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Abstract.

This paper deals with the photocatalytic reactivity of anatase titania particles, modified by surface
deposition of Cu** and Zn>* oxide/hydroxide nanoparticles which are detected by EDS and FX
techniques. The objective of the preparation steps was chosen to avoid the formation of larges Cu and
Zn oxide particles, which could be identified by XRD and other techniques. Their activity for
methanol photocatalytic oxidation in water was studied and Rhodamine-B was added as photo-
sensibilizer. To obtain a-TiO, support, a thermal activation of commercial Millennium-PC500
nanosized powder was achieved. 3Cu/a-TiO. and 3Zn/a-TiO; catalysts (3wt% of Cu or Zn) were
prepared under simple, easy and reproducible experimental conditions, namely by impregnation with
nitrate salts. Catalysts and titania support were characterized by: X-rays diffraction, fluorescence
spectroscopy, FEG-SEM equipped with EDS accessory, N>-sorption and UV-Vis Diffuse Reflectance
spectroscopy. Only crystalline anatase TiO,was identified by XRD and large Cu and Zn
oxide/hydroxide nanoparticles were easily evidenced by EDS and other techniques. Electronic band-
gap was measured by UV-Vis spectroscopy using Kubelka-Munkand Tauc’s methods, results varied in
the order: 3Cu/a-Ti0,<a-TiO, <3Zn/a-TiO,; also, the presence of reduced Ti**cations have been
demonstrated by this technique. Two photo-activated reactions take place in parallel, on the one hand
the photooxidation of methanol with titania holes, on the other hand photo-generated electrons are
formed in the titania conduction band. They can react rapidly with diluted oxygen to generate
superoxide radicals or with RhB molecules to generate RhB° radicals. RhB molecules are mainly
mono-deethylated. After 150 min of reaction, RhB was 98% degraded with 3Cu/a-TiO, best catalyst.

Keywords:  Dye-sensibilizer;  Rhodamine-B;  Methanol photooxidation;  Titania;, (Cu,Zn)
oxide/hydroxide nanoparticles.
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1. Introduction.

The use of organic dyes-sensitizers is one of the most suitable and convenient pathway
for extending the photo-response of TiO in the visible region of sunlight [1-4], because of
high sunlight absorption capacity and electrons transport ability of these sensitizers [5].
Rhodamine-B dye (noted RhB) can be used as better photo-sensibilizer in visible-light to
activate titania and it have received a considerable attention in recent years [6-10]. RhB has
been widely adopted in biotechnology applications such as fluorescence-microscopy, flow
cytometry and as a tracer-dye in water to determine volumes and flow rates. This dye is often
used in industrial applications such as printing, dyeing in textile [11], paper, paints,
leathers,...etc and therefore could constitute a contaminant in textile effluents. On another
side, the photocatalytic oxidation of methanol is widely studied as a model for the
formaldehyde production [12]. Formaldehyde (HCHO) has a great economic importance and
large applications in industrial chemical industries [13-15]; it is also an excellent
antimicrobial and disinfection/sterilization agent used in detergents, shampoos and medical
offices. In recent years, a large number of studies have dealt with the partial oxidation of
methanol for producing formaldehyde by the mean of heterogeneous catalysis,
electrocatalysis, photocatalysis and electro-photocatalysis procedures [13, 16, 17]. Currently,
in industry, formaldehyde is synthesized by direct gas-phase catalytic oxidation of methanol
(a non-clean process) in presence of FeMoOs heterogeneous catalyst; in contrast, the
photocatalytic oxidation of methanol to formaldehyde in aqueous solution is considered as a
clean process due to trapping of formaldehyde in water. N. Tabaja et al. [18] mentioned that
mechanism of partial photo-oxidation of methanol to formaldehyde can be accompanied by
parallel and competitive reactions with final formation of intermediates such as 1C, CO2 and
formic acid and 2C, methyl formate. Many experimental studies have been conducted to study
of catalytic photochemistry of methanol in presence of TiOz-based photocatalyst [12, 19, 20],
e.g. TiO2 (anatase or rutile) and TiO> DegussaP-25 type [21-23]. Titanium dioxide is the most
common semiconductor used for photocatalytic applications as for water depollution by
oxidants (H2O2, O3, O2) [24-28]. Anatase TiO> (with indirect band-gap equal to 3.1-3.3 eV
and direct band-gap of 1.7 eV) is active with UV light but rather little active with visible light,
but it is possible to improve its optical absorption properties in the visible light region [29,
30]. Several methods [31-34] have been tested for the modification of titanium dioxide to
change its charge transfer properties as well as bulk modifications by cationic and anionic
doping [35, 36]. However, most of the used inorganic techniques have several disadvantages,
such as cost and still weak visible light absorption [37]. For its known feature [38], the use of
copper nanoparticles has been considered as a promising option because it has been shown to
be an effective co-catalyst to TiO> in many photocatalytic reactions in comparison e.g. to
noble metals [1, 39-43]. While in the term of impregnation or dispersion on titanium oxide,
the zinc element has been very little studied in catalytic photo-oxidative reactions under
visible light [44].

In the present work, 3w% of Cu or Zn oxide/hydroxide nanoparticles were introduced
by impregnation in the form of aqueous salts solutions on titania. Here, the main objective of



modification of commercial titanium dioxide nanopowder (in order to obtain the support) is to
reduce its gap band which could have led to modify its optical response in visible light region.

2. Experimental.

2.1. Support preparation:

Several commercial forms of TiO; have been applied for the depollution of water in
the presence of sunlight such as AEROXIDE®Evonik P25 (mixtures of anatase and rutile)
and Millennium-PCs (PC50, PC100, PC105 andPC500). In this work, a commercial
material Millennium-PC500 Inorganic Chemicals (Degussa, TiO; anatase) has been selected.
The elaborated support was a mixture of two TiO; with the same ‘“‘anatase” allotropic-form
but presenting different crystal sizes. The crushed support was prepared by the phase-solid
mixing of 80% of uncalcined anatase Millennium-PC500 and 20% of activated or calcined
anatase Millennium-PC500 as represented in figure-1. The mono-crystallization modification
of Millennium-PC500 consists in its thermal activation at 500°C under air (heating rate:
2°C.min! for 3 h). More accurately, an amount of commercial Millennium-PC500 was
calcined in air at 500°C to pre-agglomerate the grains of titania and increase the size of
crystallites (e.g. from 47.4 to 118.6 nm, this measured size is perpendicular to (101) plans).
The final support (obtained without any calcination) was prepared by grinding weight
quantities of 80% of uncalcined Millennium-PC500 and 20% of calcined Millennium-PC500.
The mixture of titanium dioxide nanoparticles with anatase crystalline structure was employed
as support and noted a-TiO».

