ROYAL SOCIETY

Joumal of

Materials Chemistry A

OF CHEMISTRY

View Article Online
View Journal | View Issue,

The formation mechanism of Janus nanostructures
in one-pot reactions: the case of Ag—AggGeSeT

CrossMark
& click for updates

Cite this: J. Mater. Chem. A, 2016, 4,

7060 Joel van Embden,*? Laure Bourgeois,”® Enrico Della Gaspera,® Lynne Waddington,®

Yuefeng Yin,? Nikhil V. Medhekar,? Jacek J. Jasieniak® and Anthony S. R. Chesman*©

Herein we describe a large-scale, non-injection "one-pot” batch method for producing large quantities of
novel colloidal Ag—AggGeSg heteronanostructures. Using a suite of analytical techniques, including high
resolution TEM, HAADF-STEM, XEDS mapping, and XRD, the formation mechanism of the nanostructures
is elucidated. The formation is discovered to occur in three stages comprising nucleation, phase

separation of the metal and semiconductor components, and the final segregation of the metal and
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Introduction

Janus nanostructures are a subclass of heteronanostructures
that specifically comprise two material types (and regions) that
are bonded adjacently into a single particle. The combination of
the two materials in these nanostructures can be tailored
specifically to give rise to a synergistic effect, resulting in
a substantial increase in their desired efficacy compared to the
use of their individual component materials without such
intimate physical contact.’™ In light of this, they have found use
in a broad range of areas, including energy-based applications,®
plasmonics,® and catalysis.”®

Of particular interest are Janus nanostructures that comprise
a metal and a semiconductor component. By carefully selecting
different material combinations, the resultant Mott-Schottky
heterojunction at the interface between the two components
may be tailored to favour the rapid transfer of electrons or holes
(charge separation) between the metal and the semiconductor.
In their high-energy charge separated state these structures may
be employed to drive chemical transformations,”™" or to
modulate conduction within nanoelectronic photoconductive
devices."** The unique ability to tailor the energy levels to suit
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their application, coupled with their high surface area, makes
colloidal metal-semiconductor Janus nanostructures particu-
larly attractive as photoactive materials.**

Fuelled by the continuing desire to exploit their distinctive
physical and electronic properties, over the past several years
numerous reports have outlined the synthesis of a variety of
colloidal heteronanostructures.>**>* The formation of
colloidal heteronanostructures is known to occur through
a variety of routes. The most widely adopted method is
heterogeneous deposition of secondary components onto seed
nuclei.**** However, diffusion-based segregation of multicom-
ponent nanoparticles,*** and ion exchange within a template
particle®***3” are also established techniques.

Despite knowledge of such mechanisms, a large number of
reports on colloidal heteronanostructures focus solely on either
the preparation and characterization or application of novel
materials without providing an in-depth analysis of how the
structures were formed. This is likely a consequence of the fact
that, as detailed above, the vast majority of reports outline the
synthesis of heteronanostructures using a seeded growth method
(discrete sequential synthetic steps), which makes their formation
pathways rather intuitive. Uncovering the formation mechanism
is far more difficult to accomplish when the nanostructures are
produced in a single step (one-pot) reaction. This may be attrib-
uted to the extensive characterization required to effectively
decouple the dynamic transformations that occur in solution. In
fact, only a few systems are amenable to heterostructure formation
in one-pot reactions, which require a highly diffusive component
(atomic species) to drive the required phase separation. In light of
these factors, investigations that have contributed to the under-
standing of the underlying formation mechanism of colloidal
Janus nanostructures in single-step reactions are rare.****

This journal is © The Royal Society of Chemistry 2016
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Silver-based systems hold a special appeal for researchers
investigating the formation of colloidal heteronanostructures.
The high ionic mobility and chemical reactivity of the Ag" cation
enables facile solid-solid phase separation into nanostructured
components. These properties have been exploited to form
a suite of silver-based heteronanostructures.’>*****'-%" In the
continued search for novel materials AgsGeS, (argyrodite) has
recently garnered the attention of researchers as its bulk band
gap of ~1.4 eV ** makes it ideal as a broad-spectrum absorber
material for both photocatalytic*® and photovoltaic devices.* As
such, the properties of AggGeSs make it ideal for further
exploitation by incorporation into a Janus nanostructure.

Here we outline for the first time the synthesis and charac-
terization of Ag-AgsGeSs Janus nanostructures with a specific
focus given to their formation mechanism. Using a suite of
analytical techniques, we track the complex compositional,
morphological, and optical changes that occur during the
formation process. Uncovering such transformation mechanisms
by rigorous investigation is fundamental to progress the devel-
opment of Janus nanostructures in general. Consequently, we
expect that, in addition to providing specific insights into the
Ag-AgsGeS; system, the synthetic chemistry and detailed forma-
tion mechanisms elucidated herein provide a broader platform to
rationally tailor the synthesis of as yet unexplored Janus metal-
semiconductor materials of varying types and compositions.

