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Abstract

Au, Cu and bimetallic Au-Cu nanoparticles were synthesized on the surface of commercial TiO,
compounds (P25) by reduction of the metal precursors with tetrakis (hydroxymethyl)
phosphonium chloride (THPC) (0.5 % in weight). The alloyed structure of Au-Cu NPs was
confirmed by HAADF-STEM, EDS, HRTEM and XPS techniques. The photocatalytic properties
of the modified TiO, have been studied for phenol photodegradation in aqueous suspensions under
UV-visible irradiation. The modification by the metal nanoparticles induces an increase in the
photocatalytic activity. The highest photocatalytic activity is obtained with Au-Cu/TiO, (Au/Cu
1:3). Their electronic properties have been studied by time resolved microwave conductivity
(TRMC) to follow the charge-carrier dynamics. TRMC measurements show that the TiO,
modification with Au, Cu and Au-Cu nanoparticles plays a role in charge-carrier separations
increasing the activity under UV-light. Indeed, the metal nanoparticles act as a sink for electron,
decreasing the charge carrier recombination. The TRMC measurements show also that the
bimetallic Au-Cu nanoparticles are more efficient in electron scavenging than the monometallic
Au and Cu ones.
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1 Introduction

Titania (titanium (1V) dioxide, TiO,) has been one of the most investigated photocatalysts
during these last decades, due to its high photocatalytic activity, redox properties, thermal
and photochemical stability and low cost. The limitation in its application, results from low
quantum yield because of the fast charge carriers (¢7/h*) recombination and the necessity to
use UV irradiation. Indeed, TiO, absorbs only 2-3 % of the solar light impinging on the
Earth’s surface as it can be excited only under UV irradiation with wavelengths shorter than
400 nm. Moreover, as in most of semiconductors, a high rate of recombination between
electrons and holes results into low quantum yield. In order to enhance the photocatalytic
activity, modifications of crystalline TiO, are, in general, involved.1>

Surface modification with noble metal ions, such as platinum, palladium, silver and gold or
metal clusters and nanoparticles (NPs)12:4.6-8 results in enhancements of the photo-
conversion quantum yield and may allow the extension of the light absorption of wide band-
gap semiconductors to the visible light. Noble metal-loaded titania photoreaction systems
seem advantageous compared with other photosensitization systems using for example dye
molecules, since noble metal deposits are relatively stable. Enhancement of the photoactivity
originates from prolongation of charge carriers (photogenerated electrons and holes) lifetime
since noble metals can act as an electron sink.? Only a few studies report on modification of
titania with bimetallic nanoparticles. Recently, improved photoactivity under visible light
irradiation has been reported for modified titania with bimetallic silver-gold NPs prepared
by microemulsion method.10

Bimetallic nanoparticles have attracted increasing attention because they exhibit new solid-
state properties, which differ from their monometallic counterparts.11-13 Therefore, they
have potential applications in various fields such as catalysis, electrocatalysis, sensing,
magnetic storage... In particular, bimetallic nanoparticles based on gold have attracted
increased attention because of their optical properties and their application in catalysis and
electrocatalysis.14-12 Only a few studies report on synthesis, structure and properties of Au-
Cu nanoparticles.20-24 Recently, it has been shown that Au—Cu bimetallic nanoparticles
exhibit higher catalytic activities than monometallic gold catalysts, for both CO oxidation
and PROX reactions.?122 Bimetallic Au-Cu on TiO, were found more active and selective
towards propene epoxidation by nitrous oxide than monometallic Au or Cu samples
supported on TiO,.23 Carbon electrodes modified by bimetallic Au-Cu NPs were found
promising for electrocatalytic oxidation of glucose in alkaline solution.4

Here, we synthesized mono- and bimetallic Au and Cu nanoparticles by reduction of the
metal precursors by tetrakis (hydroxymethyl) phosphonium chloride (THPC) followed by
their deposition on TiO,. The modification of TiO, by the metal NPs resulted in increase of
the photocatalytic activity under UV-Visible light. The best photocatalytic activity was
obtained with the bimetallic Au-Cu/TiO,.
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2 Experimental

Materials

Titania (P25, Evonik, 50 m2.g71, 80% Anatase, 20% Rutile) was used as support.
HAUCI4+3H,0 (Acros Chemicals) was used as gold precursor and CuCl, (Rectapur) as
copper precursor. Phenol (CgHsOH) and tetrakis (hydroxymethyl) phosphonium chloride
(THPC, 80% in water) were respectively purchased from Fluka and Sigma-Adlrich.
Deionized water (Milli Q with 18.6 M) was used all through our experiments.

