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Abstract: The integration of high-purity nano-objects on substrates remains a great challenge
for addressing scaling-up issues in nanotechnology. For instance, grafting gold nanoparticles
(NPs) on zinc oxide films, a major step process for catalysis or photovoltaic applications, still
remains difficult to master. We report a modified photo-deposition (P-D) approach that
achieves tight control of the NPs size (7.5 £ 3 nm), shape (spherical), purity, and high areal
density (3500 £ 10 NPs/umz) on ZnO films. This deposition method is also compatible with
large ZnO surface areas. Combining electronic microscopy and X-ray photoelectron
spectroscopy measurements, we demonstrate that growth occurs primarily in confined spaces
(between the grains of the ZnO film), resulting in gold NPs embedded within the ZnO surface
grains thus establishing a unique NPs/surface arrangement. This modified P-D process offers

a powerful method to control nanoparticle morphology and areal density and to achieve strong



Au interaction with the metal oxide substrate. This work also highlights the key role of ZnO
surface morphology to control the NPs density and their size distribution. Furthermore, we
experimentally demonstrated an increase of the ZnO photocatalytic activity due to high
densities of Au NPs, opening applications for the decontamination of water or the photo-

reduction of water for hydrogen production.

Introduction

Gold nanoparticles (NPs) discovered by Faraday in 1850s continue to nourish several
technological areas, fostering both fundamental and applied research, because they exhibit
extraordinary optical, chemical, and biological properties that can be exploited in a variety of
applications such as sensors, photocatalysis, photovoltaic devices and biological labelling.*™*°
Gold NPs synthesis is mostly achieved by reduction of HAuCI, salts by sodium citrate in
aqueous solutions. In addition to its reducing role, citrate also acts as a stabilizing agent, as
pointed out by Turkevitch.'" ** Although the “Turkevitch” method is simple and produces
monodispersed size distributions (ca. 15 nm), it is not convenient for applications that require
a precise positioning of particles (highly-controlled NPs arrangements), such as biological
sensing,*® stain gauges'* and enhanced photovoltaic conversion.™

A number of techniques have been reported to deposit NPs on flat surfaces, as recently
summarized.*® Deposition methods of colloidal suspensions are largely used as cost-efficient
techniques to deposit pre-synthesized NPs on any substrate.!” *® These straightforward
methods require prior control of the shape and size of the nanoparticles but often lead to poor
and random control of their surface distribution. Other more sophisticated techniques have
been proposed in the literature, combining simple deposition methods with control of surface
chemistry to better position and graft the NPs. For instance, the functionalization of both

substrate and particles can enhance adhesion using specific molecules such as DNA and



SAMs;™ the colloidal lithography is also a powerful nanochemical way for patterning NPs on

planar substrates®® %

and the use of a polymer template has achieved self-organization of
noble metal NPs into patterns organized at the nanoscale.?

However, these techniques are usually limited to relatively small substrate areas (< cm?)
and require long processing times. Therefore, the ability to pattern NPs, with a precise control
of their position, on 3D architectures and large surface areas (several cm?) still remains a
technological challenge for the next generation of multi-functional nanodevices and emerging
applications. A relevant example is the development of devices based on local surface
plasmon resonance (LSPR) of gold nanoparticles deposited on TiO, or ZnO thin films either
to enhance the catalytic dissociation of water for H, generation (so-called water splitting) or
more the decontamination of water.*® Notably, the major scientific and technological issues
to produce effective water splitting are linked to the gold nanoparticles integration technology
since the size, distribution and density of gold nanoparticles on semiconductor films greatly
influence the conversion efficiency of absorbed photons to electron generation.?? First, the
technological requirements include the deposition of NPs on large scale devices (several cm?)
with a high density coverage and well-controlled size and shape at the nanometer scale, which
is not yet achievable. Second, during gold nanoparticles deposition, chemical interactions may
occur at the gold/semiconductor interface, which depend on the nature of the liquid phase
(including the presence or absence of a stabilizing agent around the particles) and also on the
deposition technique and conditions. To optimize the surface catalytic activity, the
gold/semiconductor interface has to be properly controlled as any contaminants, such as
ligands or ionic species originating from the precursors and stabilizing and/or reductive
agents, can dramatically screen the gold plasmon/substrate interaction.’® Finally, the
attachment of the particles on the substrate should be strong enough (i.e. chemical bonding) to

avoid their release into the environment.?’



