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ABSTRACT: The optimization of a material functionality requires both the rational design and precise engineering of its 
structural and chemical parameters. In this work, we show how colloidal chemistry is an excellent synthetic choice for the 
synthesis of novel ternary nanostructured chalcogenides, containing exclusively noble metals, with tailored morphology 
and composition and with potential application in the energy conversion field. Specifically, the Ag-Au-Se system has been 
explored from a synthetic point of view, leading to a set of Ag2Se-based hybrid and ternary nanoparticles, including the 
room temperature synthesis of the rare ternary Ag3AuSe2 fischesserite phase. An in-depth structural and chemical charac-
terization of all nanomaterials has been performed, which proofed especially useful for unravelling the reaction mechanism 
behind the formation of the ternary phase in solution. The work is complemented with the thermal and electric character-
ization of a ternary Ag-Au-Se nanocomposite with promising results: we found that the use of the ternary nanocomposite 
represents a clear improvement in terms of thermoelectric energy conversion as compared to a binary Ag-Se nanocomposite 
analogue. 

INTRODUCTION The controlled combination of multiple phases or mate-
rials at the nanometer level forming nanocomposites has 



 

revealed advantageous in many fields due to the appear-
ance of synergetic phenomena. As a matter of fact, nano-
composites have been claimed to be responsible for the 
longer durability of electrocatalysts in rechargeable batter-
ies,1,2 for the improved extraction of photogenerated cur-
rent in depleted heterojunction quantum dot-based solar 
cells,3,4 for the enhanced light-extraction efficiency and 
color tunability in quantum dot-based light emitting di-
odes,5 and for the higher electrical conductivity, lower 
thermal conductivity and enhanced Seebeck coefficient in 
thermoelectric devices, to mention a few examples.6–13 One 
way to fabricate such functional nanocomposites is by ex-
ploiting the bottom-up assembly of pre-made tailored na-
noparticles (NPs). In this regard, the synthesis of morpho-
logically, structurally and compositionally tailored homo-
geneous NPs becomes a must, and the adequate choice of 
a synthetic method that can fulfill these requirements 
shows up as a critical issue.  

Lying at the interface between solid-state and molecular 
chemistries, modern colloidal synthesis appears to be 
unique in several regards. Besides controlling size and 
shape of NPs, it allows sequential deposition of several ma-
terials in the form of a single hybrid NP, it fully exploits 
unconventional reactivity of nanomaterials such as cation 
or anion exchange, and it stabilizes metastable phases.14–23 
Thus, the formation of heterostructures with appropriate 
interfaces and the fine control over their chemical compo-
sition are reasonable aspects to be achieved by means of 
colloidal chemistry, and definitely key factors for further 
developments.16,24,25 Just as a tiny fraction of numerous ex-
amples, type II-semiconductor heterostructures such as 
CdSe@CdTe multibranched NPs, metal-semiconductor 
hybrid systems such as Au(Pt)-CdSe nanodumbbells or 
Au(Pt)-Cu2ZnSnS4 NPs, bimetallic core@shell Co@Cu or 
FePd@Pd nanostructures and narrow band gap semicon-
ductor core-shell PbTe@PbS NPs have shown to be effi-
cient systems for optoelectronic, catalytic and thermoelec-
tric applications.26–33 Furthermore, colloidal NPs can then 
be used as pre-engineered building blocks for constructing 
a nanostructured extended solid with virtually unlimited 
control over its compositional and morphological fea-
tures.25,34,35 The most straightforward advantage of this 
method resides in the fact that a sub-nanometer composi-
tional control is achieved already in the building blocks be-
fore the formation of the final composite, guaranteeing a 
high homogeneity in the latter. On the whole, colloidal 
synthesis routes and bottom-up assembly procedures al-
low simultaneous atomic- and nanoscale-control over 
chemical composition and morphology of inorganic NPs 
and derived nanocomposites, opening new avenues in op-
toelectronic and energy applications. 36–38 

Silver chalcogenides are low band gap semiconductor 
materials that are currently drawing much attention in sev-
eral fields. Tunable emission in the near-infrared (NIR) 
spectral range is of potential value for biosensing and in 
vivo imaging, whereas solids of such materials can be uti-
lized as photodetectors.39–42 Their efficient charge 

transport, superionic character and high magneto-re-
sistance have motivated the study of their use as solid elec-
trolytes for electrochemical applications as well as mag-
netic sensors.43,44 Binary silver chalcogenides have also 
been tested as thermoelectric materials, showing values of 
the thermoelectric figure of merit (ZT) close to unity in 
some cases.45–49 In the context of thermoelectrics, Xiao et 
al. have reported higher ZT values for ternary Ag4SeS al-
loyed NPs, compared to the binary Ag2Se NPs.50 Other ma-
terials in the research spotlight are CuAgSe, AgSbSe2 and 
AgBiSe2 systems, which are currently emerging as promis-
ing thermoelectric materials with enhanced ionic and elec-
tronic mobilities and ultra-low thermal conductivities.51–54 
Very little, however, is known about noble metal deriva-
tives of nanocrystalline silver chalcogenides, besides the 
possibility to prepare a few hybrid nanostructures, often by 
inducing a controlled chalcogenation of metal or alloy seed 
nanocrystals.55–58 Metal-semiconductor hybrid nanostruc-
tures have attracted great interest recently for their capa-
bility to tune the electrical conductivity, photoluminis-
cence or photoelectrochemical behavior of the semicon-
ductor domain, as well as for the enhancement of the 
charge separation, that make them suitable for many ap-
plications in different fields such as photocatalysis and en-
ergy conversion.59 

