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We propose to synthesize well-controlled core-shell nanoheterodimers (NHDs) based on single
bimetallic Au@M (M = Au, Ag, Pd, Pt) nanodots (BNDs) grown on bare TiO, nanoparticles (NPs) by a
two-step laser-assisted deposition. The high photon flux emitted by a focused UV laser triggers nuclea-
tion and growth of a single core nanodot (ND) and its size is quantitatively controlled by varying the time
exposure and the concentration of gold ions in the solution in the first step. A second laser deposition is
performed after adding a new metal precursor to the Au-TiO, NHDs thus prepared. Due to the vectorial
nature of the first Au—TiO, NHDs when photo-excited, and thus the subsequent efficient carrier separa-
tion, the second photodeposition strictly takes place on the first gold NDs. Growth is epitaxial for both
Au@Au-TiO, and Au@Ag-TiO,, while Au@Pt-TiO, shows a discontinuous shell with the formation of
separate domains, which further rearrange. Au@Pd-TiO, exhibits an intermediate situation where the
shell surface becomes progressively irregular, in agreement with surface energies and lattice mismatch
between the two metals. Still, unlike conventional wet chemistry, where the metal atoms in the shell
come from the bulk solution (external production), photodeposition produces carriers through the TiO,
substrate and the gold ND (internal process). Such a process highlights the role of the work function
(WF) mismatch between the two metals in electron transport at their interface for shell growth. It provides a
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Introduction

It is well known that the presence of noble-metal nanoclusters
on semiconductor nanoparticles (NPs) can dramatically
enhance visible-light absorption through the surface plasmon
resonance (SPR)," and it has rapidly been devised that nano-
structures with more than one noble metal would offer even
accentuated versatility and maximization of visible light effi-
ciency. The first type of investigated bimetallic nanostructures,
consisting of two different metals deposited separately on the
same NP, already showed unique optical, catalytic, and electro-
nic properties due to the synergistic effects of these two kinds
of metal nanodots (NDs).*”” To improve the photocatalytic
efficiency, Au-Ag,*° Au-Cu,'® Au-Pd,*'*'* Au-Cu,* Ag-Ni,**
and other bimetallic nanodots (BNDs) with core-shell struc-
tures have been loaded onto semiconductor materials as
cocatalysts.'® As the core-shell morphology offers better control
than random deposition of two types of NDs, a step forward
over the regulation of light absorption, charge recombination
dynamics, and photoredox catalytic active sites has been
reached with this second type of nanostructure.

Two-step photodeposition appears to be the best strategy for
the preparation of core-shell structured BNDs on semiconduc-
tor oxide NPs to prevent the formation of alloyed metallic NDs
as illustrated a long time ago by Hermann,'® Sclafani,’” and
more recently by Chen et al.'® In this way, the first deposited
metal ND acts as a sink for photo-induced electrons and
favours the site-specific reduction and deposition of the second
metal at the surface of the first metal ND during the second
deposition process. In 1990, Fernandez et al'® studied the
photocatalytic reduction of rhodium on a photosensitive sup-
port (titania) already loaded with another metal (Pt). They
found that the size and location of the Rh NDs depended on
the reaction medium, and rhodium NDs of 1-1.5 nm diameter
(respectively 2-3 nm diameter) were well distributed on TiO, in
water (respectively in 2-propanol-water (20:1, v/v)), while in a
basic medium, the deposition of rhodium selectively occurred
on the pre-existing platinum NDs. In one case, the effect of
2-propanol was mainly attributed to its hole-scavenging proper-
ties, which reduced the recombination of photo-produced
carriers and then promoted the reduction of Rh* and the
growth of rhodium NDs. In the other one (ammonia), even if
the adsorption of Rh®" ions on TiO, is hindered by a large
amount of NH," ions, the easier hole-trapping at the negatively
charged surface of the semiconductor allows a better separa-
tion of electron-hole pairs. These two phenomena explain the
selective deposition of rhodium on the platinum NDs, which
are enriched in electrons by transfer from TiO, P25 during
irradiation. This study also indicates that in the presence of
efficient hole scavenging, the second metal prefers to locate on
a metal ND that already exists on semiconductors and finally
forms core/shell bimetallic heteronanostructures, which could
be of great interest in catalysis and photoelectronic devices, as
demonstrated later on.

Zheng et al.” reported more recently that Au, Ag, and Au-Ag
BNDs were site-selectively photo-deposited on the reduction
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sites of TiO,. Au-Ag BND loading provided not only good
activity performance for oxidizing 2-propanol but also high
stability under visible light. They, however, focused on the
catalytic aspect of their work and did not analyse the structure
of their Au-Ag BNDs. Tanaka and co-authors'' successfully
synthesized multi-core-shell Au@Pd BNDs supported on
TiO, (Au@Pd-TiO,), by using a two-step photodeposition
method. Au®*" was reduced first via photoirradiation at wave-
lengths A > 300 nm with a 400 W high-pressure mercury lamp
and many NDs were deposited on TiO,; in a second step, Au-Pd
core-shell structures were prepared by photoirradiation of the
mixture of palladium chloride and Au-TiO, solution with
the same light source. They found that Au-TiO, and Au-free
Pd-TiO, were inactive, whereas the core-shell Au@Pd-TiO,
samples were active in the photocatalytic conversion of chloro-
benzene and 2-propanol to benzene and acetone under visible
light irradiation. Moreover, they indicated that the thickness
control of the Pd shell (1 nm corresponding to ~ 3 layers) was
important for both a satisfactory cocatalyst effect and the
absorption of the SPR of the Au ND core. A year later, Su
et al.”® investigated the metal structural composition of the
Au/Pd-TiO, systems showing the importance of the nature of
the external layer for catalysis. In a recent report, Sun et al.>'
applied a two-step deposition method to prepare bimetallic
Au@Pd-TiO, catalysts with varied Pd deposition amounts
using Hg lamp irradiation, and their results indicated that
the Pd atoms were preferentially deposited on exposed Au
surfaces in the form of a monolayer. They also mentioned the
catalytic oxidation of benzyl alcohol with prepared bimetallic
Au@Pd-TiO, catalysts and showed that the benzyl alcohol
conversion increased with Pd deposition amount at Pd loading
below 0.049 wt%, whereas the activity of the catalysts with
a higher Pd deposition amount remained nearly identical.
Consequently, the deposition of core-shell BNDs, even small,
numerous, and randomly distributed on the surface of the TiO,
NPs, already represents a well-established added value in terms
of photocatalytic yields as compared to the multi-deposition of
separated NDs of two types of metals.

Furthermore, although not yet commonly accepted, Nakibli
et al.** elegantly showed, using II-VI semiconductor nanorods,
that they could increase the quantum efficiency for hydrogen
reduction on the surface of NHDs composed of a single Pt ND
deposited at one tip of CdSe@CdS nanorods by ~ 30 compared
to the deposition of multiple randomly distributed NDs of the
same mass amount. This is because single ND deposition
produces a morphological asymmetry that triggers efficient
vectorial charge separation. Moreover, using nickel instead of
platinum, the same group demonstrated that the photocatalytic
efficiency could be increased by varying the size of the depos-
ited metal ND to achieve a better balance between the Coulomb
blockade and size-dependent Schottky barrier that optimizes
charge transfer.?