Experimental

Materials

Silver acetate, Ag(OAc) (99%), dodecanethiol (DDT) (98%), GeO,
(99.99%), glycolic acid (GlyH,) (99%), and technical grade
oleylamine, OLA (70%) were purchased from Aldrich. Carbon
disulphide, CS, (99.9%), chloroform (99.8%), EtOH (99.5%) and
MeOH (99.8%) were purchased from Merck. All reagents and
solvents were used as received without further purification.
[Ge(gly),(H,0),] was prepared according to a previously estab-
lished literature synthesis.*

Synthesis of Ag-AgsGeSe Janus nanostructures

Ag(OAc) (2.124 g, 12.7 mmol) and [Ge(gly),(H,0),] (0.818 g, 3.2
mmol) were suspended in a 4 : 3 (v/v) OLA/DDT solution (56 ml)
and heated with stirring to 120 °C under vacuum (ca. 1 x 10"
mbar). Over a period of 30 min the reaction solution was
degassed and the reactants dissolved to give a transparent,
yellow/green coloured reaction solution. At the conclusion of
the degassing step, the reaction solution was cooled to room
temperature in an ice bath, resulting in the formation of a white
slurry. The solution was then placed under an atmosphere of
N,. Once the solution temperature decreased below 10 °C
a solution of DDT (8 ml) and CS, (600 pl, 10.0 mmol) was added
slowly (over 5 min) with stirring, causing the slurry to change to
a light yellow colour, indicating the formation of metal dithio-
carbamate species in solution.*® The reaction solution was then
placed under vacuum again (ca. 5.0 x 10~ > mbar) resulting in
vigorous degassing. Once the solution was stable under vacuum
it was then heated over a 10 min period to 100 °C. Upon heating
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the colour of the solution turned dark brown/black at ~45 °C.
After degassing at 100 °C for 30 min, the reaction solution was
placed under an atmosphere of nitrogen and heated to 220 °C
over a 10 min period, with the temperature then being main-
tained for a further 20 min. The reaction vessel was then
removed from the heating mantle and allowed to cool naturally
to room temperature. This method typically yielded between 2
and 2.5 g of product.

Time-dependent aliquots

To investigate the formation mechanism of the colloidal
nanostructures small (~1 ml) aliquots were removed by using
a syringe through a septum at various temperatures during the
heat-up step of the reaction. Notably, the 100 °C aliquot was
taken at the conclusion of the second degassing step and used
for analysis (N.B an aliquot taken at the beginning of the second
degas step had a near identical absorption spectrum to the
sample removed at the conclusion of this step). All samples
were purified by numerous precipitation/dispersion cycles from
chloroform/methanol.

Transmission electron microscopy (TEM) grid preparation

To obtain highly pure samples appropriate for high-resolution
imaging and analysis a small portion of each of the washed
samples in chloroform was centrifuged at 12 000 rpm for
10 min to obtain a plug of pure particles. Care was taken to
ensure that no size selection was performed at any stage during
the purification procedure. These highly pure samples were
then used for all the TEM experiments.

Instrumentation

UV-vis-NIR absorption spectra were collected at room temper-
ature using a Varian Cary 5 spectrophotometer. X-ray diffraction
(XRD) was performed on a Bruker D8 diffractometer equipped
with a Cu-Ka radiation source and operated at 40 mV and
40 mA. Low resolution TEM (LRTEM) was performed on a FEI
Tecnai 12 G2 transmission electron microscope operating at
120 keV. Images were recorded using a MegaView III CCD
(Olympus, Tokyo). High-resolution TEM (HRTEM) was per-
formed using a JEOL JEM 2100F field-emission gun instrument
operated at 200 kV, equipped with a Gatan Ultrascan 1000 CCD
camera. The JEOL 2100F microscope has a point resolution of
<2.3 A. X-ray energy dispersive spectroscopy (XEDS) was carried
out in scanning transmission electron microscopy mode using
aJEOL Si(Li) 50 mm?® detector. The XEDS maps were obtained in
two ways: (1) by collecting ~200 frames 256 x 256 in size with
a dwell time of 0.2 ms per pixel and drift correction using JEOL's
JDS software; (2) in spectrum imaging mode via Gatan Digital-
Micrograph, with typical acquisition times of 3-4 s per point,
a pixel size of 5-7 A and drift correction. The STEM images were
collected in high-angle annular dark field (HAADF) and bright
field (BF) modes. The Fast Fourier Transforms of HRTEM
images were performed in Gatan Digital Micrograph using
a spherical mask to minimise shape effects. The in situ heating
experiment employed a Gatan 652 tantalum furnace heating
holder.

J. Mater. Chem. A, 2016, 4, 7060-7070 | 7061
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Results and discussion
Synthesis and characterization

The nanostructures prepared herein were synthesized using
a dual precursor heat-up methodology.> This general method
permits the synthesis of large quantities of nanomaterial with
tight size distributions without precursor injection.* Our reac-
tion scheme employed both highly reactive silver dithiocarba-
mate species and our recently developed air and moisture stable
Ge(gly),(OLA), species to ensure the rapid nucleation of nano-
crystals at low temperatures.’ Further growth was afforded
through the decomposition of DDT at higher temperatures.

