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Abstract

Titanium dioxide is a well known photocatalyst for reactions involving surface trapped

photogenerated carriers. Noble metal photo-reduction may be used for the processing of
silver/TiO2 nanocomposite coatings that may exhibit interesting optical and electrical

properties. We present here results of our investigations performed on an original system

consisting of preformed colloidal TiO2 nanoparticles homogeneously dispersed within a
mesoporous silica host matrix. Light irradiation of samples immerged in an aqueous silver salt
solution leads to the homogeneous deposition of silver islands in the vicinity of the TiO2

particles and throughout the film thickness. The silver volume fraction is directly controlled by

the irradiation dose up to a value of about 16 vol.%. Films exhibit tunable plasmonic

properties that correspond to silver nanoparticles in interaction, and a percolation threshold is
observed at 8–10 vol.%, leading to films with a conductivity of about 40 S cm−1. The major
interest of this method lies in the high silver reduction quantum efficiency (about 50%) and the

possibility to modulate optical and electronic properties by light irradiation while the low

temperature of processing permits the photolithographic deposition of metallic patterns on
organic flexible substrates.

(Some figures may appear in colour only in the online journal)

1. Introduction

Titanium dioxide is a well known semiconductor compound

with remarkable dielectric, electronic and physico-chemical

surface properties [1]. This has led to many applications such

as solar cells and photocatalysis, the latter being extensively

studied for practical applications in decontamination or

self-cleaning devices [2]. The basic principle relies on

the high redox activity of photogenerated carriers and

radicals resulting from their reaction with adsorbed species

at the surface of the oxide. The reduction properties

of photogenerated electrons are easily demonstrated by

considering the formation of noble metal precipitates through

UV irradiation of TiO2 powders under the presence of the

10957-4484/12/505206+09$33.00



Figure 1. Transmission electron microscopy image of a typical film made using CG-TiO2 particles. (a) Transverse section view with a
TiO2/SiO2 molar ratio equal to 0.25. The inset shows the particles before insertion into the film [17]. (b) In plane view with a TiO2/SiO2

molar ratio equal to 0.05. White dots in the images correspond to the mesopores, whose size is about 5 nm.

metal salt. This phenomenon has been known for a long time

with early applications for silver recovery from photographic

wastes [3] and for the development of original photo-imaging

processes [4]. It has also been extended to different high

bandgap semiconductors such as ZnO [5] or CdSe [6, 7] for

the elaboration of colloidal hybrid nanostructures [8].

Photocatalytic photo-reduction has also been applied for

the synthesis of metal/dielectric coatings, especially using

sol–gel titania coatings. In 2000, Lianos and co-workers

reported the photocatalytic deposition of silver particles

within mesoporous sol–gel TiO2 films after adsorption of

silver ions [9]. In a series of papers, Tatsuma and co-workers

studied optical properties and evidenced some reversibility in

the photo-reduction process that relies on the possible back

photo-excitation of electrons from the metal islands into the

TiO2 conduction band under visible irradiation. This leads to

multicolor photochromism associated with the rearrangement

of the silver phase [10–15].

Recently, Soler-illia and co-workers investigated con-

duction properties of highly loaded silver/TiO2 films and

demonstrated the potentialities of the photo-reduction strat-

egy for the lithographic deposition of patterned metallic

electrodes [16]. This work was achieved on mesoporous

titania films which were obtained after calcination of a

sol–gel formulation including an organic pore templating

agent. Thermal treatment allows the removal of the organic

species and the crystallization of the precursors into anatase

nanocrystallites.

In the present work, this strategy is investigated the

case of films that are obtained through the dispersion of

preformed colloidal TiO2 nanoparticles into a mesoporous

silica binder (figure 1) [17, 18]. This approach, as compared

to others, takes advantage of the mesoporous silica binder

to ensure good mechanical properties of the films while

keeping a control of the porous microstructure to ensure

the chemical accessibility to the TiO2 particle surface. More

interestingly, the use of preformed colloidal particles also

allows investigation of different parameters such as the

particle size and concentration, also opening the way toward

the use of other colloidal formulations such as doped TiO2

nanoparticles or other semiconductors that can be prepared

as colloidal suspensions. Moreover, the used of preformed

particles with an excellent crystallinity do not require any

further thermal treatments so that functional coatings on

polymer substrates are possible with a view to designing

patterned devices on flexible substrates.