Here we propose to combine these two crucial aspects, the
photodeposition of a single ND with controlled size on a
semiconductor (SC) on the one hand, and the possibility to
make this ND a bimetallic core-shell structure, on the other
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hand. We used bare TiO, anatase NPs usually considered a
benchmark material for photocatalysis in the near-UV wave-
length range.>* Since photon exposure from UV spectral lamps
or LEDs is known to lead to the multideposition of randomly
distributed tiny NDs, which prevents the targeted asymmetry,
we recently proposed to overcome this difficulty using a
focused continuous UV laser (363.8 nm), to photosynthesize
NHDs*® and we extend here this method to produce single
core-shell NHDs by a two-step laser-deposition process.
Indeed, continuous lasers offer the possibility to reach very
high light intensities so that electrons and holes for surface
reaction and deposition are produced in quantities large
enough to become almost insensitive to the bulk and surface
defect trapping sites of TiO,. Moreover, the nucleation of a first
deposit builds a high electric field gradient inside the NPs,
which strongly favours charge separation and then the growth
of the already existing ND against the nucleation of a new
deposit. This “high field” mechanism is at the heart of the
deposition and growth of a single metal ND, and the laser-
driven growth of a metallic shell on top of it during a second
deposition step should thus offer the possibility to produce
NHDs with a single core-shell BND. Even if some M1@M,-TiO,
were synthesized and used in photocatalysis, there are virtually
no studies dedicated to the growth mechanism of the second
metal on the first one when directly initiated by the carrier
production inside the host NP. Since we control Au-TiO, NHDs
synthesis, we propose here such a platform, which will allow us
to observe how the shell atoms self-organize on the surface of
the metal core when they are reduced by electrons photopro-
duced in the band gap of TiO, NPs. Nonetheless, layered
heterostructures also have their specificities, and from the
epitaxial point of view,”®° it appears that two main mechan-
isms for the growth of a crystal layer (the shell) on a pre-existing
crystal made of a different material (the core) may be at work
depending on (i) the Gibbs excess free surface energy AGs =
Vshell/solution — Ycore/solution T Vcore/shells where Yijj is the surface
energy related to the interface between media i and j, and
(i) the lattice mismatch between the core and the shell (which
also has a significant contribution to ycore/shen)- If AGs < 0 and
the lattice mismatch is “small”, ideally Au@Au and typically
Au@Ag, then epitaxial growth should be favoured (so-called
Frank-van der Merwe (FM) growth mode), and a core-shell
structure is expected. Conversely, if AGs > 0 and the lattice
mismatch is “large”, likely for Au@Pt, the growth of the shell
becomes discontinuous and occurs via the formation of sepa-
rated domains (so-called Volmer-Weber (VW) growth mode).
An intermediate growth mechanism also exists, the Stranski-
Krastanov (SK) mode, which combines temporally the two
previous ones: growth starts to be layered and after reaching
some critical interfacial strain due to lattice mismatch, the
relief of the layer becomes more and more irregular to mini-
mize the surface energy, likely corresponding to Au@Pd; this is
well illustrated with metal (Ag, Pd, and Pt) overgrown by wet
chemical reduction on gold nanorods within mesoporous silica
shells.’" Investigating direct epitaxial growth of Au@M (M = Ag,
Pd, Pt) by wet chemistry, Tian et al.>’ already suggested that
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other metal properties, such as metal electronegativity, may
play a role as the Au@Pd interface presents a large lattice
mismatch (suggesting a Vomer-Weber growth of Pd) and none-
theless showed the formation of a layered structure (suggesting
a Frank-van der Merwe (FM) growth). Finally, while not yet
totally clarified, the possible effect of a mismatch in electric
properties, such as work function, has recently been raised*?
and suggests that the electron transfer at the core@shell
interface may be hindered, thus contributing to an increase
of Veoresshen @and the involved growth mode.

Here, after synthesizing well-controlled Au-TiO, NHDs by
laser deposition, we performed a second deposition to form
single BNDs of core-shell structure Au@M-TiO, with M = Au,
Ag, Pd, and Pt for the shell. A comparison of these photo-
produced metallic shells is then established, based on the same
starting material and comparable experimental conditions.
Their growth, conceptually different from that observed in a
wet chemistry approach in the sense that growth is now
internally triggered from electron-hole pairs photoproduced
inside the semiconductor NPs, shows the robustness of the
laser-deposition technique, and the morphology of the Au@
M-TiO, NHDs illustrates the entanglement with epitaxial
growth modes depending on surface energies, lattice mismatch
and possibly on electrical properties.

Experimental

Chemicals

Titanium(v) isopropoxide (TIPO, 97%), triethanolamine (TEOA,
>99%), sodium hydroxide (NaOH, 99.99%), potassium gold (1)
chloride (KAuCl,, 99.995%), hexachloroplatinic acid (H,PtClg
99.9%) silver nitrate (AgNO3z, 99%), and methanol (anhydrous,
99.8%), were purchased from Sigma-Aldrich and used as received
without further purification. Deionized water (18.2 MQ-cm) was
obtained with a Milli-Q filtration station.

Characterization

XPS surface analysis was performed on a ThermoFisher Scien-
tific K-ALPHA spectrometer with a monochromatized Al Ko
source (hv = 1486.6 eV). The powdered samples were pressed
onto small indium foils or directly examined on the Transmis-
sion Electron Microscopy (TEM) grids with a 200 pm X-ray spot
size. The overall spectra (0-1100 eV) were obtained with a
constant pass energy of 200 eV and high-resolution spectra
at 40 eV. Charge neutralization was applied during analysis and
sputtering was achieved with 3 keV Ar" ions at an angle
of incidence, 6, of 45° to the normal of the sample. High-
resolution spectra were quantified and/or fitted with the soft-
ware AVANTAGE provided by ThermoFisher Scientific (Scofield
sensitivity factors were used for quantification). The binding
energy (BE) of the spectra was corrected with that of adventi-
tious carbon Cl1s (C-C, C-H) at 284.8 (0.2) eV. The phase
identification of the samples was performed with X-ray diffraction
(XRD) using a powder diffractometer (PANalytical X'Pert Pro)
equipped with Cu Kol radiation, 4 = 1.540598 A. The TEM grid

© 2023 The Author(s). Published by the Royal Society of Chemistry
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preparation is performed according to the following procedures:
The solution is sonicated for 10 min to disperse the nanoparticles,
and then one drop is cast on a TEM copper grid covered with a
carbon film (previously activated by UV light, carbon film, face up).
A paper tissue can help absorb the liquid from the carbon film side
to the backside of the grid, which only allows the liquid to pass
through and leaves the nanoparticles on the top side. Two or more
nitric acid drops (at pH 3) are also cast to clean the sample
particles. The grid was finally air-dried for at least 30 min. TEM
and high-resolution transmission electron microscopy (HRTEM)
observations were performed using a JEOL 2200 FS equipped with
a field emission gun, operating at 200 kv and with a point
resolution of 0.23 nm. HRTEM micrographs were acquired with
a GatanUltrascan CCD 2k-2k and digital diffractograms were
calculated using the Gatan Digital Micrograph program. Moreover,
to be representative and statistically meaningful, many images
from several regions of various samples were recorded and the
most characteristic results are presented here, and at least 250 NPs
were treated. The UV-vis absorption spectra were recorded with a
3600 Shimadzu UV-Vis-NIR spectrophotometer using 1 cm path-
length quartz cuvettes.

Synthesis of TiO,

TiO, anatase polyhedrons used as the substrate for the single
ND photodeposition were prepared with the method developed
by Sugimoto.>*** First, 0.1 mol of TIPO and 0.2 mol of TEOA
were mixed under an Ar flow and stirred at room temperature
for 24 h. Then, 144 mL of deionized water were added giving a
stock solution with [Ti*'] = 0.5 mol L™". Then, for the TiO, NP
preparation, 10 mL of this stock solution were diluted with
deionized water up to 20 mL (pH = 9.4; [Ti*"] = 0.25 mol L") in
a 35 mL glass bottle and aged at 100 °C for 24 h. The solution
was then directly transferred into a Teflon-lined autoclave and
aged at 140 °C for 72 h. Finally, the autoclave was cooled down
to room temperature and the product was collected by centri-
fugation at 15 000 rpm for 45 min. The precipitated product was
washed several times with NaOH solutions (pH = 12), 2 M
HNO3;, and water (to pH 7) by sonication/centrifugation. The
synthesized NPs, of size 11 x 11 x 18 nm’, were kept in an
aqueous solution to avoid aggregation (see Fig. S1, ESI{ for
TEM and XRD characterisations of the anatase phase (JCPDS
card no. 21-1272)). Mass concentrations were measured by
drying a known volume of solution and weighing the extracted
powder.

