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Thermoelectricity is a green method of energy production by converting waste heat into electricity. 

Silicides and selenides are candidate materials for thermoelectric applications due to their high 

performance in their operating temperature range. Additionally, they are composed of abundant and 

negligibly toxic elements. The current study focuses on the fabrication of alternative thermoelectric 

materials, aiming to develop compounds with advanced thermoelectric properties. Pure Mg2Si and Al-

doped Mg2Si samples are synthesized by Pack Cementation, and Ag2Se powder is produced via Ball 

Milling (BM). The chosen synthesis methods are suggested as environmentally friendly, fast and 

economic. The samples were structurally characterized by X-ray diffraction (XRD), while the 

morphology and the chemical composition were studied by X-ray photoelectron spectroscopy (XPS) and 

scanning electron microscopy (SEM). In the case of magnesium silicide, the thermoelectric phase was 

formed without residual traces of the initial elemental powders. The Al addition diffused in the material 

homogeneously and no secondary phases were developed. Regarding the Ag2Se powder, α-phase (low 

temperature) was obtained after 2.5 h of mechanical alloying (BM) the elements. SEM and XPS analysis 

detected traces of unreacted Ag and Se, indicating that the ball milling process should last longer to 

achieve a complete reaction between the elements. 
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1. Introduction 

Thermoelectric (TE) technology recovers waste heat providing power generation, while 

being noiseless, free of carbon emissions and with minimum maintenance requirements. The 

performance of thermoelectric materials is determined by the dimensionless figure of merit, 𝑧𝑇, 

described as: 

𝑧𝑇 = 𝑆2𝜎𝑇/𝜅    (Eq.1), 

where 𝜎 is the electrical conductivity, 𝜅 = 𝜅𝑒 + 𝜅𝐿 is the total thermal conductivity (κe and κL 

are the electronic and lattice contributions, respectively), 𝑆 is the Seebeck coefficient and 𝑇 is 

the absolute temperature. 

Silicides are regarded as one of the most promising candidates for intermediate- to high-

temperature thermoelectric applications due to their attractive TE properties and the high 

abundance of their constituent elements [1]. Mg2Si-based materials are economic, non-toxic and 

light-weight in comparison with other TE materials of the same temperature range, such as 

CoSb3 and PbTe [2, 3]. The maximum reported 𝑧𝑇 of these compounds is 𝑧𝑇=1.63 at 373 °C 

[4]. The synthesis of Mg2Si-based materials is a challenge due to the high affinity of Mg with 

oxygen. A wide variety of techniques have been employed so far, including solid-state reaction, 

mechanical alloying (Ball Milling), melting, sputtering and self-propagating high-temperature 

synthesis (SHS), commonly followed by  spark plasma sintering, hot-press or plasma activated 

sintering [5-11]. The afore-mentioned methods have some drawbacks. Some of them require 

precision and state of the art equipment to be carried, such as sputtering or SHS. For solid state 

reaction, it is difficult to synthesize powders without secondary phases and the process is often 

time and energy-consuming. Because of the high vapor pressure of Mg, it is difficult to control 

the composition during the melting methods. Finally, Mg2Si prepared by mechanical alloying is 

frequently contaminated and is likely to form aggregates. 

Ag-Se alloys are getting increasing attention for low-temperature thermoelectric 

applications. Specifically, Ag2Se possesses ultra-low lattice thermal conductivity, high power 

factor around room temperature and a narrow band gap of 0.15 eV. In other words, this 

compound is a "phonon liquid electron crystal" (PLEC). The maximum reported 𝑧𝑇 for Ag2Se is 

close to that of the commercial Bi2Te3 ingots, reaching the peak value 𝑧𝑇=1.2 near room 

temperature [12]. The toxicity and/or scarcity of Βi and Te are the main reason that new low-

temperature TE materials, such as Ag-Se alloys, need to be developed. Various synthesis 

techniques have been applied to prepare Ag2Se. The most common method for synthesizing 

polycrystalline ingots is zone-melting (ZM) [13]. Furthermore, ball milling and chemical 

methods (e.g. hydrothermal reaction, colloidal synthesis) [14, 15] are frequently used to produce 

powders with refined grain size and morphology. Combining hot pressing (HP) or spark plasma 

sintering (SPS) with ball milling is an effective method for improving the TE performance. This 

is accomplished by reducing the thermal conductivity through the increased phonon scattering 

on very fine grains. 