The first part of this work details the elaboration process

of the films and the photocatalytic silver loading experiment.

The second part is devoted to the investigation of the silver

particle formation mechanism and the determination of the

silver deposition quantum yield. The influence of the film

porosity is discussed with respect to the silver distribution

within the film thickness and the maximum silver loading. The

last part provides detailed characterizations of the physical

properties of the films, considering both optical properties

(such as plasmonic absorption and photochromism) and

conduction properties as a function of the metal loading.

2. Experimental details

2.1. Thin film synthesis

The elaboration of the photocatalytic films was directly

adapted from our previous work [17]. In a typical experiment,

tetraethoxysilane or TEOS (5.5 ml, Aldrich), absolute ethanol

(5.5 ml, Aldrich) and an aqueous acidic solution of HCl

pH 1.25 (2.25 ml) are mixed under vigorous stirring. The

obtained solution is then heated for 1 h at 60 ◦C and cooled

down to room temperature. To the latter solution is added

the copolymer (PE6800, BASF) dissolved in ethanol with

a volume twice that of the TEOS solution and with a

concentration corresponding to a copolymer/silica molar ratio

of 0.01. The colloidal suspension of TiO2 particles is then

added dropwise to this solution. Standard experiments are

achieved with a TiO2/SiO2 molar ratio equal to 1, but lower

ratios (0.05 or 0.025) may be used for TEM characterizations.

The resulting solution is deposited on a glass or polyester

(PEN: polyethylene naphthalate) substrate by spin-coating

with a rotation speed of 2000 rpm. For samples with a bilayer

structure, the top porous silica buffer layer is deposited from

a sol with the same composition as the previous layer but

without the TiO2 particles. In all cases, after drying in air,



Figure 2. Picture of films (standard composition with TiO2/SiO2 = 1) that have been subjected to different times of irradiation
(3.5 mW cm−2) in the presence of Ag+ ions in solution.

the films may be either thermally treated at 450 ◦C for 2 h to

remove the copolymer template (films on glass substrates), or

left in an oven at 110 ◦C for 12 h (polymer substrates).
Two types of particles were used but most experiments

were achieved using commercial TiO2 particles (denoted

CG-TiO2) purchased from Cristal Global (reference S5-

300 A). The concentration of particles was measured as

C(TiO2) = 230 g l−1 using thermogravimetry. For the

purpose of our study, some experiments were also carried

out using smaller TiO2 nanoparticles (referred to as S-TiO2)

synthesized in the laboratory by TiCl4 hydrolysis, following

the process adapted from the work of Serpone (see details

in supplementary information, available at stacks.iop.org/

Nano/23/505206/mmedia) [19]. In this case, the particle size

was measured as about 7 nm using dynamic light scattering

(Malvern Zetasizer) and the concentration was measured as

C(TiO2) = 80 g l−1 using thermogravimetry.
Figure 1 provides TEM pictures of a typical film 450 nm

thick on glass substrate synthesized with CG-TiO2 particles.

The TiO2 particles are homogeneously dispersed within the

mesoporous silica matrix. Note that, as shown in the inset of

figure 1(a), these particles consist of aggregates with a size

of about 50 nm, formed by the assembly of primary particles

of about 5 nm. White dots in the TEM image correspond

to mesopores with a size of typically 5 nm as templated by

the initial copolymer micelles. In addition to the mesopores,

previous detailed investigation of the porosity of the films

revealed some microporosity resulting from the incomplete

condensation of the silica walls between the mesopores [18].

This leads to an interconnection between the pores which

makes possible the complete impregnation of the films by

chemicals and ensures diffusion pathways toward the surface

for the TiO2 particles.

2.2. Silver photo-reduction experiments

Photo-reduction experiments were simply achieved through

immersion of the films in a 0.05 M AgNO3H2O–isopropanol

(1:1 volume ratio) solution. The thickness of the solution

above the film is about 5 mm. A description of the

experimental setup is given in figure 1 of the supplementary

information (available at stacks.iop.org/Nano/23/505206/

mmedia). After 2 min of immersion, the film in the solution is

exposed to 312 nm radiation from a standard 3.5 mW cm−2

UV lamp for various durations. Upon irradiation, the initially

transparent film develops a yellow color within about 20 s that

turns progressively dark brown.