To elucidate the crystal structure of the as-prepared particles
and determine their phase purity, XRD was performed. Fig. 1A
shows the XRD pattern of the purified particles, which matches
perfectly to the expected reflections of orthorhombic argyrodite
AgsGeSs (ICDD# 44-1416). Fig. 1B shows a representative
transmission electron microscope (TEM) image of the purified

A Bl AgsGeSs
I Ag (cubic)

10 156 20 25 30 35 40 45 50 55 60
2 theta (Degrees)

0021cP
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Fig. 1 (A) X-ray diffraction pattern of the final as-prepared nano-
crystals. The reflections are seen to match perfectly to AggsGeSe
(ICDD# 44-1416). (B) TEM image of the final isolated nanocrystals.
Scale bar 20 nm. (C) HRTEM image of a single particle clearly showing
the two components of the nanostructure. Scale bar 5 nm. (D & E) FFT
images from the masked areas of the single particle highlighting the
metal (red) and semiconductor (green) components. (F) HRTEM image
highlighting the epitaxial interface between the two materials (blue
box). Scale bar 1 nm.
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colloidal product at the end of the assigned 20 min growth
period. The particles are seen to be quite uniform in size and
show a pyramidal morphology, with almost all of the particles
displaying a single hemi-spherical protrusion on either one of
the vertices (blue circle) or faces (pink circle). The average size of
the particles (edge length) is 10.9 + 2.8 nm with a calculated
numerical standard deviation of 19.2% (vide infra).

HRTEM was conducted in order to characterize each of the
observed structural components within the nanocrystals.
Fig. 1C shows a HRTEM image of a single highly crystalline
particle. The darker component is larger than that typically
observed within the final sample, but this nanoparticle was
chosen to aid in the analysis of the particle structure. From
simple visual inspection this “dark” region is seen to have
a radically different crystal structure compared to the bulk of
the particle. Furthermore, the obvious difference in the scat-
tering intensities (for samples of similar thickness) is indicative
of elements with different atomic masses and materials with
very different atomic number densities. Clear twinning is
observed in the larger bulk particle while the darker component
appears to be a single crystal.

To determine the crystal structure of each of these two
components selected area Fast Fourier Transformation (FFT)
was performed. An area of each component was masked (red
and green circles) and used to generate FFT images. The FFT
image of the lattice from the bulk of the particle is indicative of
a highly complex and intricate crystal structure (green circle;
Fig. 1D). Nevertheless, all spots could be readily indexed to the
[100] zone axis of AggGeSe. In contrast, the FFT image of the
protrusion displays multiple disparate lattice spacings, all of
which are consistent with metallic silver (Fig. 1E). Specifically,
the spots at 2.00 A and 2.40 A may be readily assigned to the
interplanar spacings of the (002) and (111) lattice planes of face
centred cubic (FCC) silver, respectively, and correspond to
a (110) oriented FCC Ag crystal. An additional dominant
spacing at 2.25 A is also observed, which may be indexed to the
(011) lattice plane of (100) oriented hexagonal close packed
(HCP) Ag. Although it is unusual to observe HCP and FCC spots
in the same FFT image, hexagonal regions have previously been
observed within FCC Ag nanocrystals that are highly disor-
dered.**** Analysis of multiple particles revealed that, in
contrast to the large relatively crystalline Ag component dis-
played in Fig. 1C, in a large number of cases the Ag component
was smaller and either multiply twinned or highly disordered}
(see ESI; Fig. S17).

The general observation of disorder and twinning in the Ag
lattice explains the absence of a clear FCC Ag reflection in the
XRD pattern. Such irregularities in the lattice significantly
reduce the domain size, which broadens the reflections, making
them difficult to detect in regions where argyrodite peaks are

1 Given the high solubility of germanium in silver,”* at this juncture we cannot
rule out that the small perturbations to the FCC lattice parameters and the
disorder are not a result of trace Ge incorporation. However, twinning in Ag
lattices is commonly observed. Furthermore, we submit that the extent of
disorder in these structures may arise simply as a consequence of the rapid
diffusion induced phase separation (vide infra).

This journal is © The Royal Society of Chemistry 2016
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present. However, it is also important to note that the XRD
pattern of analogous structures of Ag-AgsSnSs did not display
cubic silver, despite a highly crystalline metal (Ag) domain.*”
Fig. 1F (blue box) shows the epitaxial nature of the interface
between the two material types with clear differences in the
lattice spacing between the metal (2.23 A; [011]) and the semi-
conductor (3.06 A; [022]) components. Collectively, these data
confirm that the as-prepared particles are metal-semiconductor
Janus nanostructures of the type Ag-AggGeSe.