Photocatalysts Preparation

The monometallic gold catalysts (0.5 wt. % corresponding to 0.2 at. % of Au on TiO,) were
prepared according to Duff and Baiker method.2526 This preparation was based on the
preparation of a gold sol, which was then deposited onto a support. In a beaker, 1.5 mL of
NaOH solution (0.2 M, freshly prepared) was added to 45 mL of deionized water under
vigorous stirring. After 5 minutes, 1 mL of tetrakis (hydroxymethy1) phosphonium chloride
(THPC, 0.05 M) was added to the mixture followed by addition of 2.5 mL of HAuCI4
solution (1072 M). THPC is used as reducing and stabilizing agent. A color change from
transparent to brown was immediately observed indicating the reduction of Au'!! into Au®
and the formation of Au NPs. 1 g of P25 support was then added to the mixed solution,
which was maintained under vigorous stirring at room temperature during two hours. The
solid was separated by centrifugation, washed with deionised water and centrifuged three
times. The sample was then dried at 50 °C for 48 hours. The same procedure is also used to
reduce Cu'! into CuP and to obtain Cu NPs which were deposited on P25.

For the bimetallic Au-Cu catalysts, the unique difference with the protocol of synthesis of
the monometallic Au catalysts was that gold and copper were simultaneously introduced, the
total metal mass percentage (mass of the metal/mass of the TiO5) was kept at 0.5 wt. % for
the mono- and bimetallic photocatalysts. The compositions of the synthesized photocatalysts
are listed in Table 1.

After drying, all the samples were stored in dark. The Au, Cu, and Au-Cu modified TiO,
samples were calcinated under air at 500 °C with a heating rate of 5 °C-min~1 then a plateau
of 15 min. The samples were then reduced again under H, at 500 °C (~100 mg of catalyst
under 100 mL-min~1), with a plateau of 15 min. After reduction, the samples were cooled
down to room temperature under N, flow, and transferred in air before characterization.

Characterization Techniques

For transmission electron microscopy (TEM) observations, the suspensions containing
modified TiO, were first sonicated for a few minutes then a few drops of the suspension
were deposited on copper coated carbon grids. TEM experiments were performed on a JEOL
JEM 100 CXII transmission electron microscope at an accelerating voltage of 100 kV. For
high resolution electron microscopy (HRTEM) images we used a JEOL JEM 2010 equipped
with a LaBg filament and operating at 200 kV. The images were collected with a 4008 x
2672 pixels CCD camera (Gatan Orius SC1000).

J Mater Chem A Mater Energy Sustain. Author manuscript; available in PMC 2016 June 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hai et al. Page 4

The samples were also analyzed by scanning transmission electron microscopy (STEM)
using a JEOL ARM (200F): 200 kV FEGSTEM/TEM equipped with a CEOS Cs corrector
on the illumination system. The probe current used for acquiring the high-angle annular dark
field (HAADF)- and the bright field (BF)-STEM images was 9C (23.2 pA); the condenser
lens aperture size was 40 um. HAADF-STEM images were acquired with a camera length of
8 cm/6 cm and the collection angle of 68-280 mrad/90-270 mrad. The BF-STEM images
were obtained using a 3 mm/1mm aperture and a collection angle of 17 mrad/5.6 mrad
(camera length in this case was 8 cm). The HAADF as well as the BF images were acquired
using a digiscan camera. EDS measurements for line scan profiles as well chemical maps for
the various elements were obtained with a solid state detector and software for two
dimensional mapping from EDAX.

The diffusion reflectance spectra (DRS) of the modified TiO, samples were obtained using
Cary 5E spectrophotometer equipped with Cary 4/5 diffuse reflection sphere. The baseline
was recorded using a poly(tetrafluoroethylene) reference. The X-ray photoelectron
spectroscopy (XPS) analysis was performed on In foils. Sample drops were deposited on the
foils and dried under N, flow. The XPS analyzer was a Thermo Electron ESCALAB 220i-
XL. Either a non-monochromatic or a monochromatic X-ray Al Ka line was used for
excitation. The photoelectrons were detected perpendicularly to the support. A constant
analyzer energy mode was used with pass energy of 20 eV. Element atomic percentage
determinations were performed using peak area corrected by sensitivity factors using the
Thermo Avantage data base. Fitting procedures were also performed using the Thermo
Avantage Program.

