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Laboratoire Multimatériaux et Interfaces, UMR CNRS 5615, Université Claude Bernard Lyon 1,

France

ABSTRACT

We report photoelectrochemical measurements from mesoporous titanium dioxide filled with
silver nanoparticles under illumination. A 200 mV potential switch of silver ion reduction is
observed, depending on light wavelength. An easier reduction of silver in the presence of light is
linked to plasmon induced charge separation (PICS). SEM and TEM analysis before and after
photo-electrochemistry have also shown an electrochemical Ostwald ripening during continuous
visible irradiation, with a growth of silver particles at the sample surface. The combined use of
mesoporous structures and electrochemical characterization enabled to quantify the change in

silver reactivity during PICS and emphasizes the role of plasmon in photochromism.
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1. Introduction

Small particles have specific properties which differ from the bulk material. Metal
nanoparticles (NPs) for instance, have numerous applications especially in catalysis and electro-
catalysis'?, because of their fascinating chemical and physical properties. A critical factor is NP
size, which impacts the surface-to-volume ratio, reactivity and efficiency in catalysis.®> To
understand the effect of size on NP properties, electrochemical techniques are particularly
interesting.* Henglein® and Plieth® co-workers demonstrated that the standard redox potential of
silver NPs decreases with decreasing size, making small particles more prone to oxidation.
Experimentally, Brus et al’ observed an electrochemical Ostwald ripening process of silver
particle films on a conductive substrate. The growth of the largest particles at the expense of the
smaller ones was attributed to a negative shift of the redox potential of smaller-sized particles.
This was the first experimental observation confirming the prediction of Henglein & Plieth.
Several other groups have worked on voltammetric behavior of silver nanoparticles. Ivanova’s
group® observed a negative shift of 100 mV of the silver NP potential when the size decreased
from 40 to 10 nm. The surface coverage of metallic species and the substrate have also an
significant impact on the position of the oxidation peak.>!

In this paper, we focus on the electrochemical properties of silver NPs in a titanium oxide

12-14 and its wide

mesoporous layer. TiO2 1s one of the most studied semiconductors of our time
band gap energy (3-3.2eV) is a well-known problem as it mostly absorbs UV light corresponding
to only 5% of the solar spectrum. To improve TiO; material, several methods are currently being
studied. Among them, introducing mesoporosity is of great interest in increasing the interface

with the electrolyte.>” Mesoporosity provides a high surface area for reactive sites, and

nanoscale channel walls facilitate transport of the photogenerated electron-hole pairs to the
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surface, reducing the recombination rate into the bulk by increasing charge transfer.'®1°

Mesoporosity also allows a selective incorporation of various guest compounds inside the host
framework or on the surface of the pore walls, resulting in a high host—guest interface with
enhanced light absorption and photo-activity.?%2! The synthesis by the Evaporation Induced Self-

22-24

Assembly (EISA) process, first reported by Brinker’s group , 1s among the easiest and most
rapid methods for the preparation of mesoporous thin films.

Silver NPs are of particular interest for TiO> modification due to the plasmonic resonance of
Ag NPs in the UV/visible range®>~?’ and its remarkable photocatalytic activity.?®3! Silver is also
well-known for its photochemical activity. For example, light induces the formation of metallic
silver seeds in a silver halide emulsion used in photography making silver reduction easier.323*
Adding TiO> to a silver NP environment induces drastic property changes. Interactions between
silver and TiO, with light, lead in particular to photochromism properties®®*=’: silver NPs
embedded in TiO2 matrices become oxidized under visible light in air whereas oxidized species
are reduced under UV-light exposure. The contact between Ag NPs and the semiconductor TiO2
leads to a modification of Fermi level equilibration and to the formation of a Schottky barrier.3®
Depending on the irradiation, we expect to see several phenomena. Under visible light, excited
plasmons from the Ag NPs create hot electrons with enough energy to cross the Schottky
barrier.?® Electrons are injected in the semiconductor conduction band allowing an electron-hole
pair separation and an increased electronic conductivity.3>4° This process is known as Plasmon
Induced Charge Separation (PICS).*! Under UV light, electrons are excited from the TiO:
valence band (VB) to the conduction band (CB). Due to the lower Fermi level of metallic silver

