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ABSTRACT: Cation exchange reactions have been exploited in the last years as an efficient tool for the controlled chemical modi-
fication of pre-made nanocrystals. In this work, the gradual transformation of Ag.S nanocrystals into Au,S analogues is performed
by sequential cation exchange reactions that allow for a fine control of the chemical composition, delivering also two intermediate
ternary sulfides based exclusively on noble metals. The role of two different surfactants in the reaction medium has been studied:
while dodecylamine is favoring the heterogeneous nucleation of metallic Au on the surface of the semiconductor domains in detri-
ment of the cation exchange reaction, the use of tetraoctylammonium bromide turns out to be crucial for the enhancement of the
exchange in order to reach full cation substitution, if desired. The presence of Br™ anions in the reaction medium represents an
additional tool to modulate the morphology of the final nanocrystals, being either solid or hollow depending on their concentration.
The synthetic protocol has been successfully conducted in both spherical and rod-like nanocrystals with identical results, leading to

a wide variety of binary, ternary and/or hybrid

nanostructures that have been

carefully  characterized.

INTRODUCTION

Chemical approaches offer many strategies for the control
of matter at the nanoscale. Among them, solution-based pro-
cesses have revealed as highly valuable techniques to tailor not
only size, but morphology and chemical composition of
nanostructures as well. Nanocrystals with anisotropic shapes
and engineered compositions have been successfully prepared
in the last years by exploiting surfactant-assisted preferential
growth reactions, galvanic replacement processes and cation
exchange phenomena among others' Cation exchange reac-
tions stand out by far as one of the most representative exam-
ples of this paradigm, through which many nanostructured
materials have been chemically modified under soft conditions
in solution while fully preserving their size and shape, circum-
venting in this way the need to develop direct and elaborate
synthetic protocols of materials for which this might represent
a struggling task.® In particular, the direct synthesis of ternary
or quaternary materials entails the search of multiple precursor
and reactive species that are prompt to react and decompose at
the same temperature and with similar kinetics in order to
assure the homogeneous formation of the final nanoparticles
(NPs).® Alternatively, performing partial cation exchange in a
controlled manner in simple parental binary materials can lead
to the formation of multielement materials with a high degree

of homogeneity even at low temperatures when appropriate
precursors are used.”®

Chalcogenide-based semiconductor nanostructures have
strongly benefited from cation displacement processes: Alivi-
satos and coworkers pioneered this field already in 2004 by
reporting for the first time the possibility to exploit cation
exchange reactions as a chemical transformation tool at the
nanoscale for a few chalcogenide materials.’® Later in 2007 the
same group envisaged further limits of this post-synthetic
approach and confirmed the possibility to perform non-
homogeneous cation exchange reactions on CdS nanorods,
leading to segmented and elongated superlattices formed by
alternating CdS and Ag,S domains. From that moment many
groups have devoted their efforts to expand these strategies to
other materials and also to investigate the critical factors un-
derlying the mechanisms of such reactions.?*

The importance of structural and morphological parameters,
the influence of the oxidation state and coordination environ-
ment of the outgoing and incoming ions, and the presence of
appropriate precipitating and/or complexing agents that might
significantly alter the thermodynamics of an otherwise unfa-
vorable exchange reaction are among the subjects explored in
the



Scheme 1. Experimental reaction conditions used for the
direct preparation of the nanostructures presented (solid lines)
and reaction mechanism followed for their formation (dashed
lines).
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most recent years.’*? Considering and controlling all these
factors become specially critical when cation exchange com-
petes with other potential reactions. In particular when intend-
ing to exchange a cation species by another cation of a metal
with high electron affinity like Au, in which full reduction to
metallic Au can easily occur, avoiding the cation substitution
desired, if reaction conditions are not accurately controlled.?

Noble metal chalcogenides are a new class of materials that
have been only recently studied. In particular, binary silver
chalcogenides have been reported as near infrared (NIR) ab-
sorbers and emitters as well as potential thermoelectric energy
converters. Our group made a step forward regarding these
environmentally-friendly materials by exploring the Ag.Se
phase diagram at the nanoscale when introducing gold as a
third element in the structures, in an attempt to enlarge the
availability of new materials without compromising the low
toxicity of the parental binary material.?2 Our previous results
showed how cation exchange reactions, in combination with
metal heterogeneous nucleation, opened the door for the syn-
thesis of a set of diverse nanocrystals that turned out to show
potential as thermoelectric energy conversion materials, as