Interestingly, the ternary phase diagram of Au, Ag and 
Se shows the existence of a room-temperature stable ter-
nary compound called fischesserite, with chemical formula 
Ag3AuSe2. Fischesserite is a naturally occurring mixed gold-
silver selenide that crystallizes in a cubic system, with a 
space grup I4132. The mineral was initially isolated from na-
ture60,61 and later synthetically obtained by reacting Ag2Se 
precipitates and thio-gold(I) complexes, or alternatively by 
a direct solid-state reaction of the elements.62,63 Bulk fisch-
esserite has been identified as a semiconductor with an en-
ergy gap of about 0.2 eV.64  

In this work, we sought to explore a ternary Ag-Au-Se 
system in the form of colloidal nanomaterials. Starting 
from binary system, Ag2Se NPs, we show how they can be 
transformed into alloyed and heterostructured NPs with 
controlled composition, and present detailed structural 
characterization of the obtained. Furthermore, we com-
pare thermoelectric properties of a novel ternary Ag-Au-Se 
nanocomposite with the ones of the binary Ag2Se analogue. 

EXPERIMENTAL SECTION 

Chemicals. Silver chloride (AgCl, 99.9%), selenium pow-
der (Se, 99.99%), and tri-n-octylphosphine (TOP, 97%) 
were obtained from Strem Chemicals. Gold (III) chloride 
trihydrate (HAuCl4·3H2O, ≥99.9%), oleylamine (OLAm, 
70%), dodecylamine (DDA, 98%), tetraoctylammonium 
bromide (TOAB, 98%), tri-n-octylphosphine oxide 
(TOPO, 99%), and toluene (99.9%) were purchased from 
Sigma-Aldrich. Ethanol (EtOH, 96% v/v) was obtained 
from Panreac. Butanol (BuOH, 99.9%) was obtained from 



 

Alfa Aesar. All the reagents and solvents were used without 
further purification.  
Synthesis of Ag2Se NPs. The synthesis of Ag2Se NPs was 
adapted from that published by Sahu and co-workers.65 
Briefly, 7.8 g TOPO and 6.6 mL OLAm were degassed un-

der vacuum at 120 C for 30 minutes. Meanwhile, two pre-
cursor solutions were prepared in the glovebox: 474 mg (6 
mmol) Se were dissolved in 6 mL TOP and 572 mg (4 
mmol) AgCl were dissolved in 4 mL TOP. Under N2 atmos-

phere, the temperature was raised to 180 C and the TOP-
Se solution was injected. Once the temperature was recov-
ered the AgCl-TOP precursor solution was injected. After 
20 minutes of reaction, the heating was stopped and the 

solution was let cool naturally. Once at 50 C 5 mL of 
BuOH was added to the reaction flask to avoid solidifica-
tion of the solvent. Finally, the solution was washed three 
times with EtOH, centrifuging 4 minutes at 4500 rpm and 
re-dispersing with 4 mL toluene. 
Phase transfer of Au(III) ions from water to toluene. 
The phase transfer of Au(III) ions from water to toluene 
was based on the protocol reported by Yang and co-work-
ers66 as follows: for the preparation of a 1 mM Au(III)-DDA 
stock solution, 40 mg (0.1 mmol) HAuCl4·3H2O were dis-
solved in 100 mL deionized water and mixed with 1.61 g (8.6 
mmol) DDA dissolved in 100 mL EtOH. After 3 minutes of 
stirring, 100 mL toluene were added to the solution and the 
stirring was kept for 3 more minutes. The toluene phase 
was separated and washed twice with 50 mL of H2O:EtOH 
1:1 mixture in order to avoid the precipitation of silver chlo-
rides in further reactions with Ag2Se NPs. This solution is 
stable for 3-4 days. The preparation of more concentrated 
Au(III) solutions was adapted from the procedure above 
using proportionally increased amounts of HAuCl4·3H2O 
and DDA.  
The preparation of 6 mM Au(III)-TOAB stock solution was 
adapted from the protocol described in the previous para-
graph by using 1.5 g of TOAB (2.7 mmol) instead of DDA 
and 240 mg (0.6 mmol) of HAuCl4·3H2O instead of only 40 
mg. 
Synthesis of Ag3AuSe2 NPs. 180 μL Ag2Se NPs solution 
(3.6μM) were mixed with 2 mL of a 6 mM Au(III)-TOAB 
stock solution in toluene and shaken for 1 h. After this time, 
the final solution was washed once with EtOH and the NPs 
re-dispersed in toluene. 
Synthesis of dimer-like Au-Ag2Se and Au-Ag3AuSe2 hy-
brid NPs. 180 μL Ag2Se NPs solution (3.6 μM) were mixed 
with 3 mL of a Au(III)-DDA stock solution in toluene, and 
mechanically shaken during a specific time. After this time, 
the final solution was washed once with EtOH and the NPs 
re-dispersed in toluene.  For the synthesis of Au-Ag2Se hy-
brid NPs the concentration of Au(III)-DDA stock solution 
was 1 mM and the reaction time was 30 seconds, whereas 
for Au-Ag3AuSe2 hybrid NPs the concentration was 6 mM 
and the reaction time 30 minutes.  
Characterization methods.  
Transmission electron microscope (TEM) characteriza-
tion. Ag2Se, Ag3AuSe2, Au-Ag2Se and Au-Ag3AuSe2 NP sam-
ples were prepared for observation by dilution in toluene 
followed by sonication. A droplet of the solution was then 