2.2. Synthesis of catalytic materials:

Copper and zinc nitrates are standard Sigma-Aldrich reagents. 3wt.% loading of Cu**
and Zn** ions are dispersed on a-TiOzin 25 mL of water (ratio: ions/a-Ti0,=0.03/0.97)using
strong magnetic stirring (Ceramic-Hotplate Stirrer 230V/50-60Hz, rotational speed: 1500
rpm). The nitrates aqueous solutions of Cu(NO3)>.2.5H>0 or Zn(NO3)2.6H>0 are prepared and
added to the suspension of a-TiO; as represented in figure-1. After 3h of stirring, the two
solids were centrifuged and washed with distilled water and then dried at 80°C during 12 h.
Finally, the two solids were calcined at 450°C under air (heating rate: 2°C.min’!, for 3h) and
noted 3Cu/a-TiO; and 3Zn/a-TiO» (it can be noted a remarkable change of color from white to
light green with copper and off-white with zinc).
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Figure-1.Synthesis steps of each catalyst (SEM image of a-TiO» support).

2.3. Photocatalytic test and formaldehyde detection:

The photocatalytic reactor consists of a double-walled 400 mL Pyrex glass beaker
(previously washed with 0.1 mol.L"! of NaOH solution before each use). Glassware was
equipped with halogen lamp (characteristics: phytotherapy-lamp, 100 watts, HALOPAR-
OSRAM-30-ALU, made in Germany) which was immersed in 1/3 inside the photoreactor.
The halogen light source works with emission of visible and near-IR radiations. The
photocatalytic reactor is equipped to ensure the water circulation. This reactor was connected
to large reservoir of water (10 L) maintained at ambient temperature and an efficient
circulation of water is provided with a pump for maintaining the temperature of an aqueous
solution inside reactor as constant as possible at 24.0 £+ 0.2°C).

During the photocatalytic experiments, the reactor was filled with 200 mL of a
solution containing 100 mL of Rhodamine-B in water, prepared with a molar concentration of
2.1.10° mol.L"! and a resulting pH value of 4.1, and 100 mL of methanol diluted in water
prepared with molar concentration of 2.1.10* mol.L"!. 200 mg of catalyst was suspended into
Rhodamine-B solution and magnetically stirred during 60 min. The qe adsorptive capacity
(g.g’!) in dark (dark room) was calculated following the equation:

_ (Co—Ce)xV _ (Co—Ce)x 100

Je o 0g e eq.1

Where, “Co” and “C.” are respectively the initial and the equilibrium concentration (ppm or
mg L), “V” is the total volume of solution (mL) and “m” is the amount of adsorbent used
(g). The lamp was only turned on after 60 min of adsorption in the dark room. At the same
time that the lamp lights up, the solution of methanol was added in the reactor which was kept
under continuous visible irradiation at total time of reaction of 150 min. Uptakes of the
solution were collected after each 10 min of test (using a syringe and a lid with 0.5 cm
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diameter at top of the reactor to allow sampling based time). In order to limit the turbidity,
membrane containing filters (0.2 pm of porosity) systematically used.

Using Shimadzu-UV-2501PC spectrophotometer, the UV-vis spectra permitted
formaldehyde and Rhodamine-B quantifications in aqueous solution as a function of time (see
§.4.1). Using the Beer-Lambert equation (A=g¢XCXL), concentration was calculated with
C=A/19400 equation in mol.L'!. In reactivity part (see §.4.), the concentration in parts-per
million (ppm) was used to monitor all evolution of the photocatalytic reaction, then, in water
solution, the conversion of concentration in molarity (mol.L') to concentration in ppm was
calculated using equation: Cppm)=[10°XCmor1)¥M@/mon]/998.2071ke.m-3); Where “M” is molar
mass (479.02 g.mol™! for Rhodamine-B, 32.04 g.mol! for methanol and 30.03 g.mol! for
formaldehyde) and 998.2071kg.m™ is the water solution density at temperature of 20°C.

Commercial Rhodamine-B with its general formula C28H31N203Cl and chemical name
9-(2-carboxyphenyl)-6-diethylamino-3-xanthenylidene]-diethylammonium chloride (noted
RhB) was purchased from BIOCHEM (ChemopharmaAssay.97%). RhB is a fluorophore
compound that belongs to the family of Xanthenes; this complex molecule contains an oxygen
atom between two phenyl rings and some electronic properties easily detected by UV-visible
spectroscopy. RhB is widely used because of its high fluorescence quantum yield and
reported good photo-stability in water [45].

Formaldehyde was quantified by its absorption at 305 nm using UV-vis spectroscopy
and 6 points calibration curves [46]. The photocatalytic transformation of methanol in
formaldehyde in presence of RhB was described by a pseudo-first-order kinetic law according
to the Langmuir-Hinshelwood model, so the rate of photocatalytic removal of RhB could be
expressed by the following relationship:

Where “C.” represents RhB concentration at time “t” of irradiation, “C,” is the initial
concentration, “k” is the apparent reaction rate constant of the pseudo-first-order kinetics and
“t” is irradiation exposure time [47]. Consequently, after many mathematical equations, the
photo-removal efficiency (% of removal) of RhB was calculated using three steps [48]:

St = ekt ,1p (&) = kxt — % of removal = “2tx100...... eq.3
Co Ct Co

2.4. Spectroscopic detection of molecules alone:

For an organic molecule, three possible electronic transitions, as 0—0*, T—Tt* (or
T—-0*) and n—Tt*, are shown in our schematic representation of Fig.2-A. According to Mc
Connell [49], the solvents, such as methanol, ethanol, n-hexane...etc, present absorptions with
blue or red color according to the position of their different bands obtained in the visible
domain of electromagnetic spectrum, Mc Connell [49] also mentioned electronic transitions
in the UV region (< 400nm). The electronic transitions that we have schematized (Fig.2-A),
result from the interaction of ultraviolet-visible radiations with an organic compound



containing atoms with hybridized atomic orbital, combinations s-p (as methanol and
formaldehyde). The 0 — 0* transition requires more energy and is not observed in the UV-vis

range. Only Tt— T* and n — Tt* electronic transitions are detected in the UV-vis region in good
agreement with [49].