In this paper, we present a novel one-step method to grow Au NPs (< 10 nm in diameter)
in confined spaces with high density (> 1000 NPs/um?2) and excellent uniformity over large
area ZnO films. This method is based on photo-deposition (P-D) and uses citrates as stabilizer
instead of polymers as is traditionally done. For completeness and calibration, this method is
compared to two other techniques: spin coating and deposition/precipitation with urea.

ZnO has been chosen for its potential role in water splitting applications, since has a wide
bandgap with an energy band structure and optoelectronic properties similar to those of TiO,
but with higher electron mobility and lower crystallization temperature. It is one of the best
technologically relevant oxide that can be deposited by a number of different techniques such

as pulsed laser deposition, sputtering, and atomic layer deposition (ALD).?®

The P-D method presented here is a new in-situ method based on UV photo reduction of a
HAuUCI, salt solution. The method is inspired by recent work that achieved deposition of Au
NPs (10 nm diameter) on TiO, nanoforests.”> Usually, polymer-like polyvinylpyrrolidone
(PVP) or polyvinyl alcohol (PVA) are employed to stabilize large Au NPs (ca. 30 nm diam.)
in homogeneous synthesis.?® ** The core of our study is therefore to explore the use of citrate
ligands instead of polymers to obtain low dimension NPs (<10 nm). For comparison, two
other techniques are evaluated and results detailed in the Supplementary Information: i. the
spin coating (SC) of commercial Au NPs since it is a straightforward method easily scalable,*
ii. the deposition/precipitation with urea (DPU) that was initially developed for the synthesis

32, 33

of very small gold NPs (3 nm diam.) on metal oxide powder suspensions and has the

advantage not to require additional ligands (polymer, ion...) to stabilize the NPs.***
For each deposition method, scanning electronic microscopy (SEM), high-resolution

transmission electronic microscopy (HRTEM) observations, and X-ray photoelectron

spectroscopy (XPS) analyses were performed to quantify, the size, size dispersion, density



and uniformity of the nanoparticles layer, as well as to highlight the nature of the Au/ZnO
interface. We demonstrate that P-D performed in the presence of citrate ligands enables the
control of the size, shape and density of grafted Au NPs on very thin ZnO films. This
comparative study of the limitations and scalability of these three methods for nanostructured
ZnO surfaces reveals that the modified P-D method leads to a high surface coverage with an
original surface/NPs arrangement characterized by spatial intercalation within surface ZnO
grains. In addition, modified P-D process consists in a single deposition step and is
compatible with large substrate areas. This method, yielding high coverage of intimately
grafted nanoparticles, will be particularly useful for applications where miniaturization is key
parameter. It also allows to control the density and size (<10 nm) of grown Au NPs pointing
out the role of surface morphology during nucleation and growth, beyond solely chemical
considerations. The intimate grafting and high surface density make it possible to achieve
measurable photo-reduction of water molecules and demonstrate photo-degradation of
Rhodamine 6G (model of a water pollutant), thus establishing a direct correlation between the
grafted-Au NPs density and ZnO photocatalytic yield. Altogether, these results open to new
potential application of Au NPs/ZnO layers obtained by photo-deposition of Au NPs on thin

ZnO surfaces for solar photocatalytic production of hydrogen or water purification.

Materials and Methods

ZnO surface. The silicon substrates were cleaned by an O, plasma (800 Watts, 5 min)
prior to use. A 25 nm-thick ZnO film was deposited on this clean silicon substrate by ALD in
a Fiji reactor (Nanotech) at 150°C, using diethylzinc (DEZ) and water vapor as the zinc and
oxygen precursors, respectively. The process pressure was set at ~ 30 mTorr and the N,
purging gas flow rate was 100 sccm, with respective pulse times of 0.02 s for diethylzinc,

0.01 s for water, and 20 s N, purge for a total of 175 cycles. Then, the oxidized Si/ZnO



samples were diced into squares (1x1 cm?) and cleaned using O, plasma (400 Watts, 5 min)
prior to use.

Deposition of commercial gold nanoparticles. An aqueous colloidal solution (9.73.10%
Au NPs.mL™) was made from commercial gold nanoparticles (Strem Chemicals) of 8.2 + 0.9
nm in diameter and stabilized by citrate ligands. See Transmission Electronic Microscopy
(TEM) and Dynamic Light Scattering (DLS) characterization in the Supplementary
Information file, Figure S9 and Table S1.

Spin coating process. 50 pL of the Au NPs solution was first deposited on the Si/ZnO
samples followed by two consecutive spin coating steps: 500 rpm, acc. 500, 5 s and 2000 or
4000 or 6000 rpm, acc. 500, 2 min, respectively.