The charge-carrier lifetimes in TiO, after UV illumination were determined by microwave
absorption experiments using the Time Resolved Microwave Conductivity method
(TRMC).27:28 The principle of TRMC and the experimental set-up have been widely
described in previous papers. The incident microwaves were generated by a Gunn diode of
the K, band at 30 GHz). Pulsed light source was a Nd: YAG laser providing an IR radiation
at A = 1064 nm. Full width at half-maximum of one pulse was 7 ns, repetition frequency of
the pulses was 10 Hz. UV light (355 nm) was obtained by tripling the IR radiation. Visible
light (532 nm) was obtained by doubling it. The light energy density received by the sample
was 0,8 mJ.cm~2. The TRMC technique is based on the measurement of the change of the
microwave power reflected by a sample, AR, induced by its laser pulsed illumination. The
relative difference AA(#)/P can be correlated, for small perturbations of conductivity, to the
difference of conductivity Ao(t) considering the following equation:

AP(t)
P

:AAcr(t):AeZAni(t)pi
i (Eq. 1)

where Anij(t) is the number of excess charge-carriers 7at time zand p,their mobility. The
sensitivity factor A is independent of time, but depends on different factors such as the
microwave frequency or the dielectric constant.
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Considering that the trapped species have a small mobility which can be neglected, An; is
reduced to mobile electrons in the conduction band and holes in the valence band. In the
specific case of TiO,, the TRMC signal can be attributed to electrons because their mobility
is much larger than that of the holes.2®

Photocatalytic Tests

The photocatalytic activity under UV-visible illumination of the synthesized catalysts has
been tested by photodecomposition of phenol (CgHsOH) in water. The photodegradation
reaction of phenol at 2x104 M was carried out in a 10 mm optical path quartz cell reactor
containing 3.5 mL of a model solution with a concentration of 1 g/L of photocatalyst. The
suspension of the photocatalyst in phenol solution was sonicated for 30 seconds to smash the
powders into tiny particles then magnetically stirred for 10 minutes in the dark to ensure the
equilibrium between adsorption and desorption prior to irradiation. Then, the suspension
was irradiated for 10 min with an Oriel 300 W xenon lamp (under UV-visible light) and
bubbled with O, at fixed flow rate along with magnetic stirring. 0.5 mL of aliquot was
sampled from the reactor at different time point and was centrifuged to separate the catalyst
to get transparent solution. HPLC was used to determine the concentration decrease of
phenol and to study its degradation.

Varian Prostar 230 ternary gradient pump combined with a Prostar 330 photodiode array
detector (D2 lamp), by a method developed in our laboratory. For elution, an isocratic
mobile phase consisting of 75 % H,0 and 25 % acetonytrile (ACN), at a 1 mL-min~1 flow
rate, was used, with a detection at 270 nm. The column was Adsorbosphere C18 reverse
phase (5um, I: 150 mm, ID: 4.6 mm, Alltech) combined with All-Guard cartridge systemTM
(7.5 x 4.6 mm, Alltech). For data acquisition, Star software was used.

For the photodegradation of rhodamine B (RhB), the conditions were the same except that
the initial concentration of RhB was 10~ M. RhB solutions were characterized using a HP
Agilent diode array 8453 UV-Visible spectrophotometer

3 Results and Discussion

The modified photocatalysts Au/TiO,, Cu/TiO,, and Au-Cu/TiO, were respectively violet,
light-green and grey-violet. TEM observations show small nanoparticles homogenously
dispersed on the surface of P25 (Fig. 1).

Calcination (used to remove the THPC residue) and hydrogen treatment (used for further
reduction) induces only a very small change in NPs size (increase by less than 2 nm for the
mean size). The mean particle size slightly decreased (after calcinations and Hy treatment)
from 6.9 nm (for pure gold NPs) to 4.8 nm (for Au/Cu 1:3 NPs) when gold is associated to
Cu. In the latter case, smaller NPs and more homogeneous in size were obtained (see Fig. 1
and Fig. S1). It has been reported that the size of alloy Au-Cu particles decreases as the
amount of copper in the NPs increased.1%.12 In case of Cu on TiO,, we did not observe any
metal particle on the support, probably because of their small size and the small contrast
between Cu and titania.
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HRTEM observations were also performed on bimetallic Au-Cu NPs on TiO,. A
representative HRTEM image of the AuCul:1/P25 NPs is shown in Fig. 1e. The d spacings
measured on different nanoparticles were found in the range of 0.223 — 0.229 nm, lying
between the d'spacings of monometallic Au (0.235 nm) and Cu (0.208 nm). According to
the Vegard’s law we could expect for a ratio Au/Cu 1:1, a value of 0.2215 nm for the (111)
lattice planes. The measured d'spacings might indicate the formation of Au/Cu 1:1 alloy
nanoparticles, with a small fluctuating composition. Note however that the Vegard’s law is
not necessarily followed by nanoalloys.