Formation mechanism of Ag-Ag;GeS¢ heteronanostructures

Herein we focus on the formation of Ag-AgsGeSs. To elucidate
the formation mechanism of these Janus nanostructures, time-
dependent aliquots were taken during the heat-up process. Fig. 2
shows TEM images and the corresponding particle size distri-
butions (PSDs) of the particles at temperatures between 100 °C
and 220 °C, highlighting the change to the morphology of the
particles during the heat-up stage of the reaction. It can be seen
clearly that at 100 °C the particles are highly monodisperse and
have already grown to a size of 7.5 nm. Little change in the

H 10.9 nm
D ‘ “ 8.2nm
c ‘k: 8.0 nm
2 .

A

7.9 nm

7.5nm
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Fig. 2 TEM images of purified aliquots of the reaction mixture during
heat-up isolated at (A) 100 °C; (B) 140 °C; (C) 180 °C; (D) 220 °C; (E)
220 °C (20 min). HAADF-STEM images of the corresponding particles
are also shown in the insets of (A, C, and E). The particle size distri-
butions (PSDs) are also shown for each of the isolated aliquots. The
mean size of each distribution is listed. Scale bars 20 nm.
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morphology is seen with further heating to 140 °C, although
dark patches are observed in the centres of some of the particles.
Intriguingly, by 180 °C all of the particles are seen to display
a core/shell structure with a strongly electron diffracting core of
3-4 nm in size. At 220 °C the particles have become less spherical
and the strongly electron diffracting regions now appear on the
sides of the particles. Further heating (20 min) at 220 °C results
in a massive change in morphology with the overall particle
shape becoming pyramidal, with each particle having a singular
hemispherical protrusion attached to either the edge or the
vertex of the main crystal. Inspection of the PSDs during heat-up
reveals that there is very little change to the overall particle size
during the heat-up stage (7.5 to 8.2 nm; as highlighted by the
vertical dotted line). However, after 20 min of heating at 220 °C
the particles undergo significant growth to 10.9 nm (edge length)
accompanied by a broadening of the PSD.

The observation of mature sized particles at 100 °C is
consistent with the high reactivity of the dithiocarbamate
precursors used, which are known to decompose readily above
60 °C in the presence of an amine.”>*>*® This gives rise to rapid
nucleation and growth until the metal dithiocarbamate
precursors are depleted to equilibrium. Interestingly, the
formation of the core/shell structure (which predominantly
occurs between 140 °C and 180 °C) takes place with almost no
change to the size of the particles. This indicates that the
formation of these structures does not occur through a classical
route (i.e. monomer growth over an existing core) as this would
result in larger particles as the shell is formed. Further growth
of the particles is only observed at high temperatures, which is
attributed to renewed monomer availability through the
decomposition of DDT (given it is known to be relatively inactive
at temperatures below 200 °C).*”*® In the later part of the reac-
tion, namely at 220 °C, activation of this secondary sulphur
source results in heterogeneous semiconductor (AgsGeSe)
deposition onto the existing bulk particle. As such, we observe
a massive change in the size of this component while the metal
(Ag) protrusion remains relatively constant.

Collectively, the data from Fig. 2 reveal that the formation of
the final Janus nanostructure proceeds via a complex pathway
involving several distinct stages and structural types. To further
investigate the products at these stages dark field microscopy
was performed. High-angle annular dark field (HAADF) STEM is
an ideal means to identify hybrid materials at the nanoscale
where differences in material type and density are expected. In
this mode, beams scattered at high angles are collected on an
annular detector, resulting in atomic number (Z)-contrast. For
samples of similar thicknesses (as is the case here due to
effectively identical particle sizes) differences in scattered
intensity are a direct consequence of the difference in their
atomic number. Thus the amorphous carbon support appears
black while the particles appear bright. HAADF-STEM images of
the particles at key stages during the reaction are shown in the
insets of Fig. 2A, C and E. Examination of the image of the
initially formed particles (at 100 °C) reveals that their mass
distribution is homogeneous. In sharp contrast, by 180 °C the
particles have developed a core that is radically different in type
and density to the shell material. Given the known identity of
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Fig. 3 STEM-XEDS of the initially nucleated particles (at 100 °C) and the core/shell particles (180 °C). From left to right in each row is the dark
field STEM image and the subsequent, silver (Ag), germanium (Ge), sulfur (S), and composite (Ag, Ge, S) XEDS maps respectively for the two sets of
particles. While the initial particles are seen to be uniform in their elemental composition by 180 °C silver has diffused into the center of the
particle giving rise to Ag/AgsGeSg core/shell heterostructure nanocrystals. Scale bar 10 nm.

the final nanostructure this is strong evidence for an Ag/
AgsGeS, core/shell intermediate. By 220 °C the proposed Ag core
component is seen to reside at the vertex/side of the main
pyramidal AgsGeS; crystal.