2.3. Characterizations

UV–vis spectra were recorded in the 350–3000 nm range,

with a Varian Cary 500 spectrophotometer. Transmission

electron microscopy (TEM) experiments were recorded on

a 300 keV Philips CM30. Micrographs were processed with

a slow scan CCD camera and analyzed with the Digital

Micrograph program. Scanning electron microscopy (SEM)

analysis: electron microscopy experiments were realized

using an FEG-SEM Hitachi 4800 operating between 1 and

10 kV. Film resistivity was determined at room temperature

as a function of the silver loading from four-point van der

Pauw measurements using a Microworld resistivity stand

(S302-x). The given values are the average of five independent

experiments performed on different films irradiated for the

same time.

3. Results and discussion

3.1. Color evolution upon irradiation

Figure 2 shows the typical evolution of films after increasing

times of irradiations. No significant differences were noticed

in term of color and kinetics considering films deposited either

on glass or on polymer substrates: increasing the irradiation

time results in a color change from yellow to dark brown and

then almost black.

These colors are characteristic of the formation of silver

islands, which exhibit plasmonic resonances [20] with an

absorption band around 420 nm (see spectra figure 3(a)). The

catalytic effect of the TiO2 particles was checked by achieving

a blank experiment on a film without particles. In that case, no

visible absorption was seen after 2 h of irradiation. The effect

of isopropanol as a hole scavenger was shown by an increase

of the reduction efficiency of 60% as compared to solutions

without isopropanol. Similar experiments may be achieved

on dried films into which Ag+ ions have been previously

adsorbed by immersion in a silver salt solution before washing

and drying. In this case, the yellow color develops, but its

intensity saturates after short irradiation times due to the

limited number of available silver ions. Further experiments

were thus exclusively achieved through irradiation on films

directly immersed in the silver salt solution.



Figure 3. (a) Absorption spectra of films with either 50 nm CG-TiO2 particles (plain line) or 7 nm S-TiO2 particles (dotted line). TEM
pictures of corresponding films showing the distribution of silver particles: CG-TiO2 film (b) and S-TiO2 film (c).

3.2. Characterization of the particles and mechanism of
formation

Figure 3 shows a TEM image of typical films prepared with

the same volume fraction (Ti/Si = 0.05) of 50 nm CG-TiO2

and 7 nm S-TiO2 particles respectively, after two different

times of irradiation leading to similar silver loadings (about

1%). In both cases, silver particles are clearly visible with a

much higher contrast than the TiO2 particles.

As shown in previous works [21], the mechanism of

the Ag particle formation is well explained in terms of

reduction of surrounding silver ions by the photogenerated

electrons trapped at the surface of the TiO2 particles. A major

difference is seen between the two samples considering the

silver particle size and global distribution within the film. This

clearly reflects the distribution of the initial TiO2 particles

that were incorporated with the same concentration but

strongly differ in size so that the number of particles per unit

volume is much more important in the S-TiO2 sample. This

indicates unsurprisingly that the silver particles are formed

directly at the TiO2 surface. Several silver particles are visible

around each CG-TiO2 particle, while the homogeneity of the

size distribution indicates that probably one silver particle

is formed for each TiO2 nanocrystal in the S-TiO2 case.

Previous works, recently reviewed by Costi and co-workers,

have shown heterogeneous nucleation of metal on specific

polar facets of anisotropic semiconductor particles such as

nanorods [8]. The polycrystalline nature of the CG-TiO2

particles (see inset in figure 1(a)) probably explains the

nucleation of several silver particles at their surface. Starting

from small silver germs, further growth is favored rather than

new surface nucleation. This is explained by the transfer of

photogenerated electrons though Fermi level equilibration at

the Schottky junction [22]. Electrons then tend to be stored

on pre-existing silver islands, allowing further reaction with

surrounding silver ions. In the case of the CG-TiO2, we

observe a large distribution of silver particle size, which is

probably explained by the size distribution of the primary

crystallites forming the TiO2 particles, or more or less

favorable exposed surfaces for electron trapping. Considering

our specific case of particle growth within a mesoporous

silica matrix, it must be noted that the size of the particles is

not limited by the size of the silica mesopores (5 nm). This

is similar to previous works involving thermal or chemical

reduction of silver in mesoporous films, showing that the

silver growth is able to push the porous silica walls to some

extent [23].