Three spectra are depicted on Fig.2- B, C, D and were measured on: (i) aqueous
solution containing 10 ppm of RhB dye (as in the conditions of our work) (ii) 0.25 ppm of
methanol diluted in water and (iii) 30 ppm of formaldehyde diluted in water. The UV-vis
spectrum of RhB dye (Fig.2-B) revealed an intense band centered at 554 nm accompanied by
a second band (300-400 nm) of lower intensity, identified as an impurity of RhB commercial
product. The UV-vis spectra of methanol and formaldehyde solutions are displayed in Fig.2-C
and Fig.2-D. The nominal concentration of methanol was fixed to 0.25 ppm and experimental
concentration was found as 0.2 ppm. Moreover, the nominal concentration for formaldehyde
corresponded to 30 ppm against experimental concentration of 29 ppm. Given the close value
between nominal and experimental concentrations, these experiments were conclusive to
identify different spectroscopic bands of methanol and formaldehyde. Indeed; three electronic
transitions were identified in Fig.2-C and attributed to TT— 0* (Amax:210 nm), TT— T¢* (Amax:280
nm) and n- T (Amax:512 nm) of methanol. For formaldehyde (Fig.2-D), only two clear
electronic transitions are identified and attributed to n—Tt* (Amax:305 nm) and T=Tt*(Amax:230
nm) electronic transitions.

1.6 =
Energy A 10 ppm of Rhodamine-B 554 nm; A=1.4457
anti-bondin " ol
9 © A (A)
anti-bonding Tt* e .:’i
T
non-bonding N A -g
2
bonding T T 'L
n—1*
bonding o ﬂ e -
i U 350 400 450 ~ 500 550 600 630
Wavelength (nm)
210 nm; A=0.145 (C) i 5k (D)
- * iti 97 . < A=
e n — ¢ transition ] transition 395nmiA=18.85
A2
0.12 5]
K
= 1
0.0 1 — 1* transition i BT T

transition
0.084

n— nt* transition
0.06-

Absorbance (a.u)
Absorbance (a.u)
°
1

0.04+ 512 nm; A=0.03 'S

0.02- 612nm; A=0.016 N

0.004

200 250 300 350 400 450 500 550 600 650 ol S I s $ e o
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Figure-2. (A) Representation of different transitions under UV—vis light and the UV—-vis spectra of aqueous

solutions of: (B) 10 ppm of RhB, (C) 0.25 ppm of methanol and (D) 30 ppm of formaldehyde.



2.5. Physicochemical characterizations:

X-rays diffraction(XRD): the solid catalysts were analyzed by XRD and their patterns
were recorded on a Bruker Advance D8 diffractometer using the Cu Ka radiation with steps
of 20 =0.02°, a count time of 6 s at each point and an X-ray power of 40 kV and 40 mA. The
size dp was calculated using the Debye—Scherrer formula, dp=(0.9%A)/(B*cos0), where A is the
X-ray source wavelength (A.w=0.15418 nm), B is the full-width at half maximum of the Bragg
diffraction peak. A size of coherent domain (20=20-30°) was obtained by applying Debye—
Scherrer equation on the (101) indexed peak of TiO, anatase. The measurement is valid in the
direction perpendicular to the (101) plane. LeBail refinement was carried out using FullProf-
2017 software [50]. The identification of phases was made by comparison with ICDD
standard cards. Firstly, the positions of the peaks were corrected for zero-shift error by
successive refinements, using detailed account of the mathematical procedures implemented
in LeBail Fit. Secondly, considering the integrated peaks intensity of the refined function of
structural parameters, the Marquardt least-squares procedure was adopted for minimizing the
difference between the observed and simulated powder diffraction patterns. The progress of
the minimization was monitored through the usual reliability parameters Ryp (weighted
residual factor) and Rexp (expected residual factor) defined as follows [51]:

T wi(Ip-10)? (o
pr = T(()IO)Z) ......... €q4
N-P
Rexp = (m)z ............ 6(]5

Where “lp” and “I.” are respectively the experimental and the calculated intensities; wi=1/Io
(inverse of Ip) are weight factor and wi(lo) is called the estimated standard deviation.

FEG/SEM and EDS: SEM images were acquired thanks to a FE-SEM Schottky gun SU-70
purchased from Hitachi (Japan). In order to prevent charging effect from the samples, low
voltage (either 1 or 5 kV) conditions were used. Elemental atomic distribution in the near
surface of samples was measured by EDS. The system used was on OXFORD X-Max 50mm?
(SDD technology) spectrometer controlled through INCA software. The system was mounted
on the FESEM Hitachi SU-70. To achieve a small volume analysis suited to the small particle
size, 5 kV analyses were processed. Elemental standards samples fitted to these conditions
were set up in a system (commercialized by Geller microanalytical laboratory, Boston, MA,
USA). Quantifying correction model was Phi(phoz) model modified by Pouchou&Pichoir.

X-rays fluorescence (XRF): XRF spectra were measured with XEPOS (SpectroAmetek)
spectrometer. With this apparatus, quantification of all elements with Z values 12<Z<92 is
possible, so the oxygen is not quantified with the used equipment. The elements are quantified
as milligrams per kilogram (ppm) or as atomic percentage.

N> sorption: the textural properties of the solids were determined by N> sorption data
obtained at -196°C with an ASAP 2010 Micromeritics instrument or a Bell Instrument. Prior
to the analysis, the samples were out gassed at 300°C for 3 h until a stable static vacuum of
0.263 Pa was reached. The weight of the sample used (initially around 80 mg) was measured
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exactly after pretreatment. The BET (Brunauer Emmett Teller) specific surface area was
calculated from the adsorption data over a relative pressure range from 0.05 to 0.30, as
recommended for mesoporous solids [52]. The pore diameter and pore volume were
determined according to the Barrett Joyner and Halenda (BJH) model applied to the
desorption branch of the isotherm.

