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ABSTRACT: Silver tellurides (Ag-Te) are promising low-temperature thermoelectric materials because their transport
properties can be tuned by subtle compositional variations and nanostructuring. Here, we report a stirring-assisted
hydrothermal route that enables controlled synthesis of n-type and p-type Ag-Te nanostructures by adjusting the
Ag:Te precursor ratio and hydrodynamic conditions. Samples with Ag:Te ratios of 2:1 (Ag2/Tel) and 1:2 (Ag1/Te2)
were synthesized at 120°C for 12 h, varying the stirring speed from 0 to 2000 rpm. X-ray diffraction confirms Ag,Te
as the dominant phase for Ag2/Tel across all conditions, while Te-rich Ag1/Te2 forms a composite mainly consisting
of Te and Ag-deficient Ags_Tes;. For morphology control, the stirring speed significantly alters the microstructural
network of the Ag-Te. Moderate stirring (~500 rpm) promotes an interconnected nanowire/nanorod network, whereas
higher stirring speeds introduce morphological disruption and secondary phases. Finally, room-temperature transport
measurements show that 500 rpm maximizes the power factor for both conduction types: 207.31 uW/mK? for n-type
Ag,Te and 95.83 uW/mK? for p-type Te/Ags_yTes. This work suggests that controlling the molar ratio of precusors
and hydrodynamics during synthesis is a critical factor in optimizing the thermoelectric efficiency of silver tellurides.
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1 Introduction

Thermoelectric materials capable of directly converting waste heat into electrical energy are key
components for sustainable energy harvesting [1,2]. The performance of these materials is evaluated by
the dimensionless figure of merit, ZT = «?0T/k, where an high power factor (PF = «?0) is essential for high
efficiency [3,4]. Consequently, substantial research has focused on optimizing the trade-off between the
Seebeck coefficient (o) and electrical conductivity (o) through nanostructuring and composition control [5].
Among chalcogenides, silver telluride (Ag-Te) is a promising candidate for near-room-temperature
applications due to its narrow bandgap, high electron mobility, and low lattice thermal conductivity [6-9].
A significant advantage of silver chalcogenides is their non-stoichiometric nature; slight adjustments in the
Ag/Te ratio can induce sign changes in the Hall coefficient and enable switching between n-type and p-type
conduction in Agy.Te [10,11]. This tunability is crucial for fabricating practical thermoelectric modules,
which require both conduction types [1].

To date, various synthesis strategies have been explored to obtain high-performance silver tellurides,
including chemical vapor deposition (CVD), co-precipitation, and solvothermal methods [12-14]. While these
techniques offer specific advantages in controlling crystallinity or stoichiometry, hydrothermal synthesis
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remains highly attractive due to its procedural simplicity, cost-effectiveness, and potential for large-scale
production [15,16]. However, conventional static hydrothermal methods often result in uncontrolled
agglomeration and inhomogeneous crystal growth. Controlling the hydrodynamics during synthesis offers
a potential solution to these issues [17,18]. Introducing mechanical stirring can modulate the diffusion of ions
and reaction kinetics, thereby influencing the nucleation and final morphology of the nanostructures [19,20].
However, despite numerous hydrothermal reports on Ag-Te, systematic studies that isolate hydrodynamic
stirring effects on Ag-Te phase evolution and thermoelectric transport remain scarce [15,16].

In this study, a facile and scalable stirring-assisted hydrothermal strategy is proposed to optimize
the thermoelectric performance of silver telluride nanostructures. Unlike conventional static methods
that often result in random agglomeration, this approach utilizes controlled hydrodynamic forces to
modulate nucleation kinetics and crystal growth direction. By systematically varying the stirring speed from
0 to 2000 rpm, the correlation between fluid dynamics, microstructural evolution, and charge transport
properties was investigated. Furthermore, through precise adjustment of the precursor stoichiometric
ratio, both n-type Ag,Te nanowires and p-type Te/Ags_xTe; composites were successfully synthesized
within a unified platform, consistent with known Ag-Te phase relations [21,22]. The experimental results
demonstrate that an optimal shear field (500 rpm) is critical for establishing a continuous nanowire
network, which significantly enhances the power factor by balancing electrical conductivity and the
Seebeck coefficient. This work identifies critical hydrodynamic conditions that maximize the power factor
for both conduction types, providing new insights into the design of high-performance chalcogenide
thermoelectric materials.