poured in holey carbon covered copper TEM grids.  The 
sintered pellets used in the thermoelectric measurements 
where thinned to electron transparency using the Focused 
Ion Beam in situ lift-out technique. A Hitachi H800MT 
conventional TEM equipped with Bioscan Gatan camera 
and tungsten filament, operating at an accelerating voltage 
of 200 kV and 3 μm spot size was used for the morpholog-
ical study of all synthesized nanostructures. Images were 
recorded with Digital Micrograph v.1.82.80 software. Fur-
ther TEM and HRTEM images of Ag2Se, Ag3AuSe2, Au-
Ag2Se and Au-Ag3AuSe2 NPs and pellets were acquired in a 
Jeol JEM 2100 equipped with a LaB6 source and with a Jeol 
JEM 2010F equipped with a FEG gun, both operated at 
200kV. HAADF and EDX measurements for Au-Ag2Se NPs 
were performed in a probe corrected FEI Titan3 instru-
ment, equipped with an X-FEG source and a Bruker EDX 
analyzer. HAADF and EELS measurements for Au-
Ag3AuSe2 NPs were performed in a probe corrected JEOL 
ARM-200 equipped with a cold-FEG source and a Quan-
tum GIF EELS spectrometer. HAADF and HRTEM image 
simulations were carried out using the TEMSIM open 
source image simulation software.67 Crystal cells for simu-
lation were built using the Rhodius software.68,69 
A Cary 100 Scan 388 Varian UV-Vis spectrophotometer was 
used with quartz cuvettes for optical characterization. The 
instrument was commanded with Varian UV v.3.33. 
X-ray diffraction (XRD) spectra were acquired with a PAN-
alytical X'Pert Pro MPD Alpha1 diffractometer operating in 

/2 geometry at 45 kV, 40 mA and = 1.5406Å(Cu Kα1). 
Thin layers of the samples were prepared by drop casting 
and evaporation of the solvent on a monocrystalline Si 
holder of 15-mm diameter and 0.15 mm height. Scans in the 

range 2 = 4-100 were run at a step size of 2 = 0.017 and 
100 s per step. The data were treated with X'Pert HighScore 
Plus software.  
X-ray photoelectron spectroscopy (XPS) was performed on 
a SPECS system equipped with an Al anode XR50 source 
operating at 150 W and a Phoibos 150 MCD-9 detector. The 
pass energy of the hemispherical analyzer was set at 25 eV 
and the energy step was set at 0.1 eV. The binding energy 
(BE) values were referred to the C 1s peak at 284.8 eV. 
Field Emission Scanning Electron Microscopy (FESEM) 
images were recorded on a Zeiss Neon40 scanning electron 
microscope Crossbeam Station equipped with a field emis-
sion electron source operating at 5 kV.  
The composition and concentration of the NPs solutions 
was determined by Inductively Coupled Plasma-Atomic 
Emission Spectroscopy (ICP-AES). The measurements 
were carried out by an Optima 3200 RL Perkin Elmer spec-
trometer. For these measurements, 50 µL of each of the so-
lutions were precipitated in MeOH and re-dispersed in 
CHCl3.The solution was evaporated in an oven overnight at 
90 °C. 2.5 mL HNO3 and 0.7 mL H2O2 were added to the 
precipitate before the vial was sealed and then heated to 
90 °C for 72 h. The resulting solution was transferred to a 
25 mL volumetric flask and diluted with milliQ water. 
XAS measurements were carried out at the X10DA 
(SuperXAS) beamline at the Swiss Light Source, Villigen, 



 

Switzerland, which operated with a ring current of approx-
imately 400 mA in top-up mode. The polychromatic radia-
tion from the superbend magnet, with a magnetic field of 
2.9 T and critical energy of 11.9 keV, was monochromatized 
using a channel cut Si(311) crystal monochromator. Spectra 
were collected on pressed pellets optimized to 1 absorption 
length at the Ag K-edge (25515 eV) respectively at the Au 
L3-edge (11919 eV) in transmission mode, using 15 cm long 
Ar filled ionization chambers at the Ag K-edge and N2 filled 
ionization chambers at the L3 edge. The beamline energy 
axis was calibrated with an Ag or Au reference foil respec-
tively. Measurements were performed at ambient condi-
tions. XAS spectra were treated with the iFeffit software 
suite.71 The XAS spectra were normalized and background-
corrected. At this stage the spectra were ready for perform-
ing Linear Combination Fitting (LCF). 
Thermoelectric characterization. Electric properties. The 
pressed samples were polished, maintaining the disk-
shape morphology. Final pellets had a 10 mm diameter and 
were approximately 1 mm thick. The Seebeck coefficient 
was measured using a static DC method. Electrical resistiv-
ity data were obtained by a standard four-probe method. 
Both the Seebeck coefficient and the electrical resistivity 
were simultaneously measured with accuracies better than 
1% in a LSR-3 LINSEIS system from room temperature to 
850 K, under helium atmosphere. Samples were held be-
tween two alumel electrodes and two probe thermocouples 

with spring-loaded pressure contacts. A resistive heater on 
the lower electrode created temperature differentials in the 
sample to determine the Seebeck coefficient. Thermal 
properties. An XFA 600 Xenon Flash Apparatus was used 
to determine the thermal diffusivities of all samples with 

an accuracy of ca. 6%. Total thermal conductivity () was 
calculated using the relation κ = DCpρ, where D is the ther-
mal diffusivity, Cp is the heat capacity, and ρ is the mass 
density of the pellet. The ρ values were calculated using the 
Archimedes method. The specific heat (Cp) of the samples 
was measured using a Differential Scanning Calorimeter 
DSC 204 F1 Phoenix from NETZSCH. 

