larger ionic radii of Sn

4+ compared to Si4+,
which results in higher lattice parameters, as shown infigure S2.On the other hand, introduction of Zn intoMg

Figure 2.Thermoelectric properties ofMg2Si synthesized inAr, N2, compared toMg2Si from literatures [53, 71, 72]. (a)Electrical
conductivity (b) Seebeck coefficient (c)Power factor (d)Thermal conductivity (e) Lattice thermal conductivity, and (f) zT as the
function of temperatures.

Figure 3.XRD scans ofMg2Si alloyedwith Sn and co-dopedwith Zn andBi after SPS.
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sites reduced the lattice parameter due to the slightly smaller ionic radii of Zn2+ thanMg2+. Lastly, doping Bi
into the Si/Sn sites gradually increases the lattice parameter due to the large ionic radii of Bi. It is noteworthy that
in all samples, no obvious secondary phase peaks can be observed.

To ascertain the homogeneous distribution of the Sn, Zn, and Bi dopants in the samples, EDSwas done on
Mg2Si0.5Sn0.5 andMg1.9925Zn0.0075Si0.48Sn0.5Bi0.02, as shown infigure S3 andfigure 4, respectively. Besides the
minute precipitates of elemental Si in both samples, the rest of the areas are quite homogeneously distributed.
Importantly, although there appears to be peak broadening inMg2Si0.5Sn0.5 infigure 3, the EDS infigure S3 does
not show any large area agglomeration of secondary phase. In addition, the quantitative analysis in table S1
shows that theweight percentage of the elements are commensurate with the sample composition.

In terms of thermoelectric properties, the alloying of Sn intoMg2Si does not significantly alter the Seebeck
coefficient at low temperatures, as shown infigure 5(a). Interestingly, at above 600 K, themagnitude of Seebeck
coefficient ofMg2Si0.5Sn0.5 increases with temperature, which deviates from the trend forMg2Si. This can be
explained by the reduced band-gap upon alloyingwith Sn, which results in onset of bipolar conduction at lower
temperatures [66]. In addition, the lower electrical conductivity ofMg2Si0.5Sn0.5 can be attributed to the alloy

Figure 4.EDS scans ofMg1.9925Zn0.0075Si0.48Sn0.5Bi0.02.

Figure 5.Thermoelectric properties of Zn andBi dopedMg2Si0.5Sn0.5 (a) Seebeck coefficient (b)Electrical conductivity (c)Power
factor (d)Thermal conductivity (e) Lattice thermal conductivity, and (f) zT as the function of temperatures.
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scattering brought about by Sn atoms, which reduced the carriermobility in the sample (figure 5(b)). Besides
alloyingwith Sn,minute doping of Zn andBi results in drastically enhanced electrical conductivity, which also
results in increased power factor compared to pristineMg2Si (figure 5(c)). Notably, the bipolar onset of
Mg2Si0.5Sn0.5 is suppressed upon introduction of Zn andBi. This can be attributed to the role of higher carrier
concentration in suppressing bipolar effects. As a result, considerably higher power factor can be achieved at
higher temperatures (> 700 K) for all Zn andBi doped samples.

In terms of thermal transport properties, the introduction of Sn alloying drastically reduce both total
thermal conductivity and lattice thermal conductivity. This is due to the combination of alloy scattering and
higher anharmonicity due to larger atomicmass of Sn compared to Si [73, 74]. It is noteworthy that further
addition ofminute Zn andBi does not alter the lattice thermal conductivity appreciably. Consequently, high
peak zT can be achieved for allMg2Si0.5Sn0.5-based samples dopedwith Zn andBi primarily due to their higher
power factor. It has to be noted that due toMg-loss at high temperatures, performance degradationmay occur.
This was well examined in previous study by Sankhla et al [75].

4. Conclusions

In this work,N2was explored as the alternative protective gas for the processing ofMg2Si due to its higher
relative abundance compared toAr.While XRD results do not show any difference betweenN2 andAr
synthesized sample, their transport properties differ quite drastically from each other. The sample synthesized in
N2 atmosphere has simultaneously higher electrical conductivity and lower thermal conductivity than the one
synthesized inAr atmosphere. This results in high zT of close to 0.5 at 760 K,which is the highest performance of
undopedMg2Si compared to the literatures. Furthermore, alloyingwith Sn and co-dopingwith Zn andBi results
in zT close to 1.0 at 760 K,which is competitive to the performance of otherMg2Si1-xSnxmainly synthesized in
Ar protected atmosphere. Overall, the strategy of replacing ArwithN2 in this work can be envisaged for other
compoundswith reactive and volatile elements. It is worthmentioning that this work leaves further scope for
exploration in terms of understanding the effect ofN2 on the intrinsic defect formationmechanisms, which
ultimately determines the electronic and thermal transport properties.
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