Synthesis and deposition of gold nanoparticles

Deposition/precipitation with urea process. Si/ZnO sample was immersed into 4 mL of
deionized (DI) water in a closed little bottle. 5 mL of urea solution ([urea] = 5.10 mol.L™)
and 1 mL of a HAUCI, solution ([Au*] = 3.10° mol.L™) were added in the bottle at room
temperature and under the exclusion of light. The resulting solution was heated at 80 °C under
exclusion of light during 16 h. The substrate was then rinsed in 50 mL of DI water and dried
vertically under ambient temperature and atmospheric pressure. Then, the substrate was dried
under vacuum (10 mTorr) during 4 h. Annealing was performed under a reductive and
constant flow of an Ar(90%)/H,(10%) mixture (1L.min™) at 300 °C for 2 h. The increase in
temperature was established at 2°C/min and the decrease in temperature by the natural
temperature decrease. No additional annealing was therefore performed to enhance NPs
chemical attachment.

Photo-deposition process. A HAuCl, aqueous solution was prepared in the dark by the
addition of HAuCl, (5 mg, 393.83 g.mol™?, [Au®*] = 2.5.10* mol.L™Y) and DI water in a

gauged flask of 50 mL. A volume of 5 mL of this HAuCl, solution, 0.5 mL of a solution of



citrate ([citrate] = 0.05 mol.L™, ratio [citrate]/[Au**] = 20) and 0.5 mL of methanol were
introduced into a beaker. Then, the ZnO-ALD/Si substrate was immersed into the resulting
solution and was irradiated by a UV lamp (100 Watts) for 30 minutes. The grafting of the
resulting deposited Au NPs was performed by annealing at 200°C during 30 min under
ambient air at atmospheric pressure.

Photocatalytic experiments

Photocatalytic decomposition of Rhodamine 6G. Au NPs/ZnO samples (1 cm?) were
immersed in an aqueous solution of Rhodamine 6G dye (6 mL, 5.10°° mol.L™. The solution
was kept in the dark for 20 minutes to establish adsorption-desorption equilibrium of the dye,
before UV-visible irradiation by UV Rayonet® system (composed of 16 lamps: A = 253.7 nm
(4 lamps), 300 nm (4 lamps), 350 nm (4 lamps) and 575 nm (4 lamps), 224 Watts). During the
irradiation, 2 mL of the solution was removed at given intervals and analyzed using an
Agilent Cary 5000 UV-vis spectrometer. After each measurement, the solution was
reintroduced to pursue the UV irradiation. In doing so, the loss of the parental solution is
minimized. The dye degradation was monitored by measuring the decrease of the dye
absorbance at 527 nm in comparison to the reference point (absorbance value obtained before
irradiation).

Photocatalytic production of hydrogen from water-ethanol (50-50) mixture. Au NPs/ZnO
samples (1 cm?) were immersed in a 50-50 vol:vol deionized water — ethanol solution (20 mL)
in a quartz reactor. The solution was UV-visible irradiated with a solar simulator (Xenon
lamp, 300 Watts) during 48 h and the hydrogen production was measured by a Perking-Elmer
Clarus 580 gas chromatograph (GC) (PlotQ column (30 m) and PE-molisieve column (30 m)),
TCD, vector gas: argon).

Characterization. A Zetasizer Nano ZS instrument (Malvern Instruments) was used to

determine the nanoparticle hydrodynamic diameters. SEM was performed using a FEI Helios



600i Nanolab. High Resolution Transmission Electronic Microscopy (HRTEM) and Scanning
Transmission Electronic Microscopy — Energy Dispersive X-Ray Spectrometry (STEM-EDS)
experiments were carried out in cross-section samples prepared by Focused-lon Beam (FIB)
process in a FEI Helios Nanolab. Lamellas were observed on a JEM-ARM200F cold FEG
with a corrected probe field emission at 200 kV with a resolution of 0.19 nm. TEM was
performed using a Hitachi 7700 transmission electron microscope operating at 120 kV with a
spatial resolution of 2.04 A. Crystalline phases were detected using a Grazing Incidence X-
Ray Diffraction (Bruker D8 Discover system) with a Cu k-alpha radiation as the source. For
GI-XRD, the grazing angle was fixed to 1.2° and two-theta collection angle was ranged from
20° to 80° with a step of 0.05° and a dwell time of 0.1 s per point. For GI-XRR, the grazing
angle was fixed to 1.2° and two theta-omega collection angles was ranged from 0.4° to 3.0°
with a 0.005° step and a dwell time of 0.1 s per point in all cases. X-ray photoelectron
spectroscopy (XPS) (Thermoelectron Kalpha device) with a monochromatized Al-Ka
radiation (hv = 1486.6 eV) was used to examine chemical states of the interface after
deposition of Au and ZnO. The pass energy was fixed at 40 eV. The spectrometer energy
calibration was performed using the Au 4f7;, (83.9 = 0.1 eV) and Cu 2p3, (932.8 £ 0.1 eV)
core levels. The XPS spectra were recorded in direct mode N(Ec). The background signal was
removed using the Shirley method.*” The photoelectron peaks were analysed by

Gaussian/Lorentzian (G/L=50) peak fitting process.