well as contrast agents for Computed Tomography diagnostic
techniques, when appropriately functionalized.??® In this
work we describe the synthesis of the analogous ternary sys-
tem with sulphur. Compared to the Ag/Au/Se system where
only one single ternary material exists that is called fischisser-
ite and shows a AgsAuSe; stoichiometry, the S analogue pre-
sents two possible stoichiometric compounds, namely the
AgsAuS; (uytenbogaardtite) and the AgAuS (petrovskaite),
both previously studied as bulk from compositional, structural,
thermodynamic and electronic perspectives by other
authors.?+% Such structural and stoichiometry diversity repre-
sents a new challenge for cation exchange procedures in col-
loidal systems. Our results show that cation exchange reac-
tions can be successfully performed on Ag,S nanocrystals in
order to obtain pure AgsAuS; and AgAuS nanocrystals deco-
rated with metallic Au. Additionally, further exchange is pos-
sible and metastable Au,S nanocrystals, both solid and hollow,
can also be prepared by carefully controlling the occurrence of
the Kirkendall effect.®* A reaction mechanism is proposed for
the formation of such collection of new nanoitems.

EXPERIMENTAL SECTION

Chemicals. Sulfur powder (S, 99.99%) was obtained from
Strem Chemicals. Silver nitrate (AgNO;, 99%), gold (I1I)
chloride trihydrate (HAuCls-3H:0, >99.9%), oleylamine
(OLAmM, 70%), dodecylamine (DDA, 98%), tetraoctylammo-
nium bromide (TOAB, 98%) and toluene (99.9%) were pur-
chased from Sigma-Aldrich. Ethanol (EtOH, 96% v/v) was
obtained from Panreac. All the reagents and solvents were
used without further purification.

Synthesis of Ag.S NPs. The synthesis of Ag.S NPs was
adapted from that published by Wang and co-workers.*? 17 mg
AgNO; (0.1 mmol), 8 mg S (0.25 mmol) and 8 mL OLAmM
were placed in a three-neck flask and were purge three times
by vacuum-N; cycles. Under N, atmosphere, the system was
heated to 160°C and let it react for 20 minutes at this tempera-
ture. The colour of the solution was changing slowly from
orange to dark brown. After this time, the heating was re-
moved, and the solution was let cool down naturally. Once the
solution was at room temperature, NPs were precipitated by
the addition of EtOH and centrifugation (4 minutes at 4500
rpm), finally the precipitate was dispersed in toluene. In order
to fully preserve the colloidal stability of NPs and completely
avoid their partial aggregation, the sample should be washed
only once.

Synthesis of Ag,S nanorods. For the synthesis of Ag,S nano-
rods the procedure described for Jang and co-workers was
used.®® Under inert atmosphere, sulphur precursor solution was
prepared dissolving 50 mg S (1.56 mmol) in 7 mL OLAm,
slightly heating was necessary for the complete dissolution of
the solid. This solution was injected to a three-neck flask
under nitrogen and temperature was raised to 100°C. Once this
temperature was reached, silver precursor was injected and the
mixture reacted for 2 minutes at this temperature. After this
time, the heating mantle was removed and the solution was let
cool down naturally. The mixture was extracted to a vial with
2 mL of toluene and, 2 mL of ethanol were added to destabi-
lize the dispersion and precipitate the NPs. After 3 minutes of
centrifugation at 4500 rpm, supernatant was discarded and the
precipitate was re-dispersed in toluene.



Silver precursor solution was prepared dissolving 50 mg Ag-
NO; (0.29 mmol) in 2 mL OLAm at temperature above 200°C.
Heating the solution was important, because having metallic
silver instead of Ag(l) was essential for obtaining elongated
nanostructures.

Phase transfer of Au(lll) cations from water to toluene.
The phase transfer of Au(lll) cations from water to toluene
was done following the protocol reported by Yang and co-
workers.®* In order to obtain a 6 mM Au(l11)-DDA stock solu-
tion, 60 mg (0.15 mmol) HAuCl,-3H,0 dissolved in 25 mL of
deionized water were mixed with an ethanolic solution of
dodecylamine (2.4 g (13 mmol) DDA in 25 mL EtOH). The
aqueous solution, which was transparent and orange, became
translucent after the mixture with the ethanolic solution. After
3 minutes of stirring, 25 mL of toluene were added to the
solution, and the stirring was kept for 3 more minutes. After
the separation of the two phases, the toluene phase was ex-
tracted and washed three times with 10 mL of H,O/EtOH 1:1
mixture to avoid the precipitation of silver chloride in further
reactions with silver sulphide NPs. The Au-DDA stock solu-
tion should be prepared and used immediately after, since after
approximately 3 days of storage, the formation of small Au
nanoparticles was observed in the solution. The preparation of
6 mM Au(lll)-TOAB stock solution was also adapted from
this protocol, using 187.5 mg (0.34 mmol) of TOAB instead of
DDA. The Au-TOAB stock solution was stable at least during
4 or 5 months without any Au reduction occurring, indicating
the weaker reduction character of the quaternary TOAB am-
monium salt with respect to the aliphatic primary DDA amine.

