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Utilization of all hot-carriers in
plasmonic nanostructures for
selective deposition of nanomaterials

Hot-electrons generated in metal nanoparticles can drive chemical reactions
and selectively deposit cocatalyst materials on the plasmonic hot-spots, the areas where the decay of plasmons takes place and the hot-electrons are created.
Herein, the use of hot-holes for deposition of nanomaterials with nanoscale
resolution is explored as well as the use of both hot-electrons and hot-holes
for simultaneous deposition of more than one cocatalyst. For this purpose,
Au plasmonic nano-islands on a thin TiO2 layer are excited at their surface
plasmon resonance first in presence of a manganese precursor in an aqueous
electrolyte, in order to use hot-holes for the oxidation of the precursor and the
deposition of a cocatalyst (MnOx ). Then a platinum precursor is combined with
the manganese one for the simultaneous deposition of more than one cocatalyst
through the hot-electron reduction of the former and the hot-hole oxidation of
the latter. SEM images and elemental EDX and XPS analysis verified the formation of cocatalysts in both of these two cases on the surface of the plasmonic
nanoparticles. Au nanostructures with more confined hot-spots (Au nanotriangles) were also used to explore the correlation of the deposition sites of one
of the cocatalysts with the plasmonic hot-spot location, identified with FDTD
simulations, and a good overlap was found. These results add more flexibility to the use of hot-carriers and open up the way for the design of complex
photocatalytic nanostructures.
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4.1 Introduction
Plasmonic nanoparticles are considered good candidates for photocatalysis mostly due
to their large and tunable absorption cross sections in the visible spectrum and their
ability to generate highly energetic carriers.[20, 127, 195–198] The light-driven resonant
collective oscillations of the free electrons (i.e. plasmons) in noble metal nanostructures
are responsible for their unique properties. Plasmons can concentrate the light in the
vicinity of the nanostructure in sub-wavelength volumes (i.e. “hot”-spots), where the intensity of the electric near-field can be extremely enhanced.[28, 199] The location of these
hot-spots can be easily tuned on the same nanostructure by changing the polarization
or the wavelength of the incident light. The decay of the plasmons at the hot-spots, via
Landau damping, can give rise to the excitation of conduction band electrons to energy
states higher than the Fermi level (Ef ) of the metal, with maximum energy Ef + hv.
These initially non-thermal high energy electrons (hot-electrons) and the respective holes
(hot-holes) can be extracted from the nanostructure and react with nearby molecules by
injection to their unoccupied orbitals.[34, 161, 200, 201] The energy of the photogenerated hot-carriers can be tuned by changing the energy of the incident photons, which
can be useful for promoting certain chemical pathways according to their energy requirements and increase the selectivity over specific chemical products.[109, 202, 203] It
has also been demonstrated that hot carriers have reaction rates scaling super-linearly
under high photon flux and/or in dense particle systems, in contrast to conventional
semiconductor photocatalysts (they usually scale with the square root of light intensity), which can open diﬀerent pathways in light-driven chemical reactions.[160, 204]
Hot-carriers have already been used for a plethora of chemical reactions such as water
splitting,[167, 168, 205, 206] H2 dissociation,[207] CO oxidation,[208] NH3 decomposition
[112], reduction of diazonium salts[163] and synthesis of nanomaterials. [209, 210]
Although hot-carriers in plasmonic nanoparticles seem very promising for driving
chemical reactions with light, the quantum eﬃciency of these reactions is still very
low (∼ 1%).[111] Hot-electrons and hot-holes thermalize very fast to a Fermi-Dirac distribution through electron-electron (100 fs to 1 ps) and electron-phonon scattering (1
to 10 ps) to finally dissipate heat to the local environment (100 ps to 10 ns).[34, 50,
107] A common way to cope with these short lifetimes is to separate the hot-carriers
using a Schottky barrier, by adding a semiconductor (e.g. TiO2 ), which can accept the
hot-electrons or hot-holes.[177, 211] The timescales of the extraction of the hot-electrons
(holes) to the conduction (valence) band of the semiconductor is usually much shorter
than the electron-phonon scattering.[107] For highly energy demanding chemical reactions though such as water splitting, the addition of cocatalyst nanoparticles is also
necessary to achieve higher photon to electron eﬃciencies.[212–214] However, cocatalysts are often very expensive materials (e.g. Pt) and they lack good optical properties.
So, a smart design of plasmonic/cocatalyst nanostructures is necessary, in order to combine the optical properties of the former and the good catalytic activity of the latter.
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This could be achieved by the careful positioning of the cocatalyst on the surface of the
plasmonic nanostructures.
The hot-spots of the plasmonic nanostructures are the areas where the hot-electrons
and hot-holes are mostly generated, so a cocatalyst at these locations could help the
charge separation and increase the fraction of carriers participating in the chemical reactions.[168, 176, 215] Several studies have already shown that the positioning of the
cocatalyst on the plasmonic hot-spots can increase the eﬃciency of the metal nanostructure and at the same time reduce the amount of the material needed, decreasing
the cost.[178, 210, 216, 217] In the most of those studies, surfactant chemistry is used
to position the cocatalyst at the hot-spots, where ligands bind preferentially to specific
sites on the metal nanostructure allowing the deposition of the new material (cocatalyst) at localized free surface site. Such an approach though cannot always ensure a
match between the deposition sites.[178, 179] As a result, surfactant chemistry is not
able to “engineer” nanostructures in such a way that every time the plasmonic hot-spots
coincide with the location of the cocatalyst. Here, we want to use the photogenerated
hot-carriers themselves to localize the formation of the cocatalysts on the plasmonic
hot-spots. Hot-electrons have already been used for reduction reactions resulting in
the deposition of catalytic Pt nanoparticles on plasmonic nanostructures,[162, 190, 210]
but to our knowledge the utilization of both hot carriers for the deposition of diﬀerent
cocatalysts has not been demonstrated before.
In this work, gold plasmonic nano-islands are excited at their local surface plasmon
resonance to generate hot-electrons and hot-holes, which are used for reduction and oxidation reactions respectively, for the simultaneous formation of 2 diﬀerent cocatalyst
materials. First, the photodeposition of one cocatalyst is investigated using the photogenerated hot-holes. The gold nano-islands prepared on a thin TiO2 anatase layer are
illuminated in the presence of MnSO4 and an electron scavenger (NaIO3 ). Hot-holes are
used for the oxidation of MnSO4 (Mn2+ ) to MnOx (cocatalyst 1), while hot-electrons
are either injected to the conduction band of the nearby semiconductor layer (TiO2 ) or
scavenged by the electron acceptor (Figure 4.1a). The simultaneous deposition of two different cocatalysts is also explored by substituting the electron scavenger with a platinum
precursor to drive the reduction of the latter to Pt metal nanoparticles (cocatalyst 2)
using the photogenerated hot-electrons (Figure 4.1c). This approach of using all the hotcarriers of plasmonic nanoparticles for the selective deposition of cocatalytic materials
to synthesize nanostructures, where the optical properties of the plasmonic material are
combined with the catalytic properties of the added cocatalysts, can be very promising
for photocatalysis. Our results add more flexibility to the design of plasmonic nanocatalysts through the utilization of both hot-electrons and hot-holes, without the need of
additional applied potential or extra functionalization of the plasmonic nanostructures.
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Figure 4.1. Plasmonic Au nano-islands on TiO2 are excited at their surface plasmon resonance (638 nm) in a (a) MnSO4 /NaIO3 or in a (c) MnSO4 /H2 PtCl6 aqueous
solution, hot-electrons and hot-holes are photogenerated at the plasmonic hot-spots,
hot-electrons reduce NaIO3 to the soluble NaI (I 3− to I − ) in (a)) or H2 PtCl6 to
Pt solid species, (P t4+ to P t2+ in (c)) while hot-holes oxidize M n2+ to solid state
MnOx (M n2+ to M n3+ and/or M n4+ ). b) and d) Simplified energy diagrams where
the reduction potentials of the redox reactions are depicted together with the energy
levels of the Schottky junction and the Fermi-Dirac distribution of the hot-carriers.