Results and Discussion

Characterization of the initial ZnO film. ZnO films are notoriously rough, defective,
with textured thin film structures generated by columnar growth. We therefore examined the
morphology and composition of our ALD-grown ZnO films by combining SEM, X-ray

diffraction (XRD) and XPS. The SEM images obtained after deposition (see image in



Supplementary Information file Figure S1) indicate that even with ALD, the growth of ZnO
film remains columnar in nature. Over an observation of 500 grains, 67% of them exhibit an
isotropic shape with an average size of 9.2 + 0.4 nm and 33% present a bean shape with an
average size of 154 = 2 nm. The polycrystalline nature (Wurtzite type) of the film is
unraveled by XRD. ZnO peaks are labeled by the corresponding crystallographic axes. The
large width of the diffraction spots is consistent with a very thin film. XPS measurements
confirm that the ZnO is stoichiometric, with binding energies of the Zn 2pis,3r, Zn 3pi232
and O 1s core levels at 1045.4 + 0.1 eV and 1022.3 £ 0.1 eV ,919+ 0.1 eV and 89.1 + 0.1
eV and 530.8 + 0.1 eV, respectively (Figure S1 ¢ in Supplementary Information file).*
Altogether, the above measurements indicate that the ZnO films are of similar quality to films

previously reported in the literature.®®
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Figure 1. SEM images of Au NPs deposited on 25 nm thick ZnO film by photo-deposition
process (with insert showing the size distribution of Au NPs) (a) and (b); XPS spectra of the
Zn 3pipnsn - Au 4159, region (c) and (d); HRTEM observations (e) and (f); respectively
before (sample Au/Zn0O25, left column) and after the annealing (sample Au/ZnO25 200°C,

right column).



Au NPs photo-deposition (P-D). After the P-D process, SEM observations show a large
amount of spherical Au NPs, organized in chain structures (Figure 1, sample Au/Zn0O25).
The average diameter is 7.5 + 3 nm and the NPs areal density reaches 3500 + 10 NPs/pm?
(Figure 1 a and Figure S2 in supplementary section). However, after rinsing the NPs on the
substrate with DI water (50 mL by cm?), almost all NPs disappear from the surface with a
decrease of the NPs areal density to 18 + 3 NPs/um? which indicates their poor adhesion
(Figure 2 a). To enhance the grafting, the sample is therefore annealed at 200 °C during 30
min under air (sample Au/Zn0O25_200°C), leading to a slight evolution of the average size of
the Au NPs from 7.5 £ 3 nm to 8.3 = 2 nm and a slight increase of the NP density (3700 + 10
NPs/um?) (Figure 1 b). Importantly, SEM pictures show that a few Au NPs touch after the
annealing step, which probably results from a dynamic rearrangement of the Au atoms during

annealing.

Figure 2. SEM observations of Au NPs deposited on the ZnO thin film resulting from the
photo-deposition process after the rinsing step of sample Au/ZnO25 (a); and sample

AU/ZnO25_200°C (b).



The XPS analyses of the binding energies Zn 3p performed on samples before (Au/Zn025)
and after annealing (Au/Zn0O25_200°C) are reported in Figure 1 ¢ and Figure 1 d. Four Zn
3p1232 — Al 4150 712 peaks are evidenced (Figure 1 ¢, d) with binding energies located at 92.0
+0.1eV,889+0.1eV,87.2+0.1eV,83.6£0.1eVand92.0+0.1eV,889+0.1eV,87.2+
0.1eV, 83.6 £ 0.1 eV. The first two peaks correspond to Zn 3ps, and Zn 3py, (also present on
ZnO thin film after deposition) whereas the two additional peaks correspond to the binding
energies of the Au 4fs, 72 (Au 4fs, and Au 4f7,) in AuP electronic state (Au nanoparticles).*
After annealing, the Au 4fs,, peak appears as a shoulder of the Zn 3ps/, peak also observed by
Cheng et al. on Au-Zn alloys.*® These XPS analyses are consistent with a grafting of the Au
NPs on the ZnO layer. After rinsing the annealed NPs on the substrate with DI water (50 mL
by cm?), all NPs remains on the surface (Figure 2 b). Additional XPS spectra are given in the
Supplementary Information file Figure S3.