2 Experimental Details

2.1 Synthesis of Ag—Te Thermoelectric Materials

Silver nitrate (AgNOs3) and Sodium tellurite (Na;TeO3;) were used as the Ag and Te precursors,
respectively. The conduction type was controlled by adjusting the molar ratio of Ag to Te. A precursor ratio
of Ag:Te = 2:1 was used with 4 mmol of AgNO3 and 2 mmol of Na,TeOs for n-type (namely, Ag2/Tel sample),
whereas a precursor ratio of Ag:Te = 1:2 was used with 2 mmol of AgNO; and 4 mmol of Na,TeOs5 for p-type
(namely, Ag1/Te2 sample). The precursors were dissolved in 60 mL of deionized water (DIW). Hydrazine
hydrate 1.97 mL and ammonium hydroxide solution (1.6 mL) were added as reducing and complexing agents,
respectively. The solution was stirred in a Teflon container for 5 min, followed by hydrothermal synthesis
at 120°C for 12 h. The synthesis was performed under different stirring conditions: static (drying oven)
and dynamic stirring in an oil bath at speeds of 500, 1000, 1500, and 2000 rpm. The schematic illustration
showing preparation procedure was shown in Fig. 1.

2.2 Post-Processing and Characterization

The synthesized powders were vacuum filtered using a PVDF filter and washed twice with DIW and
Ethanol. The powders were dried in a vacuum oven at 60°C for 12 h. For thermoelectric measurements,
the dried powders were agitated in a vial to ensure homogeneity and then pressed into pellets using a hand
press at 10 MPa for 10 min. The morphology of the samples was characterized using scanning electron
microscopy (SEM, Thermo Scientific Co. prisma E). The X-ray diffraction (XRD, Bruker Co. D8 advance)
pattern of sample was measured using Cu-K« radiation (A = 1.5406 A). The Seebeck coefficient (cx) and
electrical conductivity (0) were measured at room temperature (RT) using a KEITHLEY 2636B/2182A/2700
system and the four-probe method, respectively, to calculate the power factor (PF = o?0).
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Figure 1: Schematic illustration of the stirring-assisted hydrothermal synthesis of Ag—Te nanostructures, followed by
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pellet preparation for thermoelectric measurements.
3 Results and Discussion

The influence of hydrodynamic conditions on the microstructural evolution of silver telluride was
systematically investigated using XRD and SEM. Regardless of the Ag2/Tel samples synthesized in the
oven and in the oil bath, the overall XRD pattern (Fig. 2) and crystal parameters (Table 1) remained almost
identical and the strong intensity peaks of Ag2/Tel samples were observed at 20 = 31° and 39°. From
comparison with JCPDS #081-1820 Ag,Te, it can be confirmed that Ag,Te was successfully synthesized
under all conditions. Excessive shear forces at speeds above 1000 rpm likely disrupt the chemical equilibrium,
leading to the precipitation of secondary Ag phases (JCPDS #004-0783 Ag). In other words, The presence of
these trace amounts at high speeds is a result of the extreme hydrodynamic conditions rather than a failure
of the synthesis protocol itself. The morphology of the synthesized Ag2/Tel samples showed a strong
dependence on the stirring speed applied during the hydrothermal reaction. As shown in the SEM images
for the Ag2/Tel samples (Fig. 3), the sample synthesized under static conditions (drying oven) exhibited a
disordered morphology characterized by random agglomeration of particles. This lack of a defined structure
suggests that in the absence of external kinetic energy, crystal growth is limited by the slow diffusion of
precursors, resulting in poor connectivity. However, the introduction of mechanical stirring over 500 rpm
induced a dramatic transformation. The morphology evolved into a dense network of thin nanowires and
nanorods. This interconnected network is critical for thermoelectric applications as it facilitates efficient
charge carrier transport while potentially scattering phonons at the grain boundaries. Increasing the stirring
speed of 1000, 1500, and 2000 rpm, the SEM micrographs revealed that the growth of the nanowires was
confirmed to result in increased length and diameter. However, the excessive shear forces induced by the
turbulent flow likely resulted in phase segregation and mechanical breakage, creating regions that hindered
efficient charge transport. Structural analysis from the XRD spectra (Fig. 2) indicated that the high-speed
conditions (1000 and 2000 rpm) included small signal of Ag (111) peaks, suggesting the formation of secondary
phases. Vigorous stirring might alter the chemical equilibrium, leading to phase segregation.
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Table 1: Crystal parameters of Ag2/Tel samples synthesized under static (oven) and stirring-assisted hydrothermal

conditions (500-2000 rpm).