Synthesis of Ag-Au-S hybrid nanostructures

For the synthesis of complex nanostructures made of Ag, Au
and S a simple reaction at room temperature was used in all
cases. The procedure consisted in the mixture of 300 pL of
pre-synthesised Ag.S NPs (0.6uM) with the Au(lll)-
TOAB/DDA solution. The conditions used in the different
syntheses are shown in Table 1 and Scheme 1. When the con-
centration of NPs and Au precursor in the reaction medium is
well controlled, the synthetic strategy is highly reproducible.

Table 1: Reaction conditions for the synthesis of Ag-Au-S
hybrid nanostructures

Product ol A
Au-Aggﬁllljiz hybrid TOAAB/DD 0.6 mL 31 24h
Au-AgAuS hybrid NPs TOAE/DD 1.2mL ~1:1 24h
Au-Ag,S hybrid NPs DDA 0.3 mL ~5:1 1s
Au-Au,S hybrid NPs TOAB 8.1 mL ~1:5 24h
Au,S hollow NPs TOAB 16.2 mL ~1:10 24h

*The concentration of the Au stock solution is 6mM in Au atoms, inde-
pendently of the surfactant used for the synthesis; the concentration of the
TOAB and DDA surfactants in the Au stock solution is 13.6 mM and 520
mM, respectively.

Characterization methods

Transmission electron microscopy (TEM). Samples were pre-
pared for observation by dilution in toluene followed by soni-
cation. A droplet of the solution was then poured in holey
carbon covered copper TEM grids. A JEOL 2000 FX Il con-
ventional TEM operating an accelerating voltage of 80kV was
used.

X-Ray diffraction (XRD). The spectra were acquired with a
PANanalytical X'Pert Pro MPD Alphal diffractometer operat-
ing in /26 geometry at 45 kV, 40 mA, and A= 1.5406 A (Cu
Kal). Thin layers of the samples were prepared by drop cast-
ing and evaporation of the solvent on a monocrystalline Si
holder of 15 mm diameter and 0.15 mm height. Scans in the
range 26 = 4-100° were run at a step size of 26 = 0.017°and
100 s per step. The data were treated with X’Pert HighScore
Plus software.

High Resolution TEM (HRTEM), Electron Diffraction and
High Angular Annular Dark Field (HAADF) imaging were
performed in a Jeol 2010F operating at 200kV equipped with a
FEG gun and a GIF spectrometer.

Electron Tomography. The high-angle annular dark field
(HAADF) images for the tomographic reconstruction were
acquired in a ThermoFisher TITAN aberration corrected mi-
croscope at 80keV, belonging to the Universidad de Céadiz.
The angles of the tilt series ranged between +70° and -70°,
with an angular step of 5°. The reconstruction was carried out
through compressed sensing algorithms, specifically, total
variation minimization in 3 dimensions (TVM3D).*®

Vis-NIR Absorption Spectroscopy. Vis-NIR absorption spectra
of all samples were recorded in toluene solution on a Perkin
Elmer LAMBDA 950 spectrophotometer.