HAADF-STEM images of the NPs show that they are composed by an alloy of Au-Cu. Fig.
2 shows the atomic composition in a Au-Cu NP. The contrast is roughly proportional to Z2
where Z is the atomic number. Therefore due to the difference of the atomic number of Au
and Cu the contrast is easy to see. Every spot in the image of Fig. 2 corresponds to an atomic
column. The bright spots correspond therefore to columns richer in Au and the lighter spots
to columns richer in Cu. We found that the nominal composition of the sample (Au/Cu =
1:1) is roughly followed in the images.

The composition of the modified Au-Cu nanoparticles was determined by STEM- Electron
dispersive X-ray spectroscopy (EDS). Different NPs were analyzed and the profile spectra
across the different individual NPs were taken (Fig. 3 and Fig. S2). The Au and the Cu line
scan signals (Fig. 3, right), showed clearly the same intensity along the different regions of
the NPs. The HAADF-STEM images of AuCul:1/P25 indicate the bimetallic nanoparticle
deposited on the surface of TiO, (Fig. 3, left): both of the Au-L and Cu-K peaks demonstrate
that the Au and Cu atoms apparently homogeneously dispersed. Therefore, the EDS line
scans evidenced the Au-Cu bimetallic nanoparticles have an alloyed structure.

We have also carried out EDAX elemental mapping for the respective elements, Fig. 3
(bottom) shows chemical maps for Au—Cu bimetallic NPs. Au (K, M) and Cu (K, L) maps
clearly revealed the presence of the bimetallic Au-Cu alloys (composite image).

The informations obtained from high resolution TEM images, HAADF-STEM and EDS
analysis of the individual NPs confirm the formation of bimetallic alloyed Au-Cu NPs.

XPS analysis which is performed under 400 pm spot size probes a large number of particles
layered onto the holder. It is a statistical measurement that provides the global response of a
large number of nanoparticles. It is a complementary information of the other ones issued
from local approaches. Obviously XPS demonstrates homogeneity of the preparations
because signals for different layering of NPs on substrates are very reproducible in global
chemical composition as in energy distribution whatever the core level investigated.
Different preparation of Au/Cu-P25 TiO, NPs have been investigated. For each preparation
XPS observed expected responses: Au, Ti, O core levels for Au/P25 NPs; Au, Cu, Ti, O core
levels for Au/Cu/P25 NPs; Cu, Ti, O core levels for Cu/P25 NPs. Using atomic %
determination for each element, we observed specific ratio ((% Au or % Au+ % Cu or %
Cu) /(% Ti + %0)), which characterized the “metallic NPs/P25_TiO," networks and
reflected the relative dispersion for both component after calcinations under air then
reduction under H, at 500 °C. Again the different ratios are rather reproducible indicating
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the homogeneity of the dispersions. Typical values are given in table 2. An interesting
feature concerns the Cu/P25_TiO, NPs for which we detected easily both Cu and TiO»
signals demonstrating the presence of Cu NPs on TiO» particles, which was very difficult to
observe by electron microscopy.

Another, important information deduced from XPS concerns the chemical state of the
different metallic or bimetallic particles. It is clear that Au4f;, core levels present their BE
in the range 83.0-83.5 eV, so slightly negatively shifted compared to standard bare Au (84
eV) (see Fig S3). For Au signal, we can consider that the position range is in agreement with
Au(0) chemical state but with a specific low BE position which has been already reported in
the literature.2324 This shift can reflect the strong interaction of gold-based NPs with TiO,
changing its electronic environment. Concerning Cu2ps,» core levels the BE positions are in
the range of 932.5 — 933.0 eV (see Fig S4). The copper position range is in agreement with
Cu(0) chemical state; This is comforted by the lack of satellite excluding any Cu(ll)
contribution. The XPS data on Cu confirms the stabilization of very small Cu(0) clusters by
TiO,. The interest of the comparison between metallic and bimetallic systems is that the
energy reparation for each element can be considered as the same.