Given the significant structural changes that occur
throughout the reaction, it is important to confirm the identity
of the particles at each of these intermediate stages. To
accomplish this, elemental analysis using STEM-XEDS was
performed. To begin we focus on the transformation of the
initially formed particles into the core/shell structure. Fig. 3
shows STEM-XEDS maps of the initially nucleated particles
isolated at 100 °C (top panel) and the core/shell particles iso-
lated at 180 °C (lower panel). As previously discussed, in the
HAADF image the initially formed particles appear homoge-
neous in their mass distribution. Analysis of the subsequent
elemental maps reveals that the particles contain Ag (cyan), Ge
(magenta), and S (yellow) and that all these elements are evenly
distributed throughout these particles. This is highlighted in
the multicolour composite (Comp.) image of all the detected
elements. It is important to note here that the formation of the
heterostructures beginning from such nuclei is in sharp
contrast to the evolution of other analogous one-pot systems,
wherein silver nuclei formed at low temperatures acted as
templates for the growth of the semiconductor.*®*” Given that
these systems used only OLA as a solvent, and not a combina-
tion of OLA and DDT (as is used here), we postulate that DDT
binds silver species in solution, which lowers their supersatu-
ration and prevents their nucleation.§

As expected the HAADF image of the particles at 180 °C
shows a core/shell structure. For the purposes of analysis four

§ It is important to note here that control reactions conducted by heating the
solution to 100 °C in the absence of dithiocarbamate ligand (i.e. only Ag and Ge
salts in OLA/DDT) did not show the nucleation of any particulate material,
proving that Ag nanocrystals could not be produced under these conditions.

7064 | J. Mater. Chem. A, 2016, 4, 7060-7070

particles of interest have been labelled with increasing core
sizes from 1-4. Inspection of the Ag map immediately reveals
that increasing amounts of Ag are present in particles with
larger observed cores in the order of 1-4. Similar to the initial
particles, germanium and sulphur appear to be quite evenly
distributed over the particles. Assuming a core size of 4 nm and
a total particle size of 8.5 nm (as predicted from TEM) the shell
comprises approximately ten times the volume of the core. In
light of this, the observed even distribution of these elements is
expected given that on a volume basis the shell will still
constitute the dominant XEDS signal from the particle. In spite
of this, the presence of Ag rich cores are clearly identifiable.
Close examination of particles 1 through 4 in the composite
image shows an increasingly larger (cyan coloured) Ag core in
direct correlation to the observed core size in the HAADF image.
Importantly, the particle is seen to extend beyond the bound-
aries of the strong Ag signal arising from the core, as exempli-
fied by the clear detection of sulphur in the surrounding region.
In conjunction with additional HRTEM data (see ESI; Fig. S27),
HAADF images, and the known identity of the final nano-
structure, these data confirm that the core is indeed metallic
silver and that the formation of the final Janus structure
proceeds via an Ag/AggGeS, core/shell intermediate.

To explain this phenomenon it is important to recall that the
transformation of the initially poorly crystalline silver germa-
nium sulphide nuclei into the Ag/AgsGeSs core/shell hetero-
structure occurs predominantly between 140 °C and 180 °C
wherein no (statistically relevant) particle growth occurs. As
such, the formation of the core/shell structure must occur
through the intra-particle diffusion of silver towards the core. As
silver is known from numerous examples to be highly diffusive
within bulk materials®***® (a process that becomes more
pronounced in nanocrystals®**) this mechanism of phase
separation is not surprising. In fact, silver-based compounds

—~
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have been exploited as efficient ion conductors.®**” Impor-
tantly, HRTEM and XRD data (vide infra) prove that the particles
formed at 100 °C are poorly or partially crystalline, which would
act to facilitate atomic/ionic diffusion within the lattice (see ESI,
Fig. S4 and S5t for related HTREM images and electron
diffraction data). Assuming that the initial nuclei contain the
Ag, Ge, and S elements in a stoichiometry close to AggGeSeqY,
and given that the mean size of the particles is 8.2 nm with an
observed mean Ag core size of 3.3 nm, we calculate that only
~14% of the silver would need to diffuse from the surrounding
region in order to form the core. Such a small percentage of
silver diffusing inward to form the core could be readily
accomplished without significantly depleting silver from the
outer regions of the particle or requiring additional silver from
solution (see ESI, Fig. S3,1 for the representative HAADF-TEM
image used for analysis).

Clearly, the thermally induced phase separation lowers the
total free energy of the system. This process is promoted by
three main factors: (i) the high ionic conductivity of the lattice,
(ii) the initially poorly crystalline nature of the particles (vide
infra) that are rich in high-energy defects and grain boundaries,
and (iii) the driving force to crystallize the “shell” region.

Having established the mechanism for the initial trans-
formation (from partially crystalline AggGeSg to the Ag/AgsGeS,
core/shell) we now focus on the subsequent transformation of
these particles into the final Janus nanostructure. In order to
gain direct insight into this mechanism iz situ heating TEM was
conducted. To accomplish this the isolated core/shell nano-
crystals (extracted from the initial growth solution at 180 °C and
then purified) were coated onto a strong carbon coated TEM
grid and mounted on a specialized holder that may be used to
controllably heat the sample in situ within the TEM. In this way
we may closely simulate the transformation dynamics that take
place in solution and view the effects of temperature on the
core/shell nanostructures directly.