Synthesis of the nanoheterodimers

The photodeposition of core-shell BNDs on TiO, was per-
formed in a square cuvette using a two-step laser-deposition
method to prevent the already demonstrated alloying. The
experimental setup is conceptually similar to that previously
used for single metal ND deposition on CdSe@CdS nanorods.*®
We used a continuous Ar" laser (Innova 305C, Coherent) work-
ing in UV at 4, = 363.8 nm, within the bandgap of TiO, anatase
(E; ~ 3.2 eV). The PMMA cuvette (1 x 1 x 4 cm® filled with
1 cm® solution), transparent at the used optical wavelength,
is placed on a magnetic stirrer; a stirring speed of 300 rpm is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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enough to keep the solution homogeneous. Experiments are
performed at room temperature. The beam is first set at the
same height as the reaction cuvette using a home built peri-
scope and then expended to eventually get an incident laser
spot of diameter 1cm to shine on the 1cm wide square cuvette,
using a UV microscope objective Newport U-13X and a fused
silica lens ( f= 75 mm). The beam power range at the exit of the
laser head can be varied from Py, = 0 to 160 mW in light control
mode. The beam power P,,, applied to the solution after
crossing the incident PMMA wall is calculated in the following
way: the transmission of the optical setup up to incidence to the
cuvette is P;/P;, = 0.785 and the transmission of the cuvette
when filled with water is P,/P; = 0.945, so that finally P,,,/P =
0.76; for the sake of simplicity P,,, will be denoted P in the
following.

The first reaction solution was performed by mixing under
Ar the as-prepared TiO, aqueous solution (19 mM, 0.289 mL),
and a freshly prepared KAuCl, aqueous solution (10 mM,
50 pL). Then the oxygen-free hole scavenger, methanol
(50 vol%), was added to the aqueous solution with a pH
adjusted to 3.3 using nitric acid (0.1N). The solutions were
purged with Ar gas for 10 min to remove the oxygen and then
mixed just before laser exposure. The volume of the solution
was always kept to 1 cm® to ensure that it was fully exposed to
laser light and the cuvette was sealed by a rubber septum.

After the deposition step of the first single gold ND
onto TiO, NPs, a given amount of the second metal precursor
(KAuCl,, AgNO3, Na,PdCl,, H,PdCl,, and H,PtCl) solution was
added to the as-prepared Au-TiO, solution to perform the
second-round laser-deposition. When mentioned, the first
synthesized Au-TiO, particles were also separated via centrifu-
gation (18000 g, 20 min) and washed with deionized water to
remove the existing chloride ions and methanol in the solution
and prevent flocculation/aggregation or reactivity due to this
anion as in the case of AgNO;. After purification by centrifuga-
tion, these Au-TiO, particles were re-dispersed into a pH 3.3
nitric acid solution and methanol; the metal precursor was
then added to perform the second step deposition.

Results

First stage: synthesis of single nanodot Au-TiO,
nanoheterodimers

The synthesis of the initial Au-TiO, NHDs in a cuvette is
analogous to that performed previously in a microchannel®®
except that now the exposure time can be made much longer
and growth can be investigated up to the completion of the
photodeposition. Even if the beam intensity becomes signifi-
cantly smaller than in a microchannel experiment due to a
smaller beam focusing, we checked that it remains within the
so-called “high-intensity” excitation regime far beyond a clas-
sical UV lamp or LED exposure. With this synthesis, we can
reach yields in Au-TiO, NHDs as high as 80% (see Fig. S2,
ESIt). However, we purposely chose experimental conditions
leading to a yield of only 50% for the first photochemical step
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to be able to easily observe a secondary nucleation of the metal
in case it occurred in the second step. An example of single gold
ND growth law when varying the time exposure is presented in
Fig. 1a (for [TiO,] = 5.5 mM, [Au®**], = 0.5 mM and P = 56.1 mW)
and shows that the completion of the photodeposition is
reached after ~4 min of exposure.

A second experiment, performed under the same conditions
with an exposure time of ¢ = 4 min and now varying [Au*],
(Fig. 1b), shows that working up to completion provides a safe
way to produce the initial Au-TiO, NHDs with controllable gold
ND sizes; the corresponding TEM images are presented in
Fig. 2al, bl and c1 as illustrations of the starting Au-TiO,
materials for the second step laser-deposition to synthesize
Au@M-TiO, core-shell NHDs.

The mass conservation at completion leads to Y[NP]rx(0)
D38 = va JAWT]9™, where DYy, is the gold ND diameter at
t » o, ¥ &~ 50% is the mean yield in NHDs for the chosen
experimental conditions, [NP] is the concentration in TiO,
NPs ([NP] = 3.7310 °.[TiO,] for the size of the chosen NPs).
[Au**]0™ = B[Au’"], is the maximum concentration involved in
the ND growth (f < 1 and f = 1 if the initial concentration is

completely consumed by the photodeposition), x(0 = 140°) =

=
S

)
N
o
L
pb—
—
—

-
o
T
[S—
f—y
—ty

Au diameter (nm)
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Exposure time (s)

Au diameter (nm)

0 L 1 1 1 1
0.0 1.0x10%2.0x10*3.0x10%4.0x10*5.0x10“6.0x10*
[KAUCL] (M)

Fig. 1 (a) Au NDs growth versus exposure time for [Au**]g = 0.5 mM (the
red line is a fit according to dynamic modelling presented in Ref. 35.
(b) Variation of the Au NDs size at completion vs. [Au®*]y (the fit corre-
sponds to mass conservation at completion, see text). [TiO,] = 5.5 mM and
P = 56.1 mW for all experiments.
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3
related to the contact angle 6 of the gold ND on the TiO,
(0 = 140° angle was measured) and v,, is the volume of a gold
atom (Vay = Mau/(Napau) where My, = 196.97 g in the molar
mass and pa, = 19.3 g cm ™ the density).
We experimentally obtain Dg;, = (139 + 3)[Au’*]** nm from
the fit presented in Fig. 1b. We deduce f ~ 0.81 £ 0.06

2 1
(— —cos 0 —|—§cos3 0) =1.2829 is a dimensionless factor

from the comparison with the expected behaviour DY, =

8 u 1/3

({K(O)YD:EPJ P (A = 10 B [ m so
that we can assume that almost 100% of the Au®" ions present in
the solution are reduced to Au® and participate in the growth up
to completion.

Considering these reproducible Au-TiO, NHDs as starting
materials, a second laser-deposition step is applied to investi-
gate the synthesis of single core-shell BND structures of the
type Au@M-TiO,. As nicely illustrated in the epitaxial growth of
metal onto metallic nanocrystals from wet chemistry,>”" this
secondary growth process is also driven by the surface energies
Yeore/solution ANA  Vshell/solution, the lattice constant mismatch
between the two metals influencing the mutual surface energy
Yeoresshell, and the electronic junction between the two metals.
Even if the growth mechanism of metal over another metallic
ND by photodeposition is intrinsically different from wet
chemistry methods (internally triggered by carriers vs.
reduction from the external bulk phase), the morphology of
the final deposit should eventually satisfy these metal-metal
interactions so that we will follow the lines traced by Fan et al.*”
and Van der Hoeven et al.> to set the laser-deposition of a
second metal (Au, Ag, Pd, and Pt) on Au-TiO,, characterize
the morphology of the resulting shell and eventually see
whether or not laser deposition offers the opportunity to
consolidate the vectorial nature of the initial Au-TiO, NHDs
with increasing functionalities raised by the deposition of a
shell. To distinguish them from the initial Au-TiO, NHDs
material, the catalysts made by the second deposition are
named Au@M-TiO,.

Photodeposition synthesis of single dot Au@Au-TiO, NHDs

As a proof-of-concept for seeded growth of single ND by laser
deposition in both the lattice-matching and electric equili-
bration cases, we first undertook photodeposition of a gold
shell coating on the surface of the pre-existing gold ND. In this
“ideal” case, the Gibbs free surface energy AGg = 0, as ycore =
Vshell a0d Ycoresshenn = 0, SO that the second deposition is driven
by a pure Franck-van der Merwe mechanism,>® with the growth
forming an ideally uniform shell.