RESULTS AND DISCUSSION
Ag,S precursor NPs

Ag2S NPs were prepared by following a heat-up method re-
ported by Wang and co-workers.® Briefly AgNO; and ele-
mental sulphur were dissolved in OLAmM. Ag,S NPs nucleated
at 160°C under inert atmosphere and they were allowed to
grow during 20 min after which the heating mantle was re-
moved. The high reproducibility, the ease of the procedure as
well as its efficient scale-up are among its main advantages.
Faceted NPs with an average cross-section of 12 nm were
obtained, as shown in the TEM micrograph in Figure 1A.
Although most of the NPs show a homogeneous contrast un-
der the electron beam, a small population evidences the pres-
ence of a tiny domain at the surface of the particle showing a
darker contrast. Ag.S can show three crystallographic phases
depending on temperature: a-Ag.S, acanthite, with a mono-
clinic crystal structure stable at low temperatures below
177°C; p-Ag.S, argentite, a super-ionic conductor with cubic
symmetry usually observed in the range between 177 and
586°C, and y-Ag.S, a high-temperature cubic phase, stable at
temperatures above 586°C.%® As reflected in the XRD spec-
trum in Figure 1G, the nanocrystals showed the expected acan-
thite monoclinic structure, and no peaks corresponding to
secondary phases could be observed. HRTEM analysis con-
firmed the previous structure as the main phase in the sample
(Figure 2 A-B) but it also revealed the presence of a few NPs
in lower frequency whose interplanar distances matched with a
high temperature cubic phase of Ag,S (Figure 2 C-D). The
stabilization of unexpected phases at the nanoscale has often
been reported as a result of the energy balance derived from
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Figure 1: TEM micrographs of (A) AgzS NPs, (B) Au-Ag.S hybrid NPs, (C) Au-AgsAuS; hybrid NPs, (D) Au-AgAuS hybrid
NPs, (E) Au-Au,S hybrid NPs and, (F) Au,S hollow NPs. XRD patterns of (G) Ag.S NPs, (H) Au-Ag.S hybrid NPs, (1) Au-
AgsAuS; hybrid NPs, (J) Au-AgAusS hybrid NPs, (K) Au-AuzS hybrid NPs and, (K) Au,S hollow NPs. XRD reference patterns:
monoclinic Ag,S (JCPDS 024-0715, red), tetragonal AgsAuS, (JCPDS 020-0461, pink), monoclinic AgAuS (JCPDS 038-0396,
orange) and, cubic Au,S (JCPDS 085-1997, blue).
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Figure 2. Ag.S precursor NPs characterization. (A)
HRTEM image from the average acanthite NP. (B) FFT from
panel A). (C) HRTEM image from a rare argentite NP. (D)
FFT from panel C). (E) HRTEM image of a rare hybrid Ag-
Ag2S NP. (F) FFT from the red region of panel E).
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Figure 3. Au-AgsAuS, Hybrid NPs characterization. (A)
HAADF image. (B) HRTEM image of the Au-AgsAuS; hy-
brid NPs. (C) FFT from the red region of panel B), indexed as
gold. (D) FFT from the blue region of panel B), indexed as
uytenbogaardtite.

high surface-to-volume ratio particles.®” Additionally,
HRTEM allowed to identify the presence of small metallic Ag
domains on the surface of a few NPs (Figure 2E-F), corre-
sponding to the dark spots observed already at low magnifica-
tion TEM images.

The AgS nanorods synthesis was adapted from the method
published by Son and co-workers in 2007.% TEM micrographs
shown in Figure S1 in the Sl evidence the high monodispersity
of the sample that consists of rods of 50 nm length and 10 nm
width in average. XRD spectra confirmed the monoclinic
crystalline phase as in the previous hexagonal NPs. In addi-
tion, HRTEM and FFT analyses (Figure S2 in the SI) fully
agreed with the previous characterization.

Ag.S-based Ternary Semiconductor NPs

Our strategy consists on mixing a particular amount of col-
loidally stable Ag.S NPs with a specific amount of Au(lll)-
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Figure 4. Au-AgAuS Hybrid NPs characterization. (A)
HAADF image. (B) HRTEM image of the Au-AgAusS hybrid
NPs. (C) FFT from the blue region of panel B), indexed as
petrovskaite. (D) FFT from the red region of panel B), indexed
as gold. (E) HRTEM image of a rare Au-AgsAusS; hybrid NP.
(F) FFT from panel E).
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Figure 5. HAADF images of Au-AgAusS hybrid NPs. The
red arrow highlights a NP with multiple gold domains; the
blue one, the amorphous interface appearing as a dark fringe
surrounding the gold domains; the green one a defect on an
AgAUS crystal.
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Figure 6. EDX spectra from the Au-AgsAuS; and Au-
AuAuUS samples. Background has been subtracted and spectra
have been normalized by the intensity of the Ag Ka peak.

surfactant complexes, both in toluene, and leaving the mix-
ture under constant mechanical stirring during 24 h at room
temperature. Two different surfactants were used in our exper-
iments, namely TOAB and DDA, although no significant



differences were found in the products obtained with both of
them at this stage.