3.3. Investigation of the kinetics of silver deposition up to
high silver loading

Experiments were achieved to investigate the kinetics of

silver deposition and to characterize the film properties up

to high silver loading. Preliminary studies showed that long

irradiation times lead to an inhomogeneous metallic deposit at

the surface of the films, corresponding to the growth of very

large silver crystals (figure 2(a) supplementary information

(available at stacks.iop.org/Nano/23/505206/mmedia)). After

some reduction of silver within the film, conductive

percolation pathways toward the film/solution interface are

formed. Photogenerated electrons within the film are able to

diffuse to the interface and react with silver ions directly from

the solution, leading to unconfined silver growth at the film

surface. Improvement was obtained following the approach

of Martinez and co-workers [16], using a porous silica layer

150 nm thick deposited on top of the active TiO2 loaded film

before the photo-reduction experiment. In this case, the silver

particles remain confined within the photo-active layer, with

no extension at the interface with the solution (figure 4(b)). All

further experiments have thus been achieved with this bilayer

configuration.

Figure 4(a) presents the typical evolution of the extinction

of a CG-TiO2 film in the 350–3000 nm range for irradiation

times up to 2 h. After a first step of initiation, continuous

increase of the whole spectrum is observed while its shape is

globally preserved over all the wavelength range. Spherical

silver nanoparticles are well known to exhibit an intense

plasmonic absorption band peaking at about 400–420 nm in

media with refractive index of 1.4–1.5. The large extension of

the plasmonic extinction toward the infrared in our samples

has to be accounted for. It is well known that particles with

anisotropic shapes do exhibit significant extinction in the red

to infrared region, with a position in energy that depends on

the particle morphology. In our case, the large spreading of the

extinction could thus be explained by a very large distribution

of particle morphologies. Nevertheless, a closer examination

of the extinction spectra of our samples at the initial stage of

irradiation led us to consider another explanation. Figure 3(a)

shows the extinction spectra of CG-TiO2 and S-TiO2 samples

with low silver loading. We clearly see that the CG-TiO2



Figure 4. (a) Evolution of the absorption spectra of bilayer films irradiated from 20 s to 2 h (3.5 mW cm−2). (b) TEM cross-section view of
a film after 3.5 min of irradiation. (c) SEM cross-section view of a film after 30 min of irradiation.

Figure 5. (a) Kinetics of the evolution of the silver loading as a function of the irradiation time. Black dots correspond to experimental
points. The dotted line is the result of the calculation assuming a 100% maximum loading. The dashed line is the result of the calculation
limiting the loading to a volume fraction of 18%. (b) Calculated evolution of the silver loading profile for increasing irradiation times
assuming a maximum possible loading of 18%.

already exhibits a significant contribution in the red/IR, in

contrast to what is seen for the S-TiO2 sample. Considering

the difference of the spatial distribution of the silver particles

between the two samples, we conclude that, in addition to a

distribution of shape anisotropy, at least part of the red/NIR

contribution may result from plasmonic interactions between

particles. Such interactions occur at lower silver loading in the

case of the CG-TiO2 sample because several silver particles

are confined around each TiO2 particle.

To investigate the kinetics of silver reduction, the

silver loading was determined by chemical analysis after

different irradiation times. After an induction period of

about one minute, a linear relationship is found between the

absorbance at different wavelengths and the silver content

within the film (figure 3 supplementary information, available

at stacks.iop.org/Nano/23/505206/mmedia). Considering that

the absorbance AAg of silver in the film can be expressed

as AAg = αAgρAge/ ln(10), where ρAg is the silver volume

fraction in the film and e the film thickness (in nm),

the extinction coefficient αAg is found to be equal to

1/41 nm−1, 1/11 nm−1 and 1/20 nm−1 at 320, 410 and

1000 nm respectively. These values may be compared

to values reported for bulk silver, which are equal to

1/50 nm−1, 1/15 nm−1 and 1/11 nm−1 respectively for the

same wavelengths [24].