The HRTEM cross-sections (Figure 1 e, f and Figure S4 in the Supplementary Information
file) surprisingly show that the Au NPs are mostly incorporated inside the ZnO layer,
independently of the annealing process, with ~98% of the Au NPs barely protruding above the
ZnO surface. Compared to the two other investigated methods: SC and DPU (results are
detailed in Supplementary Information SI-3 and 4), the P-D technique allows to covalently
graft Au NPs on ZnO, yielding the highest NPs areal density with an average size below 10
nm.

Three main step of the P-D process determine the NPs growth, arrangement and chemical
attachment with the surface during P-D process: 1) the nucleation/growth of Au on ZnO; 2)
the localization of the nuclei in the confined spaces of the metal oxide film microstructure;
and 3) the chemical interaction between the ZnO surface and Au NPs (after annealing at

200°C). In the following part, we examine all these parameters in detail.



Sacrificial and stabilizing agent influence on nanoparticle nucleation and growth

For in-situ processes, nucleation and growth are derived from the complex interplay
between precusor-ligand and specific surface sites to generate nanoparticle seeds. Two
mechanisms are usually invoked to describe the formation of metal or metal oxide
nanoparticles from the reduction of a metal precursor: the LaMer mechanism (supersaturation
of monomer in solution, nucleation and growth) and the Ostwald-Ripening mechanism (large
particle grow at the expense of smaller particles).** However, these classical processes are not
well adapted to describe the photo-reduction method. In 2016, Harada et al. brought new
considerations to understand the photo-generation process by distinguishing three sequential
solution mechanisms during the formation of Au NPs in a HAuClI, salt solution, stabilized by

a polyvinylpyrrolidone (PVP) polymer.*?

al b/
CH,OH — ™Y+ K-+ e + CH,OH mo ", hse
EH,0H — Y He + e + CH,0 A +3e— 4 AW
Au3+

CH;OH + 2h* ———» CH,0 + 2 H*
Au*

Au®

Scheme 1. Homogeneous (a) and heterogeneous (b) photo-reduction mechanism of Au(lll)

ions promoted by methanol.

The first step is rapid and consists in the reduction of Au** to Au® by alcohol radicals
(Scheme 1 a).

The second step is the Au NP nucleation, including both autocatalytic and aggregative
growth processes, yielding NPs with ~15-30 nm diameter, stabilized by either the PVP or a
polyvinyl alcohol (PVA).** * In our case, we have chosen to use citrate stabilizers, as they

may be better ligands than polymers in order to get smaller nanoparticles (5-10 nm). We



found that the best [citrate]/[HAuUCI,4] ratio to get the highest numbers of particles seeds is
around 20 (Figure 1). At room temperature, 95% of NPs have a diameter below 10 nm at the
end of the process.

The stages of nucleation and nanoparticle stabilization in the liquid phase are crucial to
master homogeneous deposition of NPs on a substrate (packing density, shape and particle
size homogeneity). For example, in P-D process, methanol plays the role of a sacrificial agent
protecting the ZnO materials against the photo-corrosion phenomenon.?® > If the process is
performed without methanol, it results in citrate-stabilized Au NPs of ~6.7 + 2 nm diameter,
but their areal density is decreased to 1230 + 5 NPs/um?, i.e. one fifth of the density obtained
with optimized parameters (See SEM images in Figure S5 a). Furthermore, when P-D is
performed without both sacrificial and stabilizing agents, NPs are polymorphic (spherical,
triangular, nanorods ...) and present a high polydispersity (~15-70 nm diam.) reflecting poor
control of the nucleation and growth steps. In addition, a very low density of NPs is observed
on the surface (62 + 2 NPs/um?) (See SEM images in Figure S5 b). Replacing citrate by PVA
results in highly agglomerated 3-dimensional and inhomogeneous structures (Figure S5 c).