Our experiments indicated that the atomic Ag:Au ratio in
the mixture was the most critical parameter in order to control
the stoichiometry of the ternary material obtained. Figures 1C
and 1D show TEM micrographs of the samples prepared with
a Ag:Au ratio of 3:1 and 1:1. As observed, NPs have preserved
their average dimensions and shape in both cases. However,
the growth of a secondary domain with a darker contrast was
obvious at the surface of all NPs synthesized with a Ag:Au
ratio of 3:1, which evolved to the formation of several analo-
gous but smaller domains when the ratio was increased to 1:1.
XRD was used in order to confirm the phases and purity of the
samples. As shown in Figures 11 and 1J, a reaction mixture
with a Ag:Au ratio of 3:1 led unambiguously to a pure tetrag-
onal lattice corresponding to the AgsAuS;, ternary material,
while a 1:1 ratio quantitatively transformed the structure to a
monoclinic lattice that belongs to the AgAuUS ternary material.
No traces of the precursor monoclinic Ag.S lattice were found
in the XRD patterns of the two samples, as well as no mixture
of the two ternary systems was detected. Same results were
obtained when Ag,S rod-like NPs were used (Figure S3 and
S4).

HRTEM and HAADF images reflect the same results that
have been shown in TEM images described in previous para-
graph. Specifically, the product obtained with a Ag:Au ratio of
3:1 consists of dimer-like NPs (Figure 3). STEM-HAADF
images (Figure 3A) demonstrate the two distinct domains of
the NPs. The smaller domain is brighter, meaning it is made of
heavier elements, consistent with it being metallic gold,
whereas the domain of darker contrast, lighter, may be uy-
tenbogaardtite (AgsAuS;). These surmises were proved by
HRTEM analyses (Figure 3B-D), where the results of both
domains clearly matched with the supposed materials. Apart
from that, a barrier of darker contrast is observed between the
two domains of the dimers. This and the clear lack of epitaxy
seen in the HRTEM images, evidence an amorphous interface
between the domains.

HRTEM images of the product obtained with a Ag:Au ratio
of 1:1 (Figure 4) were also consistent with previous TEM and
XRD results. Most NPs had more than one gold domain and
the semiconductor domain was mainly AgAusS, as evindenced
in the STEM-HAADF (Figure 4A) and HRTEM measure-
ments (Figure 4B-D). Nevertheless, it was found with further
HRTEM analyses that there were remains of AgsAuS; (Figures
E-F), which gave an idea of the mechanism of the reaction as
will be discussed later. HAADF images of the sample are
shown in Figure 5. As it was mentioned before, these images
are useful to identify nanostructures with multiple domains.
Red arrow in right image shows a NP with more than one
domain of gold. HRTEM analyses showed no epitaxy between
the Au and the semiconductor domain in the NPs, and thus Au
is not growing on specific crystallographic sites of the semi-
conductor section. In agreement with that, the energy required
for the heterogeneous nucleation of Au is likely quite similar
independently of the crystallographic facet where it occurs.
Thus, when the concentration of Au precursor is increased, Au
can easily nucleate in different facets/sites leading to several
Au domains per NP, while when the concentration of Au pre-
cursor is low like in the case of Au-AgsAuS, sample, the
growth of only the first nucleus is favored compared to further
nucleation events. In the HAADF images in Figure 5, the

boundary between the gold and the semiconductor domains
can also be seen (blue arrow in left image), as well as some
defects in the semiconductor crystals (green arrow in left
image shows a planar defect). Although these defects were
also seen in the previous sample, they were more frequent in
the current one.

EDX analyses of these two samples were carried out. Dif-
ferent punctual spectra and averaged scans from wider areas
were acquired for each sample. The spectra were quantified,
and the average results showed the mean composition of Ag-
Au-S crystals of each sample. Whereas sample derived from a
Ag:Au ratio of 3:1 had 75+2% of silver and 25+2% of gold,
sample derived from a Ag:Au ratio of 1:1 had 54+2% of silver
and 46+2% of gold. These results agreed perfectly with the
stoichiometry of the two ternary materials. Figure 6 shows the
aver-aged spectra for both samples.