Figure 5(a) presents the evolution of the silver content

(ρAg) in the films as a function of the irradiation time (t). At

the beginning of the reduction process, the slope of the curve

may be expressed as

ρAg(t = 0) = ηP0
VAg

NAe
(1 − 10−ATiO2 ) (1)

with η the quantum yield of silver reduction, P0 the power

of the UV source (in photons s−1 nm−2), VAg the molar

volume of silver, NA the Avogadro constant, e the film

thickness and ATiO2 the absorbance of TiO2 in the film.

The number of absorbed photons (corresponding to P0(1 −

10−ATiO2 )) can be calculated considering the absorbance of

the film, the emission spectrum of the UV lamp, and its

global power of emission (3.5 mW cm−2), leading to P0 =

29.4 photons s−1 nm−2 (figure 4 supplementary information,

available at stacks.iop.org/Nano/23/505206/mmedia). We

thus deduce from the slope at the origin (5.67 ·10−4%Ag s−1)

that the quantum yield of silver reduction is about 51%. To

our knowledge, no data allowing for comparison have yet

been reported in the literature. This high value nevertheless

evidences the high efficiency of the photo-reduction process

as shown by the rapid development of the film coloration upon

the irradiation process (figure 2).
The evolution of the curve in figure 5(a) clearly shows

saturation for silver loading of about 16%. Considering that



Figure 6. (a) Evolution of the conductivity as a function of the silver loading. Squares and dots correspond to data measured on CG-TiO2

and S-TiO2 films respectively. (b) Image of silver patterns formed on a polymer substrate by irradiation through a mask. The dimension of
the film is 1 cm2.

the number of silver ions in the feeding solution is not

the limiting factor, we may explain this saturation by first

considering the absorption of light by the silver particles

within the film, which competes with the absorption from

TiO2 particles, leading to a self-limitation of the metal

deposition. In this case, one expects a gradient of silver

particles in the film thickness, which can indeed be observed

in the TEM picture of a cross-section at least for short

irradiation times (figure 4(b)). An iterative calculation of

the silver distribution in the film as a function of the

irradiation time was achieved by dividing the film thickness

into multiple layers (details of the calculation are provided

in the supplementary information, available at stacks.iop.

org/Nano/23/505206/mmedia). The silver reduction yield was

assumed to be constant and equal to 51% and its extinction

coefficient at the irradiation wavelength was taken as αAg =

1/41 nm−1. As shown in figure 5(a), the result consists of

a significant decrease of the reduction rate corresponding to

a competitive silver absorption. Nevertheless, the effect does

not appear to be limiting enough to account for the clear

saturation observed in the experimental results.

An additional effect has thus to be considered, associated

with the maximum silver content in the film. In the initial

calculation, this value was fixed to 100% volume fraction,

which is evidently not possible considering that a part of the

volume is occupied by TiO2 and SiO2. When a maximum

silver loading of 16% is introduced, the iterative calculation

matches well the kinetics data curve, showing that both effects

of absorption and maximum loading should be taken into

account (figure 5(a)). An interesting result of the calculation

concerns the silver distribution within the film thickness

(figure 5(b)). For limited irradiation times, the filling of the

film with silver is progressive, starting from the interface

close to the solution. The expected gradient of silver loading

is consistent with the TEM profile as shown in figure 4(b)

and, as discussed above, directly results from the competitive

absorption effect of deposited silver. For higher irradiation

times, we observe a progressive saturation within the whole

film thickness (at the fixed value of 16%), leading to a

final homogeneous distribution of silver loading throughout

the film thickness. To confirm this result, we performed an

experiment with a film having half the thickness of our

standard samples (225 nm instead of 450 nm). The final silver

loading was still found to be 16%, which would not have been

the case if a significant gradient of silver loading was present

at the saturation.

Concerning the maximum value of silver loading, its

value was found to be typically 16–18% in standard

samples (depending on the total irradiation time). Previous

characterizations of the initial films have shown that the

maximum porosity available for silver growth, corresponding

to the total porosity of the silica binder between the

TiO2 particles, is estimated to 26% in volume [17].