4.2 Results and Discussion
Gold plasmonic nano-islands were fabricated on a TiO2 substrate with the aim of using
them for the photogeneration of hot electrons and hot-holes and to drive redox reactions for the deposition of cocatalyst nanoparticles. A thin TiO2 layer (∼ 22 nm) was
deposited on ITO/glass with atomic layer deposition at 100 °C and annealed for 3 h
at 350 °C to form the anatase phase, which acts as an eﬃcient hot-electron extraction
medium.[218] An 8 nm Au film was sputter-coated on the TiO2 layer and was converted
to Au plasmonic nano-islands after annealing for 1h at 300 °C in air. The prepared Au
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nano-islands with mean largest diameter of 67 ± 35 nm (Figure 4.5), have a surface
plasmon resonance at ∼ 638 nm (Figure 4.6b). The samples are illuminated at the peak
of their surface plasmon resonance with a laser diode (638 nm, 0.5 W/cm2 ) to generate
hot-electrons and hot-holes. The excitation of the plasmonic nano-islands takes place
in presence of an aqueous solution of MnSO4 (0.01 M, pH 5.2, N2 purged) and NaIO3
(0.02 M) to facilitate the oxidation of MnSO4 (Mn2+ ) to the cocatalyst MnOx (possible redox reactions: reaction 4.1 and 4.2) using the photogenerated hot-holes.[135, 219]
NaIO3 (IO3 - in water) acts as a secondary channel for hot-electron scavenging since it
can be reduced to I- (reaction 4.3)[220, 221] by any electrons not immediately injected
into TiO2 .
+
M n2+ + 2H2 O + 2h+
hot → M nO2 + 4H

(4.1)

+
2M n2+ + 3H2 O + 2h+
hot → M n2 O3 + 6H

(4.2)

−
−
IO3− + 6e−
hot + 3H2 O → I + 6OH

(4.3)