particles, photo-excited electrons are transferred from the TiO2 CB to silver, creating an efficient

charge separation.*? The latter is called the co-catalysis effect.
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In most studies concerning the electrochemical behavior of metallic NPs, the particles are
dropped on the substrate rather than being embedded in a mesoporous layer. Development of
mesoporous oxide layers using the block copolymer self-assembly method opened the way to
fabrication of new electrodes.*® Electrochemical studies of new electrodes consisting of metallic
NPs embedded in a mesoporous oxide lead to a better understanding of metallic NP
electrochemical behavior. The plasmonic effects play a central role and yet a mechanism
description from an electrochemical point of view is relatively scarce. For this reason, we choose
here to use electrochemistry measurements as a probe for the evolution of the silver NPs
embedded in a TiO2 mesoporous film, under the effect of light. If we consider the interaction
with light, then metallic NPs interact with the surrounding -electrolyte, mesoporous
semiconductor TiO; substrate support and undergo a cycling potential, which could significantly
modify the system.® Electrochemical studies are carried out to follow the impact of intermittent
or continuous light irradiation on silver electrochemical behavior. Characterization of Ag-TiO:
composite films before and after photo-electrochemical measurements by SEM/EDX and TEM

allow the study of the effect of light on these silver-TiO; electrodes.

2. Experimental section

Materials

A polyethylene oxide-polypropylene oxide-polyethylene oxide block copolymer, Pluronic® P-
123 ((EO)20-(PO)70-(EO)20), tetraorthobutyltitanate (Ti(OBu)s, TBT), silver nitrate (AgNO3),

formaldehyde (CH>O) were all purchased from Sigma Aldrich and used as received. HCl 37%
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was purchased from Carlo Erba. The FTO (Fluorine doped Tin Oxide) substrate (3x3 cm, 600

nm of FTO-deposited by CVD) was purchased from Solems.

Synthesis of Ag/TiO: films

Mesoporous TiO> films were synthesized using the Evaporation Induced Self Assembly
(EISA) technique. During a typical synthesis, 1 g of Pluronic® P-123, used as structuring agent,
is added to a solution of TBT (3.4 g), HCI (3.2 g) and EtOH (12 g). The molar ratio of Ti:H2O:
HCI is 1:11.2:3.22. Films are then deposited by a dip-coating method on FTO substrates, at 2
mm.s". The films are aged under ambient conditions (T=23°C, RH=40-50%) for 24 h then
calcinated at 400°C during 4 h, with a heating ramp of 1°C.min".

In order to form silver NPs inside the mesoporous titania film, an impregnation method is
used. Briefly, an ammonia silver solution is prepared by adding ammonium hydroxide solution
(25%) to a silver nitrate aqueous solution (50 mM), until a clear solution is obtained. The
mesoporous films are immersed in this solution for 15 minutes. Then the silver ions are
chemically reduced using formaldehyde. Films are immersed for 15 min at 80°C in a solution of
12 mM of formaldehyde in ethanol. The resulting films are washed with water and stored in a
dark place at ambient condition. They are used within a month without noticeable variations.

For porosity measurements, TiO, powder was prepared using the same preparation method
described above. The TiO> solution is heated at 50°C for 2 days then the solid is calcinated at

400°C for 2 h, with a heating ramp of 1°C.min.
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Characterization