No distinction should be made between mesopores and

micropores, considering that the size of the silver particles

is much larger than the size of the mesopores (5 nm). We

conclude that the growth of the silver particles near the

TiO2 particles fills part of the available porosity and this

requires some densification of the porous silica network. The

difference between the saturated silver loading (18%) and the

initial available porosity (26%) can be explained considering

that the silica densification could hardly be complete. Another

point is that no significant evolution of the film thickness

was detected after the silver loading. We can conclude that

the saturation of the silver loading results from a mechanical

effect associated with the limited possible plastic deformation

of the SiO2 binder. This also explains the efficiency of the

mesoporous silica top layer buffer deposited at the surface of

the active coating to confine the silver growth in the film.

3.4. Physical properties of the films: conductivity

A straightforward study of highly silver loaded films is

to measure their electrical conductivity. Figure 6 shows

the evolution of the conductivity measured on 24 different

samples of CG-TiO2 and S-TiO2 loaded films obtained after

different irradiation times. The results are plotted against the

silver volume fraction.

After about 6 min of irradiation under standard

conditions, a clear transition is observed in the conductivity

curve corresponding to about 9–10% of silver loading.

No significant differences are observed between CG-TiO2

and S-TiO2 loaded films, which is attributed to the fact

that a high silver loading has erased the initial difference

of silver distribution within the films observed at short

irradiation times (figure 3). The well defined transition in



conductivity reveals a percolation threshold of the silver

network leading to a conductivity of about 40 S cm−1.

This value is consistent with the one reported in previous

works [16] or assembly of colloidal silver nanoparticles [25].

It is much lower than the conductivity of bulk silver (6 ×

105 S cm−1 [26]) due to the high granularity and high

dispersion state of the metal. Investigation of the evolution

of the resistance as a function of temperature confirms a

metallic conduction behavior for temperatures down to about

20 K (figure 6 supplementary information, available at stacks.

iop.org/Nano/23/505206/mmedia). Below this temperature, a

positive to negative transition of the temperature coefficient

of resistance (TCR) is noted, as already observed in an

assembly of nanoparticles and explained as a result of carrier

localization [25, 27].

An interesting application of the process comes from the

possibility to perform the film deposition and photo-reduction

of silver at low temperature, thus allowing silver patterning

on polymer substrates. As compared to other systems [16,

27–29], we here take advantage of the use of preformed

colloidal TiO2 nanoparticles that exhibit a good crystallinity

and therefore an excellent photocatalytic activity without the

requirement of any thermal post-treatment of crystallization.

In these experiments, no calcination was performed after

the film deposition and irradiation was achieved in the

presence of the copolymer template. In this case, we found

no significant difference as compared to calcined films in

terms of silver loading and conductivity. Figure 6(b) shows

an example of silver patterns obtained on a polymer substrate

after irradiation through a patterned mask. This method

provides a simple way for lithographic deposition of electrical

contacts. Although the conductivity should be improved

(e.g. by increasing the initial porosity of the films) and

stability issues should be addressed, this opens the way to

applications in organic electronics, similarly to other methods

such as electroless deposition or ink-jet printing of conductive

electrodes [30, 31].

3.5. Physical properties of the films: photochromism

Numerous investigations of Tatsuma and co-workers [10–13]

have evidenced the interesting photochromic properties of

the Ag/TiO2 hybrid materials. This phenomenon is shown

by irradiating a sample with light at a wavelength higher

than typically 450 nm, corresponding to the shape sensitive

region in the spectra of silver particles. Selective illumination

reduces the extinction at the wavelength of irradiation and

apparently the resulting spectral hole turns the color of the

illuminated region into that of the illuminating light. Indeed,

this change of color is due to the fact that, at the irradiation

wavelength, the photochromic sample becomes less absorbing

for say the red light, which is therefore more reflected when

illuminating the sample with a white lamp. This effect is

also enforced by the fact that the change induced by the

selective laser excitation is not only in the spectral domain,

but also in the spatial domain, and the contrast between the

irradiated area compared to the nonirradiated surroundings

is also increased. We performed these experiments on silver

loaded films in air through irradiation with laser beams at

405 nm (blue, P = 190 mW cm−2), 532 nm (green, P =

260 mW cm−2) and 633 nm (red, P = 530 mW cm−2)

respectively. After only a few minutes of irradiation, the

green and red irradiated spots clearly appear with a color

that corresponds to that of the laser source, for the reason

explained above.