Diffuse reflectance UV-visible spectroscopy: spectra of solids were recorded at room
temperature for 3-4 mm thick powder samples between 200 and 900 nm with a scanning rate
of 200 nm.min™!' on a Varian Cary 5000 spectrometer equipped with an integrating sphere of
70 mm diameter (Apparatus name: V-630-Instrument ; serial N°C390361148 ; Abs.Start: 900
nm ; Abs.End: 200 nm ; data interval= 1.0nm ; UV/Vis bandwidth=1.5nm ; light-source=
D2/WI ; changing source at 340 nm and standard scan speed 400 nm.min™'). The spectra were
plotted in absorbance then reflectance modes, after subtraction of the Teflon reference PTFE
signal. They were also used for estimation of “a”, the absorption coefficient, equal to
[2.303xlog (In/T)]/L] with “L” corresponding to the path length taken here as 100 nm, “Ip” to
the input light intensity and “I”” the transmitted intensity.

2.6. Band gap calculations:

The optical properties enabled us to localize the electronic bands of support and two
photocatalysts with respect to vacuum. For a comparison, band gap energy (Eg) was
calculated by two methods: using either Kubelka-Munk function noted F(R) (not sensitive to
direct or indirect electronic transition) and or Tauc’s equation (applied for direct and indirect
electronic transition). The F(R) Kubelka-Munk function (called K(S)), given as follows:

F(R) = K/S =[(1 R)*]/2xR...... eq.6

Where R is the absolute diffuse reflectance for an infinitely think sample, “K” and “S” are
respectively the sample absorption coefficient and scattering coefficient [53]. The energy of
the band gap (Eg) value was determined for an indirect electronic transition by the slop of
reflectance at maximum of wavelength of sample. The optical energy band gap was calculated
using this relationship [54]:

hxC 1240
Eg = n =T ................. eq.7

Where “h” is the Planck’s constant (h=4.13510"eV.s), “C” is the light speed in vacuum
(3.108 m/s) and “A\” (nm) is the wavelength. The Tauc’s equation is written as follows:

axhxy = A><(h><v—Eg)rl ............ eq.8
It can be obtained:

(axhxv)% = Ax(hxv—Eg)

or

(axhxv)? = Ax(hxv—Eg)



Where “A” is proportionality constant, “h” is the photon energy and “a” is the extinction
coefficient. The value of “n” depends on the inter-band transition mechanism of materials. In
eq.8, the n=2 value corresponds to first indirect allowed transition for TiO> according to the
literature [55-56]. From two Tauc’s plots, the extrapolation of the intercept of the straight
lines from (ahv)?> or (ahv)? with the x-axis give respectively the direct band gap
(corresponds to the charge transfer) and indirect permitted band.

3. Results and discussion.
3.1. Structure by XRD andLeBail refinement:

XRD patterns of Millennium-P500 (commercial) support, 3Zn/a-TiO> and 3Cu/a-TiO>
catalysts are displayed in Fig.3. A single TiO; anatase phase was detected and corresponds to
ICDD#021-1272. This single phase corresponds to a body-centered tetragonal lattice and to
I41/amd space group. Lines of the Millennium-P500 sample are larger than the ones of
calcined solids. As shown in Fig.3, calcined 3Cu/a-TiO> and 3Zn/a-TiO>samples present
similar diffraction peaks in 35-40°, 50-60° and 65-80° of 20 domain but the absence of XRD-
lines of CuO (ICDD#003-1018) and ZnO (ICDD#036-1431) phases can be noted. Indeed, it is
known that is not possible by XRD technique to observe some phases with a percentage
<5%wt.

For all samples, the ratio of Rwp/Rexp (by applying LeBail refinement) and the average
crystallite sizes (calculated by Debye—Scherrer formula) and unit-cell parameters (estimated
by LeBail refinement) are summarized in Table.l. It is known that quality of LeBail
refinement is verified by two numerical statistical indicators Rwp and Rexp (eq.4 and eq.5 of
§.2.5, using FullProf-2017 software). Here, with applying LeBail analysis, the true intensity
of diffraction could be predicted and be the model obtained by minimizing the weighted sum
of squared differences between observed and calculated intensities value. The Rup/Rexp ratio
(GoF=Ryp/Rexp: Goodness-of-Fit) varies in the following order: 3Zn/a-TiO2 (2.75)> a-TiO>
(2.2)> 3Cu/a-TiO2 (1.74); it can be noticed that the GoF of 3Cu/a-TiO; is larger than the one
measured on blank a-TiO», as can be expected because of the used calcination treatment and
of the presence of nitrates salts in preparation steps. It is known that in a perfect refinement,
the squared ratio Rwp*/Rexp> should be less than 4 at the end of refinement. By comparing the
results of calculation as shown in Table.1l, for the measurements made on 3Cu/a-TiO; with
“V12” with a corrected slot defined on the apparatus and with fixed slots, “FS” measurements
have to be done under the two conditions but the non-coherent domain between the two files
can be obtained with a SmartLab (high-resolution software). No noticeable difference was
detected.

The sizes of titania particles were determined by XRD using Debye—Scherrer equation
(analysis of full width at half maximum, FWHM) as shown in Table.1. Crystallites size (non-
coherent domain sizes) were measured perpendicularly to the (101) indexed reticular plans
that give the most intense diffraction peak and increase in the following order: Millennium-
P500 (47.4 nm)<a-TiO; (118.6 nm)< 3Cu/a-TiO2 (149.0 nm)< 3Zn/a-TiO2 (223.0 nm). There
is a high decrease in particle size after the impregnation step and the applied calcination
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indicating an important sintering. The 3Zn/a-TiO» catalyst showed an increase of crystallites
size more important than 3Cu/a-TiO..With the plans indexed (103) and using Scherrer
expression, a size of 40.8 nm was measured for a-TiO; and 3Cu/a-TiO; against 61.2 nm for
3Zn/a-Ti0O,. We have measured the particles sizes using the other diffraction peaks indexed
101, 200 and 204 and found significantly different values that are indicated in Table 1. The
observed differences indicate anisotropic nanoparticles and the presence of anisotropic titania
particles has been confirmed by FX and EDS characterizations (see further §.3.3).