The current work focuses on the synthesis of Al doped Mg2Si powder (Mg2.18-xSiAlx, x = 0, 

0.01) and Ag2Se powder, which are prepared by pack cementation and ball milling technique, 

respectively. Both methods are low-cost, simple and environmentally friendly, as no toxic by-

products are released during the synthesis process. Aluminum dopant was selected for 

enhancing the TE properties of n-type Mg2Si because of its low price and ecological character 
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[16, 17]. The main effect of Ball Milling method on Ag2Se is the modification of the defect 

concentration, which is achieved through the mechanical energy gained from the collisions with 

the balls and the conversion to thermal energy. The morphological changes and the introduction 

of defects are responsible for the optimization of the TE properties. The synthesized Mg2.18-

xSiAlx and Ag2Se powders were studied regarding their structure and composition, and the 

preparation routes were evaluated. 

2. Experimental section 

The method of pack cementation (PC), employed for the synthesis of nanostructured 

Mg2Si powder and other thermoelectric silicides, has been described in detail elsewhere [18-20]. 

In brief, a homogeneous powder mixture of Mg, Si and a halide salt activator is prepared. The 

procedure is divided in two stages. During the first stage of thermochemical reaction, the 

activator thermally decomposes, and the halide products favourably react with Mg (donor). The 

gaseous metal halides are transferred to the surface of Si (base material) where they decompose 

depositing the donor in a highly reactive form. The byproducts react again recycling the 

chemical process, until the donor is totally consumed. Subsequently, the step of solid-state 

diffusion follows, with the Mg atoms predominantly moving inwards into Si grains [18, 21]. 

For the synthesis of Al doped Mg2Si with pack cementation procedure, powders of Si 

(purity 99.5%, ≤44 μm), Mg (purity 99.5%, ≤44 μm) and Al (purity 99.5%, ≤44 μm) were 

weighed according to the stoichiometric compositions Mg2.18-xSiAlx (x = 0 and 0.01) and they 

were homogeneously mixed along with NH4Cl; the latter was used as the activator. The excess 

of Mg powder is used in order to compensate for the loss during the synthesis [22], while the 

concentration of NH4Cl was constant at 3 wt%. The powder mixtures were placed in ceramic 

crucibles and with a lid having a hole before being placed in the furnace. The heating 

temperature was 650 °C, while the holding time was 5 h (Table 1). The whole process took 

place under argon flow 99.98% in order to protect the samples from oxidation. Additionally, the 

synthesis chamber was purged before the experimental procedure, using a rotary vacuum pump 

up to 2 × 10−2 mbar. The Mg2Si-based powders were hot pressed to pellets up to 700 °C, under 

85 MPa and inert atmosphere for 4 h in a graphite die (diameter 13 mm). The density of the 

pellets was ~85% of the theoretical value (1.99 gr/cm
3
). The density (q) was estimated from 

mass (m) and volume (V) measurements using the equation q=m/V. 

 

Code name Theor. Comp. Temperature PC (°C) Time PC (h) Atmosphere PC 

MS0 Mg2.18Si 650 5 Argon 

MS1 Mg2.17SiAl0.01 650 5 Argon 

Code name Theor. Comp. Rotational speed BM (rpm) Time BM (h) Atmosphere BM 

AS Ag2Se 500 2.5 Argon 

Table 1: Experimental conditions of the synthesized samples and given code names. 

 

For the synthesis of Ag2Se, elemental powders of Ag (purity 99.9%, ≤44 μm) and Se 

(purity 99.5%, ≤44 μm), weighed in the appropriate stoichiometric ratio (2:1), were placed into 

an agate milling vessel with twenty-five agate balls (10 mm diameter). The powders were 

blended in a high-energy ball mill for 2.5 h (with a 15 min interval every 30 min) at a speed of 

500 rpm (Table 1). The ball milling jar was sealed with inert gas (argon), to prevent oxidation 
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which could occur during a long milling process in air atmosphere. The synthesis of ball milling 

(BM) was carried out with a FRITSCH Planetary Micro Mill, model PULVERISETTE 7. 

Structural and chemical characterization of the synthesized materials was carried out 

employing different techniques. The phase identification was performed for pellets and powders 

by X-ray diffraction (XRD) analysis, using a 2-cycle Rigaku Ultima
+
 powder X-ray 

diffractometer, with Cu Ka radiation and operating at 40 kV/30 mA. The data were collected 

with a step of 0.05° and scan speed of 1.5 s/step. Scanning Electron Microscopy (SEM) 

measurements were performed using a JEOL JMS-390LV electron microscope, equipped with 

an OXFORD INCA 300 energy dispersive X-ray spectrometer (EDS), in order to acquire 

information regarding the chemical composition and morphology of the powders and pellets. 