Scanning electron microscopy (SEM) images were obtained using a Zeiss Merlin Compact
SEM with an in-lens detector at a low acceleration voltage of 5 kV. Energy dispersive X-ray
analysis (EDX) was used to determine the amount of silver within the TiO> film. Transmission
electron microscopy (TEM) was performed on a JEOL 2100F field emission instrument
operating at 200 keV. In a typical procedure, TiO>-Ag film fragments of non-controlled
thickness were stripped off by scratching the samples with a razor blade and were then deposited
on a carbon-coated copper grid. UV-Vis spectroscopy measurements were performed with a
Safas UVmc spectrometer measuring absorbance from films under direct incidence. Scans were
measured between 300 and 1000 nm, with a 2 nm resolution. Ellipsometric parameter
measurements were performed with an atmospheric multi-wavelength Ellipso-Porosimeter EP-A
SOPRA GES 5E. The effective indexes and thicknesses of layers constituting films were
calculated using a modified Cauchy-type dispersive law. For porosity measurements, water
vapor was condensed in the film, at a relative humidity (RH) varying from 0 to 98%. From the
effective index at the chosen wavelength of 633 nm, the volume fraction of condensed water is
calculated using the Lorentz-Lorenz law and is represented as a function of RH. The pore size
distribution (PSD) is then obtained using the Kelvin relation.** Textural characterizations are
realized using nitrogen adsorption/desorption isotherms on a BelsorpMini (Bel Instruments,
Japan). Prior to analysis, samples were outgassed under vacuum (at 100°C for 4 h). Pore size
distribution (max radius) and mesoporous volume were calculated from the adsorption branch of
the isotherms using the Barrett-Joyner-Halenda (BJH) method. The total porous volume was
measured at P/Po =0.98. The surface area was determined by the Brunauer-Emmett-Teller (BET)

approach. The thickness of the films is measured using a Dektat profiler.
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Photo-electrochemical (PEC) tests

All photo-electrochemical measurements were performed using a Volta lab PST006
Potentiostat with a three-electrode cell designed by Zahner Gmbh. A spiral Pt wire is used as the
counter electrode and the reference electrode is a Re-5B Ag/AgCl electrode from BASi with a
potential of 0.21V/NHE. The working electrode is our TiO2-Ag film deposited on the FTO
substrate (3x3 cm). The electrochemically active zone of the film is about 3.6 cm? For
illumination tests, LED’s of various wavelengths (360, 528, 660 nm or white light) were used.
These LED were purchased from LED ENGINE Co. with a nominal flux of 120, 51, 260 and 91
mW/cm? respectively, at a working distance between the source and the sample of d=20 mm.
Spectra from the sources and detailed measurements are provided in supplementary information

S1.

Photocurrent measurements were carried out in a neutral electrolyte, Na;SO4 1M, at room
temperature. During experiments, samples were irradiated from the back. A typical voltammetry
cyclic experiment was performed with a potential sweep rate of 100 mV.s' between -0.5 to +0.5
V during different time durations. After the electrochemical test, TiO2-Ag films were rinsed with

DI water and dried in air prior to further observations.

3. Results and discussion

Characterization of TiO2-Ag film before PEC tests

Composite films are red/dark brown indicating that a large amount of silver NPs has formed
inside the TiO; film. These colored samples were characterized by UV-Vis spectroscopy, and a

typical spectrum is given in Figure 1. The spectrum in Figure 1 shows two main features. First,
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Figure 1: UV-Vis spectra of TiO2 (a) and TiO2-Ag (b) films and a photo of the TiO2-Ag sample

(©)

TiO, absorbs mostly in the UV-range (<350 nm), with or without the presence of silver NPs
(Figures 1a and 1b). The larger TiO2-Ag peak between 400 nm and 500 nm with a maximum at
420 nm is due to a surface plasmon resonance effect from silver NPs inside the TiOz. This effect
is greatly dependent on particle shape and size and also on the particle substrate.*> Due to the
high dielectric constant of TiO», a red-shift and broadening of the plasmon band is observed
compared to what is usually observed for silver NPs in water or silica.*® The peak width is
attributed to a large size distribution of silver NPs.#”-*¢ This distribution can be observed in the

following SEM and TEM images (see Figure 2a and b).

f
5 A%

Figure 2: SEM (a) and TEM (b) images of TiO2-Ag film

As can be seen from Figure 2a, the TiO; surface is a typical homogeneous worm-like
mesoporous structure. Silver NPs, which are observed as white dots on the SEM image at the

sample surface, have a large size distribution, from 7 to 40 nm, with an average size of 15 nm.
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The EDS spectrum of TiOz-Ag (Figure S2) shows 4 main peaks of Ti, O, Ag and Sn. The
presence of Sn is due to the FTO substrate. A large amount of silver is present in the film, with a
Ag:Ti atomic ratio of around 0.31.