Suppressing and Enhancing Cation Exchange

So far, the methodology reported led to the preparation of
hybrid and ternary Au-AgsAuS; and Au-AgAuS nanocrystals,
confirming the ability of cation exchange reactions to control
guantitatively the final stoichiometry of the product obtained.
Nevertheless, new reaction conditions were tested in order to
either suppress or enhance the exchange further, in an attempt
to establish the limits of this approach within the Ag/Au/S
system. The choice of TOAB or DDA as a surfactant revealed
as crucial for this purpose. On the one hand, long chain alkyl-
amines are well known for their reducing character in the
synthesis of metallic NPs.® Thus, it could be envisaged that
the use of DDA could allow for the preparation of Au-Ag.S
hybrid NPs where the parental semiconductor domain has not
suffered any chemical transformation. Indeed, the reaction of
Ag2S NPs in toluene with Au(l11)-DDA complexes in a Ag:Au
ratio of 3:1 was enough as to obtain dimeric NPs as the ones
shown in Figure 1B, where the semiconductor domain had
fully preserved the starting monoclinic binary Ag.S structure
as indicated by the XRD spectrum in Figure 1H. However, the
reaction time must be limited to a few seconds by immediately
precipitating the sample after the mixture of the reactive spe-
cies, in order to completely suppress the cation exchange and
the formation of ternary structures.

On the other hand, cation exchange requires only partial re-
duction of Au(l1l) to Au(l) and its subsequent solid state diffu-
sion through the NPs. Such process strongly competes with the
full reduction to metallic Au, which should be minimized.
Based on this, the use of ternary alkylamines as surfactants is
clearly detrimental and TOAB was used as an alternative.
Experiments were performed by increasing the Ag:Au ratio to
1:5 and 1:10 and by keeping constant the rest of reaction con-
ditions. In the first case, cubic-shaped NPs were obtained
which were decorated with multiple small domains of darker
contrast as observed in Figure 1E. The change of shape of the
starting hexagonal NPs to the nearly cubic final nanocrystals
clearly indicated that the semiconductor domain had suffered a
significant transformation. XRD measurements indicated that
this transformation was not only morphological but also chem-
ical, and con-firmed that the Ag.S NPs underwent full cation
exchange leading to a metastable Au,S phase with a cubic
structure (see Figure 1K). Additionally, when a Ag:Au ratio of
1:10 was used in the experiment, cubic-shaped Au,S NPs with
a hollow morphology were obtained like those shown in Fig-
ure 1F, which structure was determined by XRD
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Figure 7. (A) HRTEM image of spherical hollow Au,S
NPs. (B) Indexed FFT from the highlighted region in A). (C)
HRTEM image of rod-shaped hollow Au,S NPs. (D) Indexed
FFT from the highlighted region in C). (E) HRTEM image of
spherical rod-shaped Au,S NPs. (F) Indexed FFT from the
highlighted region in E).

measurements and are shown in Figure 1L. Identical results
were observed when using rod-like Ag.S NPs as starting sam-
ple. Representative TEM micrographs of hollow Au,S nano-
rods are shown in Figure S5 of the Sl. Both hollow spherical
(Figure 7A-B) and rod-like (Figure 7C-D) samples were stud-
ied by HRTEM: FFT analysis. The results agreed well with the
conclusions extracted from XRD, although some minor por-
tions of the monoclinic AgAuS ternary phase could also be
identified (Figure 7E-F). Additionally, the measurements
showed that Au,S cubes are faceted by (100) planes.

The tomographic reconstructions of the hollow Au,S nano-
rods were conducted in two different areas at two different
magnifications. The coexistence of void and solid rods is
observed in the two different cases. The reconstruction showed
that while some of the voids are totally included inside the
rods, as seen by consecutive slices in Figure 8F, others are
partial exclusions, as seen in the consecutive slices of Figure
8C. Thus, what initially seemed as a simple mixture of solid
rods and core-shell like structures, results in a complex ge-
ometry problem where several different morphologies coexist.

Reaction mechanism

The results described in this work evidence the presence of
a strong competition between two different chemical path-
ways. One of them entails the full reduction of Au(lIl) cations
to metallic Au and further heterogeneous nucleation of the
noble metal at the surface of the semiconductor NP. The other
involves a partial reduction of Au(ll1) to Au(l) ions followed
by solid state diffusion and cation exchange reaction within
the semiconductor domain. The competition can be unbal-
anced to one side or another by the presence of specific chem-
ical species. As in our previous work with the analogous
Ag.Se system, the presence of alkylamines like DDA percep-
tibly enhances the first pathway favoring the formation of
dimeric hybrid NPs where the formation of ternary materials
can be entirely suppressed under certain conditions. On the
contrary, and due to the lack of non-bonding electron pairs, the
use of a quaternary alkylamine bromide like TOAB seems to
partially hamper this process in benefit of the cation exchange
reaction. Similarly in previous reports, CdS nanorods were
partially transformed into Au,S,/CdS nanorods by cation ex-
change reactions in water in complete absence of reducing