From data of Table-1, the equality “a=b” and the almost constant value of “c’ unit cell
parameters indicated that neither Cu nor Zn species have penetrated inside the anatase titania
lattice. Indeed, ionic radii of hexa-coordinated Cu* or Cu?*, Zn** and Ti** surrounded by
oxygen species are significantly different and equal to 0.77, 0.73, 0.74 compared to 0.61A.
Penetration in lattice positions, reticular as well as interstitial yield to significant increase in
unit-cell parameters [57] that we have not detected here.

10
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Table-1. Unit-cell parameters of predominant anatase phase and average crystallite sizes corresponding to
Millennium PC500, support and two catalysts. V12: mobile slots (XRD using Fit2D and V12.077-software); FS:
Fixed slots (high-resolution diffractometer using fail-safe). The incertitude on crystallites size = +0.05.

Sample Rup* | Rep® | Rwp/Rexp* | a=b | ¢ * (Crystallites|Crystallites Crystallites Crystallites
*Q* (A) | size for size for size for size for
(A) (101) plans|(103) plans|(200) plans|(204) plans
(nm) (nm) (nm) (nm)
Millennium PC500 / / / / / 47.4 30.6 50.2 33.9
a-TiO, (V12) 9.88 4.89 2.2 3.78 | 9.51 118.6 40.8 63.3 45.2
3Cu/ a-TiO, (FS) | 14.00 | 7.70 1.81 3.78 | 9.51 / / / /
3Cu/a-TiO, (V12) | 7.52 4.30 1.74 3.78 | 9.51 149.0 40.8 126.6 67.7
37Zn/a-TiO, (V12) | 11.20 | 4.07 2.75 3.78 | 9.50 223.0 61.2 126.6 67.7

*: calculations from LeBail refinement method (using FullProf-2017 informatic package); **: body-centered tetragonal
group Is/amd group (a=P=y=90°; a=b#c)

3.2. Titania grains shapes and surface deposits by SEM and EDS:

The comparative study by FEG-SEM was conducted for the support and the Zn/Cu-
loaded calcined catalysts to determine particles morphologies. On the three micrographs
presented on left of Fig.4, random grains morphologies with lengths in the range of 500-1000
nm are observed. The support displays some agglomerations of grains on near-surface of
3Cu/TiO; and 3Zn/TiO». The selected grain (surrounded by circle on 3Zn/TiO> micrograph)
presents a pseudo-spherical form with cross-section facets. Some small pseudo-spherical
nanoparticles (in white color) are observed on the surface of grains and their identification
requires EDX analysis (see further §.3.3)
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Figure-4. FEG-SEM-micrographs for two catalysts and support with: (Left) three enlargement images at
scale=500 nm (Right) three images at : scale=2 um (up), scale=1pm (center) and scale=2 um (down).

3.3. Atomic composition by EDS and FX:

For 3Zn/a-TiO; and 3Cu/a-TiO> catalysts, Fig.5 shows the recorded FEG-SEM
micrographs with their corresponding EDS spectra. Table 2 summarizes the atomic
percentages obtained by the quantification of EDS peaks and the chemical compositions given
by X-rays fluorescence (FX). In FEG-SEM mode, the electron beam was focused directly on
Cu and Zn-containing nanoparticles to reveal their intimate composition (at 5 kV, with a
probing in spherical volume of approximately 200 nm of diameter). Peaks are associated with
electrons return to the K electron shell of O atoms and L shells of Ti, Zn and Cu atoms. On
Fig.4, some traces of carbon were detected due to an air contamination (carbonates, CO2)
during the calcination step and air storage, furthermore, before EDS analysis, the samples
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were out-gassed under vacuum, and despite this degassing step a percentage of carbon was
detected probably due to some strong adsorption of this carbon in some surface depth.

EDS-spectra of two catalysts reveal different atomic percentages (Table 2), as more
copper (2.46%) than zinc (1.33%) at the surface (these compositions are calculated in a
volume of surface).The Zn/Ti and Cu/Ti atomic ratios (obtained by X-ray fluorescence) are
close and indicated a similar distribution of Zn and Cu nanoparticles despite different radii of
the two Cu and Zn elements. However, based on O/Ti atomic ratio (obtained by EDS), the
surface of 3Cu/a-TiO; was observed to be richer in oxygen species than that of 3Zn/a-TiO>
(78.87% against 61.2%)j; this last result is in good agreement with work of [S8] which found
same oxygen-enrichment in their study of characterizations of their nanopowders based on
titanium dioxide TiO2 modified with 1%(mol) of: copper, zinc and copper+zinc (with various
Cu:Zn atomic ratios), prepared via a sol-gel route and thermally treated at 450°C. These
authors explain that neither copper nor zinc entered into the TiO> structure (a point that was
confirmed by XRD, like in the present study) but that oxides nucleated at the surface of titania
particles, as probably in our case. In fig.5, the white dots sizes of copper or zinc (saved in files
of the analysis) are circa 70 nm and then are too small to be detected by XRD.

3Zn/a-Tio,

0 | .
Full Scale 5358 cts Cursor. 0.698 (163 cts) ke

Spectrum 3

3Cula-TiO,

2om " Electron Image 1

0 05 1 15 2 25 3 35 4 45 5 55 6 65 T 75 8 B85 9 95 W0
Full Scale 4242 ets Cursor, 0.009 (1373 cts) e

2prm Election image 1

Figure-5. Typical SEM micrographs with EDS chemical analysis of two catalysts (the two circles targeting
similar white areas).
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Table-2.Quantification obtained by EDS and FX for two catalytic formulations of catalysts.

Catalysts Grain Atomic O/Ti Atomic Atomic Atomic Atomic | Atomic
dimension | percentages| (EDS) ratios percentage | percentage |percentage| ratios
(Mm) * (EDS) ** Zn/Ti and of Ti of Cu of Zn Zn/Ti
Cu/Ti (FX) (FX) (FX) |and Cu/Ti
(EDS) (FX)
3Zn/a-TiO, 2.06 Tip: 23.8
Ox: 61.2 2.57 0.04 53.70 / 291 0.054
Zng:1.3
3Cu/a-TiO, 2.39 Tig: 18.7
Ok: 78.9 4.22 0.13 56.16 2.67 / 0.047
Cug: 2.5

*: indexed in Fig.4 (by white circle) and measured dimension using the Image] software package (1.52h, National Institutes
of Health, Madison, WI, USA, 2018) ; **: spectra quantification from Fig.5 with the precision = +0,1%wt.