The mechanism of this effect has been discussed in

previous works [11, 12, 32]. Irradiation at the wavelength

of absorption of silver leads to some back electron transfer

from the metal to the semiconductor. This corresponds to

a selective dissolution of the particles whose configuration

corresponds to plasmonic absorption at the wavelength of

irradiation. Figure 7 presents the evolution of the absorbance

observed on our samples. In the three conditions of irradiation,

there is a decrease of the plasmonic absorbance at the

wavelength of irradiation, associated with an increase of the

absorption at some other wavelengths. This shows that there

is some photodissolution of the silver phase, which is further

redistributed to some configurations (in term of shape or

interparticle distance) whose plasmonic absorption is lower

at the excitation wavelength. It is known that the contribution

around 410 nm is common to almost all silver nanostructures

considering small particles in interaction or with anisotropic

shapes. This explains that photodissolution at 532 and 633 nm

causes a redistribution into structures with an increase of the

absorbance at 410 nm, while the dissolution process resulting

from the excitation at 405 nm is much slower (about tenfold).

Interestingly, we observe that, for samples irradiated at 532

and 633 nm, the spectral changes exhibit an isobestic point, at

least in the case when a sufficient silver loading was present

initially. This shows that, in our samples, the redeposition of

silver after photodissolution is almost complete. In their recent

paper, Tatsuma and Kazuma discuss the influence of humidity,

that appears to be essential for the redeposition process [33].

In our case, no special attention was paid to this parameter, but

it is well known that microporous sol–gel silica adsorbs water

to a high extent. This may explain the high efficiency of the

redeposition process in our case. Our attempt to correlate the

spectral evolution with some changes in the silver distribution

within the film by electron microscopy has been unsuccessful

as yet due to the large distribution of plasmonic configurations

in our films and the poor contrast in highly silver loaded films.

Such investigation is under consideration on isolated TiO2

particles.

4. Conclusion

The context of this work was the elaboration of

metal/dielectric thin films through a photocatalytic process of

photo-reduction starting from preformed TiO2 nanoparticles

dispersed within a mesoporous silica binder. Silver reduction

is achieved by simple irradiation with a UV lamp of the

TiO2/SiO2 film immersed in a solution of silver ions. This

leads to the appearance of a color ranging from yellow to dark

brown, which is characteristic of the silver nanoparticulate

phase. The investigation of the kinetics of the silver loading

shows a quantum yield of 51%, a high value explained by



Figure 7. Absorption spectra (a) and absorbance change (b) of silver loaded samples (S1, 8.2 vol.%; S2, 7 vol.%; S3, 11 vol.%) irradiated
with laser beams at 405 nm (P = 190 mW cm−2), 532 nm (P = 260 mW cm−2) and 633 nm (P = 530 mW cm−2) respectively.

the excellent crystallinity of the TiO2 particles and the good

accessibility of the silver ions to their surface. As a function

of time, the silver profile develops with a gradient starting

from the interface close to the solution. A maximum silver

loading of 18% in volume is found. This value is shown to

result from the available porosity of the silica binder and

its limited plastic deformation due to the silica densification.

When saturated, films are homogeneously filled throughout

their thickness and exhibit metallic conduction properties with

a conductivity of 40 S cm−1. Irradiation through a mask

on a polymer substrate permits the elaboration of contact

patterns by a low-temperature process, which could find some

interest for organic electronics. Finally, the photochromic

properties of these films are characterized using irradiation of

a silver loaded film at different wavelengths. This significantly

changes the plasmonic absorption spectra, resulting in a local

redistribution of the silver phase with a high efficiency. Such

a method could be successfully applied to the engineering of

the film properties, especially concerning plasmonics.
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Supporting Information 

1. S-TiO
2
 colloidal synthesis.

S-TiO
2
 nanoparticles were prepared through a process adapted from Serpone et al. [35]. In a typical

experiment, 135 mL of H
2
O were added slowly into 3.5 mL of TiCl

4
 under nitrogen atmosphere. The

mixture was then left under stirring for 2 hours. Ethylene glycol was then added with an equal volume
as the suspension and the mixture was heated for 8 h at 80°C to allow the crystallization of the anatase
phase. The colloidal particles were recovered by centrifugation after addition of acetone. They were
washed several times with water and finally dispersed in water acidified with HNO

3
 at pH 1.25. The

suspension has a TiO
2
 content of 80g.L

-1
 and the particles size as determined by dynamic light

scattering measurement is 7 nm.