As the Au NDs on TiO, act as electron sinks for further
deposition, their size, and the corresponding exposed facets,
may have some effect on the second-step laser deposition.
Then, we considered three initial sizes of Au NDs obtained at
completion by adjusting the concentration of the precursor
KAuCl, (examples are shown in Fig. 2a1, b1, and c1 for three

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Influence of the concentration of KAuCl,. (al, bl and cl) TEM
images of Au-TiO, NHDs obtained during the first step deposition at
completion, using [KAuCly]: 0.125, 0.250, and 0.500 mM, respectively;
(@2, b2 and c2) Au@Au-TiO, NHDs obtained after the second step
deposition using 0.125, 0.250, and 0.500 pmol additional KAuCly; (a3, b3
and c3) corresponding size distributions. Experimental conditions are:
[TiO,] = 5.5 mM, 50 vol% methanol as a hole scavenger, applied power
(P = 56.1 mW), and exposure time (t = 4 min) in both deposition steps.

concentrations: 0.125, 0.250, and 0.500 mM), and chose the
same three concentrations: 0.125, 0.250, and 0.500 mM, for the
second step laser-deposition (Fig. 2a2, b2 and c2).

We kept the same applied power P = 56.1 mW and fixed the
exposure time to 4 min to ensure growth close to completion.
The histograms presented in Fig. 2a3, b3, and c3 show that
the metal ND size distributions and the metal size increase
after the second laser exposure. The Au@Au-TiO, NHD yields
remained virtually unchanged between the first and second
step depositions (Table 1), confirming that growth indeed
occurred only on already nucleated gold NDs; secondary
nucleation is energetically much less favourable than growth
on a pre-existing Au ND. Moreover, this second-step deposition
induced an increase in the diameter size distribution, an
increase of the coating thickness with the precursor concen-
tration, and the results are in good agreement with literature
reports.”'® A fit of the final Au@Au ND size as a function of the
total concentration of KAuCl, after steps 1 and 2 shown in
Table 1, gives Dgy, = (149 + 2)[Au*"],"* nm, which perfectly

Table 1 Data of Au size and NHD yield of Au-TiO, NHDs after first and
second step depositions. Experimental conditions are: [TiO,] = 5.5 mM,
50 vol% methanol as a hole scavenger, P = 56.1 mW, and exposure time
t = 4 min in both deposition steps

KAuCl, Metal particle NHDs yield Au shell
(umol) size (nm) (%) (nm)
First step 0.125 7.6 £ 1.9 46 0.95
Second step 0.125 9.5+ 2.2 48
First step 0.250 8.6 + 2.0 57 1.20
Second step 0.250 11.5 £ 2.3 54
First step 0.500 10.8 + 2.5 55 2.15
Second step 0.500 15.1 £ 3.3 53

© 2023 The Author(s). Published by the Royal Society of Chemistry
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compares with the expected amplitude D35, = 149[Au*'],"® when
100% of gold ions are consumed.

Thus, we successfully obtained Au@Au-TiO, with 0.95, 1.20,
and 2.15 nm Au shells in close agreement with expectations,
respectively corresponding to 2, 3, and 5 gold atom layers of
mean lattice constant: oy, = 4.08 A.%® These results also show that
the chosen sizes of the first Au ND seeds have no influence on the
Au shell thickness after the second-step deposition completion
when an ideal Franck-van der Merwe mechanism is at work.

We then fixed the size of the Au NDs obtained in the first-
step deposition and played with the concentration of the gold
precursor during the second-step deposition to study its impact
on the final Au size. The colour of the Au@Au-TiO, solution
changed with increasing amounts of KAuCl, (Fig. 3a). The
initial pink solution acquired during the first step of deposition
gradually deepened and turned dark purple indicating that the
Au NDs were getting bigger. This speculation is further con-
firmed by the UV-vis spectra displayed in Fig. 3b, which show a
continuous red-shift of the SPR band of Au from 535 to 561 nm
due to the increase of the Au size.

The TEM characterization shows the variation of the Au
shell size on the Au-TiO, NHDs (Fig. S2, ESIt and Table 2, see
also Fig. 4). Starting with an 8.7 nm mean diameter obtained
after the first deposition step, the Au ND size continuously
increases with the added concentration of KAuCl,, from
0.15 mM to 0.75 mM, as illustrated by the histograms of Au
ND size distributions in Fig. S2 (ESIT).

KAuCI,
b)
KALICll
if/// i\\\

Absorbance

Wavelength (nm)

535 n = 561nm

Absorbance

0.25 pymol
(0.25+0.15) umol
(0.25+0.25) ymol
(0.25+0.50) umol
(0.25+0.75) umol

500 600 700
Wavelength (nm)

400 800
Fig. 3 (a) Images of the Au@Au-TiO, NHDs solution after a two-step
deposition using various concentrations of KAuCly, and (b) UV-vis spectra
of Au-TiO, NHDs aqueous solutions. First step deposition: [TiO,] =
55 mM, [KAuCly] = 0.25 mM (0.25 umol of KAuCly), 50 vol% methanol
used as a hole scavenger, applied power P = 56.1 mW, and exposure time
t = 4 min. Second step deposition: different amounts of KAuCly, (0.15, 0.25,
0.5, and 0.75 umol) were added to the prepared Au-TiO, solution; the
operational conditions were otherwise identical.
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Table 2 Data of Au size and NHD yield of Au-TiO, NHDs after the first
and second step depositions using different KAuCly concentrations.
Experimental conditions are: [TiO,] = 5.5 mM, 50 vol% methanol as a hole
scavenger, P = 56.1 mW, and exposure time t = 4 min in both deposition
steps

KAuCly aqded Au NDs NHDs yield Au shell

(umol) size (nm) (%) (nm)
First step 0.25 87+20 44 —
Second step 0.15 10.3 £ 2.7 53 0.80

0.25 114 + 2.6 45 1.35

0.35 13.2 £ 2.3 44 2.25

0.50 143 £ 3.4 51 2.8

0.75 14.5 £ 2.9 51 2.9

The NHDs yields (Table 2), in the narrow range of 44-53%,
are almost the same as those measured in the first deposition
step confirming again that the laser deposition strongly favours
the growth of seeds against secondary nucleation.

The Au NDs can be enlarged up to 14.5 nm from the initial
8.7 nm, indicating that a 2.9 nm thick Au shell, corresponding
to 7 gold atom layers, was produced for the highest KAuCl, ratio
used (0.25 pmol + 0.75 pmol). Furthermore, the sizes of Au NDs
are all very close to the estimated values, showing again that the
amount of gold precursor was completely consumed to grow
the shell on the preformed Au NDs. This is illustrated in Fig. 4
by the plot of the experimental and calculated Au@Au ND sizes
as a function of the total concentration of KAuCl, corres-
ponding to variations in steps 1 and 2.

The global fit gives D35 = (154 + 4)[Au*"],"”> nm, which again
compares very well with the expected amplitude Dg, =
149[Au**]y"® when 100% of gold ions are consumed. So, this
“ideal” situation for the growth of a gold ‘shell’, shows that
(i) the second-step growth occurs on pre-existing seeds, (ii) the
epitaxial Frank-van der Merwe growth mode is indeed at work,
(iii) the size of the Au shell can be varied over large proportions
likely because electric properties are also the same, and (iv) the
final size can even be predicted from mass conservation.

Finally, as illustrated with the growth of seeded gold nano-
particles in bulk solution,*””*® this multi-step approach repre-
sents an efficient way to heterogeneously grow large single NDs
without side effects, such as secondary nucleation, which may
occur during the single-step reaction at very high gold ion
concentrations.

Photodeposition synthesis of single dot Au@Ag-TiO, NHDs

Based on these results on pure epitaxial Frank-van der Merwe
growth, we aimed to synthesize authentic BNDs Au@Ag of core-
shell type on TiO, by sequential deposition of Au and Ag. This
first choice was motivated by (i) a very small lattice constant
mismatch between the two metals of 0.145% (respectively o, =
4.08 A, aag = 4.09 A), reducing the surface energy yauag, and (ii)
YAg/solution < VAu/solutions respectively Vagssolution = 1.25 ] m™? and
Pawsolution = 1.5 J m~23% so that AGs < 0 and the epitaxial
Frank-van der Merwe mode should be favoured. A mismatch
between Ag and Au nonetheless appears in their electric work
function,* respectively 4.26 eV for Ag and 5.10 eV for Au, which
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Fig. 4 Comparison of experimental and predicted Au ND sizes at com-
pletion with the KAuCly concentration in Au@Au-TiO, HNDs made after a
two-step deposition. The red curve is a fit according to mass conservation.

may influence the electron transfer at the Au/Ag interface,*
required for silver ion reduction.