SEM images (Figure 4.2c and Figure 4.6a), in two diﬀerent modes (in-column detector,
ICD, and through the lens detector, TLD) for separation of the heavier Au nano-islands,
retrieved after 10 min of continuous illumination of the samples reveal the formation
of a new material mostly on the Au nano-islands and not on the TiO2 surface. The
morphology of the newly formed material looks very similar to photodeposited MnOx
on semiconductor crystals in the work of Li et al.[135] EDX (Figure 4.2d) and XPS
(Figure 4.2g) measurements were conducted for the elemental analysis of the samples
after their irradiation. EDX data demonstrate that the deposited compound corresponds
to Mn (Mn peak, red solid line, Figure 4.2d) and this is also verified by the XPS spectra.
Information for the exact oxidation state of the deposited Mn was recovered from XPS
analysis in the Mn 2p region, where several new peaks are detected on illuminated
samples (Figure 4.2g, "TiO2 /Au after 10 min in MnSO4 /NaIO3 ") compared to the nonirradiated samples (Figure 4.2g, "TiO2 /Au"). The binding energies of the Mn 2p3/2
(641.7 and 644.9 eV) and Mn 2p1/2 (653.4 eV) peaks can be assigned, according to
literature, to a mixture of Mn3+ (Mn2 O3 ) and Mn4+ (MnO2 ) species.[222–224] Note
that the Au 4p1/2 peak (Figure 4.2g, "TiO2 /Au", green solid line) in principle overlaps
with the Mn 2p3/2 peak, but this does not prohibit the distinction between the two peaks
in the illuminated sample; the Au signal is strongly suppressed in the Mn-covered sample
(Figure 4.2g, "TiO2 /Au after 10 min in MnSO4 /NaIO3 ") due to the surface sensitivity
of XPS measurement. Illumination of the plasmonic nano-islands results in deposition of
a cocatalytic material (MnOx , with 1.5 ! x ! 2), which is the result of hot-hole oxidized
Mn2+ (control experiments discussed below).
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Figure 4.2. a) SEM image of Au nano-islands on TiO2 /ITO/glass substrate (200
nm scale bar). b) Absorptance spectrum of the Au nano-islands on TiO2 (red solid
line, after subtracting the ITO/glass contribution), of the Au film (8 nm) before the
annealing to form the Au nano-islands (black solid line) and of 22 nm anatase TiO2
film (grey solid line). c) SEM images of Au nano-islands after 10 minute and e) 2
hour illumination at 638 nm (0.5 W/cm2 ) in MnSO4 /NaIO3 and MnSO4 /H2 PtCl6
respectively. These panels overlay SEM images from two diﬀerent detectors to help
diﬀerentiate between the Au (or Pt) and MnOx (details is SI): the ICD (red-false
coloring) which provides mostly z-contrast (Au and Pt) and the in-lens detector
(greyscale) which provides mostly topographical contrast (MnOx , Au and Pt). The
scale bar is 200 nm. d) and f) are the EDX spectra of samples c) and e) respectively,
where each numbers on the spectrum corresponds to a specific and depicted point
on the SEM image. g) XPS spectra (black dots) of the samples shown in panels a),
c) and e) in the Mn 2p region. h) XPS spectrum of sample e) in the Pt 4f region.
Red lines represent cumulative fitting curves, grey lines represent individual peak
fits annotated per element and oxidation state, and green lines in g) represent the
Au 4p1/2 peak. A Shirley-type baseline was used.

Several control experiments were conducted to elucidate the deposition of the cocatalysts on the Au plasmonic nano-islands on TiO2 . The samples were immersed in the
MnSO4 /NaIO3 electrolyte and kept in the dark for 30 min, to exclude any spontaneous
oxidation of MnSO4 due to the presence of the electron scavenger. SEM images (Figure
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4.8) were retrieved and no deposition of MnOx or any other material was observed on the
plasmonic nanostructures. Simple heating experiments, where the temperature of the
solution was heated to ∼ 40 °C (Figure 4.9a) and kept constant for around 30 min, did
not result either in the formation of any material on the surface of the samples (Figure
4.9b), while as mentioned above 10 min of illumination of the samples were enough to
form MnOx (Figure 4.2c). Note that 40 °C is well above the surface temperature measured by a thermal camera during 0.5 W/cm2 irradiation of the sample (Figure 4.9c).
The role of the electron scavenger NaIO3 in the photodeposition of MnOx was also investigated by running experiments without it. MnOx formation was observed even in the
absence of NaIO3 , but at a slower deposition rate, as expected (see SEM image, Figure
4.10). If there is no NaIO3 present in the solution, which acts as an eﬃcient electron
acceptor, hot-electrons that are not energetic enough to get injected to the conduction
band of TiO2 , recombine with the hot-holes in the plasmonic nanostructure. Naturally,
more recombination of hot-carriers leads to less deposited material.
The simultaneous deposition of two diﬀerent cocatalysts (MnOx and Pt) driven by
hot-carrier chemistry was also investigated. For this experiment all parameters were
kept constant, except for replacement of the sacrificial electron scavenger NaIO3 with
the Pt nanoparticle precursor hexachloroplatinic acid (H2 PtCl6 ), which now takes the
role of hot electron acceptor. Now, the role of the electron scavenger is taken by the
hexachloroplatinate in the electrolyte, the reduction of which could result in solid Pt
species. Indeed, after 20 min of continuous irradiation of the samples, formation of
new material was observed by SEM images and its morphology looked diﬀerent than in
absence of H2 PtCl6 (Figure 4.6b). Subsequently, EDX (Figure 4.2f) and XPS measurements (Figure 4.2g and Figure 4.2h) were conducted for the elemental analysis of the
material deposited on the Au nano-islands. Samples illuminated for 2h (Figure 4.2e)
were used for the elemental analysis to increase the signal. EDX spectra (Figure 4.2f)
showed that both Pt and Mn are present on the surface of the Au nano-islands after
the experiment but more information about the oxidation state of the deposited species
was retrieved by the XPS analysis. The presence of new peaks in the Mn 2p region in
the XPS spectra, in similar binding energies as in the case of only MnOx deposition (see
Table 4.1), showed that the formed Mn is again a mixture of Mn3+ and Mn4+ species.
The analysis of the Pt 4f XPS region (Figure 4.2h) shows that the Pt species presented
on the surface of the sample can be assigned to binding energies of the Pt2+ and Pt4+
doublets. The binding energies of the Pt2+ can be associated with Pt(OH)2 formation
as the product of the reduction of a hydrolyzed product of hexachloroplatinate (reaction
4.4). The Pt4+ binding energies correspond to PtO2 , which can only be the product of
an oxidation reaction (reaction 4.5).[225] As a result, the substitution of NaIO3 in the
electrolyte with hexachloroplatinate leads to the deposition of a complex combination
of metal oxide and hydroxide cocatalysts (MnOx with 1.5 ! x ! 2, Pt(OH)2 and PtO2 ).
−
P t(OH)2 Cl42− + 2e−
hot → P t(OH)2 + 4Cl