3.4. Textural properties by N2 sorption:

Nitrogen adsorption-desorption results are reported in Table.3. The commercial
Millennium-PC500 sample was also studied by other authors [59]; they revealed a high BET
surface (Table.3). As noted in comparison to a-TiOz support; Millennium-PC500 has a smaller
specific surface due to the calcination (20% of mass loss); this decrease of Sger could be
related to pre-agglomerate of Millennium-PC500 grains in the step of preparation of a-TiO>
associated to the increase of crystallites size (see XRD, §3.1.). Otherwise, Sger of support is
relatively small compared to those of 3wt% Cu, Zn catalysts, this surface increased in the
following order: a-TiO2(50.1 m?.g"')<3Zn/a-TiO2 (80.0 m%.g")<3Cu/a-Ti02(84.4 m>.g™"). This
increase of BET-surface occurred after the impregnation process and calcination step and
might be related to the presence of Cu and Zn oxide nanoparticles at the catalytic surface.
This result is consistent with our XRD findings (Table.1), which showed the increase of all
crystallites sizes after the impregnation process related to the Cu and Zn nanoparticles
insertion in surface-layer of a-TiO; support. Previous papers [60] reported that when a metal
is incorporated into the pores of support, the surface area decreases due to the partial pore
blocking, but in our case, the oxide species are attached to the support surface and not
incorporated in the pores of a-TiOx support or in the support itself. Note that pores volume
(Vp) remains constant after the impregnation process.
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Table-3. Textural characteristics of all samples (BET-surface, porous volume and average pore).

Samples Sger (m%.g™!) Vo(cm?gt) “d,” Average pore
diameter (nm)
MillenniumPC500 287 / 5-10
(>99% anatase)*
a-TiO, 50.1 0.24 13.2
37Zn/ a-TiO, 80.0 0.21 10.7
3Cu/ a-TiO» 84.4 0.21 10.2

*: Reference [59]

3.5. Optical properties by UV-visible spectroscopy:

In order to compare the band gap value (noted Eg), Kubelka-Munk and Tauc direct
and indirect transitions (see equations of §.2.6) were used for the computation. The results
from UV-visible investigation (reflectance spectra and band gap calculations) on the catalysts
and support are plotted in Fig.6. As displayed in the reflectance spectrum of a-TiO», a first (d-
d) intra-metallic peak of absorption (Fig.6-on top) is observed, implying that Ti** ions are
present (with electronic configuration [Ar]3d°).This wide signal is located in the visible
region with an extension to near infra-red region above 800 nm. Always for this sample (a-
TiO; thermally activated), a band between 500 and 1000 nm is attributed to Ti** ions
surrounded by 6 oxygen ligands (as in Ti(OH)s> clusters). Unfortunately, it is not possible to
distinguish the O-atoms of a water molecule from an OH or an oxygen-atom of the titania
surface, all these atoms having the same spin-orbit constant [61-63]. Mac Donald et al. [59]
have characterized the commercial Millennium-PC500 by EPR spectroscopy and observed
interstitial Ti** signal inside the bulk of anatase crystals. These cations cannot be located on
titania surface because if they were located on the sample surface, an important signal
broadening would be observed because of dipolar couplings with paramagnetic O, molecules.

With 3Cu/a-TiO, sample, the signal due to Ti** ions was also observed and associated
with a second absorption that corresponds to another d-d intra-metallic electronic transition
inside Cu”*cations surrounded by 6 oxygen ligands, forming an octahedral crystal field.
Indeed, these cations with electronic configuration “[Ar]3d”” can be attributed to (t20)%(e,)’
repartition of electrons on the five “d” orbitals. The last 3d atomic orbital is the 3d,? and the
observed transition corresponds to the promotion of electrons from the 3dx*” orbital to this
partially occupied 3d,? orbital. This transition is associated with a broad absorption, with a
maximum value located circa 800 nm.

For 3Zn/a-TiO; sample, no (d-d) transitions were observed. This can be explained in
part by the fact that Zn**cations have a complete electronic configuration [Ar]3d!° but they
cannot give electronic transitions. The absence of any signal due to Ti** ions is more
surprising, but another band observed at 1400 nm, can be attributed to a transition between
two metallic sites (e.g. Zn** and Ti**) or to existing Zn-O-Ti bonds in agreement with
literature [64-65].
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From Tauc and Kubelka-Munk curves (Fig.6), the intercept of the tangents with x-axis
permits to determine the E4 band gap values. The plots relative to Tauc curves drawn for
direct and indirect semi-conducting oxide represent respectively (F(R)*E)? and (F(R)*E)"2,
The extrapolation of the straight line gives a direct band gap of 3.40 eV for support against
3.45 and 3.41 eV for respectively Zn and Cu containing catalysts. For all samples, the
permitted indirectly transitions are observed at 3.10 eV. A small difference is observed
between the results of the two calculation methods (Tauc and Kubelka-Munk).Whatever the
used method, E, values vary in the order: Eg(3Cu/a-TiO2)<E,(a-TiO2)<Eg(3Zn/a-TiO,). It is
important to know that for titania containing sample, density of state calculations are available
in literature (DFT: Density functional theory calculations) and were found to be in excellent
agreement with experimental [66], these calculations have shown that valence band of titania
is mainly composed by O2p states and the conduction band by Ti3d states. The highest E; of
Zn-catalyst (3.45 or 3.46 eV) is related to the presence of better dispersion of Zn**
oxide/hydroxide nanoparticles at the surface of titania, which create a molecular orbital
located under the titania conduction band. Since Zn?** cations have completely filled 3d'°
electronic configuration, the observed electronic transition that is observed in that case is due
to an electronic transition between the energy level of located Zn>*cations and the conduction
band of titania, important since it gives mobile electrons. These O-vacancies are associated
with two electrons and give Ti** ions, preferentially located close to the incorporated larger
Zn** cations. The energy of these Ti** sites is expected to be located just below the
conduction band of titania. Even if Cu and Zn containing TiO> involve defects which by
themselves can activate the photocatalytic properties of titania, the coupling between the new
energy level under the conduction band of titania and the second energy level located above
the valence band of titania can yield to a decrease of the photocatalytic properties of titania
because of an unexpected electron transfer. According to the literature [67], a similar direct
interplay has been observed between N-dopants (above valence band) and O-vacancies
associated with Ti’* ions (above conduction band): Ti**cations were not-detected because
they provide one electron to the new energy level associated with N-dopants replacing O-
atoms inside the titania bulk.