The results of this experiment are presented in Fig. 4. Three
different particles were examined between temperatures of
100 °C and 300 °C. The structural components of the initial
core/shell particle (particle #1) are highlighted by the red (total
particle) and green (core only) circles. It can be seen that upon
gradually heating the particle from 100-300 °C the Ag core
appears to migrate steadily to the particle surface. It is impor-
tant to note here that given the radically different environments
the actual temperature in the TEM can only be loosely corre-
lated to the temperature in solution.** Likewise, the effects of
the electron beam on the transformation cannot be discounted.
Preservation of the spherical shape at high temperatures is ex-
pected and rationalized given the absence of available mono-
mer, which precludes the growth of the semiconductor
component as occurs in solution. The observation of the core
migration to the surface was ubiquitous throughout the sample.
Examination of additional particles (particles #2 and #3) reveals

9 As established in the later section on XRD the particles are Ag,S-like. As such,
the calculation was also performed for the Ag,S stoichiometry, which yielded
a % atomic diffusion of ~11% from the surrounding regions to form the core.
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Fig. 4 (Upper panel) HRTEM of three different core/shell structures
heated to 300 °C within the electron microscope. The apparent
movement (extrusion) of the core to the outside of the particle is clearly
visible with increasing temperature. (A—C) HRTEM of selected nano-
structures at different stages of exuding the Ag core. (D—F) Corre-
sponding colour coded inverse FFT images (from selected FFT spots)
clearly highlighting the Ag (red) and AggGeSe (green) components at
each stage of the transformation. Scale bars for all images are 5 nm.

the same apparent migration of the Ag-core component to the
surface of the nanostructure.

The lower panel of Fig. 4 shows HRTEM images of selected
particles representative of the various key stages of trans-
formation into the final Janus nanostructure, specifically: (A) an
Ag/AgsGeSg core/shell structure; (B) a particle with a partially
extruded Ag core; (C) the final Janus nanostructure. Image
processing is a powerful tool to help uncover the details of
complex nanostructured materials. Here we employ a masked
FFT analysis to examine the particle more closely during the
segregation process. To highlight the exact location of the
individual components during segregation, FFT of the HRTEM
images was performed and the spots corresponding to either
the Ag or AgsGeS, lattice parameters were selectively masked
and inverse FFT images were generated using only the relevant
spots. The two images (for each component) were then colour
coded and merged to provide the final composite image, which
clearly shows the positions of the Ag (red) and AgsGeS¢ (green)
components at each of these key stages. Although these parti-
cles are only examples, they have been carefully chosen to be
representative of the general nature of the particles in solution
at each of the key stages. Importantly, the initially highly
twinned Ag core is visible in Fig. 4 panel A/D.
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Given the observation of thermally induced segregation it is
clear that the core/shell structure is not stable at high temper-
atures. While the initial core/shell structure was formed the
resultant Ag-AggGeSe interface is clearly observed to be
unstable. As the work function of Ag is —4.3 eV *® and the
valence band position of AggGeSe is —5.1 eV *° we expect rapid
and efficient electron transfer from the metal to the semi-
conductor components. This electron transfer would favour an
extrusion process by a substitutional interstitial mechanism
wherein the Ag" ions rapidly diffuse through the lattice to the
surface, culminating in the eventual (atom-by-atom) extrusion
of the core.* In such a case the Ag core would appear to shrink
and Ag would begin to appear gradually at the surface. However,
from HRTEM and in situ heating TEM experiments we know
that the core does not change in size during segregation. Given
that the core remains intact we safely conclude that the extru-
sion mechanism is accomplished instead by intra-particle
Ostwald ripening of the “shell” onto one side of the core. The
drastic difference in crystal structure (large lattice mismatch)
between the components results in a high-energy interface
between the Ag and AggGeSg, which favours Ostwald ripening.
In order to minimise the surface energy the crystal segregates
into a morphology that minimizes the contact area. This is also
driven by the (volume) free energy gains of an increasingly well-
formed and crystalline AggGeSs domain.