(4.4)
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+
−
P t(OH)4 Cl22− + 4h+
hot → P tO2 + 4H + O2 + 2Cl

(4.5)

The presence of TiO2 has been also found to be very crucial for driving the oxidation
of MnSO4 and the reduction of H2 PtCl6 . No deposition of MnOx was observed on Au
nano-islands on ITO/glass, in MnSO4 /NaIO3 electrolyte, even after 6 h of continuous
illumination at 638 nm (Figure 4.11). The fact that TiO2 alone absorbs 4 times less light
compared to the combination of Au nano-islands on TiO2 (Figure 4.2b) and that no
deposition of MnOx was observed on the TiO2 surface, shows that the MnSO4 oxidation
could not be the result of just light absorption in the TiO2 . Au nano-islands on ITO/glass
in H2 PtCl6 /MnSO4 were also illuminated for 1 h and again no deposition of material
was noticed. This indicates that TiO2 has probably a double role in the experiment.
TiO2 promotes the oxidation reaction for the formation of the cocatalysts by either
providing energy states to improve hot-electron extraction or contributing to the better
binding of the MnSO4 and H2 PtCl6 molecules on the TiO2 /Au/electrolyte interface.[181,
226] In that way the probability of hot-holes and hot-electrons interacting with MnSO4
and H2 PtCl6 molecules on the TiO2 /Au/electrolyte interface can be strongly enhanced
together with the reaction rate, since the molecules spend more time there.
Photoelectrochemical measurements were conducted to verify that the deposition of
the cocatalysts was achieved with hot-carrier chemistry. With that aim, Au nanoislands on TiO2 were placed in a 3-electrode photoelectrochemical cell (see simplified
schematic in Figure 4.3a) to explore any correlation of the generated photocurrent with
the optical properties of the nanostructures (absorptance). In our previous work, a
direct correlation between hot-electron generation and Pt nanoparticle formation was
found.[210] Therefore, the reaction that was mostly investigated here was the oxidation
of MnSO4 to MnOx in absence of the electron scavenger, in order to collect as many hotelectrons as possible through an external electrical circuit. During these experiments,
a potential was applied to the sample (working electrode) with respect to a reference
electrode (Ag/AgCl), while the current flow to a counter electrode (a platinum wire)
was recorded to monitor the electron consumption by the chemical reaction. The Au
nano-islands on TiO2 /ITO/glass were excited with a low-intensity supercontinuum laser
at diﬀerent wavelengths in presence of MnSO4 (0.01 M, pH 5.2), at an applied potential
of 0.4 V vs RHE (OCV value of the sample tested, i.e. without additional electrical bias
to the system). At each excitation wavelength, the photocurrent was measured (Figure
4.12) and used for the calculation of the Incident-Photon-to-Current-Eﬃciency (IPCE,
see SI for more information) of the samples. IPCE values were plotted as a function
of the wavelength together with the absorptance spectrum of the same sample (Figure
4.3b). The peak of the IPCE values matches quite well with the LSPR of the gold nanoislands with exception of the short wavelength region, which corresponds to interband
transitions of Au. These transitions lead to excited electrons with energy close to the
Fermi level and do not have enough energy to get transferred to the conduction band
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of TiO2 . In this case, there is no separation of the hot-electrons from the hot-holes,
and fast recombination of the hot-carriers could limit the oxidation of Mn2+ , since less
hot-holes reach the electrolyte.[227] The IPCE peak seems also blueshifted and more
narrow compared to the absorptance spectrum of the Au nano-islands. This could
be due to the fact that smaller particles on the sample, which absorb light in shorter
wavelengths, generate more energetic hot-holes which can drive the redox reaction than
bigger nanoparticles.[43]

Figure 4.3. a) Simplified schematic of the 3-electrode photoelectrochemical system
used for retrieving the data in image (b). WE stands for working electrode (i.e. the
sample), CE for counter electrode (platinum wire) and RE for reference electrode
(Ag/AgCl). b) Incident photon to current eﬃciency (IPCE, red circles) of Au nanoislands on TiO2 /ITO/glass substrate in aqueous MnSO4 solution (pH 5.2, 0.01 M)
and the respective absorptance spectrum (green solid line) of the same sample. c)
Photocurrent density vs potential curves of Au nano-islands on TiO2 /ITO/glass as
prepared (black solid line, “0 nm”) and coated with 1 (red solid line, “1 nm”), 2 (green
solid line, “2 nm”), 5 (grey solid line, “5 nm”) and 10 nm (blue solid line, “10 nm”) of
Al2 O3 excited at 638 nm (0.5 W/cm2 ) in presence of MnSO4 (pH 5.2, 0.01 M). d)
SEM image of Au nano-islands on TiO2 /ITO/glass coated with 1 nm of Al2 O3 after
20 min excitation at 638 nm (0.5 W/cm2 ) in presence of MnSO4 aqueous solution
(pH 5.2, 0.01 M) without applying any potential.