The chemical state of the constituent elements and the chemical composition of the surface were 

studied by X-ray photoelectron spectroscopy (XPS) using a KRATOS Axis Ultra
DLD

 system 

equipped with a monochromated Al Ka (1484.6 eV) X-ray source, a hemispherical sector 

electron analyzer and a multichannel electron detector under ultra-high vacuum conditions (10
-9

 

Torr). Calibration of the spectra achieved with the C 1s peak at 284.6 ± 0.2 eV (binding energy) 

for the C-C bonds due to the contamination of atmosphere. 

 

3. Results and Discussion 

3.1. Characterization of Mg2Si 

The XRD patterns in Fig. 1 show the Pack Cementation Mg-Si powder mixture with Al. 

The majority of the peaks corresponds to Mg2Si as the main phase (2θ=40.12°), possessing 

antifluorite crystallographic structure (CaF2) and Fm3m space group.  

 

 

Figure 1: XRD patterns of Mg-Si powder with varying Al concentration. The inset presents the region 

around to (2 2 0) peak. 
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The presence of a small peak of MgO (2θ=36.62°) is also detected due to high affinity of 

magnesium with oxygen, as MgO exhibits negative change in free energy the value of which is 

one of the highest among the metals. (ΔG=-1138kJ/mol at room temperature) [23]. Via XRD 

pattern fitting and Rietveld refinement (Program FullProf.2K-Version 7.20), the weight 

percentage of MgO is quantified about 5%, which is in good agreement with literature [24]. The 

peaks were indexed by Mg2Si PDF #65-2988 and MgO PDF #45-09 [25]. Several studies refer 

that the added Al substitutes the Mg atoms in the lattice. Other studies claim that under specific 

circumstances, Al substitute on Si atoms [26, 27], as the formation energy is lower than 

substituting at Mg sites. Particularly, Zwolenski et al. refers that the site preference can 

tentatively be predicted from, e.g., the Korringa–Kohn–Rostoker method with the coherent 

potential approximation (KKR-CPA) formation energy. In this case of Al-doped Mg2Si, Al 

substitutes at the Si site [28]. Due to the larger atomic radius of aluminum in relation to silicon, 

an increase in the lattice constant is expected [29]. Consequently, the XRD pattern of sample 

MS1 will be shifted to lower angles compared to MS0. A magnification of 2θ-angle in Fig. 1 

(inset diagram) verifies the theoretically expected observation. Castillo et al. estimated the 

lattice constant of undoped Mg2Si to be 6.349 ± 0.002 Å [30]. The lattice parameter of the 

samples was calculated by applying Bragg’s equation [31] for all peaks from XRD pattern. The 

results are included in Table 2. 

 

Sample 
Average 

Lattice Parameter (Å) 

Average 

Crystallite Size (nm) 

MS0 6.349 72.00 ± 1.15 

MS1 6.350 71.21 ± 1.12 

Table 2: Crystallographic quantification of Mg-Si powder with aluminum doping. 

 

The crystallite size was determined by applying the Debye – Scherrer equation (given 

below) for the predominant peaks and the results are presented in Table 2: 

𝐿 =
𝐾 ∙ 𝜆

𝛿(2𝜃) ∙ 𝑐𝑜𝑠𝜃
 (Eq. 2), 

where 𝐾 is Scherrer constant (assumed as K=0.89 for spherical shape), 𝐿 is the crystallite size, 𝜃 

is the position of the peak and (2) is the integral breadth of the reflection which is corrected 

for the instrumental broadening. The Al doped material presents broader peaks, which is 

attributed to the decrease of the crystalline size and the introduced lattice strain; this was caused 

from the introduction of aluminum and the thermochemical diffusion process. Furthermore, the 

peak broadening is considered to be affected from crystallite size, while strain broadening is 

neglected [32], which is in agreement with Al doped materials [33]. 

The microstructure images of hot pressed Mg2.18-xSiAlx powders are shown in Fig. 2 (a-b). 