The Au@Ag-TiO, HNDs were synthesized using the proce-
dure described above using AgNO; as the Ag precursor in the
second-round photodeposition. Exposure time, laser power,
and precursor concentration were again varied to achieve this
goal. As an example, TEM images of the heterostructures and
the corresponding size distribution histograms of the Au@Ag
NDs are presented in Fig. 5. Two types of Au-TiO, NHDs with
9.1 &+ 2.1 nm Au NDs (Fig. 5a), and 10.7 £ 2.3 nm (Fig. 5d), were
made in the first photodeposition step. AgNO; aqueous
solution (0.5 pmol of AgNO;) was then added to the as-
prepared Au-TiO, NDs solutions. The mixtures were photo-
irradiated a second time (P = 56.1 mW, ¢t = 4 min) to get the
Au@Ag-TiO, HNDs, which developed BNDs with diameters of
10.6 £ 2.3 nm (Fig. 5b and c) and 11.7 £ 3.2 nm (Fig. 5e and f)
respectively, with yields of Au@Ag-TiO, BND NHDs remaining
in the 45-53% range obtained after the first-step gold deposi-
tion. Similar NHDs yields and an increased metallic BND size
confirm that Ag grew on the Au NDs with negligible secondary
nucleation on bare TiO,.

Moreover, considering again the mass conservation, we

8 vag[AgT]
nk(0) Y[NP]
mean yield is ¥ ~ 50%, the contact angle 0 of a silver ND on
TiO, is almost the same as for gold (0 = 140° so that x(0 = 140°) =
1.2829) and v, is the volume of a silver atom (vag = Mag/(Napag)
where My, = 107.87 g is the molar mass and p,, = 10.49 g cm™°
is the density).

Using [Ag']o = 0.5 mM, we find respectively f = 26% and 23%
when starting with 9.1 nm and 10.7 nm Au NDs. This means
that only 25% of [Ag'], is consumed during the second step up
to completion. Moreover, the Ag shell thickness remains lim-

expect that DX0oa, = D, + - ( >, where the

ited in the range of 0.5-1.0 nm, which corresponds to the
deposition of a silver shell lying between 1 and 2 atom layers

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TEM images of (a and d) Au-TiO, and (b and e) Au@Ag—-TiO, BND
NHDs, and (c and f) their corresponding size distributions. Experimental
conditions: first step deposition, [TiO,] = 5.5 mM, (a—c) [KAuCly] = 0.25 mM
(0.25 umol of KAuCly) and d), (e and f) [KAuCly] = 0.50 mM (0.50 pmol of
KAuCly) (row 7 in Table 3), 50 vol% methanol as a hole scavenger,
P = 56.1 mW, exposure time t = 4 min. Second step deposition: addition of
0.5 umol of AgNOs at the end of the first step, identical operational conditions.

(mean silver lattice constant: s, = 4.09 A). This result is
confirmed by photodeposition experiments performed at larger
laser powers and exposures.

Influence of the time and the laser power on the Ag deposition
on Au-TiO,

As for Au@Au-TiO,, we undertook a systematic study of the
variation of the BNDs sizes and the Au@Ag-TiO, yields with the
laser power and the photoreaction time; the results are gathered in
Table 3 and Fig. 6 for the effect of the laser power variation.

The Ag shell thickness obtained under different laser powers
and time exposures is once again in the range of 0.5 to 0.9 nm,
far smaller than expected from 100% silver ion consumption.
The Ag shell has almost reached its final size after ¢ = 4 min
exposure and, as expected, there is no noticeable variation of
the stationary thickness value whatever the beam power. This is
well illustrated by the UV-vis spectra in Fig. 7, which shows,
besides that of the starting solution before any irradiation
(green curve), the characteristic SPR band of the Au NDs at
541 nm corresponding to the Au-TiO, NHDs of the first stage
deposition (pink curve).”® The other spectra show the two
expected absorption bands corresponding to the presence of
the BND core-shell structures. As already observed," ™ the
SPR band corresponding to the Au core blue shifts as the Ag
shell emerges (red arrow); this new band due to the Ag shell is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Influence of the applied power and exposure time, in the second
step deposition, on the Au@Ag-TiO, BND size and yield. First step
deposition: [TiO,] = 5.5 mM, [KAuCly] = 0.5 mM, 50 vol% methanol as a
hole scavenger; Au-TiO, NHDs with 10.7 £ 2.3 nm Au NDs. Second step
deposition: 0.5 pmol of AgNO3

Power  Exposure time BNPs NHDs  Diam. of BNPs  Ag thickness
(mW)  (min) yield (%) NDs (nm) (nm)
10 4 50 11.8 + 2.8 0.55
10 8 52 12.4 £ 2.6 0.85
10 16 53 12.0 £ 2.8 0.65
20 4 50 11.7 £ 2.8 0.5
20 8 53 12.0 £ 2.8 0.65
20 16 48 12.0 + 2.4 0.65
56.1 4 47 11.7 £ 3.2 0.5
56.1 8 48 11.8 £ 2.4 0.6
56.1 16 52 12.3 £ 2.5 0.8
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Fig. 6 TEM images of (a) Au—TiO, (first step deposition, [TiO,] = 5.5 mM,
[KAuCly] = 0.5 mM (0.5 pmol of KAuCly), 50 vol% methanol as a hole
scavenger, P = 56.1 mW, and exposure time, t = 4 min; (b) corresponding
size distributions. (c, e and g) Au@Ag-TiO, ND NHDs and corresponding
size distributions (d, f, and h) after the second laser irradiation, t = 16 min,
with P = 10 (c), 20 (e), and 56.1 mW (g) in the presence of 0.5 umol of
AgNO3z and 50 vol% methanol as a hole scavenger.

observed around 415 nm.**"*° The presence of these two bands
and their respective positions exclude the presence of metal
alloying.41’42’47’48

In addition to the TEM data, scanning TEM (STEM) com-
bined with elemental mapping was also performed to gain a
better insight into the bimetallic structure. The elemental
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Fig. 7 UV-vis spectra of the solution before irradiation (green curve), Au—
TiO, NHDs with 10.7 + 2.3 nm Au NDs (pink curve), and Au@Ag-TiO,
BNNs NHDs after the two-step syntheses for 4, 8, and 16 min.

320 om [—————— 1 A

Fig. 8 (a) STEM-EDS images of Au@Ag—TiO, BND NHDs and their com-
positional mapping of the distributions of (b) Au (pink), (c) Ti (green), and
(d) Ag (yellow) of the sample synthesized with and (detailed sample
information is shown in Table 3).

mapping of Au and Ag confirmed the presence of a core@shell
structure of the metallic part with Au as the core, and Ag as the
shell (Fig. 8). Since the Ag shell is thin, the signal intensity is
not as bright as we would expect with 100% consumption of the
silver ions but much more explicit than many results from the
literature.” Comparing the difference in the size of the gold and
silver mappings, it is easy to see that silver ones are bigger than
gold ones, forming a shell and confirming the results already
obtained by UV-vis spectroscopy. The core-shell structure does
not seem as clear as for classical spherical nanoobjects with
thicker shells because the Au NPs are crystalline, as well
illustrated in Fig. S3 (ESI{). Finally, there is no distinguishable
growth of silver NDs on bare TiO,.

Influence of the concentration of AgNO; on the Ag deposition
on Au-TiO,

Since the first deposition was performed using KAuCl, as the
Au®" ion precursor, and the silver ion precursor AgNO; was

702 | Mater. Adv,, 2023, 4, 694-708
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directly added to the solution for the second deposition, both at
the same concentration of 0.5 mM, we speculated that a
fraction of the AgNO; would readily react with these four
equivalents of chloride to form the low solubility AgCl, reduce
the concentration of silver ions available for deposition, and
explain why only 25% of [Ag'], were consumed during the
second step; some large micrometer scale Ag-based structures
were sometimes observed on TEM imaging and by EDS analysis
(not shown). We then used different amounts of AgNO; to see
whether the Ag shell thickness would increase with higher
contents of the precursor.

TEM images (Fig. S4, ESIf) and data gathered in Table 4
show once again that the addition of extra silver precursor leads
to an increase in the growth of the silver layer on the gold NDs.
The Ag shell doubles in between 0.25 and 0.5 pmol but rapidly
reaches the same saturation value of about 0.8 nm after which
some additional tiny Ag NDs start to nucleate on TiO,
for AgNO; contents higher than 2 umol, i.e. when we start to
be close to or beyond the concentration of four equivalent
chlorides.