Ag2/Tel Samples Oven 500 rpm 1000 rpm 1500 rpm 2000 rpm
d;12-spacing (nm) 2.31 2.3 2.3 2.3 2.3
Crystallite size D (nm) 51.4 61.6 59.1 60.4 59.2
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Figure 2: XRD patterns (Cu Ka, A = 1.5406 A) of Ag2/Te1 samples synthesized under static (oven) and stirring-assisted

hydrothermal conditions (500-2000 rpm).
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Figure 3: SEM micrographs of Ag2/Tel samples synthesized at different stirring speeds: (a) static (oven), (b) 500 rpm,

(c) 1000 rpm, (d) 1500 rpm, and (e) 2000 rpm.
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The Agl/Te2 samples synthesized with a precursor ratio adjusted to 1:2 was analyzed by XRD under
identical conditions. In Fig. 4, the XRD analysis for Agl1/Te2 samples confirmed that the majority of peaks
corresponded to the Te phase (with a strong Te peak at 20 = 27.5°, JCPDS #065-3370) and Ag, 9 Tes (distinct
peaks at 20 = 34.02° and 41.4°, JCPDS #085-9807), with the 500 rpm condition providing the most favorable
phase purity for transport. The calculated crystal parameters of Ag, 9sTes were summarized in Table 2. The
presence of Te phase is attributed to the increased Te ratio, which limited its reaction with Ag and led to
independent Te growth. Consequently, in the case of the Agl/Te2 recipe, a composite structure consisting
of Te nanowires and Ag-deficient silver telluride Ags_Tes appears to have been synthesized. Fig. 5 presents
the SEM analysis of Agl/Te2 samples synthesized with different reaction conditions. Similar to the Ag2/Tel
sample, the specimen synthesized in the oven exhibited discontinuous particle growth, with Te observed to
grow independently in the form of nanorod/wires. In contrast, the stirring-assisted hydrothermal reaction
revealed elongated morphologies in which the particles form continuous network structures. As the stirring
speed increased, both the Ags_,Tes particles and the Te nanowires became thinner and longer, indicating
enhanced anisotropic growth under stronger shear conditions. This morphological transition from isolated
particles to a continuous nanowire network suggests that the applied shear force is critical for establishing
effective electrical percolation pathways within the composite matrix.

Table 2: Crystal parameters of Agl/Te2 samples synthesized under static (oven) and stirring-assisted hydrothermal
conditions (500-2000 rpm).

Ag1/Te2 Samples Oven 500 rpm 1000 rpm 1500 rpm 2000 rpm
dyp4-spacing (nm) 2.63 2.63 2.63 2.63 2.63
Crystallite size D (nm) 43.72 47.79 45.46 46.44 46.47
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Figure 4: XRD patterns (Cu Ka, A = 1.5406 A) of Ag1/Te2 samples synthesized under static (oven) and stirring-assisted
hydrothermal conditions (500-2000 rpm).
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Figure 5: SEM micrographs of Agl/Te2 samples synthesized at different stirring speeds: (a) static (oven), (b) 500 rpm,
(c) 1000 rpm, (d) 1500 rpm, and (e) 2000 rpm.

The structural variations induced by stirring speed directly influenced the thermoelectric transport
properties, as quantified in Fig. 6a,b and Table 3. For the Ag,;Te nanowires from the Ag2/Tel, the static
synthesis method yielded an n-type semiconductor behavior, with « of —48.52 uV/K and o of 25.56 S/cm.
The introduction of stirring at 500 rpm resulted in a remarkable enhancement in both parameters. The o
increased to its peak value of 35.99 S/cm, which can be attributed to the formation of the well-connected
nanowire network observed in the SEM analysis, providing effective percolation pathways for electrons.
Simultaneously, the « improved drastically to —240.01 uV/K, a nearly five-fold increase compared to
the static sample. This simultaneous increase suggests that the 500 rpm condition optimized the carrier
concentration and mobility without introducing excessive scattering. Further increasing the stirring speed
negatively impacted the performance. At 1000 rpm, the & dropped to —136.13 uV/K, and the o decreased
to 23.84 S/cm. This downward trend continued at 2000 rpm, where the & plummeted to —46.38 uV/K.
This degradation might arise because the appearance of Ag secondary phases and the disruption of the
nanowire network at high speed likely introduced defect centers that scatter charge carriers, thereby
reducing mobility and the Seebeck effect. Consequently, the PF, which represents the overall thermoelectric
efficiency, reached a maximum of 207.31 uW/mK? at 500 rpm. This is significantly higher than the PF of
the oven sample (6.02 uW/mK?) and the 2000 rpm sample (5.21 wW/mK?), confirming that Ag2/Tel recipe
and 500 rpm is the critical hydrodynamic condition for n-type optimization.
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Figure 6: Cont.
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Figure 6: Room-temperature thermoelectric properties as a function of stirring speed for (a,b) Ag2/Tel (n-type)

and (c,d) Ag1/Te2 (p-type) samples: (a,c) Seebeck coefficient () and electrical conductivity (o); (b,d) corresponding
power factor (PF = «%0).