From the vantage point of having direct insights into the
initial particles, the intermediate core/shell structure and the
segregation process, we may now conduct a final investigation
into the Janus nanostructure. To unequivocally elucidate the
precise elemental composition of the final Janus nanostructure
STEM-XEDS spectrum imaging was performed. Fig. 5A shows
a bright field (BF)-STEM image highlighting the rectangular
region where spectrum imaging was performed. A STEM-XEDS
map of a final Janus nanostructure is also provided in the ESI,
Fig. S7.7 In Fig. 5A the large black box indicates the total
scanned area, which contains two individual point-by-point
line-scans each containing 43 points. The three coloured boxes
indicate the areas over which the multiple XEDS spectra were
integrated in order to provide a comprehensive analysis of each
individual region. Namely, the AgzGeSs component (red), Ag
component (green), and the background matrix (blue) were all
individually assessed. The integrated XEDS spectra are shown
in their corresponding colours. Analysis of the metal protrusion
is presented in panel B. Peaks from Ag are clearly visible along
with peaks arising from the matrix (denoted with star markers).
Although tiny peaks at ~1.2 eV and ~2-3 eV corresponding to
the expected positions of Ge and S respectively may be seen,
these are barely above the background and may be accounted
for given the rarity of the beam passing perfectly parallel to the
metal-semiconductor interface. In light of this, the spectrum
from panel B confirms that only silver metal is present in the
protruded component. Conversely, analysis of the bulk
component (panel C) shows the presence of all the expected Ag,
Ge, and S elements. Collectively, these data prove that Ag core is
able to segregate completely to the surface free from any
significant contamination from the surrounding AgsGeSs
material.
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Fig. 5 (A) BF-STEM image showing the rectangular region where
STEM-XEDS spectrum imaging was performed over a single typical
Janus nanostructure (scale bar 10 nm). Each individually integrated
area (from two lines) is highlighted with different colours corre-
sponding to the XEDS spectra for the metal component (B; green),
semiconductor component (C; red), and background matrix (D; blue).

With a highly accurate picture of the formation mechanism
it is now possible to both adequately interpret and appreciate
data from a temperature-dependent XRD analysis. Fig. 6 shows
XRD spectra of the reaction solution at different temperatures
between 100 °C and 220 °C during the formation of the Janus
nanostructures. As all the samples were (relative to the pene-
tration depth of X-rays) effectively of the same thickness the raw
data were plotted such that the reader may appreciate changes
to the intensity of the reflections, the emergence of various
features, as well as the shape of the overall spectra.

To begin, we recall that detailed HRTEM of the initial nuclei
at 100 °C revealed partially crystallized (almost amorphous)
particles with only small crystalline patches of AgsGeS; (Fig. S4
and S57). In support of this HRTEM data, at 100 °C the particles
display broad peaks and low signal to noise indicative of
a poorly crystalline material. Interestingly, the diffraction
pattern corresponds quite well to monoclinic Ag,S (ICCD 14-
0072); shown at the bottom in blue. A detailed view of this
spectrum can be found in the ESI (Fig. S61). The correlation of
the 100 °C sample to Ag,S is somewhat expected given that Ag,S
is known to form at very low temperatures.®’® However, from
XEDS analysis germanium is known to be present in the parti-
cles at early times. Given that the stoichiometric ratio of Ge : Ag
in AggGeSe is 1: 8 (~12% Ge) only a slightly lower germanium
reaction rate at early times (compared to Ag) would be required
to culminate in Ge deficient particles, which would rationalize
the appearance of an Ag,S-like XRD spectrum. As such, it is clear
that in spite of the observation of AggsGeSs patches, the
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Fig. 6 Temperature dependent XRD data for aliquots of the reaction
solution extracted at temperatures between 100 °C and 220 °C. The
initial particles at 100 °C are poorly crystalline and are Ag,S-like. The
particles are seen to become increasingly crystalline and display clear
AggGeSg peaks. *10 min growth and **20 min growth.

predominant “amorphous” sections of the particle are Ag,S-like
and give rise to an XRD pattern well matched to the Ag,S phase.

As the reaction is heated the initial poorly crystalline sample
begins to adopt a pattern indicative of AgsGeSs (expected XRD
pattern shown at the top in pink). This transformation is seen
through the gradual emergence of the main [002] reflection of
AggGeS, at ~29.2° (dashed blue line) as the sample is heated
from 100-220 °C. Furthermore, additional diffraction regions
unique to AggGeSg (as opposed to Ag,S) are seen to appear
concomitantly with the increasing intensity of the [002] reflec-
tion (yellow shaded regions).

Importantly, the sample is seen to remain quite poorly
crystalline up until 180 °C, which is coincident with the stage
wherein formation of the core/shell structure occurs through Ag
diffusion. Not surprisingly, crystallization is inhibited during
the thermally induced phase separation stage of the reaction.
However, by ~180 °C the core/shell structure begins to show
features more consistent with AgsGeSs (clusters of reflections
around 14, 43, 46, and 51°) and generally appears quite crys-
talline considering that the AggGeSg shell is only ~2-3 nm thick.
The higher temperature coupled with the full segregation of the
Ag core (220 °C*), facilitates and permits improved crystalliza-
tion of the semiconductor AggGeSs component, which is
corroborated by both the HRTEM analysis and further sharp-
ening of the peaks in the XRD patterns. Additional heating at
220 °C (i.e. after full segregation) results in only marginal
improvement to the overall crystallinity of the sample.
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Scheme 1 Schematic of the three main stages of transformation that
occur during the formation of Janus Ag—AggGeSg nanostructures.

Through extensive analysis using HRTEM, HAADF-STEM,
XEDS mapping, in situ heating in the TEM, and XRD we have
uncovered the complete formation mechanism of the Ag-
AgsGeSg Janus nanostructures. Scheme 1 summarizes these
findings and the key stages of the dynamic processes involved.