So the global characterization performed by XPS agrees with the local ones, that means that
bimetallic NPs supported on P25 TiO» can be considered as homogeneously distributed.

The optical properties of the modified TiO, have been studied in details by Diffuse
Reflectance Spectroscopy (DRS). Fig. 4 shows the spectra of pure and modified TiO,.

It should also be pointed out that the DRS of the modified samples show a slight shift in the
band-gap transition to longer wavelengths for all kinds of surface-modified photocatalysts.
This effect was previously observed with Pt- and Ag- modified TiO,.42 This can be
attributed to a stronger stabilization of the conduction band of TiO, by the interaction with
the Au-Cu NPs compared to the stabilization of the valence band. The absorbance in the
visible region is always higher for the modified than for pure TiO,. Note that wide
absorptions with maxima at 550 and 750 nm are obtained respectively with Au- and Cu-
modified P25 (Fig. 4). Au-Cu modified P25, absorb in the visible with maxima respectively
at 580 and 600 nm for AuCul:1/P25 and AuCul:3/P25. These absorptions result in pink or
violet colors of the modified TiO, samples. Au and Cu nanoparticles are known to exhibit a
plasmon band with a maximum at around 520 nm and 570 nm in water. This plasmon band
is sensitive to the environment and can be shifted depending on the stabilizer or on the
substrate. Because of the coupling between the metal nanoparticles and TiO5 support having
a high reflective index (the absorption coefficient and refractive index are for anatase phase
90 cm~1 and 2.19 at a wavelength of 380 nm, respectively), the plasmon bands in case of
AU/TiO, and Au-Cu/TiO» are red-shifted. However in case of Cu/TiO,, the metal
nanoclusters are very small and the wide absorption band in the visible and near infra-red
region observed in this case could be due to inter-band transitions in the Cu clusters
deposited on different phases and sites of TiO, and with strong interaction with the support.
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Evonik P25 is highly photoactive for phenol degradation under UV-Vis light. The
degradation of phenol is studied by HPLC. After 3 min of irradiation, 60 % of phenol was
degraded (Fig. 5).

The degradation is faster with modified P25, the faster degradation was obtained with Au-
Cu-modified (Au/Cu 1:3) P25: 80 % of the phenol was degraded after 3 min (Fig.5). The
apparent rate constants of the first-order kinetic of phenol photodegradation for the bare- and
modified- TiO, are shown in Fig. 6. Surprisingly, modification with Cu leads to better
enhancement in the photocatalytic properties compared to modification with Au.
Modification of P25 by Au-Cu NPs induces the highest enhancement in the photocatalytic
properties. The best photacatalyst being the Au-Cu/P25 with Au/Cu 1:3. The details on
kinetics degradation of phenol and characterisation of degradation products by HPLC are
shown in supplementary information (Fig. S5-S9, Table S1). Photocatalytic tests on the Au-
and/or Cu- modified P25 were also carried out for degradation of RhB under UV light. The
time courses of RhB concentration and histogram of rate constants are shown in Fig. S10.
The results are well coincident with those obtained for phenol photodegradation.
Modification of P25 with monometallic Cu NPs induces a better improvement of the
photocatalytic activity compared to the modification with Au NPs. Bimetallic Au-Cu NPs
modified photocatalyst with Au/Cu 1:3 showed the highest photoactivity.

Photocatalytic tests have been conducted under visible light. In that case, no improvement of
the photocatalytic activity of modified titania was observed.

Time Resolved Microwave Conductivity (TRMC) experiments were conducted to study the
charge carrier dynamics. TRMC signals obtained under UV illumination are shown in Fig. 7.
The surface modification with Au, Cu and Au-Cu NPs shows a strong influence on the
charge-carrier decay of P25. This influence on the decay can be related to the activity in the
case of phenol and RhB degradation under UV light.

The modification with Au, Cu and Au-Cu NPs accelerates the overall decay of the signal for
all the modified TiO, compounds. As shown previously, the modification by these
nanoparticles causes an increase in the photocatalytic activity of P25. The TRMC signal is
mainly related to the electron mobility. The decrease of the TRMC signal is then probably
due to efficient electron scavenging by the nanoparticles deposited on TiO, diminishing the
number of mobile electrons. It implies a decrease of the charge-carrier recombination that is
beneficial to the photoactivity. It has to be noted that the acceleration of the decay is faster
for P25 modified with bimetallic NPs (Fig. 7). This acceleration has also been observed for
the modification of TiO, with Ag clusters.? It is different from our previous observations
made with Pt and Pd modified TiO,, where a slowdown of the overall decay was
observed.”8 Indeed, contrary to metals such as Pt and Pd which provide an ohmic contact,
metals such as Ag, Au and Cu exhibit capacitive properties. The TRMC measurements show
that bimetallic Au-Cu nanoparticles are very efficient in electron scavenging.