The third step is the aggregative growth and/or interparticle coalescence during the long
photoirradiation stage, which typically lasts a few hours. During the deposition on a ZnO
substrate, a competitive growth mechanism takes place upon irradiation, involving
heterogeneous nucleation directly at the surface thanks to electron/holes pairs generated at
ZnO surface, in parallel with the homogeneous nucleation mechanism occurring in solution
(Scheme 1 b).? *? Consequently, the reduction of the gold salt by electron/holes pairs is more
suitable than the homogeneous nucleation mechanism to covalently bind Zn and Au atoms
resulting in an attachment of the heterogeneous Au nuclei on the ZnO surface. Only a
heterogeneous NP density of 18 + 3 NPs/um? is grafted on the ZnO surface during the P-D

process (Figure 2 a). Here, the major part of the Au nuclei is likely created by a homogeneous



nucleation mechanism since a typical purple solution of Au NPs is observed after the P-D
process. The homogeneous nucleation mechanism leads to Au NPs stabilization by citrate
ligands that are not initially grafted on the metal oxide film. A further annealing is required to

completely graft the homogeneously nucleated Au NPs (Figure 1).

Nuclei growth in confined space and role of surface morphology

The main driving force for the growth of Au nanoparticles in confined spaces is the
chemical interaction between the metal oxide film microstructure and the nanoparticle seeds.
Our results suggest, however, that beyond these chemical mechanisms, the surface
morphology may also play a crucial role in NP density and spatial distribution. Analysis of
the STEM-EDS pictures in Figure 1 e, f shows the incorporation of Au NPs inside the 25 nm
thick ZnO film; some NPs are even in intimate contact with the ZnO/oxidized Si interface (i.e.
flattening of the nanoparticle surface in contact to the interface). Since the ZnO film is
intrinsically rough due to its columnar growth, we postulate that the Au NPs nucleate at both
grains boundaries and bottom of the valleys separating grains. This hypothesis is supported by
the fact that the diameter of Au NPs (7.5 = 3 nm in diameter) is similar to the valleys that
separate the two populations of ZnO grains characterized by different grain sizes (9.2 + 0.4
nm and 15.4 = 2 nm). Indeed, the structurally diverse ZnO environment inside the valleys can
favor the initial nucleation (seeding) and subsequent growth of NPs inside the ZnO grains
forest. Consequently, the NP seeds are already deeply located inside the thin ZnO film (i.e. in
the valleys) before annealing (Figure 1 e). The effect of annealing allows to strengthen the
interfaces between ZnO and Au, which will be discussed in the next section below. Thus, the
precise location inside the film and resulting integration are achieved in one single step (~30

min), which is important for most technological applications.



In order to quantitatively confirm the previous finding, the same processing conditions
were used for the P-D onto a much thicker (128 nm) ZnO film grown by ALD. The HRTEM
pictures in Figure 3 a show that there is a lower density region in the ZnO film (lighter; ~20
nm in depth) and that the Au NPs are located inside this region, without penetration into the
denser (darker) part of the film. In Figure 3 b, the STEM-EDS analyses performed along the
red line show a loss of zinc in the top 20 nm of the ZnO film, due mostly to the presence of
the Au NPs and to a lesser extend the lower density of the ZnO in this region. This experiment
provides evidence for the limited penetration of Au within the ZnO grains (Figure 3). The
growth of the Au NPs in confined spaces is commensurate with the larger width of the ZnO
columns (20 £ 5 nm) in these thicker films (Figure S6, S7), compared to those of the 25nm-
thick ZnO films (9 to 15 nm; see Figure S1). Moreover, on the 128 nm thick ZnO, the Au NPs
exhibit an average size of 13 + 3 nm with a lower NPs areal density of 2000 + 20 NPs/um?
compared to 7.5 + 3 nm and 3500 + 10 NPs/um?’ obtained on the 25 nm-thick ZnO,
respectively. These results suggest that the size and arrangement of the ZnO grains at the
surface of the film controls the size and location of the Au NPs. Tuning the ZnO surface
morphology can therefore significantly improve the Au NPs nucleation rate and growth
process. Finally, the metal oxide grains size greatly influences the size of the confined spaces
(i.e. the valleys) between the random metal oxide grains distribution. These resulting confined
spaces lead the growth of the Au nuclei with a limitation on the Au nanoparticles size directly
depending on the size of the valleys. The Au NPs stabilized by citrate are localized inside the

ZnO grain structure (Figure 3).



Si

20 nm

Figure 3. HRTEM observation (a) and STEM-EDS analyses along the red horizontal red line
showing the quantity of each element: C, O, Si, Zn, Au as a function of the position on the red

line (b) for the lamella of the sample Au/Zn0O128.