RESULTS AND DISCUSSION 

Ag2Se precursor NPs & ternary Ag3AuSe2 NPs 

Our synthetic approach starts from the preparation of 
monodisperse Ag2Se NPs that will further react with a spe-
cific Au(III)-surfactant complex at room temperature in or-
der to obtain nanostructures with an increasing degree of 
complexity. Transmission electron microscopy (TEM) im-
ages of as-synthesized Ag2Se NPs are shown in Figure 1A 
and S1 of the Supporting Information (SI). NPs are hexag-
onal in shape and around 11 nm in average diameter, with 

 

 

Figure 1. (A) TEM micrograph of Ag2Se NPs. (B) XRD spectrum of Ag2Se NPs, β-Ag2Se (JCPDS 00-024-1041, black) reference pattern 
and t-Ag2Se calculated (red) pattern.70 (C) TEM images of Ag3AuSe2 NPs. (D) XRD spectrum of Ag3AuSe2 NPs and Ag3AuSe2 (JCPDS 
01-072-0392, blue) reference pattern. 



 

Scheme 1. General strategy for the synthesis of al-
loyed and hybrid NPs based on the Ag-Au-Se ternary 
system.  

 

a standard deviation of 4.3%. TEM measurements show 
that, although the sample is mainly consisting of single 
crystal NPs, one small darker area could be spotted in a mi-
nor portion of the NPs composing the sample, indicating 
the presence of a few two-domain nanostructures (Figure 
S2). High resolution TEM (HRTEM) micrographs confirm 
that both domains exhibit characteristic sets of planes of 
the orthorhombic β-Ag2Se lattice, as shown in Figure S2, 
indicating that the NPs are formed exclusively of Ag2Se 
semiconductor material, regardless of their single crystal 
or polycrystalline character. Nanostructured Ag2Se has 
three known crystallographic phases: an orthorhombic 
phase (β-Ag2Se) which is stable at low temperature, a cubic 
phase (α-Ag2Se) stable above 135 °C, and a metastable te-
tragonal phase (t-Ag2Se) only observed in NPs.72 The X-ray 
diffraction (XRD) spectrum in Figure 1B indicates that the 
obtained NPs present mainly the orthorhombic phase in 
agreement with HRTEM analysis, although t-Ag2Se can 
also be identified as a minor product. However, depending 
on the Se:Ag ratio used in the synthesis, one of the two 
phases can prevail in the final sample: while mostly β-
Ag2Se is obtained with a 3:2 ratio (Figure 1B), a ratio of 2:1 
favors the formation of t-Ag2Se NPs (although metallic Ag 
is also formed as a side product in the latter case) as shown 
in the XRD spectrum in Figure S3.  

Strong reducing conditions (from phosphines and 
amines), besides high reaction temperatures, difficult the 
direct synthesis of ternary Ag3AuSe2 NPs by hot injection 

methods; Au(III) is directly reduced to metallic gold in-
stead of to Au(I). Consequently, ternary Ag3AuSe2 NPs 
were synthesized by simply mixing a toluene solution of β-
Ag2Se NPs and an aliquot of the Au(III)-TOAB stock solu-
tion at room temperature, as indicated in Scheme 1A. The 
sample obtained is formed by spherical but slightly faceted 
NPs with average size close to that of the parent Ag2Se NPs, 
as observed by TEM and shown in Figure 1C. As depicted 
in Figure 1D, the XRD analysis confirms the efficient diffu-
sion of Au(I) ions into the β-Ag2Se lattice in all the sample, 
and the complete phase transformation from orthorhom-
bic to cubic symmetry. The fischesserite phase is easily 
identified by XRD through its most intense diffraction 
peak at 33° assigned to the (321) set of equivalent planes, 
and by a peak at 12.5° originating from the (110) family of 
planes with large interplanar distance, both characteristic 
of the cubic Ag3AuSe2 crystal structure.  

A HRTEM micrograph of some NPs is shown in Figure 2. 
The analysis revealed that the single crystal character of 
the particles has been generally preserved after the reac-
tion and that the interplanar distances measured corre-
spond to the cubic Ag3AuSe2 structure as further demon-
strated through image simulation. As a result of the reac-
tion, an amorphous shell of ca. 1 nm thickness is observed 
in all NPs, whose composition and origin is discussed later 
for the case of the dimer-like NPs. 

Au-Ag2Se and Au-Ag3AuSe2 dimer-like hybrid NPs 

In order to heterogeneously grow metallic Au domains 
on the surface of as-synthesized Ag2Se NPs, the reaction 

Figure 2. Left: HRTEM characterization of Ag3AuSe2 NPs. 
Right: comparison between experimental and simulated im-
ages in the three different zone axes identified in the left-hand 
side panel. 