Furthermore, the modification with copper nanoparticles increases the initial TRMC signal
intensity in the case of Cu/P25 (Fig. 7). This indicates that more electrons are produced
under UV-illumination in the conduction band of Cu-modified P25. These excess electrons
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could be due to the electrons injected in the conduction band of TiO, after excitation of the
copper nanoparticles which are more easily oxidized.

At 532 nm (the second excitation wavelength of the laser), there are no TRMC signal with
all the samples. Under excitation in the visible, there is no direct light absorption of pure
TiO, but the metal NPs deposited on modified titania (Au and Au-Cu) are absorbing light
through their plasmon, and in case of Cu/TiO, excited state of the Cu nanoclusters could be
reached. Since no TRMC signal is observed at this excitation wavelength, one can conclude
that no electron transfer from the NPs and nanoclusters to the conduction band of TiO,
occurs. This is consistent with the photocatalytic results under visible light.

Further experiments will be conducted to optimize the Au/Cu ratio and to try to modify the
size of the Au-Cu NPs and to also optimize their interaction with TiO, in the aim to improve
the photocatalytic activity of the modified titania for applications under solar light.

4 Conclusions

Small Au, Cu and bimetallic Au-Cu nanoparticles homogeneous in size were synthesized on
P25 TiO, by the THPC method. HRTEM, HAADF-STEM, EDS and XPS have
demonstrated the alloyed structure of the Au-Cu NPs. Titania surface modification with Au,
Cu and bimetallic Au-Cu NPs enables the increase of the photocatalytic activity under UV-
visible irradiation. We have found that very small amount of metal (0.5% wt.) can activate
titania for photocatalytic applications, thus the costs of photocatalyst preparation are
relatively low. TRMC measurements show that under UV irradiation Au, Cu and Au-Cu NPs
act as electron scavengers hindering charge recombination in modified P25. The
modification of titania by Cu nanoclusters induces a larger enhancement in the
photocatalytic activity compared with its modification with Au NPs. The highest
photocatalytic activity is obtained with P25 modified with Au/Cu 1:3. TRMC signals show
that bimetallic nanoparticles are better electron scavengers than Cu and Au NPs. These
bimetallic NPs can also have applications in catalysis and electrocatalysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

TIgM (a, b, c and d) and HRTEM (e) images of the prepared photocatalysts P25 modified
with nanoparticles. (a) Au/ P25, (b and e) AuCul:1/P25, (c) AuCul:3/P25, and (d) Cu/P25.
The nominal mass percentages of metallic nanoparticles to P25 for the above catalysts are
kept at 0.5%
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Fig.2.
HAADF-STEM (left) and BF-STEM (right) images of AuCul11P25.
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Fig. 3.

Top. Energy dispersive X-ray spectroscopy line scans across a nanoparticle of AuCul:1/P25
(The profile was taken along the green line, the blue line corresponds to CuK and the red
one to AuL signal) and corresponding STEM images for the samples. Bottom. Mapping
EDS analysis performed at a nanoparticle of AuCul:1/P25 (left).
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Diffuse Reflectance Spectra of pure and modified P25 photocatalysts.
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Photodegradation of phenol under UV illumination by pure and modified P25
photocatalysts.
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Fig. 6.
Rate constants of the first-order kinetics of phenol photodegradation by pure and modified

P25 photocatalysts under UV-Visible illumination.
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Fig. 7.
Time Resolved Microwave Conductivity signals of modified P25 photocatalysts prepared by

the chemical method with THPC. Inset: scheme depicting the electron scavenging and
transfer on Au-Cu modified TiO, surface after the absorption of UVphotons
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Table 2

Specific atomic ratio deduced from the XPS spectra for the samples Cu/P25, Au/P25, AuCul:3/P25,
AuCul:1/P25 (after calcination under air followed by reduction under H, at 500 °C).

Sample (%Au +%Cu) (%Ti %Au/% Cu

+%0)

Au/P25 0.0014 Fkx
AuCul:1/P25 0.003 0.7
AuCul:3/P25 0.0062 0.14

Cu/P25 0.0093 Fkx
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