Au nano-islands on TiO2 were coated with 1, 2, 5 and 10 nm thick Al2 O3 layer
with atomic layer deposition, to further investigate the photodeposition mechanism and
rule out any thermal eﬀects. Coating the plasmonic nanostructures with an insulating
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layer can prohibit the injection of the hot-holes to the electrolyte, except in the case
where hot-holes are tunneling through the insulating layer, or transferred via pinholes
or oxide defects. On the other hand, 10 nm of Al2 O3 should not substantially change
the temperature at the solution interface. Therefore, a decrease in photocurrent with
increasing oxide thickness would provide further evidence that hot-carriers rather than
thermal eﬀects are responsible for the photodeposition. The photocurrent of samples
with diﬀerent Al2 O3 thicknesses was recorded as a function of the applied potential
(Figure 4.3c), in the same 3-electrode photoelectrochemical cell mentioned above, in
presence of MnSO4 . The photocurrent of the samples initially increases up to 2 nm
and then rapidly decreases with increasing Al2 O3 thickness. This is consistent with the
competing eﬀects of improved adhesion of Au nano-islands to the surface with increasing
ALD thickness (Figure 4.13) and decreased photocurrent from inhibited charge transport
at larger thicknesses. Already after the addition of few nanometers of an insulating layer,
tunneling should be constrained but in our case a thickness of 10 nm of Al2 O3 is needed
to make the photocurrent negligible (i.e. minimize the amount of hot-holes reaching
the Al2 O3 /electrolyte interface). Trimethylaluminum oxide (ALD precursor for Al2 O3
deposition) does not bind well on the Au surface, so probably a deposition of 1-5 nm
of Al2 O3 does not result in full coverage of the Au nano-islands.[228] The addition
of thicker layers of ALD Al2 O3 before current is eliminated has also been observed
in halide perovskite solar cells recently.[229] The dependence of the photocurrent on
the thickness of the insulating layer provides additional verification that the oxidation
of Mn2+ to MnOx is the result of a hot-hole rather than purely thermal or chemical
reaction mechanism.
Au nano-islands are a very good system to monitor the hot-hole chemical reaction due
to the high coverage of the sample and the easily detectable photocurrent, but do not
have well-defined hot-spots.[45] However, plasmonic nano-triangles (Figure 4.4a) with
an average side of 112 ± 18 nm and around 30 nm height (Figure 4.14) fabricated with
nanosphere lithography, allow us to investigate the location of the deposition sites of one
of the cocatalysts (MnOx ) and correlate them with the plasmonic hot-spots. The absorption spectrum of the prepared Au nanotriangles on TiO2 /ITO/glass (Figure 4.4b, green
circles and Figure 4.15) was retrieved with integrating sphere microscopy, a technique developed previously in our group.[230] FDTD simulations based on backscattered electron
images were used to extract the average fraction of absorbed power (Figure 4.4b, red solid
line) of 163 individual Au nano-triangles as well as the location of their plasmonic hotspots (Figure 4.16d). The samples were illuminated also at 638 nm (0.5 W/cm2 ), in one
of their surface plasmon resonance peaks, for 10 min in the MnSO4 /NaIO3 electrolyte to
repeat the MnOx deposition. SEM images after the illumination of the samples (Figure
4.4c) showed that MnOx was deposited on the surface of the plasmonic nanostructures.
This specific wavelength was chosen due to the higher energy of the photogenerated hot
holes compared to the ones generated at the dipolar peak (800-1000 nm), in order to
maximize the probability of driving the oxidation of MnSO4 and the comparability with
the previous experiment. Illumination of the Au nano-triangles was also conducted at a
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diﬀerent wavelength (808 nm, 0.11 W/cm2 for 1h), but no deposition of MnOx was observed (Figure 4.18). This could be explained by the lower energy of the photogenerated
holes at this excitation wavelength, which is not enough to drive the chemical reaction
in similar time scales as at 638 nm.

Figure 4.4. a) SEM image of Au nano-triangles on TiO2 /ITO/glass prepared with
nanosphere lithography. Green circle corresponds to the illumination spot during
absorption measurements. b) Absorption spectra (green dots) of region in the green
circle in image (a) retrieved with integrating sphere microscopy and average FDTD
simulated fraction of absorbed power spectrum of 163 Au nanotriangles (red solid
line) which were imported to the simulation file as SEM images, c) SEM image of
Au nano-triangles after illumination for 10 min at 638 nm in MnSO4 /NaIO3 (0.01
M / 0.02 M, pH 5.2), d) Overlap of simulated absorbed power map (see color bar)
and location of MnOx deposition sites (red). More data sets can be found in the SI
(Figure 4.17) Amount of MnOx deposits on 163 Au nanotriangles correlated with
e) the distance from a plasmonic hot-spot. f) Amount of MnOx deposits on a nanotriangle’s tip and correlation with the nature of the tip as a hot-spot. All scale bars
are 200 nm.