Table 3: Summary in thermoelectric properties as a function of stirring speed for Ag2/Tel (n-type) samples.

Ag2/Tel (n-Type) Samples Oven 500 rpm 1000 rpm 1500 rpm 2000 rpm
a (LV/K) —48.52 —240.01 —136.13 —164.98 —46.38
o (S/cm) 25.56 35.99 23.84 22.25 24.24
PF (uW/mK?) 6.02 207.31 44.18 60.57 5.21

The Te/Ags_«Tes from Agl/Te2 samples exhibited a similar dependence on stirring speed, confirming
the universality of the synthesis protocol. As shown in Fig. 6¢,d and Table 4, the positive & corresponded to
p-type semiconductor behavior, possibly resulting from the intrinsic properties of the Te-rich phase. The
sample synthesized at 500 rpm achieved the highest « of 658.48 uV/K. This is a substantial improvement
over the oven-synthesized sample (478.12 pV/K). Unlike the n-type samples (Ag,Te), the o of the p-type
Te/Ags_Tes samples showed a slight upward trend with increasing stirring speed, rising from 2.21 S/cm at
500 rpm to 3.56 S/cm at 1500 rpm. However, the overall conductivity values remained lower than those of the
n-type counterparts, generally falling in the range of 2~3 S/cm. Despite the slight increase in conductivity at
higher speeds, the drastic reduction in the « severely compromised the overall performance. As the stirring
speed increased from 500 rpm to 1000 and 2000 rpm, the « decreased to 491.51 pV/K and 291.90 uV/K,
respectively. This trade-off suggests that while high-speed stirring might densify the material slightly
to improve conductivity, it simultaneously introduces defects or alters the carrier concentration away
from the optimum, leading to a loss in o« and thermopower. As a result, the PF for Te/Ags_Tes followed
the same trend as the n-type, peaking at 500 rpm with a value of 95.83 WW/mK?. The PF significantly
declined at higher speed, dropping to 30.27 uW/mK? at 2000 rpm. The phase agreement in the XRD patterns
and the abrupt variations in the Seebeck coefficient (including n/p-type transition and behavior) provide
sufficient evidence for the crystal structure and chemical state. Collectively, these results demonstrate that
the hydrothermal strategy allows for phase tunability—yielding either n-type single-phase Ag,Te or p-type
Te/Ags_<Tes composites simply by adjusting the precursor ratio—while a stirring speed of 500 rpm serves
as a universal optimum to maximize the thermoelectric performance of both systems.
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Table 4: Summary in thermoelectric properties as a function of stirring speed for Ag1/Te2 (p-type) samples.

Ag1/Te2 (p-Type) Samples Oven 500 rpm 1000 rpm 1500 rpm 2000 rpm
a (LV/K) 478.12 658.48 491.51 326.74 291.90
o (S/cm) 2.63 2.21 2.93 3.56 3.55
PF (uW/mK?) 60.07 95.83 70.84 45.30 30.27

4 Conclusion

In this study, it was demonstrated that hydrodynamic control during hydrothermal synthesis is an
effective and scalable strategy to optimize the thermoelectric performance of Ag-Te nanostructures. By
tuning the Ag:Te precursor ratio, we obtained Ag2/Tel (Ag:Te = 2:1) with Ag,Te as the dominant phase and
Ag1/Te2 (Ag:Te = 1:2) forming a Te-rich composite mainly consisting of Te and Ag-deficient Ags_,Te;. SEM
indicates that moderate stirring promotes an interconnected nanowire/nanorod network, whereas excessive
stirring tends to disrupt connectivity and can introduce secondary features. Thermoelectric measurements
reveal a clear optimum at 500 rpm, delivering the highest power factors of 207.31 uW/mK? (n-type, Ag,Te
nanowires) and 95.83 uW/mK? (p-type, Te/Ags_,Te; composites). These results highlight stirring speed
as a critical synthesis parameter that governs the morphology-transport relationship in Ag-Te materials,
and they provide practical guidelines for engineering complementary n-type and p-type elements using a
unified hydrothermal platform.
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