The smallest silver NPs (<5 nm) can only be observed by TEM with the (111) lattice fringes at
0.236 nm (Figure 2b). This mostly corresponds to NPs present inside the TiO> mesoporous
structure where the average NP diameter measured by TEM is 11 + 5 nm. This is consistent with
the SEM measurement. The TEM image also reveals the presence of Ag(NH3)>NOs3, a residual
compound of silver impregnation, which possess characteristic large lattice interval around 0.64
nm, corresponding to a (110) lattice (fiche JCPDS n°01-076-1562). The TEM image also shows
the presence of TiO; anatase, with the (101) lattice spacing at 0.346 nm.

The thickness was measured by the profiler and the average is 200 nm. Ellipsoporosimetry
measurement confirmed this value and also showed that the TiO> film has a porous volume of
about 24 %. Pore size was measured using the nitrogen adsorption technique (Figure S3) on TiO»
powder and was about 9 nm, which is consistent with the NP size. With an atomic ratio of
Ag:TiO2=0.31 and a porous volume of 24 %, we can estimate that 70 % of the porosity is filled
with metallic silver, based on the fact that silver is mostly located inside the pores. From the
SEM picture on Figure 2 for example, we determined that the silver located on the surface
represents only 0.7 % of total silver content, the remaining being in the 200 nm thick film.

Details of this analysis are presented in supplementary information S4.

Photo-electrochemical study under alternate irradiation.
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In a typical experiment, an I-V curve was obtained between -0.5 V to +0.5 V at a sweep rate
potential of 100 mV.s™!. These values were chosen in order to mainly observe the oxidation and
reduction peaks of silver. In the first experiment, we used cycling with alternate irradiation and,
as a result, observed a direct influence of light on the voltammetric behavior. Figure 3 shows a
cyclic voltammogram from an alternation of cycles with and without white light irradiation.
These voltammograms are given after the time necessary for the system to stabilize,

corresponding to 50 cycles.

30T 100mvys Ag’ > Ag'+e
2004

100

2 1 hv
-100 + Agr+e > Ag 3 WAg +e > Ag’

Current Density (WA/cm?)

-400 -200 0 200 400
Potential (mV)

Figure 3: [-V curve of TiO2-Ag with alternate irradiation: under white light (blue cycle n°1, blue

dotted cycle 3) and without light (red, cycle n°2)

The I-V curve from TiO2-Ag shows only one peak of silver oxidation around 250 mV.
However, the interesting point concerns the Ag" reduction peaks. Figure 3 clearly shows that
light has a direct impact on the reduction of silver ions produced during oxidation, as there is a
large potential shift due to light exposure. In fact, under irradiation, the main reduction peak is
around 140 mV, with a second smaller peak at -100 mV. However, without light, the opposite
effect is observed, i.e. there is a main peak at around -100 mV and a second smaller peak around
110 mV. This shift is also present at the initial time (Figure S5) but not as well defined as after

50 cycles. An increase in the reduction current is also noted under light exposure. The
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demonstration that potential switch is mostly due to light is the total reversibility of the effect:
potential switch back to higher values when light is switched back on (from cycle 2 to 3), thus
potential follows the light alternation.

The white light irradiation effect is also found with UV and other visible wavelengths i.e. at
360 nm and 528 nm, while an intermediate effect is obtained at 660 nm. Figure 4 presents the I-

V curve of these different wavelengths.

300 A
o 100mV
£ >
© 200
<
=
>
2 100 H
[
©
I
—_ O =
5 N/
(@]

-100 - T T T T T
-400 -200 0 200 400

Potential (mV)
Figure 4: I-V curve of TiOz-Ag electrode under 360nm (blue), 528 nm (green) and 660 nm (red)

light

The oxidation peak is observed at the same potential regardless of the irradiation (£10 mV).
On the other hand, the reduction peak clearly depends on irradiation wavelength. For example, at
660 nm, the main reduction peak appears around -100 mV and a second peak is also observed at
120 mV, which is similar to that observed without irradiation. On the other hand, when irradiated
with UV or at 528 nm, the main reduction peak is shifted to approximately 130 mV. We can also
note a slight shift of the reduction peak potential between UV and 528 nm light. With irradiation
at 528 nm, the potential peak is around 140 mV whereas under UV light the peak is at 110 mV.