SEM images of the Au nano-triangles after the illumination of the samples were compared with the simulated hot-spots to investigate any correlation of the latter with the
deposition sites of the cocatalyst. From a population of 163 nano-triangles, with 82
% of them covered with one or two MnOx deposits, 57 % of the deposited MnOx was
directly overlapping with a plasmonic hotspot from the corresponding FDTD simulation
(Figure 4.19a). When we account for a typical hot-hole diﬀusion length radius of 30 nm
in Au,[231] 80 % of the MnOx deposits are located within this distance (Figure 4.4e).
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This may indicate that the initial nucleation site of the catalyst particle may be located
within 30 nm of the hotspot, and acts as a hot-hole trap for subsequently created hot
holes. Therefore we see only one or two MnOx deposits per particle. It is also observed
that most of the MnOx deposits are located on an Au nano-triangle tip (Figure 4.19b).
However, the majority of the tips with a MnOx deposit are indeed a plasmonic hot-spot
(Figure 4.4f) originating from the optical field enhancement due to the sharp curvature.

4.3 Conclusions
In summary, we showed that both types of hot-carriers generated in plasmonic nanostructures can be utilized for simultaneous reduction and oxidation of diﬀerent cocatalyst
species. Hot-hole assisted deposition of Mn oxides and hot-electron assisted formation
of Pt species was conducted on plasmonic Au nano-islands excited at their surface plasmon resonance. Au nano-triangles were also used as a platform to investigate the spatial
localization of the deposition of the cocatalyst materials driven by hot-hole oxidation
reactions. We showed that deposition sites can be controlled by engineering the location of plasmonic hot-spots, with 80% fidelity. Such solid-state deposition can be used
to visualize hot-carrier dynamics, including diﬀusion and contribute to the light-driven
design of hierarchical nanomaterials.

4.4 Supporting information
4.4.1 General
Chemicals were purchased from major chemical suppliers and used as received. Sample
characterization was done with scanning electron microscopy (FEI Verios 460, acceleration beam voltage 5 kV, beam current 100 pA) and energy-dispersive x-ray spectrometry
(EDS, Oxford Instruments, acceleration beam voltage 25 kV, beam current 100 pA). Xray photoelectron spectroscopy (XPS) was performed using a Kα setup from Thermo
Fisher Scientific that is equipped with a detector at normal incidence. The composition
of the top surface was studied in a vacuum environment of 1x10-8 mbar where monochromatic Al-Kα radiation has been used to investigate the surface. CasaXPS was used for
baseline and peak fitting (with a Voigt funtion in a Shirley background). A UV/Vis/NIR
spectrophotometer (PerkinElmer, L750) was used for acquiring the absorbance spectra.

4.4.2 Atomic Layer Deposition
ITO/glass substrates (15 x 15 mm) were cleaned with detergent, rinsed with demineralized water, acetone, isopropanol and dried with a N2 stream. A thin TiO2 layer was
then deposited on the substrates with atomic layer deposition in a home-built system.
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The first few millimeters of the sample’s surface were covered with a Kapton tape, in
order to leave a part of the surface conductive to do the electrical connections during
the photoelectrochemical characterization of the samples. The samples were positioned
in the chamber on a stainless steel plate, heated up to 100 °C, and and TiCl4 ( ≥ 99.995
%, Sigma Aldrich) and H2 O (MilliQ) vapor pulses were injected with 18 seconds delay
in between each pulse (of a 20 ms duration for both TiCl4 and H2 O). The base pressure
of the system was 0.04-0.07 mbar while during the deposition the pressure was kept at
1.1 mbar with an influx of N2 . After the deposition of around 22 nm of TiO2 which
corresponded to 300 cycles ( 0.07 nm/cycle) the samples were annealed in a tube oven
in air for 3 h at 350 °C and a rate of 11 °C/min.

4.4.3 Au nano-islands preparation
The formation of the plasmonic Au nano-islands on the TiO2 surface was achieved by
starting with the sputtering (Leica EM ACE600 sputter coater) of an 8 nm Au film with
a 0.33 nm/sec deposition rate. The current of the process was adjusted to make sure
that the deposition rate is every time the same and it was varying between 30-100 mA.
The thickness of the deposited Au film was monitored through a quartz crystal mounted
inside the sputter coater. The annealing of the Au thin film was conducted in a tube
oven in air, which was brought to 300 °C with a 9.2 °C/ min heating rate, kept at a
constant temperature for 1 h to form the Au nano-islands and then allowed to cool down
to room temperature.

4.4.4 Au nano-triangles preparation
The fabrication of Au nanotriangles was achieved by nanosphere lithography on the
TiO2 /ITO/glass substrates. A monolayer of carboxylated polystyrene (PS) spheres
(bought from microParticles GmbH, Germany) with a diameter of 527 nm was deposited via convective assembly in a hexagonal packing on the aforementioned substrates
using a home-build setup. The sample was held by vacuum on a motorized stage while
a hydrophobic 0.5 mm microscopy slide was kept ∼ 100 µm above it at an angle of 5°
with the horizontal. 10 µl of the suspension of PS spheres in aqueous solution (1 wt.
%) was dispensed at the interface between the substrate and the glass blade and as a
result of the capillary forces it was quickly sucked between them. A Peltier heating
element is attached underneath the vacuum stage to control the temperature and it was
maintained at 23 °C for the entire process of convective assembly. The motorized stage
moved the substrate against the glass blade with a speed of 500 – 600 µm/min which
yielded monolayer of PS spheres of the order of mm2 area. The system is also coupled to
a microscope that allows control over the whole process, and the deposition parameters
can be controlled by an in-house written software. After the assembly of the PS spheres
on the sample, 30 nm of Au was evaporated at a rate of 0.01 nm/s with a thermal evaporator (Angstrom Engineering). Finally, the PS spheres were removed from the substrate
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after ∼ 4 min of sonication in chloroform (CHCl3 ) leaving only the Au layer in-between
the spheres, which corresponded to Au nanotriangles of around 112 ± 18 nm edge. The
samples were rinsed with H2 O before photodeposition.