 

 

Figure 3. TEM micrographs of (A) dimer-like hybrid NPs and (B) Janus-like hybrid NPs. (C) XRD spectrum of Au-Ag2Se hybrid 
NPs, β-Ag2Se (JCPDS 00-024-1041, black) reference pattern and t-Ag2Se calculated (red) pattern.70 (D) XRD spectra of Au-Ag3AuSe2 
dimer-like hybrid NPs, Au-Ag3AuSe2 Janus-like hybrid NPs, Ag3AuSe2 (JCPDS 01-072-0392, blue) and Au (JCPDS 00-002-1095, 
green) reference patterns. 

 

 



 

Figure 4. A) HAADF-STEM image of one of the Au-Ag2Se hybrid NPs. B) Fourier filtered image from the highlighted region in 
A. The inset is a STEM-HAADF image simulation of Ag2Se along the [531] zone axis. C) HAAD-STEM image of another Au-Ag2Se 
hybrid NP. D-F) EDX elemental maps corresponding to Au (red), Ag (blue), Se (green) respectively. G) D-F maps superimposed. 

requires the presence of a mild reducing agent such as 
an amine.73 In the present case, dodecylamine (DDA) was 
used both as phase transfer and reducing agent instead of 
previous TOAB. Silver chalcogenide-based semiconductor 
hybrid NPs containing metallic Au domains were synthe-
sized by simply mixing a toluene solution of β-Ag2Se NPs 
and an aliquot of the Au(III)-DDA solution at room tem-
perature. The sample was exclusively composed of nanodi-
mers as observed in TEM micrographs shown in Figure 3A, 
with a darker small spot in each NP, presumably corre-
sponding to the metallic Au domain. Although the pres-
ence of Au could not be inferred from XRD, most probably 
due to the small size of the domains,74,75 the XRD spectrum 
shows the formation of the cubic gold(I) silver(I) selenide 
phase (Ag3AuSe2), besides the peaks corresponding to the 
mixture of β-Ag2Se and t-Ag2Se phases from the original 
NPs (Figure S4). A control over the semiconductor crystal-
line phase is achieved by changing time of reaction and 
concentration of Au(III) ions in the stock solution. As in-
dicated in Scheme 1B, a 1 mM Au(III)-DDA stock solution 
and 30 seconds of reaction allowed the synthesis of Au-
Ag2Se dimer-like hybrid NPs, thus preventing the solid 
state diffusion of Au(I) ions, as deduced from XRD spec-
trum in Figure 3C. On the contrary, a more concentrated 
solution such as 6 mM, and longer reaction times were 
needed for the complete transformation of orthorhombic 
Ag2Se into cubic Ag3AuSe2 and the consequent formation 
of Au-Ag3AuSe2 dimer-like hybrid NPs, as indicated in 
Scheme 1C and shown in Figure 3D (dimer). In both cases 
the reaction is arrested by ethanol-assisted precipitation 
and centrifugation of the NPs and subsequent solution dis-
card. Our experiments allow to conclude that the amine-
induced reduction of Au(III) ions to Au0, and the hetero-
geneous nucleation and growth of the metallic domain are 

the fastest processes. In comparison, the partial reduction 
of Au(III) to Au(I) ions and the diffusion of the latter into 

the -Ag2Se crystal lattice with the concomitant phase 
transformation require slightly longer times. Nonetheless, 
both processes take place at room temperature and with 
very short or moderate reaction times. This is clearly indic-
ative of the low energy barrier associated to these processes 
and of the high thermodynamic stability of the newly 
formed fischesserite phase. Recently reported measure-
ments of the standard Gibbs energy and enthalpy of for-
mation of different compounds of the Au–Ag–Se ternary 
system indicate that the formation of bulk fischesserite is 
thermodynamically favored and exothermic: ΔG0

f = -86 ± 1 
kJ mol-1, ΔH0

f = -73 ± 1 kJ mol-1.63  

The size of the metallic Au domain in the hybrid NPs can 
be further tuned by changing the amount of reducing DDA 
in the Au(III)-DDA stock solution. Thus, by adding twice 
the amount used in the first experiments, Au-Ag3AuSe2 Ja-
nus-like NPs can be formed, where Au domains show aver-
age diameter similar to that of the semiconductor section, 
as shown in Figure 3B. The increase in size of the metallic 
domain in the latter sample allows the observation of the 
characteristic reflections of cubic Au in the XRD spectrum 
shown in Figure 3D (Janus NPs), as well as its very well-
known surface plasmon resonance (SPR) mode in the UV-
visible absorption spectrum, as shown in Figure S5. 

High angle annular dark field-Scanning TEM (HAADF-
STEM) and energy dispersive X-ray spectroscopy (EDX) 
techniques have been used for an in-depth structural and 
chemical characterization of the Au-Ag2Se hybrid NPs. Fig-
ure 4A shows a HAADF-STEM image of a typical dimer NP. 