In addition, the I-V curve obtained under green light still exhibits a residual reduction peak
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around -100 mV, whereas under UV light, this peak is no longer observed. Lastly, a strong
decrease in intensity is observed under UV light.

The above observations confirm that the silver electrochemical response in this titania support
is very sensitive to the presence of visible and UV light. In this experiment, we observe an easier
reduction of Ag" in the titania layer induced by light as can be seen from the shift in the
reduction peak, from -100 mV to +120 mV. To explain this significant shift, we assume that
silver NPs in the titania film follow a PICS process under visible light.44%0 PICS occurs at the
interface between a semiconductor and plasmonic metal NPs and it involves electron injection
from the plasmonic NP to the semiconductor CB.’! Electron accumulation inside the titania CB
allows an increase in electronic conductivity of the Ti02.4° The process is similar to latent image
in photography, wherein the Ag" reduction is easier due to irradiation.3® In our cyclic
voltammetry experiment, we observe this easier reduction as a shift of the reduction potential.
On the other hand, the oxidation peak remains unchanged under light irradiation, presumably
because the plasmon excited state is too short-lived to be observed using cyclic voltammetry.

Under UV light, two complementary phenomena are observed. First, a co-catalysis effect is
seen. Ti0O; is excited, creating photo holes and electrons. In the initial stage, the Schottky barrier
formed at the Ag-TiO: interface prevents electron transfer from the TiO2 CB to the Ag NPs.
Accumulation of electrons in the TiO, CB is accompanied by a negative shift of the CB
potential, allowing an overflow of electrons from TiO, to Ag.>? Reduction reactions then occur
more easily at NP surface than at the semiconductor surface. Ag" reduction is facilitated on Ag
NPs and a significant intensity decrease is then observed in the electrochemical curve (Figure 4).
We also assume that under this UV light, some of the Ag NPs also become excited, as their

absorption band is close to UV. The PICS process, as described under visible light, can also be
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observed under UV light and creates a shift in the silver reduction potential. The above
phenomena cannot be observed without irradiation as there is no electron accumulation inside
TiO2. For 660 nm irradiation, only a few silver NPs are excited, which leads to an intermediate
effect in the electrochemistry data.

To prove this hypothesis, we performed another experiment, in which the Ti02-Ag electrode is
irradiated with white light for 10 minutes without any applied potential and then submitted to
electrochemical cycling without irradiation during 10 cycles. The voltammetric results are shown

in Figure 5.

1000

800 +
100 mV

600 3

400 +

200

Current density (WA/cm?)

-400 -200 0 200 400
Potential (mV)

Figure 5: -V curve for the TiO2-Ag electrode after 10 min of white light irradiation

The oxidation peak is first observed at 400 mV but shifts rapidly to 300 mV. Two reduction
peaks at 230 mV and -30 mV are observed initially, the one at higher potential corresponding to
the highest current. This peak rapidly disappears, leaving a single reduction peak at -30 mV. This
experiment, which is perfectly reproducible, is in agreement with the previous observation. In the
presence of light, TiO2-Ag electrode is modified by light-excited silver NPs, allowing an easier
reduction of Ag" and a peak at higher potential can be observed during the first cycles. However,

as electrochemical cycling is performed in the absence of light, the TiO2-Ag electrode returns to
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its ground state, leading to a reduction of Ag" at a lower potential, similar to experiments
performed in the absence of light. These results clearly indicate that these electrodes are
chemically modified by light, and can be probed even with an experimental time delay.
Additionally, continuous decreases of both potential and intensity of cathodic and anodic peaks
are observed. These decreases are linked to the diminution of the silver amount, due to a
stripping of the silver nanoparticles.'® Thus the shift of anodic potential peak shown here results

mostly from the light-induced shift but also, on a longer time scale, from the silver loss.