4.4.5 Photoelectrochemical measurements
Photoelectrochemical measurements were conducted in a three-electrode photoelectrochemical cell connected to a potentiostat (Biologic, SP-200). The sample was connected
electrically to the potentiostat, as the working electrode, with a conductive aluminum
tape (Advance Tapes AT521) placed on the first 2 mm of the sample (TiO2 uncoated).
A leakless Ag/AgCl electrode (Mengel Engineering ED-ET072) was used as the reference and a Pt wire acted as the counter electrode. After each photoelectrochemical
measurement the samples were rinsed with H2 O and dried with N2 .

4.4.6 Wavelength dependent measurements (IPCE)
For the wavelength dependent measurements, which were used for the calculation of the
IPCE values, the same PEC cell was used as before (see photoelectrochemical measurements). The excitation source was a supercontinuum laser (Fianium WL-SC-390-3),
which was made monochromatic using an acousto-optical tunable filter (AOTF-Crystal
Technologies) and the illumination of the sample was performed from the back side
(ITO/glass). The potentiostat was connected with the PEC cell and with a lock-in
amplifier (Stanford Research Systems SR830). The current signal detected from the
sample was sent through the potentiostat to the lock-in amplifier (100 ms sensitivity, ±
10 V output) with a DB-9 to 8 BNC multi-coaxial adapter cable. The lock-in amplifier
isolated the signal coming from the light, which was chopped with a 70 Hz frequency,
far from any other noise of the system. The final signal was sent back to the potentiostat, where the recorded photocurrent was plotted as a function of time. Every 20
seconds the incident beam was blocked and every 40 seconds the excitation wavelength
was redshifted by 20 nm, in order for the measurement per wavelength to become more
visible.

4.4.7 FDTD simulations and image processing
23 SEM images (1536×1103 pixels) were acquired of Au nanotriangles using detectors
sensitive for secondary electrons and backscattered electrons (Figure 4.16b and Figure
4.16c). Comparing both images revealed the accurate location of Mn deposits. The
backscattered electron image provided the accurate structural dimensions of the Au
nanotriangles for FDTD simulations and were image-processed as followed using ImageJ
2.0 software. The grey-scale images were first converted to binary using an appropriate
grey-value threshold, and image noise was removed using the despeckle algorithm (3×3
pixel median value filter). Small Au defects around the triangles were removed using
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a 4 pixel Gaussian blur, converting once more to binary values with an appropriate
grey-value threshold, and minor manual detailing to remove any remaining artifacts.
The binary image was imported in Lumerical (using image import) and the particle
height was set to 30 nm, according to AFM-retrieved values. The absorbed power
in the structures was simulated using an advanced absorbed power monitor and total
field scattered field (TFSF) type source at λ = 638 nm with the experiment-matching
polarization. A 5 nm mesh was used. The absorbed power map was integrated over the
height of the particles (Figure 4.16d) and was overlaid with a map of Mn deposition sites
(Figure 4.16e). Each individual nanotriangle (163 in total) was manually scored on (i)
number of Mn deposits, (ii) Mn deposit location (on tip, side, or top), (iii) Mn deposit
size in nm2 , (iv) whether the Mn deposit was attached to the Au nanoparticle, (v)
position overlap between Mn deposition site and absorption hotspot, and (vi) distance
of Mn deposit to absorption hotspot.

4.4.8 Incident photon to current eﬃciency (IPCE) calculation
The IPCE values were calculated from the following equation:
IP CE(%) =

j ph (mA/cm2 ) ∗ 1241(V ∗ nm)
∗ 100
P (mW/cm2 ) ∗ λ(nm)

, where jph (mA/cm2 ) is the average photocurrent retrieved from Figure 4.18 for each
wavelength, 1241 (V×nm) represents a multiplication of h (Planck’s constant) and c (the
speed of light) divided by q (the electron charge) , P (mW⁄(cm2 )) is the power intensity
of each wavelength measured with a Si photodiode power sensor (Thorlabs S120C, see
Table 3.1 for more information, with surface area of the photoelectrode equal to 0.28
cm2 ) and λ (nm) is the wavelength.
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4.4.9 Supplementary figures

Figure 4.5. Particle distribution curve derived from SEM images of Au nanoislands prepared on TiO2 /ITO/glass substrate, where Feret diameter corresponds
to the longest measured distance between any two points for every nanostructure.
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Figure 4.6. SEM image of TiO2 /Au nano-islands after a) 10 min of illumination at
638 nm (0.5 W/cm2 ) in MnSO4 /NaIO3 (pH 5.2, 0.01 M/0.02 M, aqueous solution)
and b) 20 min) in MnSO4 /H2 PtCl6 (pH 3.8, 0.01 M/0.04 mM, 0.1 M Na2 SO4
aqueous solution). Scale bars are 200 nm.