To confirm these observations, we perform the experiments
in the absence of chloride ions, by extensively washing the
Au-TiO, NHDs obtained in the first-step photodeposition. The
purified Au-TiO, HNDs were dispersed again in a pH 3.3 water
solution with 0.1N HNOj;, 0.5 mM AgNO;, and 50% volume of
methanol as a hole scavenger.

The beam power was varied with an exposure time of 16 min
to ensure the completion of the photoreduction of silver ions.
The TEM results illustrate the influence of the different applied
laser powers (Fig. 9 and Table 5). The final thickness of the Ag
shell remains the same (~0.8 nm) whatever the laser power
(Table 5), but as in the case where the silver ion concentration
becomes higher than the chloride one, we can observe in Fig. 9
the nucleation of additional tiny silver NDs, which grow when
increasing the laser power at fixed irradiation exposure.

Based on these results, we can conclude that the close
matching between the lattice constants of gold and silver
indeed leads to the expected epitaxial growth of a silver shell
by laser deposition according to the Frank-van der Merwe
mode.***° Nonetheless, unlike wet chemistry deposition, the
photodeposited layer is limited to two layers of silver atoms.
As in photodeposition, the electrons are provided internally
by the excitation of TiO, NPs, suggesting a weak transfer at the

Table 4 Variation of the BND size, silver shell thickness, and BND NHDs
Au@Ag-TiO, yield with increasing amounts of silver precursor during the
second step deposition (0.25, 0.5, 2, 4 umol). Conditions for preparing
Au-TiOy: [TiOy] = 55 mM, [KAuCly] = 0.5 mM (0.5 pmol of KAuCly),
50 vol% methanol as a hole scavenger, P = 56.1 mW, t = 4 min exposure
time for the first exposure and 16 min for the second one

Amount of AgNO; (umol) NHDs yield (%) Ag thickness (nm)

0.25 50 0.4
0.5 51 0.8
1.0 50 0.7
2.0 48 0.7
4.0 50 0.8

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 TEM images of (a) Au-TiO; (first step deposition: [TiO,] = 5.5 mM,
[KAuCly] = 0.5 mM, 50 vol% methanol as a hole scavenger, P = 56.1 mW,
and exposure time t = 4 min) and (c, e and g) Au@Ag-TiO, BND NHDs with
their corresponding size distributions (b, d, f and h) after 16 min of second
laser irradiation. P = 10 (c), 20 (e), and 56.1 mW (g) in the presence
of 0.5 pmol of AgNOsz and 50 vol% methanol as a hole scavenger after
the re-dispersion of the Au-TiO, NHDs in chloride-free aqueous solution
(pH 3.3).

Table 5 Role of the laser power on the metallic BND size and Au@Ag—
TiO, yield. First step deposition: [TiO,] = 55 mM, [KAuCly] = 0.5 mM,
50 vol% methanol as a hole scavenger, P = 56.1 mW, and exposure time
t = 4 min. Second step deposition: addition of 0.5 pmol of AgNO3 in
chloride-free solution, 50 vol% methanol as a hole scavenger; irradiation
time t = 16 min

Power (mW)  NHDs NDs Diam. Ag thickness
Sample (second step) yield (%) (nm) (nm)
Au-TiO, — 51 109 £ 2.5 0
Au@Ag-TiO, 10 50 12.5+2.7 0.8
AU@AgE-TiO, 20 49 124+29 075
Au@Ag-TiO, 56.1 51 12.5 £ 2.8 0.8

Au/Ag interface, which could be explained by a work function
mismatch,*” with respectively @, = 5.10 eV and g = 4.26 €V;*°
as ¢rio, &~ 5.10 eV for TiO, anatase,”’ the electron transfer
should not be disturbed at the TiO,/Au interface. Indeed, when
two dissimilar metals are brought into contact, their Fermi
levels tend to equilibrate so that free electrons redistribute

© 2023 The Author(s). Published by the Royal Society of Chemistry
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locally from the metal with the lowest work function (Ag) to the
other one (Au). As a result, a dipole layer emerges at their
interface, acting as a sort of barrier to electron migration; the
greater the mismatch in work functions, the higher and wider
the barrier.

The width of the dipole layer should behave as w ~

|(pAu—(pAg] so that the electron work gradient at the

Au/Ag interface behaves as do/dr|y,a.~ 2|Pau — Pagl/

w ~ 24 /|@au — @agl;*? electrons should thus be mainly retained

in the gold core, and the larger the silver shell the lower the
electron density reaching its interface for the reduction of silver
ions. An electrical barrier is thus established since the begin-
ning of the shell growth. At the early stage, its energy and width
remain sufficiently weak so that electrons can cross the inter-
face and reach the shell surface; the shell growth is favoured
against the secondary nucleation at the surface of TiO,. The
height and width of the dipole layer go on increasing with the
shell growth so that the electron density at the silver shell
surface continuously decreases down to almost zero for a shell
thickness close to two layers of silver atoms. In these condi-
tions, one can say that the silver shell is “‘electronically starved
internally” so that secondary nucleation on the TiO, surface
starts to be favoured by continuous light production of carriers
if silver ions are still available in the solution. Experimentally
this starvation limit seems to be reached for 1 to 2 silver atom
layers, so that the width of the dipole barrier, twice as large,
should be in the range of 0.8-1.6 nm as already suggested by
atomic force microscopy measurements of adhesive forces
between Si;N, and several metals.””

Photodeposition synthesis of single dot Au@Pd-TiO, NHDs

After investigating epitaxial Frank-van der Merwe growth trig-
gered by laser deposition, we aimed to synthesize authentic
BNDs Au@Pd of core-shell type on TiO, by sequential deposi-
tion of Au and Pd. This second choice is motivated by (i) a large
lattice constant mismatch between the two metals of 4.64%
(respectively o, = 4.08 A, apg = 3.89 A), increasing the surface
energy yawrd, and (ii), respectively ypassomution = 2.0 J m~ > and
1.5 ] m72739 so that AGs = Yshelisolution
Yeore/solution T Yeore/shell = 0 and the intermediate Stranski-
Krastanov or the Volmer-Weber growth mode should be
favoured. Moreover, as Pd and Au present almost the same
values of work function,*° respectively @, = 5.10 eV and ¢pq =
5.12 eV, the electron transfer at the Au/Pd interface required for
the palladium ion reduction should not be disturbed and the
formation of the shell should just be dependent on the lattice
constant mismatch.

In the same way, we directly added a 0.5 pmol solution of the
palladium precursor (PdCl, or Na,PdCl,) to the as-prepared
Au-TiO, NHDs (average diameter of Au NDs of 11.0 & 2.4 nm,
mean yield ¥ = 51%), and irradiated for 8 min with the laser
beam (P = 56.1 mW). TEM images show that the size of the BNDs
increased to 12.4 £+ 1.4 nm when using PdCl, (Fig. 10), (Fig. S5,
ESIf for Na,PdCl,, Au: 10.4 £ 2.7 nm, Au@Pd: 11.7 + 2.8 nm) with

VAu/solution =
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Fig. 10 TEM images of (a) Au-TiO,, (b) Au@Pd-TiO, NHDs, and

(c) corresponding size distributions. Experimental conditions: first step
deposition, [TiO,] = 5.5 mM, [KAuCl,] = 0.5 mM, 50 vol% methanol as a
hole scavenger, P = 56.1 mW, and exposure time t = 4 min. Second step
deposition: 0.5 umol of PdCl, (dissolved in pH 2 HCl aqueous solution) was
added; this solution was then irradiated for another 8 min by the laser with
P = 56.1 mW. (d) Variation of the UV-vis spectra of the Au-TiO, and
Au@Pd-TiO, NHDs solution with time exposure.

a shell thickness of about 0.65-0.7 nm (Fig. 10c), corresponding to
1.7-1.8 atomic layers, more in agreement with the intermediate
Stranski-Krastanov growth mode than the Volmer-Weber one.
Once again, similar trends (NHDs yields and increased metallic
BND size) confirm that Pd grew on Au NDs and not on TiO,.
Moreover, using [Pd**], = 0.5 mM, a mean yield of ¥ ~ 50%, a
contact angle of a palladium ND on TiO, of § ~ 140°, and the
volume of a palladium atom vpq = Mpg/(Nappa) With Mpq =
106.42 g the molar mass and is ppgq = 12.02 g cm™° the density,
we find from mass conservation that 40% and 33.5% of the
palladium precursor were deposited starting respectively with
11.0 nm Au NDs and PdCl,, and 10.4 nm Au NDs and Na,PdCl,.