Characterization of Au NPs bonding to ZnO

As previously mentioned, the quality of the Au/ZnO interface is necessary to obtain best
physico-chemical properties (plasmonic, catalysis, ...). Thermal annealing is currently used to
remove stabilizing organic ligands surrounding the nanoparticles and thus obtain a chemical
bonding to the metal oxide.*® However, annealing may also modify the Au NP size and/or
shape and/or interfacial composition of the nanoparticles since Au atoms are mobile even at
relatively modest temperatures. A relatively low annealing process (200 °C, 2 h, air) fosters
covalent grafting of the Au NPs on the surface with no significant modification of their
average size (from 7.5 £ 3 to 8.3 + 2 nm) and shape on 25nm ZnO films (Figure 1 a, b, Figure
2 b). In fact, there is no detectable change of the Zn 3p3; and Au 4fs;, binding energies (AE =
1.7 eV), which occurs in Au-Zn alloys.*® However, this covalent contact between the Au NPs
and ZnO does foster some elemental intermixing, i.e. formation of Au-Zn bonds at the
Au/Zn0O interface. To examine this possibility, we use the reported characteristics of pure Au-
Zn alloys: the Au 4fs, disappears due to its blue-shift and merges with the Zn 3ps;, peak,

leaving only the Au 4f;, peak.*® In our case, the intensity of the Au 4fs, peak in the annealed



sample is slightly reduced relative to the 4f;;, peak but remains as a shoulder of the Zn 3ps.,
peak (Figure 1 d). The presence of this shoulder suggests that only a limited number of Zn
atoms are covalently bound to Au. Same results are obtained for Au NPs on 128 nm-thick
ZnO films (Figure S8). The above observations suggest the formation of a limited fraction of
an interfacial Au-Zn alloy between Au NPs and ZnO film.

Moreover, a vigorous rinsing cannot remove the Au NPs after the annealing step (Figure 2
b) which supports the possible covalent interaction between Au and ZnO.

XPS is also useful to determine whether carbon contamination is present in the Au
NP/ZnO system from citrates after processing. The ratio C 1s/Zn 2pa/, 3> decreases from 1.24
to 0.04 after the annealing and the rinsing step confirming that most citrate ligands are
removed by this method.

In summary, the annealing process achieves covalent grafting of Au NPs on ZnO and is gentle
enough to maintain the shape, size and location of the Au NPs. A final deionized water
rinsing step ensures the removal of the majority of the citrate ligands surrounding the Au NPs
in order to clean the surface and to obtain ultra-pure Au/ZnO interfaces, which is critical for

many applications.

Comparison of P-D process with other conventional NPs deposition methods

As presented in the Introduction, spin coating and deposition precipitation with urea were
also tested for grafting Au NPs on ZnO surfaces. Details are presented in sections 3 and 4 of
the Supplementary Information. A summary of the Au NPs average size and areal density
obtained for each methods is given in Table 1 for specific post-processing conditions, thus

providing a comparison with results obtained by the P-D method.



Table 1. Au NPs average size and areal density as a function of post-processing conditions

for the three studied methods: P-D, SC and DPU.

" . Au NPs areal
Sample Process . ZnO film post-prc'>c.essmg Au N.Ps average density
thickness (nm) conditions size (nm) 2
(NPs/pm°?)
Au/Zn025 7.5+3 3500 £ 10
Au/Zn025 25 rinsed - 18+3
Au/Zn025_200°C P-D annealed + rinsed 83+2 3700+ 10
Au/Zn0128 13+3 2000 £ 20
Au/Zn0128 low density 128 rinsed 31+8 16+1
Au/Zn0128_200°C high density annealed + rinsed 13+3 2000 + 20
Au/Zn025 SC 25 8.2+0.9 603
Au/Zn025 DPU annealed 5.4+2;14.5+4 950+ 10

Pre-synthesized Au NPs stabilized by citrate ligands can effectively be spin coated on the
ZnO film. Despite a high-control on the Au NPs size (Figure S9, Table S2), a very low
density of NPs is deposited: ~60 + 3 NPs/um? at 6000 rpm (Figure S10, Table 1).

The DPU process leads to the formation of two populations of Au NPs on ZnO surface:
~30% of the NPs are 5.4 £ 2 nm in diameter and ~70% are 14.5 + 4 nm in diameter. The Au
NPs areal density is 950 + 10 NPs/um?®. However, we observed that the too high concentration
of the acidic gold precursor HAuCl, leads to a dissolution of the ZnO layer leading to the
complete vanishing of ZnO. Figure S11 shows Au NPs grafted on the native silicon oxide
layer instead of ZnO.