[011]AgAuS

agents,? while the heterogeneous growth of metallic Au on the
surface of cadmium or silver chalcogenide quantum dots has
been traditionally assisted by long chain alkylamines as the
only reducing agents.34

The presence of bromide anions in the medium significantly
alters the Kinetics of the process by promoting the exchange
reaction pathway: halide precipitating agents act as an external
driving force for the removal of native Ag(l) cations, as con-
firmed by the precipitation of AgBr in all samples where cati-
on exchange took place, detected by XRD (see Figure S6 of
the SI). White and microcrystalline AgBr powder can be easily
removed from the solution by gently centrifuging the reaction
mixture and decanting the supernatant containing the desired
colloidal sample. Then the dark brown solution can be further
washed from excess organics by usual precipitation-
redissolution cycles. Although AgBr can be quantitatively
removed from the nanocrystalline sample, it has been occa-
sionally encountered and identified by HRTEM analysis as
seen in Figure S7.

The heterogeneous nucleation of Au seems completely

Figure 8. (A) Three HAADF projections of the first area
acquired: -60, 0 and +35 degrees. (B) Volume rendering of the
first area reconstructed. (C) Slices of the volume reconstructed
in areas of interest (where several inclusions and exclusions on
the rods were present. The slices correspond to the areas
marked in (B) with the same colors and labels. (D) Three
HAADF projections of the second area acquired at higher
magnification: -55, 0 and +35 degrees. (E) Volume rendering
of the second area reconstructed. (F) Slices of the volume
reconstructed in areas of interest.



inevitable in the S-based system even when using TOAB as
surfactant, contrary to the Se-based system case where ternary
AgsAuSe; NPs without metallic Au domains could be easily
isolated under similar reaction conditions.? This fact suggests
the presence of a stronger reducing environment in the current
system and this will be discussed later. The extent of cation
exchange achievable constitutes another important dissimilari-
ty between the two analogous systems: the Ag/Au/S ternary
phase diagram indicates a much higher miscibility of the three
elements giving rise to a wider variety of structures and stoi-
chiometries including not only the tetragonal AgsAuS, com-
pound, but also the monoclinic AgAusS alloy. Surprisingly, the
formation of Ag/Au/S alloyed nanostructures is lacking in
most of the reports working with this ternary system,**4! even
when metallic Au diffusion is tracked through a Ag,S domain
from a core to a surface position.*? As the only two exceptions,
Liu et al. and Li et al. recently reported on ternary NPs ob-
tained from the progressive sulphurization of AgAu alloy
colloids, although an in-depth characterization was not per-
formed in these cases.**** Furthermore, cation exchange reac-
tions can be performed to completion in this system, obtaining
AuzS nanostructures whose formation is most likely stabilized
thanks to the covalency of the Au-S bond that shows a binding
energy 2 eV higher than that of the Ag-S in the parental Ag,S,
as reported by Morris et al.*> Again, the presence of bromide
anions in the medium plays a key role in defining the final
morphology of the fully exchanged Au,S NPs by accelerating
the outwards diffusion of Ag(l) cations in the reaction medium
with the highest concentration of Br(-1) anions, which leads to
the formation of hollow nanostructures due to the slower Au(l)
inwards diffusion, following the Kirkendall mechanism.®
Probably the hollow morphology could not be achieved in the
case of the Se-based system since maximum one out of four
Ag(l) ions could be exchanged and therefore very few vacan-
cies are generated so as to create a hole in the AgsAuSe,; NPs.
AuzS has been described as a p-type semiconductor with a
direct bandgap estimated between the visible and near-infrared
region of the electromagnetic spectrum.*®#” In combination
with other materials, it has been suggested as an interesting
light harvesting, catalytic, biosensing or therapeutic compo-
nent.*®51 It crystallizes in the cubic crystal system with a cu-
prite-type structure, being isostructural at room temperature to
the high conductivity ionic conductor a-Ag,S.*® It is reported
to be a highly metastable phase, decomposing both under inert
atmosphere and air conditions at temperatures above 420 K,
and its preparation often leads to amorphous solids, with a few
exceptions at the nanoscale.*®°2%* It is worth mentioning that
the crystallinity of the Au,S nanostructures reported here is
highly preserved at room temperature for months after prepa-
ration. Additionally, spherical and rod-like Au,S NPs with a
hollow morphology like the ones described in this work have
not been reported to date and, after appropriate functionaliza-
tion and water transfer, they open up the doors for the use of
such a priori biocompatible elongated nanostructures as po-
tential nanocontainers for dual diagnostic and therapeutic
applications, in line with our recent studies about biomedical
applications of noble metal-based chalcogenides analogous to
the ones described in this work.?