 

The higher intensity at the small domain suggests that this 
corresponds to metallic Au as expected. This is further con-
firmed by HRTEM images of dimers depicted in Figure S6, 
where the d-spacing values observed in the small higher 
intensity areas clearly correspond to fcc Au. A detailed in-
terface analysis suggests that the two domains are not re-
lated by any specific epitaxy and that the two crystalline 
lattices are randomly oriented in the nanostructures. In 
Figure 4B, a Fourier filtered image of the crystal shows a 

good match with a simulated HAADF image of -Ag2Se.  
This confirms that the crystalline structure of the large do-
main clearly corresponds to that of the orthorhombic 
Ag2Se. EDX elemental mapping performed on the dimer 
NP displayed in Figure 4C shows the spatial distribution of 
Au, Ag and Se elements in the structure (Figure 4D-G). The 
qualitative and quantitative analyses performed evidence 
that the large domain is made of binary Ag2Se and confirm 
the 2Ag:Se stoichiometry expected. On the other hand, the 
analysis suggests that Au is located almost exclusively at 
the small domain. Although some degree of diffusion of 

Au(I) into the -Ag2Se structure cannot be totally ex-
cluded, this value remains very low, if any. 

For comparison purposes, Au-Ag3AuSe2 dimer-like hy-
brid NPs were also structurally and chemically character-
ized. Figure 5A shows a HAADF-STEM image of a typical 
dimer NP. As in the previous case, the higher intensity at 
the small domain suggests that this corresponds to metal-
lic Au. Interplanar distances corresponding to both cubic 
Ag3AuSe2 and metallic Au were identified in the dimers by 
HRTEM as illustrated in Figures S7 and S8. The analysis of 
the images suggests that the two domains do not follow 
any specific epitaxy. Figure 5B shows a STEM-HAADF im-
age simulation of fischesserite in the [111] zone axis. A zoom 
of a region that belongs to the upper domain of the exper-
imental image in 5A is shown in Figure 5C. The latter has 
been rotated and its contrast adjusted for comparison with 
the simulation in 5B. As observed, both simulated and ex-
perimental images follow the same structural pattern and 
symmetry and one can be seen as the natural continuity of 
the other. Likewise, in Figure S9 a fischesserite crystalline 
structure model seen along the [111] zone axis has been su-
perimposed to the STEM-HAADF image of the Ag3AuSe2 
domain oriented along the same zone axis, coinciding to a 

large extent. Thus, the images confirm that the initial -
Ag2Se crystalline structure has been fully transformed into 
a new structure with cubic symmetry corresponding to 
Ag3AuSe2. Electron energy loss (EEL) spectra were rec-
orded on the dimer NP displayed in Figure 5A in order to 
confirm the new expected chemical distribution. The cor-
responding chemical mappings for Au and Se are shown in 
Figure 5D-F. The images exhibit that Au is largely distrib-
uted all through the particle, with a higher density on the 
region that belongs to the metallic domain. The Se:Au 
atomic ratio is close to 2, as obtained from  quantification76 
of the  spectra recorded along the semiconductor section, 
in agreement with the value expected from a Ag3AuSe2 stoi-
chiometry. Additional EELS measurements were per 

 

Figure 5. A) STEM-HAADF image of a single Au-Ag3AuSe2 
dimer-like hybrid NP. B) STEM-HAADF image simulation of 
fischesserite in the [111] zone axis. C) Zoom of a region from A. 
Image has been rotated and contrast adjusted for comparison 
with the simulation in B. D) EELS Au signal from the particle 
in A. E) EELS Se signal from the particle in A. F) D and E su-
perposition. 

formed for a different hybrid NP of the same sample in 
order to figure out the relative abundance of Ag and Se in 
the dimeric structures. The corresponding chemical map-
pings are shown in Figure S10. The results indicate the ho-
mogeneous distribution of the two species in the inner core 
and the formation of an amorphous outer shell of ca. 1 nm 
thickness containing mainly Se, as observed in Figure S10 
when the signals for Se and Ag are superimposed. This 
shell is analogous to that observed after the formation of 
single crystal Ag3AuSe2 NPs. The measured Ag:Se ratio is 
close to unity, and consequently slightly lower than the 
theoretical one for Ag3AuSe2, most likely due to the thin 
Se-rich coverage. X-ray photoelectron spectroscopy (XPS) 
confirms the presence of Ag(I) and Au(I) species in the 
sample for which a Ag:Au ratio of 3 could be inferred in 
agreement with all previous results, as depicted in Figure 
S11. Surprisingly, Au(0) species were not detected in the 
XPS measurements performed. Nonetheless, and consider-
ing the surface-sensitive character of this technique, it 
seems reasonable to assume that the presence of a non-
metallic shell might be the reason for the quenching of the 
XPS Au(0) signal. All in all, these results are generally con-
sistent with the formation of the fischesserite phase in the 
dimers. 



 

 

Figure 6. HRTEM image and FFT analysis of the Ag-Au-Se nanocomposite pellet. 

 

Figure 7. Linear combination fit of XANES of the Ag-Au-Se nanocomposite pellet at (A) Ag K-edge and (B) Au L3-edge. In green 
the weighted Ag3AuSe2 spectra, in purple the weighted metallic Au and in red the weighted Ag2Se NP spectra, contributing to the 
fit of the Ag-Au-Se nanocomposite spectra. 