Long term PEC study under continuous light irradiation

We study here the evolution of silver NPs in a mesoporous TiO; structure under the effect of
both the electrochemical experiment and continuous light irradiation. The alternate experiment
shows which process happens in the presence of light (UV or visible). This long term study is
essential if we want to determine if silver NPs evolve due to irradiation and/or cyclic
voltammetry. Thus, samples underwent 500 cycles between -0.5 and +0.5 V. Two types of
irradiation were used: 360 nm (UV) and visible light. For comparison, an experiment was also
carried out without irradiation. In Figure 6, we present three periods of cycling where the first
five cycles show the “initial steps”, cycles 50 to 55 show intermediate experiments and cycles

from 495 to 500 present the long-term evolution.

Without irradiation:
The initial I-V curve of TiO»2-Ag without irradiation (Figure 6a) shows a typical oxidation and
reduction peak of Ag’ to Ag" and conversely. Oxidation occurs around 440 mV and the

reduction peak is around 200 mV. Both the potential and intensity of these peaks evolves, with a
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decrease in peak intensity and a shift to lower potentials, both being related to the progressive
loss of silver and a size modification. We can note that the oxidation peak from the very first
cycle always appears at a higher potential. During intermediate cycling (Figure 6b), the oxidation
peak is mostly stabilized around 240 mV while the reduction peak mostly disappears and has
completely shifted to -120 mV (inset Figure 6b). This large shift in reduction potential observed
between initial and intermediate time is the same as that observed in Figure 5. In the absence of
light, silver reduction becomes more difficult as no excited species are present to promote

electronic transfer between TiO2 and Ag NP. The initial higher reduction potential might be
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Figure 6: I-V curves of TiO,-Ag without irradiation cycles 1-5: a, cycles 50-55: b, cycles 495-
500: c¢; under white light cycles 1-5: d, cycles 50-55: e, cycles 495-500: f and under 360nm,

cycles 1-5: g, cycles 50-55: h, cycles 495-500: 1.
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explained by sample exposure to natural light before starting the experiment. Moreover, the
reduction current is considerably reduced, by a factor 10, compared to previous experiments in
which irradiation was also alternated. This reduction limitation means that reduction of Ag®
becomes unlikely since silver mostly disappeared from the FTO vicinity. This difficulty is
clearly seen at the end of cycling (Figure 6¢), where the redox signal from silver barely exists.
Concerning the oxidation peak, a shift from 370 mV to 220 mV is observed during the entire
experiment. This shift is less important than for the reduction peak, and is associated with a
decrease in the size of the silver NPs and to Ag" species diffusion within the electrolyte. During
electrochemical cycling, silver NPs are oxidized and Ag" is then reduced on seeds or larger
particles. This phenomenon corresponds to an electrochemical Ostwald ripening driven by the
size-dependent redox potential of the silver NPs, in good agreement with the literature.>®1° NP
size modification but also Ag" diffusion into the electrolyte are responsible for the charge

decrease in the oxidation peak.

Light irradiation: White light

The I-V curves obtained under white light exposure are shown in Figures 6d to 6f. Initially, the
voltammograms obtained with and without white light irradiation are similar, with only a slight
shift in the reduction potential toward higher values when the sample is irradiated. In both cases,
the oxidation and reduction peaks shift toward lower potentials during the first cycles.
Conversely, differences are clearly visible after a long cycling (Figure 6f). The silver oxidation
peak intensity slowly decreases and reaches a value of 65 pA.cm™ after 500 cycles under visible
irradiation, while without irradiation, the oxidation peak current disappears after 500 cycles. The

reduction peak also differs as without irradiation, the peak potential is centered around -120 mV
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after 50 cycles and completely disappears within 500 cycles. However, under visible light, the
reduction peak is still present after the same number of cycles at 50 mV. The difference between
reduction peak positions is related to light influence, as already stated in previous experiments.
White light induces excitation of silver NPs embedded in the titania and reduction of Ag" is
consequently favored. Silver NP/TiO, photoexcitation maintains the system’s reactivity up to

500 cycles.