In summary, only the P-D process permits to graft uniformally high densities (> 2000
NPs/um?), clean and size controlled Au NPs on ZnO thin films thanks to the quick generation
of a great number of Au nuclei. In addition, the insertion of Au NPs within the thin ZnO layer
leads to a high quality grafting (high stability). Finally, we demonstrate that the post-
processing step permits to control the zinc oxide microstructure (Figure S6, Figure S7 and

Table 1) and/or the final Au NPs areal density.



Photocatalytic performance of P-D Au/ZnO materials in the photo-degradation of
Rhodamine 6G and in the photo-reduction of water.
In order to demonstrate the potential interest of Au/ZnO materials for photocatalytic
applications, two different photocatalytic reactions were studied. First, the photo-degradation
of a prototypical organic contaminant (Rhodamine 6G) was explored using a 128 nm thick
ZnO film decorated with a high density of Au NPs (2000 + 20 NPs/um?) under UV-vis
irradiation (UV Rayonet® system composed by 16 lamps A = 253.7 (4 lamps), 300 (4 lamps),
350 (4 lamps) and 575 nm (4 lamps), 224 Watts). Figure 4 a shows that the presence of Au
on ZnO film enhances the photo-degradation process. The photocatalytic degradation of

4. 4 is let possible by the reaction between the photo-induced holes during the

dyes
photocatalysis and -OH species and the dye leads to the degradation of this latter. After 7 h,
~70 % of the Rhodamine 6G is photo-degraded when Au NPs are grafted on ZnO compared
to only ~50 % without NPs. In a second experiment, the photo-reduction of water was studied
in a water-ethanol solution (50-50) under UV-vis irradiation (Xenon, 300 Watts). Figure 4 b
shows that only the ZnO with Au NPs produces a measurable photocatalytic yield for the

reduction of water, as the photo-catalytic activity is close to zero for the bare 128 nm-thick

ZnO film.
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Figure 4. Photo-degradation of Rhodamine 6G (a) and production of H, from the photo-
reduction of water (b) under UV-vis irradiation (A = 250-800 nm). Controlled experiment of
Rhodamine 6G photobleaching (black, square), 128 nm ZnO film (red, circle), 128 nm ZnO

film covered with a high density of grafted Au NPs (2000 + 20 NPs/um?) (blue, triangle up).

Typically, the photons induce electron-hole pairs in the semiconducting metal oxide film;
these electrons reduce the H,O into H, and the holes oxidize the sacrificial molecules (ethanol
in our case). Due to their plasmonic properties, the gold nanoparticles extend the light
absorption to the visible region (see UV-vis spectra of ZnO film covered with a high density
of Au NPs in Supplementary File SI-5 and Figure S14) and thus play the role of a
photosensitizer resulting in an increase of the photocatalytic activity.** *° The unique feature
here is that the Au NPs are grafted within the ZnO structure without organic ligands, thus
enhancing the interaction between their LSPR field and the semiconducting ZnO film. The
possibility to graft a high density (up to 2000 + 20 NPs/umZ) of Au NPs within the ZnO
structure increases the ZnO regions strongly affected by the plasmonic field, which

contributes in enhancing the water photo-reduction yield.



Conclusion

In this work, the deposition of Au NPs on ZnO films was explored in order to achieve low
NP size and homogeneous shape, high areal density, high purity and good chemical grafting
with the metal oxide film. Among three possible methods to deposit Au NPs on ZnO —spin
coating, deposition precipitation with urea and photo-deposition (P-D) only P-D achieved
good enough results to be useful for most applications. The modified P-D technique
developed herein and using citrate ligands instead of usual polymer ones, produces
homogeneously and covalently grafted spherical Au NPs (7.5 + 3 nm in diam.) with a high
packing density of ~3600 NPs/um? (1/3 of the maximal theoretical packing density). The high
density of Au NPs has a direct impact on the activity of photocatalytic reactions. We
demonstrate that high densities of Au NPs embedded within ZnO film enhance the production
of hydrogen by photo-reduction of water and the photo-degradation of Rhodamine 6G.
Furthermore, most of the Au NPs are intercalated into the 25 nm ZnO layer with only ~1/5 of
their volume emerging out of the metal oxide layer. A soft annealing at 200 °C under air and
simple rinse with water ensures a good chemical purity and efficient carbon removal from the
film.

While the confinement of nano-objects in small volume remains a great challenge in
nanotechnologies in general, the photo-deposition process is able to covalently graft Au NPs
on ZnO thin films. The compatibility with large area grafting and the low carbon
contamination of the photo-deposition process makes it of great interest for many applications
needing high purity materials such as photovoltaics, photocatalysis, water purification or

biosensors.
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