The full reduction of Au(III) ions to metallic Au and the 
consequent formation of hybrid NPs occur exclusively in 
the presence of an aliphatic amine in the reaction medium, 
i.e. DDA. This is in total agreement with the previously ob-
served reducing character of long chain amines, and with 
their well-known ability to form noble metal NPs both ho-
mogeneously and heterogeneously in solution using metal 
salts as precursors.14,73 On the other hand, our experiments 
indicate that the presence of an amine in the reaction me-
dium is not necessary for the formation of Ag3AuSe2 NPs or 
nanodomains, since these are formed also when using only 
TOAB as surfactant. TOAB, being this surfactant formed 

by a quaternary ammonium cation without non-bonding 
electron pairs, is unable to perform as a reducing agent, 
contrary to a primary amine like DDA. Thus, there must be 
another chemical specie acting as reducing agent, which 
must be strong enough so as to reduce Au(III) to Au(I) ions 
allowing the formation of fischesserite domains, but also 
weak enough so as to prevent the full reduction of Au ions 
to form metallic Au crystals. As explained before, the for-
mation of the ternary Ag3AuSe2 domains, either as single 
crystal or hybrid NPs, is accompanied by the formation of 
a Se-rich amorphous shell of ca. 1 nm thickness (see Figures 
2 and 5 and Figures S8 and S10). The latter is not observed 



 

in the Ag2Se-precursor NPs that show excellent crystallin-
ity (see Figure S2), and hence it can be concluded that it 
forms only as a result of the reaction with an Au(III) pre-
cursor, either Au(III)-TOAB or Au(III)-DDA. Based on 
these evidences, we suggest the following mechanism as 
the most plausible explanation for the formation of the ter-
nary fischesserite phase: first, Au(III) ions are reduced to 
Au(I) by oxidizing the most external layers of Ag2Se NPs, 
which act as a sacrificial shell forming elemental amor-
phous Se (eq 1). Next, the newly formed Au(I) ions suffer a 

solid state diffusion through the underlying -Ag2Se lattice 
(core) simultaneously exchanging one fourth of its Ag(I) 
ions, and leading to the formation of the ternary phase (eq 
2). The same reactions are expected to take place when us-
ing either Au(III)-TOAB or Au(III)-DDA stock solutions as 
precursors, although the partial Au(III) to Au(I) reduction 
competes with the faster Au(III) to metallic Au reduction 
in the second case. 

[Ag2Se]shell + Au(III)                 [Se]shell + Au(I) + 2Ag(I)  (1) 

2[Ag2Se]core + Au(I)                     [Ag3AuSe2]core + Ag(I)  (2) 

Both the oxidation of Ag2Se to Se and the cation ex-
change reaction are accompanied by the release of Ag(I) 
ions to the solution that precipitate in the form of AgBr. In 
fact, microcrystalline AgBr impurities are observed in the 
XRD spectrum when the sample is not appropriately 
cleaned.  

Thermoelectric characterization 

In order to evaluate the thermoelectric properties of the 
Ag-Au-Se nanocomposite system, 0.5 g of Au-Ag2Se NPs 
were mixed in solution with an equal amount of Ag2Se NPs. 
We combined Au-Ag2Se NPs with Ag2Se NPs to keep the 
total metal concentration relatively low. The NPs mixture 
was thoroughly washed by multiple precipitation and re-
dispersion steps. Washed NPs were dried under vacuum to 
obtain a dark gray nanopowder. To remove completely the 
residual organic ligands, NPs were heated at 450 °C for 1 h 
under an argon flow. The annealed nanopowder was 
ground and hot-pressed under an Ar atmosphere at ~40 
MPa and 400 °C during 4 minutes. The obtained Ag-Au-Se 
nanocomposite pellet was silver-metallic in appearance 
and had a relative density of 92%. Analogous pellets were 
prepared with 1 g of only binary Ag2Se NPs and with 1 g of 
Ag3AuSe2 NPs independently, to be used as reference na-
nomaterials in the thermoelectric studies.  

An exhaustive characterization of the annealing and 
consolidation effect was challenging but also necessary to 
understand the thermoelectric performance of the ob-
tained Ag-Au-Se nanocomposite. As proven by Field Emis-
sion Scanning Electron Microscopy (FESEM) (Figure S12) 
and EDX analysis, the morphology and chemical composi-
tion of the final ternary nanocomposite was highly homo-
geneous at the micrometer scale but contained a uniform 

distribution of compositional inhomogeneities at the na-
nometer scale. HRTEM analysis of thin slices prepared by 
focused ion beam of the Ag-Au-Se nanocomposite pellet 
showed the presence of Ag2Se and Ag3AuSe2 crystal 
nanodomains with sizes in the range 5-20 nm as indicated 
in Figure 6. Metallic Au domains were not detected in the 
HRTEM images.  

In order to perform a full chemical characterization of 
the Ag-Au-Se nanocomposite and to identify every phase 
present in the ternary pellet, we performed X-ray absorp-
tion spectroscopy (XAS) and the results are shown in Fig-
ure 7 (see also SI for further details on results and fitting 
conditions). After annealing and consolidation of the NPs 
mixture, we could observe how part of the initial metallic 
Au converted into Ag3AuSe2 in the final pellet. Linear com-
bination fitting of the X-ray absorption near edge structure 
(XANES) around the Au absorption L3-edge, using refer-
ences of Ag3AuSe2 and Au NPs, confirmed that approxi-
mately 58% of the Au species are in the form of metallic Au 
and 42% in the form of the ternary Ag3AuSe2 phase. Hence, 
although we could not find metallic Au in the HRTEM 
study, XAS analysis verified the presence of three different 
phases i) Ag2Se, ii) Ag3AuSe2, and iii) Au in the Ag-Au-Se 
nanocomposite. 