As conclusion, the 3Cu/a-TiO> catalyst that we have prepared is strongly sensitive to
visible light and contains like activated a-TiO; some Ti** ions. By contrast, Ti** ions are not
detected in 3Zn/a-TiO,, an observation that we associate with the parallel formation of O-
vacancies. These points give an indication in advance about the nature and domain of activity
in photocatalysis which are then introduced. 3Cu/a-TiO> is colored and will interact easily
with visible light, while, 3Zn/a-TiOcatalyst is white and they will therefore allow less visible
light absorption.
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Figure-6. On top: UV-visible reflectance spectra versus wavelengths. Down: determination of optical
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transition.
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4. Study of reactivity:

The photocatalytic performances of Millennium-PC500, a-TiOz (support), 3Zn/a-TiO2
and 3Cu/a-TiO2 catalysts were examined in dark and visible-light conditions. In dark
conditions, the adsorption of 10 ppm of RhB aqueous solution (V=100 mL, pH=4.11) was
performed to achieve an adsorption equilibrium during a time of 60 min. After this time, 100
mL of pure methanol was added to RhB solution and the visible irradiation is triggered. The
concentration of methanol in the total volume (200 mL) was 3.37 ppm. The activity in the
photocatalytic partial oxidation of methanol in presence of RhB dye (used as sensibilizer) was
tested to produce formaldehyde in conditions mentioned above (see §2.3).

4.1. Photocatalytic activities of catalysts:

To study the role of catalyst in photocatalytic reaction under visible light irradiation,
the efficiency of photo-oxidation of methanol was studied by Rhodamine-B and without
catalyst. The results are presented in Fig.7-A and Fig.7-B. The reaction achieved without
catalyst but gave very low yield of formaldehyde. Rhodamine-B degradation occured in the
presence of two catalysts and of the support. For Millennium-PC500, a-TiO> (support), 3Zn/a-
TiO2 and 3Cu/a-TiO; catalysts, the Fig.7-C also shows the evolution of UV-vis spectra of
RhB and formaldehyde during the photo-oxidation of methanol (0-150 min).

In Fig.7-A, in the absence of catalyst, the main band of methanol was observed which
is due certainly to the absence of adsorption on the catalytic surface. On the other hand, the
absence of Rhodamine-B the irradiation under visible light of methanol/Zn-catalyst did not
led to the formation of formaldehyde (Fig. 7-B), which shows the role of RhB-dye as photo-
sensibilizer in this photocatalytic reaction.

In Fig.7-C, it can be seen that except a secondary band of methanol centered at 620
nm, the main band of methanol (see Fig.2-C) was not observed in all spectra; therefore, the
methanol cannot be quantified. The bands of formaldehyde (Fig.7-C) were observed at
position circa 301 nm (according Fig.2.D). For 3Zn/a-TiO> and 3Cu/a-TiO; catalysts, the
maximal wavelength for RhB (Fig.7-C) is constant and centered at 554 nm (according to
wavelength positions of Fig.2-B in absence of any catalyst). In contrast, for Millenium-PC500
and a-TiO», a shift of its position over time was observed, certainly indicating a spontaneous
and partial transformation of RhB in other derivative product. Indeed, Al-Kahtani [68] has
reported that RhB (C2sH31N203Cl) is degraded in several cyclic products by a partial
oxidation (N-deethylation without cleavage of this dye) or degraded by a total oxidation
(mineralization step) and has proposed a schematic mechanism corresponding to the
following degradation:

Partial degradation:
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RhB - products (N-deethylation) -~ CH2(OH)-CH(OH)-CH>(OH)+ products(cleavage)

The presence of intermediates of RhB obtained by deethylation is ascertained by the UV
visible spectra presented in Figure 7. Here, we assume that their role on the activation of
titania cannot be neglected.

Total degradation:

RhB - (N-deethylation) — (cleavage) — CO2+H20+NO3 +NH4"+Cl (mineralization)

In a previous work [64], each reaction of deethylation was associated with a
hypsochromic shift of the maximum attributed to RhB by 15 nm (at pH=4.7 and 10 ppm of
Rhodamine-B+120 mL of water). This is consistent with the main shift observed here, due to
single deethylation. With Millenium PC500 and a-TiO: samples, RhB neutral was partially
preserved.
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Figure-7. (A) Photocatalytic oxidation of methanol assisted by RhB without catalyst, (B) Photocatalytic
oxidation of methanol with Zn-catalyst and in absence of RhB, (C) UV-vis spectra evidenced RhB
photodegradation and formaldehyde formation with all samples and at different times of reaction (Vi:very
intense, Mi: moderately intense, i: intense, Fi: few intense).

Under experimental conditions (catalyst mass: 200 mg, total volume: 200 mL,
halogen lamp), the photocatalytic activity evolution was investigated by UV-vis spectroscopy
in Fig.8. The variation of photo-removal percentage of RhB as a function of reaction time
shows that copper catalyst led to a faster degradation of RhB than for the support and zinc
catalyst. The improved performances of 3Cu/a-TiO: catalyst can be ascribed to the formation
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of a particular hetero-structure between Cu(Il) nanoparticles and a-TiO> support which may
retard the recombination of photo-excited charge carriers.