The variation of the UV-Vis spectra of Au-TiO, and Au@
Pd-TiO, solutions with time shows that the characteristic peak
of Au NDs at 550 nm of Au-TiO, NHDs, exhibits a slight red
shift and gets broader after Pd deposition due to the resulting
increase of the refractive index of the medium surrounding the
Au NDs (Fig. 10d).>**> The Pd shell also has a strong
damping effect on the dipole plasma oscillation of the Au core;
adding even a thin Pd shell is indeed known to nearly suppress
the SPR peak of the Au core in the Au@Pd core-shell BNDs.”**”

The EDS elemental mapping analysis on Au@Pd-TiO, NHDs
(Fig. 11) shows that the Au and Pd signals are spatially
correlated even though very few pure Pd NDs photodeposited
on TiO, are present (compare Fig. 11c and d, see the yellow
circle in Fig. 11g). Moreover, if most NHDs show a nearly
uniform Pd shell on the Au core, some others present protru-
sions on the shell (red arrows). They are linked to the non-
negligible lattice constant mismatch (4.64%) between Au and
Pd, which first allows selective epitaxial growth of palladium on
the Au NDs but then generates interfacial strains which prevent
the continuous formation of a uniform shell (Fig. 11e and g
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Fig. 11 (a) STEM-EDS images of Au@Pd-TiO, and (b to g) their composi-
tional mapping of the distribution of Ti (blue), Au (green), and Pd (red) of
the sample synthesized under t = 8 min exposure and P = 56 mW.

(red arrows)).>>*® This observed growth is coherent with the
intermediate Stranski-Krastanov mode, which describes the
growth of a thin layer becoming more and more irregular due
to interfacial strain and explains why we deduced non-integer
mean shell thicknesses at completion and why they are so thin
when grown from electrons internally provided by the excita-
tion of TiO, NPs; the high value of the surface energy yaupa
strongly influences the electron transfer at the Au/Pd interface.
Finally, XPS analysis (not shown) confirmed the presence of the
metallic Au 4f peaks at 83.7 (0.2) and 87.4 (0.2) eV Au and the Pd
3d peaks at 335.1 (0.2) and 340.1 (0.2) eV binding energies as
well as the convoluted Au 4d peaks in the Pd 3d binding energy
region, Au peaks that increase in intensity with Ar" etching.>®

Doubling the amount of PdCl, to 1.0 pmol provided the
same Pd shell thickness (~0.7 nm) as expected from the first

© 2023 The Author(s). Published by the Royal Society of Chemistry
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stage of the Stranski-Krastanov growth mode, as well as an
increase in the amplitude of the Pd protrusions/dendrites,® in
agreement with the late stage Stranski-Krastanov growth mode
(Fig. S6, ESIt). This result will certainly be beneficial for the
photocatalytic generation of H,>° or CO, conversion'® thanks to
the highly active surface area developed.

We also used large-size Au NDs (16.2 + 4.1 nm) for Pd
deposition; to obtain such a large size, a five times lower TiO,
concentration was used so that not only was the Au NDs
diameter bigger but also the yield of heterodimers was higher
(75%). After the second-step deposition, the average diameter
of BNDs increased by 2.6 nm (Fig. S7, ESIt), the average Pd shell
thickness (1.3 nm) is larger than that obtained from smaller Au
NDs (0.6-0.7 nm) and the protrusions are still present (Fig. S8a
and b, ESIf). Such large photodeposited Au NDs on TiO, are
highly polycrystalline so we suspect interfacial stresses to be
decreased compared to those at the surface of monocrystals,
thus lowering the mean surface energy yaupa and allowing the
first stage of the Stranski-Krastanov growth mode to develop
for a longer time. This approach then offers an alternative to
the Pd dendrites formed on 15 nm size Au NDs with an external
reduction process.’® The control of a thin Pd shell thickness is
indeed very important to get both a satisfactory catalytic effect
and the absorption of the Au ND SPR. Tanaka et al.'" already
mentioned that the optical and physical properties of the Au
NDs were completely shielded for a Pd thickness of 2.5 nm but
that the synthesis of a thinner Pd shell on gold was very
difficult to achieve via classical chemical methods. Then, a
Pd shell with a 0.6-1.6 nm thickness like the one obtained in a
controlled way by photodeposition represents an efficient route
to fulfil both conditions.

Photodeposition synthesis of single dot Au@Pt-TiO, NHDs

We finally aimed to synthesize BNDs Au@Pt of core-shell type
on TiO, NPs by sequential deposition of Au and Pt to investi-
gate laser deposition-triggered Volmer-Weber growth. This
third choice is motivated by (i) a reasonably large lattice
constant mismatch between the two metals of 3.82% (respec-
tively oay = 4.08 A, op = 3.92 A), increasing the surface energy
YAu/pty and [11) YPt/solution = VAu/solutiony reSPeCtiVely VPt/solution =
2.5] m?and Y Au/solution = 1.5 ] 1’1‘172,39 s0 that AGs = Ysheli/solution
— Yeore/solution T Yeoresshen = 0, and even larger than for Au@Pd,
to favour a Volmer-Weber growth mode. Moreover, Pt and Au
exhibit a mismatch in their electric work functions,*® respec-
tively ¢pa, = 5.10 eV and ¢@p, = 5.65 €V, which is smaller than that
between Ag and Au, but may nonetheless influence the electron
transfer at the Au/Pt interface required for platinum ion
reduction.

After the deposition of the Pt precursor (0.2 pmol K,PtClg),
the pink colour due to the gold SPR turned grey; TEM images of
the resulting Pt@Au-TiO, BNDs NHDs are shown at respec-
tively ¢ = 1day in Fig. 12(a, d and g), ¢ = 15 days in Fig. 12(b, e
and h), and three months in the solution after laser exposure
in Fig. 12(c, f and i). Instead of a core-shell-like structure,
many tiny platinum nanoclusters with star-like shapes were
deposited on gold. The magnified TEM images (Fig. 12(g, h and i)
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20 nm

Fig. 12 TEM images of Au@Pt-TiO, NHDs: (a, d and g) 1 day after the
experiments, (b, e and h) 15-days and, (c, f and i) 3-months storage in the
solution in the dark after the end of the experiment. Experimental condi-
tions: first step deposition, [TiO,] = 1.1 mM, [KAuCl,] = 0.5 mM, 50 vol%
methanol as a hole scavenger, t = 4 min, and P = 56.1 mW. Second step
deposition: 2 pmol of K,PtClg (dissolved in pH 2 HCl aqueous solution)
were added; this solution was then irradiated for t = 8 min and P =
56.1 mW.

clearly show these Pt NDs forming clusters around the Au NDs and
the absence of shell, whatever the elapsed time and even if some
rearrangement (Ostwald ripening), seemed to take place and
remain stable after some time (15 days).

This observed morphology of Pt on Au is coherent with the
Volmer-Weber growth mode, with growth taking place via the
formation of separated domains, and is expected when the lattice
mismatch and the surface energy yaup: are both high; the work
function mismatch even reinforces this statement by reducing the
electron transfer at the Au/Pt interface. These hybrid NHDs with
such a cluster-like morphology would probably give rise to a high
catalytic activity thanks to their relatively high specific surface area,
even higher than that of Au@Pd-TiO, HNDs.

The EDS mapping performed on these samples (Fig. 13)
illustrates the selective distribution of the elements on the TEM

Fig. 13 (a) STEM-EDS images of Au@Pt-TiO, and (b and e) their compo-
sitional mapping of the distribution of Ti (yellow), Oxygen (green),
Au (blue), and Pt (pink) of the sample synthesized as in Fig. 12.
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grid (titanium and oxygen occupying the same surface, and
gold surrounded by platinum). Fig. S9 (ESIt) confirms these
results with the line-scan distribution profile of both gold and
platinum and their representative EDS mapping images and
overlay.