The chemical composition was determined by EDS analysis. Figure 2 (a) depicts the SEM 

image of the MS0 pellet, and the results of the EDS analysis revealed that the sample contains 

65 ± 3 at% Mg and 35 ± 3 at% Si. Figure 2 (b) presents the elemental mapping for the MS1 

sample corresponding to a representative area denoted with the dashed rectangle. The EDS 

elemental mapping of MS1 revealed a homogeneous Mg-Si content of 66 ± 3 at% Mg and 33 ± 

3 at% Si for the whole area, which corresponds to Mg2Si thermoelectric phase. No other 
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secondary phases and unwanted impurities were detected in the material. Tani et al. reported 

that the solubility limit of aluminum in Mg2Si is around 0.15 at%. Thus, it is confirmed that no 

preferred phase is formed between aluminum and the basic elements [34]. 

 

 

Figure 2: SEM images of the hot-pressed samples a) MS0 and b) MS1 with the corresponding elemental 

mappings. 

 

3.2. Characterization of Ag2Se 

According to Ferhat and Nagao [35], α-Ag2Se (low-temperature phase) is the most stable 
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phase in the phase diagram of Ag-Se [36]. This phase possesses an orthorhombic structure (a = 

4.333 Å, b = 7.062 Å and c = 7.764 Å) at room temperature [37, 38]. Above ~130 °C, Ag2Se 

undergoes a first order phase transformation to β-Ag2Se body-centered cubic structure (a = 

5.043 Å) [39]. The phase composition and the crystallographic structure of the synthesized Ag-

Se material were determined by XRD analysis. Figure 3 shows the XRD pattern of the Ag2Se 

powder prepared by BM Ag and Se in a stoichiometric ratio of 2:1 for 2.5 h. The majority of the 

peaks are well indexed by the pattern that is most commonly reported in literature (PDF# 24-

1041) [25], identifying the orthorhombic structure (α-Ag2Se) with a space group of P212121 [40–

42]. According to the XRD analysis, the synthesized material seems to be of a single-phase, as 

there is no indication of excess Ag or Se, and it is probably stoichiometric. The lattice 

parameters were calculated by applying Bragg’s Law [31] and the d-spacing equation is given 

below: 

1

𝑑2
=

ℎ2

𝑎2
+

𝑘2

𝑏2
+

𝑙2

𝑐2
, (Eq. 3) 

The calculated values are a =4.331 Å, b =7.059 Å and c =7.761 Å. The experimental parameter 

values are consistent with those of PDF #24-1041 and previously reported experimental values 

[25, 43]. The crystallite size was determined by applying the Debye – Scherrer equation (Eq. 2) 

for the six most predominant peaks: (1 1 2), (1 2 1), (2 0 1), (1 1 3), (0 3 1) and (0 1 3) located at 

2θ = 33.48°, 34.75°, 43.32°, 42.64°, 36.99° and 40.01°, respectively. The crystallite size was 

calculated to be ~42 nm, which is in agreement with the results of previous reports employing 

the same synthesis method [44]. 

 

 

Figure 3: The XRD pattern of the Ag2Se powder, indexed by PDF# 24-1041[25]. 

 

Ag2Se powder was morphologically characterized by SEM analysis and a representative 

image of the powder is shown in Fig. 4. The grains have irregular shapes with an average size of 

~20 μm. The chemical composition was determined by EDS analysis. Figure 4 depicts some 

representative EDS point measurements, and the results are included in Table 3. In general, the 

measured composition is fairly close to the nominal one and corresponds to Ag2Se phase. 

Interestingly, a different finding is spotted in spectrum #3, at which an excess of Ag can be 
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detected. Few points with similar composition were sparsely found in other areas too, probably 

indicating the presence of unreacted Ag traces. The amount of the pure Ag is very limited and 

below the detection limit of XRD analysis. Also, in Fig. 4, the elemental maps of a 

representative area (denoted with the dashed rectangle) are presented. In general, the whole 

region is homogenous regarding the Ag and Se concentration, and there is no evidence of 

secondary phases. 

 

 

Figure 4: SEM image of the Ag2Se powder and the corresponding elemental maps of the area denoted 

with the dashed rectangle. 

 

Spectrum Label 1 2 3 4 

Se (at%) 33.58 34 20.43 36.8 

Ag (at%) 66.42 66 79.57 63.2 

Table 3: Percentage concentration of the elements in Ag2Se powder determined by EDS point 

measurements. 

 

The surface of Ag2Se powder was further examined regarding its chemical composition 

and the chemical state of the constituent elements by XPS analysis. Figure 5 (a) shows the wide 

scan and Fig. 5 (b-c) depicts the high resolution (HR) spectra for Ag 3d and Se 3d core levels, 

respectively. The curve-fitting of the spectra in this figure was performed using the least 

possible number of components required for a good fitting.  