Figure S13 displays the XRD spectra of both the Ag-Au-Se 
nanocomposite and Ag2Se reference nanomaterial. After 
the annealing treatment, reflections become narrower in 
both cases, indicating an increase of the average crystal 
size. 

Figure 8 shows the electrical conductivity (), Seebeck 

coefficient (S), thermal conductivity () and final figure of 

merit (ZT =  S 2  -1) for the pellets with the Ag-Au-Se ter-
nary nanocomposite, the Ag2Se nanomaterial and a new 
reference of Ag2Se bulk material extracted from the litera-
ture.47 The results obtained from the pellet produced from 
the hot-pressing of Ag3AuSe2 NPs are displayed in figure 
S14 of the supporting information. The best thermoelectric 
performance was found to be around 390 K. Ag-Au-Se and 
Ag2Se nanostructured samples presented a pronounced 
change of the thermoelectric properties at ca. 400 K, which 
is associated with the phase transition from the low tem-

perature orthorhombic -Ag2Se to the high temperature 

cubic -Ag2Se phase.50 The atomic rearrangement to -
Ag2Se is characterized by dynamic disorder of Ag+ ions 

within an immobile anion sublattice.77,78 -Ag2Se high 
ionic conductivity resulted in slightly higher electrical con-
ductivities due to the contribution of the Ag+ charge carri-
ers. However, this had a detrimental effect on the Seebeck 
coefficient due to the contribution of p-type Ag+ charge 
carriers in n-type Ag2Se. Two-fold lower electrical conduc-
tivities, but 50% higher Seebeck coefficients were obtained 
in the Ag-Au-Se system when compared to the bare Ag2Se 
nanomaterial, what translated into higher power factors. 
We associated this behavior to a charge scattering and cor-
responding energy filtering of carriers with lower energy, 
hence reducing the bipolar effect induced by the phase 



 

transition. Additionally, the presence of Au and Ag3AuSe2 
resulted in a strong decrease of the thermal conductivity 
due to the more efficient scattering of phonons at the grain 
boundaries enhanced by the acoustic impedance mis-
match of Ag2Se, Au and Ag3AuSe2 domains. Overall, a ther-
moelectric figure of merit increase, from ZT = 0.12 for pure 
Ag2Se produced from the bottom-up assembly of NPs, and 
from ZT = 0.58 for crystalline Ag2Se ingots47 to ZT = 0.88 
for the Ag-Au-Se nanocomposites at 390 K was obtained. 
On the other hand, the sample produced from pure 
Ag3AuSe2 NPs was characterized by very high Seebeck co-
efficients at temperatures above 450 K, but much lower 
electrical conductivities, which strongly limited the ob-
tained power factors. 

Without a thoroughly optimization of key parameters 
such as carrier concentration, Ag-Au-Se nanocomposites 
provided figures of merit close to those characterizing con-
ventional Bi-Sb-Se-Te alloys. Plenty of room for perfor-
mance optimization exist through controlling not only the 
charge carrier concentration, but also parameters such as 
the ratio between Ag2Se:Au-Ag2Se, consolidation tempera-
ture and surface modification/composition. The potential 
of colloidal synthesis routes to create complex materials 
with unmatched nanoscale control over crystal domain 
size and 3D compositional distribution will further allow 
understanding the effect that structural and chemical pa-
rameters have on thermoelectric performance, which will 
subsequently enable a rational design and engineering of 
high performance thermoelectric nanocomposites. Besides 
the excellent performance potentially provided by this sys-
tem, its solution-based processing offer the additional ad-
vantages of a high material yields and throughput at low 
processing temperatures, thus low cost. Additionally, the 
solution-based procedure here developed enables the fab-
rication of thermoelectric devices by low-cost printing pro-
cedures. 

CONCLUSIONS 

The synthetic possibilities of the Ag-Au-Se ternary sys-
tem have been investigated by means of wet chemistry 
techniques, and Ag3AuSe2 ternary NPs as well as Au-Ag2Se 
and Au-Ag3AuSe2 hybrid nanostructures have been suc-
cessfully prepared at room temperature under different re-
action conditions, starting from pre-made Ag2Se NPs. The 
detailed characterization performed confirmed the high 
homogeneity of the samples, and evidenced the high ver-
satility offered by the method in order to tune the binary, 

ternary and hybrid character of the NPs as desired. Re-
markably, the rare ternary Ag3AuSe2 fischesserite phase has 
been prepared and structurally and chemically character-
ized at the nanoscale. The thermal and electric properties 
of a Ag-Au-Se ternary nanocomposite have been stud ied 
in order to explore the potential of this system for thermo-
electric energy conversion. The results indicate that the oc-
currence of metallic Au and Ag3AuSe2 phases within a 
Ag2Se matrix in the nanocomposite induces a 7 fold in-
crease in the thermoelectric figure of merit compared with 
that obtained for the binary Ag-Se analogue. Overall, our 
work highlights the effectiveness of colloidal chemistry to 
design new nano-building blocks for the fabrication of 
functional nanocomposites with optimized properties. 
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Figure 8. (A) Electrical conductivity, (B) Seebeck coefficient, (C) thermal conductivity, and (D) figure of merit of pure Ag2Se 
nanomaterial, Ag-Au-Se ternary nanocomposite and Ag2Se ingot reference (bulk Ag2Se) [data extracted from reference 47 ; iden-
tified as n=7.83·1018 cm-3]. 
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