It is now clear that the final Ag-AggGeSs Janus nano-
structures are formed in three distinct stages: (i) nucleation of
nearly amorphous defect-rich silver germanium sulphide
nuclei, which have just begun to partially crystallize the AgsGeSg
phase; (ii) thermally induced phase separation into an Ag/
AgsGeS, core/shell heterostructure by inward Ag diffusion; (iii)
intra-particle Ostwald ripening resulting in extrusion of the Ag-
core to the surface and the full crystallization of the final
resultant Janus Ag-AggGeSs nanostructure.

Optical data

To investigate the optical changes during the formation of the
Ag-AgsGeSs nanostructures aliquots were taken from the reac-
tion solution at different temperature intervals during the heat-
up process. Each of these aliquots was of a known mass and
diluted with the same amount of solvent. As such, by correcting
for the dilution factor the effective absorbance profile of the
nanostructures within the reaction solution may be examined
directly.

Fig. 7 shows the absorbance spectra at key intervals during
heat-up between 100 °C and 220 °C. Inspection of Fig. 7 reveals
that while the absorbance at higher energies remains relatively
constant the band edge shifts progressively to higher energies
as the solution is heated. The initial spectrum at 100 °C has
a slow onset at a similar energy to that of Ag,S (~1200 nm) and
is consistent with the aforementioned XRD data that these
initial particles are poorly crystalline and Ag,S-like. The subse-
quent blue-shift of the absorbance spectra with heating is
indicative of possible continued germanium incorporation and
the slow segregation and crystallization of the AggGeSs
component. Notably, little change is observed in the absorbance
spectra once the formation of the nanostructure is complete,
despite the fact that further growth of the semiconductor
component at 220 °C is known to occur.

The drastic changes to the electronic structure are best
observed from Tauc plot analysis (Fig. 7B and C). Such analysis
is useful to indicate whether the band profile has more direct or
indirect character. The initial particles are seen to have
a strongly indirect character with a band gap at ~0.9 eV. Both
the energy and dominant indirect character off the band profile
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Fig. 7 (A) Corrected absorbance spectra taken from aliquots of the
reaction solution as it is heated from 100 °C to 220 °C during the
formation of the Ag—AggGeSg nanostructure. (B) Tauc plot showing
the indirect character of the initial particles. (C) Tauc plot showing the
direct character of the final Janus nanostructures.

is consistent with poorly crystalline Ag,S-like nuclei. The poorly
crystalline nature of the initially nucleated particles gives rise to
defects both within and at the surface of the particles and
contributed indirect character to the band profile. Upon segre-
gation and full crystallization (defect annealing) the band
profile better reflects that of the bulk AggGeSs component,
which changes to a more direct band gap at 1.6 eV at the
conclusion of the reaction.| Previous investigations on pure
AgsGeSs nanocrystals revealed a band gap of ~1.45 eV.*® While
the difference between these values is minimal, we cannot rule
out that the high electron density at the metal-semiconductor
interface perturbs the optical properties and results in a slightly
higher band gap within the more complex Ag-AgsGeSs
nanostructure.

Conclusions

The heat-up synthetic method used here permits the production
of large quantities of nanomaterials as required to efficiently
evaluate these nanostructures in energy-based and catalytic
applications. Through the use of highly reactive silver and
germanium sources, coupled with the careful optimization of
the ligand chemistry, we have successfully synthesised Janus
Ag-AgsGeSg nanostructures in a single step “one-pot” reaction.
By terminating the reaction at different temperatures the reac-
tion scheme outlined here can be used to generate large
quantities of novel highly monodisperse Ag/AgsGeSe core/shell
nanocrystals, as well as Ag-AggGeS, heteronanostructures.

|| To better understand the optoelectronic properties of the dominant AgyGeSe
component its electronic structure was modelled using first principles methods
with generalized gradient approximation (GGA) and HSE06 functional. These
simulations yielded a band gap of ~1.79 eV, slightly larger than the
experimentally observed band gap of 1.60 eV. A more in depth analysis of the
first principles simulations is provided in the ESI (Fig. S87).
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By employing a suite of analytic techniques we have
successfully decoupled the dynamic transformation mecha-
nisms that lead to the formation of the final Ag-AgsGeS, Janus
nanostructures. The insights gained provide a deeper under-
standing of the mechanisms required to effect such phase
separations and transformations in non-injection reactions.

Utilizing highly reactive silver, sulphur, and germanium
precursors, as well as a strongly capping ligand (DDT), the
formation of template silver nuclei, common to other systems,
was circumvented. Instead the reaction was determined to
proceed through (germanium containing) Ag,S-like nuclei.
Relying on the facile phase separation of silver, template nuclei
of this kind could be doped with other elements besides
germanium (provided their precursors are quite highly reac-
tive). As such, the method described here provides a rational
design strategy to generate more complex ternary and quater-
nary Ag-semiconductor heterostructures with tailored optical
and electrical properties.
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