Light irradiation: UV light

Under continuous UV irradiation, the system response to voltammetry is completely different,
as presented in Figure 6g to 6i. The silver oxidation peak is initially observed at 400 mV but the
current intensity quickly decreases and the overall signal is very weak from the 5" cycle.
Concerning the reduction current, a peak is observed at +180 mV in the first cycle but this peak
disappears after the 2" cycle and no more silver reduction was observed during the rest of the
experiment. After 500 cycles (Figure 61), any sign of silver electro-activity is lost and only a
small photocurrent of 20 pA.cm™ is observed due to TiOz. The presence of TiO: is a key factor
in this experiment, as silver is in contact with the photo-excited TiO>. This means that silver is
submitted to a permanent flow of photogenerated electrons. The presence of UV-excited TiO2
around Ag induces a direct reduction of Ag" by transferring photo-excited electrons from the
TiO> CB to Ag".*” This phenomenon explains why no reduction peak is observed. It is worth
pointing out that when performing alternate cycling over a long period of time, we do not
observe the oxidation and reduction intensity decrease seen in continuous irradiation

experiments. The alternate light study was done with a time break between each 10 cycles of
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electrochemistry. We assume that this time-break between two cycle sequences used in the

alternate irradiation experiment play a role in the preservation of the current intensity.

Characterization of TiO2-Ag electrodes after EC cycling

After the PEC experiment under irradiation, the samples change color from brown to light
yellow or colorless, indicating a change in size or shape of silver NPs, due to silver oxidation.
The structure of the TiO2-Ag electrode has been investigated by SEM and TEM and the images

obtained confirm these changes (Figures 7 and 8).

Figure 7: SEM images of TiO2-Ag after electrochemistry under alternate light (a), without light
(b), under 360nm (c) and under white light irradiation (d), and photo on inset (dashed line is the

irradiated zone)
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Figure 8: TEM images of TiO2-Ag after electrochemistry without irradiation (a), under 360nm

(b), and visible light (¢) (inset: high magnification)

Experiments with alternate light lead to good film stability. In fact, after about 100 cycles with
alternate irradiation, silver NPs only slowly evolve as observed by SEM (Figure 7a). The average
size is 17 = 7 nm, compared to 15 nm before electrochemistry. However, the amount of silver
loss is about 17 % according to EDS measurements. We attributed this loss to the diffusion of
silver ions within the electrolyte. The surface migration of silver NPs is low, with an atomic

silver content on the surface of 1.1 % compared to 0.7 % before electrochemical experiments.

With continuous cycling without irradiation (Figure 7b), the size of the silver NPs on the
surface only slightly changed from 15 = 5 nm to 18 = 10 nm after a 3h experiment, which
corresponds to a moderate increase in size and size distribution due to migration to the sample
surface. We quantified the silver located on the surface at approximately 0.7 % silver atomic
content, which is the same than before any electrochemical experiment. Concerning silver loss,
EDS measurement indicates a 15% loss compared to the initial state. Inside mesoporous TiO»,

the TEM images also show the presence of numerous silver NPs of 2 nm on average (Figure 8a).
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Under continuous cycling with UV light, silver NPs on the surface (Figures 7c and 8b) grow
from 15 nm £ 5 nm to 33 = 20 nm. This is a manifestation of the well-known Ostwald ripening
process.”> The fact that silver particles mainly grow on the surface could be due to the presence
of larger particles on the surface at the beginning of the experiment and also because growth is
no longer confined by pore dimensions (=10 nm). The diffusion process of silver in the
electrolyte is here slowed down, with only a 10 % silver loss. Concerning surface migration, we
estimate that 6 % of the silver atomic content is present on the surface after this experiment, so
more than 10 times the quantity presents before the experiment.

Under continuous cycling with visible light, the electrode has completely lost its brown color
(see inset in Figure 7d) and we observe the formation of silver aggregates of several hundreds of
nanometers on the titania surface (Figures 7d & 8c). Similarly to experiments without light, there
is still the presence of small NPs, with an average size of 2 nm, confirming electrochemical
Ostwald ripening. A high silver loss is also observed, with almost 30 % loss according to EDS
results. Surface migration has also been estimated at 13 % silver atomic content on the sample
surface, which is visible on the SEM image. Visible light under a continuous electrochemical
process clearly enhances electrochemical ripening and silver loss. Using alternate cycling under
light allows this evolution to be slowed down.