2. Experimental setup for the silver reduction experiment

Ag+ ions solution

in water/isopropanol

Mesoporous film 

TiO
2 

/ SiO
2 

on glass

substrate 

(2.5 cm*2.5 cm)

UV lamp 312 nm

Figure 1 SI: Scheme of the experimental setup used for the photocatalytic photoreduction experiment. 
Note that for long irradiation time, a quartz cover plate is put on top of the beaker to avoid significant 

evaporation of the solvents. 

3. Electron microscopy characterization of the effect of a porous silica top layer buffer.

SubstrateSubstrate SubstrateSubstrate

Monolayer
Bilayer

400 nm400 nm

a) b) c) d)

Figure 2 SI: Typical SEM image (top view) of a film without a porous silica top layer buffer, 
evidencing the formation of large silver crystals at the interface with the solution (a). Schematic 

representation of the mechanism responsible for the formation of these large crystals (b). TEM view 
(cross section) of a film saturated with silver showing the effect of the buffer layer on the 

homogeneity of the silver distribution (c). Schematic representation of the film (d). 



 

 

 

 

 

 

 

4.  Correlation between the silver volume fraction and the absorbance of the films at 320, 410 

and 1000 nm. 
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Figure 3 SI: Plot of the evolution of the maximum absorbance of the films (Ti/Si = 1) at 320, 410 and 
1000 nm as a function of the silver loading measured by chemical analysis. 

 

5.  Spectra of the UV lamp and absorbance of the TiO
2
 in the film.  

 

 

280 300 320 340 360 380 400 420
0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

P
h

o
to

n
s/s/n

m
2

Wavelength [nm]

0,0

0,5

1,0

1,5

2,0

2,5

A
b

so
rb

an
ce

 

Figure 4 SI: Plot of the absorbance of the TiO
2
 in the film (dotted curve) and emission spectrum of 

the 3.5 mW.cm
-2 

UV
 
lamp (plain curve). 

 



 

 

 

 

 

 

6.  Iterative calculation of silver reduction kinetic and profile in the film thickness, taking into 

account the competitive absorption from silver and TiO
2
. 
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z

0

e

z
z + Dz

 

Figure 5 SI: Schematic representation of the active layer divided into several sublayers with thickness 

z for the iterative calculation. 

 

We consider the active thin film with a thickness e as a stack of layers with a thickness z. The layer 

lying between z and z+ z will be called “layer z”. P
0
 is the incident light power (expressed in 

photons.s
-1
.cm

-2
). P(z) is the power of excitation incoming in the z layer. 

Ag
(z) is the silver volume 

fraction in the layer z, supposed to be constant in the thickness of this layer. The number of atoms of 

silver formed per cm
2
 between a time t and t+ t in the layer z is equal to the number of photons 

absorbed by the TiO
2
 in this layer. t).101).(z(P.)t,z(N)tt,z(N e

z
.A

AgAg
2TiO    [Eq. 1] 

With 
2TiOA  the overall absorbance of TiO

2
 in the film and the silver quantum yield of reduction 

determined as discussed in the main text and assumed to be constant with time. 

The corresponding variation of silver volume fraction between t and t+ t in the layer z is then :  

)101(
z.N

V
).z(P.)t,z()tt,z( e

z
.A

A

Ag

AgAg
2TiO

 [Eq. 2] 

Now, the power of excitation which exit from the layer z is derived both from the absorbance of the 
TiO

2
 and the absorbance from the silver in the z layer : 

)10.101).(t,z(P)t,zz(P )10ln(

z).t,z(.

e

z
.A

AgAg

2TiO
 [Eq. 3] 

Iterative calculation was performed using Mathematica
®
 software. The values of absorbance from both 

silver and TiO
2
 were considered at 312 nm, after considering that the global emission from the lamp 

(and thus integrating the above equations over its emission spectrum) does not change significantly 
our results. Times steps were normalized to fit the experimental kinetic experiments. 

 

 

 



 

 

 

 

 

 

7.  Resistance vs temperature curve for a film. 
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Figure 6 SI: Plot of the evolution of the resistance between two silver paint contacts on a conductive 
film as a function of the temperature, evidencing for the metallic conduction mechanism above about 

20K. 
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