The results described here confirm a gradual and finely con-
trolled cation exchange on Ag,S NPs. A Ag:Au ratio of 3:1 is
required to obtain pure AgsAuS, domains, while 1:1 and 1:5
ratios are necessary for AgAuUS and Au,S phases, respectively.
Ratios in between lead inevitably to a mixture of phases and

compositions, which confirm that the NPs undergo a gradual
structural and chemical transition until the final compound is
obtained. The gradual cation exchange is also accompanied by
an increasing number of structural defects, as it can be con-
cluded from both XRD and HRTEM analysis (Figures 1 and
5): XRD shows increasing width of peaks with the growing
amount of Au(l) in the structure, while in HRTEM micro-
graphs several defects can be observed as the cation exchange
proceeds.

The question still remains on which is the main Au(lll) re-
ducing agent in these systems: the reaction mixtures contain
oleylamine-capped Ag.S NPs, and Au(lll)-TOAB or Au(lll)-
DDA reactive species dissolved in toluene. At first glance,
DDA is expected to be the most reducing species, although
experiments point out that Au(ll1) is reduced to Au(l) and even
to Au(0) also in TOAB and complete absence of DDA. We
therefore suggest two possible Au(ll1) reducing agents, based
on the reactive species present in the medium and our previous
observations: on the one hand, oleylamine molecules working
as stabilizing agents already coordinated at the surface of pre-
synthesized Ag.S NPs; on the other hand the S(-11) anion of
the inorganic crystal lattice. In the Se analogue we observed
that the Se(-1l) was working as a sacrificial anion to reduce
Au(lll) to Au(l), and indeed an amorphous Se layer was ob-
served surrounding ternary NPs.?? In fact, HRTEM micro-
graphs also point to the formation of a thin amorphous shell
after the cation exchange reaction (Figures 3 and 5). Although
in principle, S(-11) should be less reducing than Se(-I1), exper-
imentally the nucleation of Au(0) is observed in all samples
prepared with S and could not be avoided, contrary to what
happens with Se. All in all, and regardless of its origin, the
reduction of Au(lll) could be significantly enhanced due to the
possibility of formation of both thermodynamically favored
Au(l)-S(-11) and Au(0)-S(-I1) bonds, as reported by other au-
thors.®

The optical absorption was measured in solution in the Visi-
ble and NIR range for all the samples prepared and it is shown
in Figure 9. The initial Ag.S NPs and the final hollow Au,S
NPs show an exponential and continuous absorption profile at
wavelengths below 750 nm, where no absorption bands are
visible. As expected, Au-AgsAuS, and Au-AgAuS hybrid NPs
show a broad and intense absorption band centered between

Ag,S
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Au-AgAuS
I Au,S
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Figure 9. Vis-NIR absorbance spectra of Ag.S NPs, Au-
AgsAuS; HNPs, Au-AgAuS HNPs and AuzS hollow NPs.




500 and 600 nm corresponding to the metallic Au Surface
Plasmon Resonance band.

CONCLUSIONS

Our studies evidence the high miscibility of Au in the binary
Ag-S system due to the strong affinity of Au and S elements
and the thermodynamic stability of their bond. A wide range of
nanostructured materials is presented with controlled and
known compositions, going from Ag.S to Au.,S at the ex-
tremes, as well as two additional ternary intermediate compo-
sitions, i.e. AgsAuS, and AgAuS. The transformation occurs
through finely tuned cation exchange reactions that provoke
gradual changes in composition without significantly altering
the size and shape of the precursor Ag.S NPs. The role of two
different surfactants in the reaction medium has been studied:
while dodecylamine is favoring the heterogeneous nucleation
of metallic Au on the surface of the semiconductor domains in
detriment of the cation exchange reaction, the use of TOAB
turns out to be crucial for the enhancement of the exchange in
order to reach even full cation substitution. Bromide anions
reveal themselves as an efficient external driving force for the
removal of Ag(l) cations from the solid lattice, which prefer to
precipitate as microcrystalline AgBr. On the other hand, bro-
mide anions play a key role in determining the solid or hollow
morphology of the nanostructures obtained by controlling the
outgoing diffusion speed of Ag(l) cations. In this way, hollow
AuS NPs both with a spherical or rod-like shape have been
prepared and fully characterized, as they represent promising
nanocontainers for dual diagnostic and therapeutic applica-
tions.
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