 



P
o
S
(
B
P
U
1
1
)
2
1
1

Synthesis of Al-doped Mg2Si and Ag2Se by PC and BM Processes D. Stathokostopoulos et al. 

9 

 

 

Figure 5: a) XPS widescan of Ag2Se powder, b) High Resolution XPS of Ag 3d core level and c) High 

Resolution XPS of Se 3d core level. 

 

In Fig. 5 (b) the peaks from Ag 3d orbitals are demonstrated along with their analysis. The 

broad Ag 3d5/2 and 3d3/2 peaks located at 368.425 eV and 374.425 eV, respectively, can be fitted 

by a pair of sub-peaks each one of them. The components at 368.478 eV and 374.431 eV of 3d5/2 

and 3d3/2 orbitals, respectively, can be ascribed to Ag
+
 oxidation state, which is present in Ag2Se 

compound [45, 46]. The sub-peaks at 367.982 eV and 374.129 eV of 3d5/2 and 3d3/2 orbitals, 

respectively, exhibit an energy difference of 6 eV, identifying the spin-orbit splitting of metallic 

Ag and confirming the presence of the Ag
0
 oxidation state in the sample [47–49]. Combining 

the results from SEM and XPS analyses, the existence of limited metallic silver in the powder is 

confirmed. The 84.1% of the total Ag bonds are occupied in Ag2Se compound and only the 

15.9% originates from metallic silver. However, this highlights the need for a longer duration of 

BM in order to attain a single-phase powder without any metallic Ag traces. In Fig. 5 (c) the 

peaks from Se 3d orbitals are depicted. The Se 3d5/2 and 3d3/2 peaks overlap [50] and for each 

one of them two components were used to fit the curve. The pair of 3d5/2 and 3d3/2 peaks located 

at 54.037 eV and 54.869 eV, respectively, are attributed to the Se
-2

 oxidation state that is present 

in Ag2Se [50]. The sub-peaks located at 55.328 eV and 56.256 eV, respectively, demonstrate an 

energy separation equal to 0.86 eV, confirming the existence of the Se
0
 oxidation state and, thus, 

the presence of metallic Se in the powder [51]. The 86.8% of the total Se bonds are occupied in 

Ag2Se compound and only the 13.2% originates from metallic selenium. It is noted that the 

amount of metallic Se was too limited to be detected by XRD or SEM analysis. Additionally, 
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quantitative analysis was performed by XPS on the surface of the powder. According to the 

results listed in Table 4, the powder is slightly nonstoichiometric due to the excess of Ag leading 

to a Ag:Se ratio equal to 2.9:1, approximately. This observation may be caused by the ball 

milling prosses itself; an amount of Se is lost. Carbon and oxygen are due to exposure of the 

Ag2Se sample to the atmosphere before the XPS measurement. 

 

Peak Atomic Conc. % 

C 1s 50.52 

O 1s 7.15 

Ag 3d 29.97 

Se 3d 12.36 

Table 4: XPS quantification report of the Ag2Se sample. 

 

4. Conclusions 

This study is focused on the formation of thermoelectric materials synthesized by 

environmentally friendly, fast and economic methods. Thermoelectric pure and Al-doped Mg2Si 

and Ag2Se were synthesized via Pack Cementation and Ball Milling, respectively. All samples 

were characterized regarding their structure and morphology. The XRD analysis confirmed that 

the thermoelectric phases were formed in all samples. The average crystallite size was 

calculated to be about 72, 71 and 42 nm for Mg2Si, Al-doped Mg2Si and Ag2Se, respectively. 

Considering the Mg-Si XRD analysis, the detection of a small amount of MgO was inevitable 

due to the high affinity of magnesium with oxygen. According to SEM analysis, the 

stoichiometric ratio of the thermoelectric phases of all the samples was confirmed. The EDS 

elemental mapping performed on the Al-doped Mg2Si pellet revealed homogenous diffusion of 

Al in the Mg2Si matrix without the presence of any discrete secondary phase. The grains of the 

Ag2Se powder had an irregular shape with an average size of ~20 μm. EDS point measurements 

detected a limited excess of Ag. XPS analysis detected traces of both metallic Ag and Se, apart 

from the Ag2Se compound. This result indicates that the duration of the Ball Milling should be 

longer than 2.5 h to achieve a complete reaction between the elements. 
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