Figure 4.7. XPS survey data for 3 diﬀerent samples; TiO2 /Au nano-islands as
prepared (black curve), TiO2 /Au nano-islands after 10 min of illumination (red
curve) at 638 nm (0.5 W/cm2 ) in MnSO4 /NaIO3 (pH 5.2, 0.01 M/0.02 M, aqueous
solution) and 2h (blue curve) in MnSO4 /H2 PtCl6 (pH 3.8, 0.01 M/0.04 mM, 0.1 M
Na2 SO4 aqueous solution).
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XPS region
Mn 2p3/2
Mn 2p1/2
Pt 4f7/2
Pt 4f5/2
Au 4p1/2

Binding Energies (eV)
Au on TiO2 after 10 min Au on TiO2 after 2 h
in MnSO4 /NaIO3
in MnSO4 /H2 PtCl6
641.7
641.7
644.9
644.5
653.5
653.6
72.9
75.0
76.2
78.4
642.55
642.6

Table 4.1.
Binding energies of the Mn 2p, Pt 4f and Au 4p XPS regions of Au nano-islands on TiO2 after 10 min of illumination at 638 nm (0.5
W/cm2 ) in MnSO4 /NaIO3 (pH 5.2, 0.01 M/0.02 M, aqueous solution) and 2h in
MnSO4 /H2 PtCl6 (pH 3.8, 0.01 M/0.04 mM, 0.1 M Na2 SO4 aqueous solution).

Figure 4.8. SEM image of Au nano-islands on TiO2 after being in presence of
MnSO4 /NaIO3 (pH 5.2, 0.01 M/0.02 M, aqueous solution) for 30 min in the dark.
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Figure 4.9. a) Temperature profile of the back side of the sample (sample’s location
is indicated with the arrow) while heated up to 40 °C. b) SEM image of Au nanoislands on TiO2 after a heat control measurement in MnSO4 /NaIO3 (pH 5.2, 0.01
M/0.02 M, aqueous solution), where the temperature was kept at around 40 °C for 30
min. During the experiment the temperature was controlled with a thermocouple in
the solution and the temperature was also verified with an IR camera (temperature
within the squared area in (a)). c) Temperature on the surface of the sample during
illumination with a 638 nm laser (0.5 W/cm2 ).

Figure 4.10. SEM image of Au nano-islands after illumination for 10 min at
638 nm (0.5W/cm2 ) in MnSO4 (pH 5.2, 0.01 M, aqueous solution) but without an
electron scavenger (NaIO3 ).
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Figure 4.11. SEM image of Au nano-islands on ITO/glass (without TiO2 this
time) after illumination for 6 h at 638 nm (0.5W/cm2 ) in MnSO4 /NaIO3 (pH 5.2,
0.01 M/0.02 M, aqueous solution). No deposition of MnOx was observed here which
shows the importance of the TiO2 layer.

Figure 4.12. Photocurrent density vs time at diﬀerent excitation wavelengths of
Au nano-islands on TiO2 in presence of MnSO4 (pH 5.2, 0.01 M, aqueous solution)
at applied potential 0.2 V vs Ag/AgCl. The dashed lines correspond to a diﬀerent
excitation wavelength, which is noted on the top side of the graph (in nm).
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Figure 4.13. a) and b) Au nano-islands on TiO2 after voltage sweeping measurements in MnSO4 (pH 5.2, 0.01 M, aqueous solution) excited at 638 nm.

Figure 4.14. a) AFM map of Au nano-triangles on TiO2 and b) a thickness
spectrum of an Au nano-triangle (marked with a red solid line on (a)) retrieved also
from the AFM measurements.
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Figure 4.15. a),b) and c) Overlays of SEM images and bright field microscopy
camera images of 3 diﬀerent regions of an Au nanotriangles sample prepared with
nanosphere lithography on TiO2 used for identification of the laser spot (red area).
d), e) and f) Higher magnification SEM images of the areas which are illuminated
by the laser in a), b) and c) respectively. g), h) and i) the corresponding absorption spectrum of the three diﬀerent areas d), e) and f) respectively measured with
integrating sphere microscopy.
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Figure 4.16. a) Simulation space screenshot from Lumerical software with indicated simulation elements. b/c) Secondary electron (b) and backscattered electron
(c) SEM images of Au nanotriangles with MnOx deposits. d) FDTD simulated
absorbed power map in Au nanotriangles at 638 nm excitation at horizontal polarization. e) Overlap of simulated absorbed power map (panel d) and location of
MnOx deposition sites (red). Scale bar is 200 nm for panels b-e.
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Figure 4.17. More examples of overlaps of simulated absorbed power maps and
location of MnOx deposition sites (red) on Au nano-triangles on TiO2 . Scale bars
are 300 nm
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Figure 4.18. Au nano-triangles prepared with nanosphere lithography on TiO2
after illumination for 1h at 808 nm (0.11 W/cm2 ) in MnSO4 /NaIO3 (pH 5.2, 0.01
M/0.02 M, aqueous solution).

Figure 4.19. Statistical analysis of 163 Au nano-triangles on TiO2 retrieved from
FDTD simulations and SEM image processing (Figure 4.16 and Figure 4.17) to
identify the MnOx deposition sites and correlate them with the plasmonic hot-spots.
a) Amount of MnOx deposits overlapping with a plasmonic hot-spot; not overlapping
with a plasmonic hot-spot and amount of nano-triangles without any deposit (some
nano-triangles had 2 MnOx deposits) b) Amount of total MnOx deposits on the
163 Au nano-triangles, amount of MnOx deposits only on a tip (MnOx on tip), a
side (Mn on side), the top surface (MnOx on top) of a nano-triangle and when the
deposit was not attached the nanostructure (MnOx not attached).
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