These results are coherent with photochromism experiments under air where visible light
irradiation induces discoloration by oxidation of the silver NPs within mesoporous TiO; matrix,
whereas UV irradiation is able to restore coloration by reduction of Ag".5* Photochromism is
known to occur in the presence of oxygen as an oxidant. When used in an electrochemistry
system, oxygen is no longer required and is replaced by the applied potential at the anode. A

photochromism redox reaction is now divided in two distinct reactions occurring on both
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electrodes at different times: first, silver oxidation occurring during positive overpotential and
second, reduction during negative overpotential. To confirm the necessity of an applied potential
in the photochromism mechanism, a sample was irradiated with white light, in the
electrochemical cell with electrolyte, but without any electrochemical cycling. SEM images
before and after irradiation show no difference, with a NP size remaining around 15 nm.
Therefore, under our experimental conditions, the presence of TiO> does not induce any silver
photo-oxidation and so, to explain electrode transformation, light, electrochemical cycling and
titania are all necessary. It is suggested here that the rate of electrochemical ripening is increased
by the action of visible light on silver in the presence of titania. The photochromic behavior of
this silver/titania electrode is induced by electrochemical cycling,’” the role of oxygen acceptor
being replaced by electrical polarization. Electrode aging, which is manifested by discoloration,
higher silver loss and formation of large aggregates at the surface, is much faster in the case of
continuous cycling under visible or UV light. For practical application, silver loss could
eventually be limited working below silver oxidizing potential or using a thin protective layer.

5

The protective layer could be deposited using ALD for instance,” or partially oxidizing the

silver core to form a silver oxide shell.>®

We have schematized the global process in Scheme 1. During our PEC measurements, three
steps can be dissociated: oxidation, diffusion and reduction. When experiments are done without
irradiation (Scheme 1a), Ag" species are formed because of the applied potential. They can be
reduced directly or can diffuse before reduction. Under white light (Scheme 1b), silver NPs
absorb a large part of the visible light due to surface plasmonic resonance and thus creates a

collective oscillation of electrons. Some of these electrons possess sufficient energy to overcome
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the Schottky barrier and are injected into the TiO>, leading to the formation of Ag" species, in
addition to the ones created by the applied potential. The increased presence of Ag' species
enhances the electrochemical Ostwald ripening process, with increase diffusion towards larger
particles, creating large silver aggregates, as seen on the SEM image. The increased presence of
charges also explains the shift in the silver reduction potential. Under UV light (Scheme 1c¢),
photo-excited TiO» strongly promotes the formation of Ag(0) species due to photo-electron
emission, in the same way decreasing the diffusion step. During the cyclic voltammetry
measurement, this effect is seen by a significant intensity decrease of the redox peaks under

alternate and continuous light (Figure 4 and 6g).
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Scheme 1: Schematic of the oxidation diffusion reduction process without irradiation (a), under

white light (b) and under UV light (¢). Excited species are represented in red.

Conclusion

To conclude, we observed the electrochemical behavior of an electrode constituted of silver
NPs embedded in a mesoporous TiO: film, under different light irradiation conditions.
Experiments performed under alternate light revealed that the process of Ag" reduction inside a
mesoporous titania support can be highly sensitive to light. The reduction potential of silver ions

is increased by more than 200 mV with light exposure. Silver electro-reduction in a titania
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support is modulated by plasmon-enhanced electron transfer between the titania and silver NPs.
Silver electro-activity also depends on the wavelength of this light, and so experiments
performed under a continuous UV light reveal that silver is maintained in a reduced form, under
the control of photo-excited TiO,. This trend in electrochemical behavior of the silver species
inside titania is a manifestation of photochromism and confirms the influence of light on silver
NPs embedded in titania.

Long-term cycling experiments performed under continuous visible light reveals a decrease in
both oxidation and reduction currents. The electrode is progressively transformed due to
electrochemical Oswald ripening, inducing the disappearance of the silver NPs and the formation
of very large silver aggregates at the electrode surface. This process is enhanced via a
photoelectrochromic process. The rate of this irreversible transformation is reduced using

alternate light exposure.
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