The high-resolution X-ray photoelectron spectroscopy (XPS)
analysis performed to probe the surface state of the BNDs is
illustrated in Fig. S10 (ESI{) within the binding-energy regions
of Ols, Ti2p, Au4f, and Pt4f elements with a comparison
between two Ar' etching times: 0 s (Fig. S10a, ¢ and e, ESIY)
and 6 s (Fig. S10b, e and f, ESIt). The high-resolution spectra
show that the O 1s oxygen peaks located at the binding energies
around 530.3 (0.2) eV (Fig. S10a and b, ESI}) correspond to the
lattice oxygen in TiO,.°"

These peaks are polluted with high asymmetric contribu-
tions at higher binding energies, ascribed to oxygen from
surface hydroxyl groups as effectively confirmed after etching;
the latter strongly decreases the contribution due to pollution.
The fit of Au 4f identifies the two binding energy peaks
attributed to respectively the Au® 4f,,, (83.5 (0.2) eV) and Au’
4af;;, (87.2 (0.2) eV) electronic states.®” The fit of Pt 4f revealed
two dominant peaks at 70.7 and 74.0 eV, which are due to
metallic Pt® 4f,, and Pt° 4f;,, respectively.®® These two peaks
are slightly asymmetric due to a small contribution by Pt" 4f,,
and Pt" 4fs, at 72.0 (0.2) eV and 75.3 (0.2) €V, respectively,
which corresponds to a thin layer of PtO on the platinum
NDs surface, which effectively decreases again with etching
(Fig. S10e and f, ESI{). Additionally, the etching process (from
0 to 16 s) shows no change in the peak positions of Pt and Au
(Fig. S11, ESIt) and an increase in the intensity ratio of the Au
and Pt peaks from 0.32 to 0.53 with etching time, indicating
that more Au is exposed, and Pt indeed grows on gold NDs.
However, this etching process is detrimental to the TiO,
template since a partial reduction of titanium dioxide is
detected with a broad shoulder, which appears on the low
binding energy (BE) side of the Ti 2p,,, and Ti 2ps, lines.****
A peak fit analysis of the Ti 2ps,, signal (Fig. S11d, ESIt) reveals
two underlying components at binding energies of 456.1 (0.2) eV
and 457.5 (0.2) eV characteristic of titanium in various Ti**
oxidation states or less, respectively.

Discussion

Photodeposition of these four types of metal shells on a gold
core illustrates the three epitaxial growth modes expected when
varying surface energies and lattice constant mismatch: the
Frank-van der Merwe layered growth for Au and Ag, the island
Volmer-Weber growth for Pt, and the intermediate Stranski-
Krastanov growth for Pd.>®3°

Thus, regardless of the method used, wet chemistry,
electrons beams® for externally driven deposition, or photo-
deposition with internally produced carriers, the morphology of
the shell is robustly monitored by the interaction between
the two metals. However, the growth of Au@Pd raised
some questions as the Pd shell should grow according to the

27,31
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Volmer-Weber mode when considering surface energies and
lattice constants and nonetheless shows a Stranski-Krastanov-
like behaviour. Consequently, it was suggested that electronic
properties might play a role, some authors suggesting electro-
negativity as a key factor’” and others referring to the metal
bond energy.>" To facilitate the formation of a layered shell, the
electronegativity of the metal shell should be lower than that of
the metal core. This is always the case when comparing
the different metals involved: Au (2.54 eV), Ag (1.93 eV), Pd
(2.20 eV), and Pt (2.28 eV)®® meaning that electronegativity does
not seem so crucial in the shell growth mode. By looking at the
bond dissociation energies,*" epitaxial growth is expected when
the interaction between the shell and core atoms is higher than
that between atoms within the shell; this is the case for a silver
shell on a gold core. Likewise, the comparison between dis-
sociation energies is in agreement with the discontinuous
growth of Au@Pt. These two comparisons essentially confirm
what was already predicted from the lattice mismatch and
surface energies. But the case of Au@Pd remains puzzling
because (i) the interaction between Pd and Au atoms is stronger
than that between Pd atoms in the shell, favouring epitaxial
growth, and (ii) ypa/solution > Yauw/solution SUggests the growth of
separate domains; with the observation of protrusions, the
experiments indicate that the intermediate Stranski-Krastanov
growth mode®! is eventually at work.

Moreover, when carriers are produced internally, as in
photodeposition, their transport within the structure becomes
crucial, particularly at the interface between the two metals, to
provide electrons to the growing shell surface. Thus, electronic
properties do play a role, entangle with growth processes and
finally shed light on their crucial role. The photo-induced
epitaxial growth of Au@Au-TiO,, where the core and shell have
the same properties, shows no difference from other growth
methods. This demonstrates that when electron transfer at the
TiO,/Au interface is significant, consistent with the fact that the
work functions of TiO, anatase and Au are close, the reduction
of gold ions is not specifically affected by the method used,
either internal or external. This is not the case for the photo-
induced epitaxial growth of Au@Ag-TiO,. While it seems that
there is no limitation on the shell thickness growth when silver
ions are reduced externally, either by a wet chemistry approach
or by an external electron source, photodeposition shows con-
versely that the shell cannot exceed a few atom layers. Then, as
the surface and lattice properties of Au and Ag are close,
electron transport should be affected by the Au@Ag interface.
Li et al.*® raised the importance of the work function mismatch
between different materials to analyse their adhesion. While
TiO, anatase and Au have close work function values, the
greatest mismatch appears between Au and Ag, which creates
a nanometer-scale dipolar barrier during shell growth, progres-
sively deprives the shell interface of electrons, and stops its
growth; this is probably the reason why photodeposition allows
the control of a very thin shell. Moreover, since Au and Pd have
almost equivalent work functions, the morphology of the
Au@Pd-TiO, HNDs, and then the Pd shell growth, are mainly
driven by epitaxial considerations. Finally, the same applies to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Au@Pt, which exhibits so different material properties; the
growth of Au@Pt-TiO, NHDs is entirely dominated by the
surface energy and lattice mismatch, making difficult any
observation of electronic specificities.

Conclusion

Single bimetallic core-shell structured Au@M-TiO, (M = Au,
Ag, Pd) were synthesized by a two-step photodeposition method
using a focused UV laser as a continuous light source to control
the growth and the size of a primary single gold ND on a TiO,
NP surface and then to grow a second metal on top of it.
Characterization, including TEM, UV-vis spectroscopy, and EDS
mapping, confirmed the synthesis of the core-shell structures.
The morphology of the single BNDs Au@M is mainly controlled
by the surface energies and lattice constants. However, the
added value of the laser photodeposition, for which carriers are
produced internally as opposed to other methods where the
reduction of the metallic ion is external to the nanostructure,
concerns the transport of electrons within the produced HNDs,
particularly at the heterogeneous interfaces, which leads to the
formation of very thin layers. The epitaxial growth of Au@Au
was precisely controlled, with a maximum “‘shell” thickness of
2.9 nm in the present investigation, by varying the gold
precursor concentration in agreement with the mass conserva-
tion; thus, the laser deposition provides a way to grow a single
gold ND of significant size, preserving the NHD structure.
Au@Ag also shows the epitaxial growth of an Ag shell, but the
work function mismatch strongly limits the shell to two atomic
layers regardless of the experimental conditions. Since Au and
Pd have similar work functions, the Stranski-Krastanov growth
mode of Pd on Au is at the origin of a thin shell formation
followed by non-isotropic growth. Finally, due to the huge
differences in surface energy and lattice mismatch between
Au and Pt, the growth of Au@Pt occurs via the nucleation of
numerous Pt NDs, which then ripen into a quasi-dendritic
shell. Laser-deposition is easy to set up and can reliably
provide stable high-yield nano-heterostructures with controlled
morphologies for the versatile design of single core@shell ND
plasmonic photocatalysts. Additionally, these NHDs are pro-
duced on a ligand-free surface, as for NPs synthesized by pulsed
laser ablation,®” further facilitating any potential (photo-)cata-
lytic reaction and opening the route toward NHDs with coupled
bimetallic SPR*" synergy for so-called plasmonic photocatalysis
applications."®%®
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