The studies of RhB degradation after 20 min and 150 min of illumination and the
adsorptive capacity under dark conditions are reported in Table-4. Compared to other
samples, Millennium-PC500 reaches 30.4% after 150 min of visible light exposition and
thereby was the least active sample. After 20 min of illumination, the percentage of RhB that
have reacted (by partial deethylation or by decomposition) reached 87.8%(3Cu/a-
Ti02)>86.9%(3Zn/a-Ti02)>68.6%(a-Ti02)>9.5%(Millennium-PC500). An anomaly can been
observed in the behaviors of copper and zinc catalysts after 50 min upon the visible light
irradiation ; the first possible explanation is related to a possible decrease of the number of
absorbed photons (h), the concentration of RhB increases because the path length of the
generated photons in the solution decreases and the second explanation is a possibility of
desorption of a number of RhB molecules already adsorbed on the catalysts, under the effect
of excitation by continuous light. In dark conditions, the copper catalyst showed the highest
value of adsorptive capacity of RhB molecules (14.51 mg.g™!). The degradation of RhB at 60
min of visible light illumination was seven times higher compared to 60 min of adsorption in
dark.

Over time of photocatalytic reaction, the removal of RhB dye from the aqueous
solution was clearly observed, demonstrating that a surface-reaction between solid catalyst
and RhB dye occurred. It is possible that; upon the visible light excitation, RhB molecules are
excited with an electron in their lowest unoccupied molecular orbital and RhB molecules then
act as electron donors to give RhB** radicals which structure is presented in Fig.2.B and these
electrons (e”) will further help in the transformation of methanol into formaldehyde. The
progressive photo-degradation of adsorbed RhB sensibilizer was expected if “h* holes were
not accessible inside the titania valence band. For Cu catalyst (with the smallest BG value and
the highest photocatalytic activity), the removal of RhB from aqueous solution gives an
indication about photocatalytic activity by RhB involvement in the transformation of
methanol in formaldehyde. It is possible that e of the LUMO are transferred into conduction
band of titania to give H»O, molecules which further participate to the transformation of
methanol to formaldehyde, in good agreement with mechanism of H>O» formation (during
photocatalytic reaction) mentioned in literature [69, 70]. The holes in valence band highly
reactive species react with methanol to form stable methoxide groups with visible halogen
lamp. The observed photocatalytic behavior depends on specific surface (Sger: 50.1 m%.g! (a-
Ti02)<80.0 m?.g"! (3Zn/a-Ti02)<84.4 m?.g"! (3Cu/a-TiO,), following the same trend than the
photocatalytic RhB-degradation, see above) and thus depends on the rate of the
transformation of methanol to formaldehyde. It can also note that, the minimum band gap
(Eg¢(3Cu/a-Ti0O2)<Eg(a-Ti02)<E¢(3Zn/a-TiO2)) was found for the best active catalyst in the
photocatalytic RhB-degradation. The photocatalytic results (97.7% of RhB-degradation for
3Cu/a-Ti0O; against 74.3% for 3Zn/a-TiO2 at 150 min) could also depend on the amount of
surface oxygen atoms, as we have observed more oxygen species by EDS for 3Cu/a-TiO>
(78.9%0k) than for 3Zn/a-TiO> (61.2%O0k); indeed, some authors [71] demonstrated through
their proposed photocatalysis mechanism, that when the reactive oxygen species were more
important at the interface of a catalyst, a higher capture of electrons by these species was
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possible given the oxygen-sites number, and therefore could facilitate efficiently the
photodegradation of the reactive molecule.

Adsorption capacity and photocatalytic properties for the removal of non-modified
RhB (visible signal at 544 nm) are summarized in Table 4. According to the results of this
table and spectra of Fig.7, the intermediates given by RhB at one, two, three or four
deethylations are not introduced. The most represented intermediate (Fig.7) is the mono-
deethylated radical. The 3Cu/a-TiO; catalyst, in which more absorption was detected, was also
the most active one in the RhB-degradation photocatalytic reaction (Table-4).

w,  irradiation of light

&, ~
1001 -
= %0 1
> 7] "
E ) 80 —a— a-Ti02
o m 70 —+— 3Zn/a-TiO2
¢ @ , —&— 3CUu/a-TiO2
£c 60 -
«w £ 4
[+]
[}
g3
& c 10 -
c X ,
8% 30 -
1
5 j
o 20 |
10
0 T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160

Time of reaction (min}

Figure-8. Photo-degradation of RhB in the visible-light photo-oxidation of methanol promoted by Cu and Zn
catalysts and support.

Table-4. Adsorptive capacity (in dark conditions) and % of removal of non-modified RhB (A.max=554 nm)
during photocatalytic reaction (radicals formed by decomposition of RhB are very stables).

Catalyst Millennium-PC500 a-TiO: 3Zn/a-TiO: 3Cu/a-TiO2

[P

qe” adsorptive capacity

of Rhodamine-B 13.6 14.11 13.07 14.51
(mg/g)*

Percentage of removal

of Rhodamine-B 9.5 68.6 86.9 87.8

Percentage of removal

of Rhodamine-B 30.4 71.5 74.3 97.7

(%) e

*: During 60 min of dark conditions; **: At 20 min of reaction; ***: At 150 min of reaction.

4.2. Productivity in formaldehyde:

The formaldehyde bands of samples are identified at wavelength centered at 301 nm
and attributed to n—> 1% electronic transitions (according Fig.2-D). The formaldehyde
productivities (%) and CH2O concentrations (ppm) recorded at 2h of photocatalytic reaction
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were correlated to the crystallites size of (101) plans (XRD most intense peaks) and the

investigated results are depicted in Fig.9. Productivity in formaldehyde was calculated using

Cformaldehyde

followed equation: %P = x100 ; where “Cmetanol’”’ are the concentrations of

methanol

methanol (ppm) introduced in the photocatalytic reactor and “Cformaldehyde” are the
concentrations of formaldehyde (ppm) obtained by sampling analyzed by UV-vis
spectroscopy (for a concentration of methanol of 3.37 ppm).

From Fig.9, a-TiO2 and Millennium-PC500 appear more sensitive to the formation of
formaldehyde alone whereas, crystallites with sizes >130nm and containing Cu or Zn-species
(3Cu/a-TiO2 and 3Zn/a-TiO;) follow another reaction mechanism. The formaldehyde
productivity varies in order: a-T102(6.2%)>Millennium-PC500(4.9%)>37Zn/a-
Ti02(3.8%)=3Cu/a-TiO2(3.7%); the concentrations and productivities of the two metal
containing catalysts are close but lower than the one of the supports, used as precursors. These
differences are consistent with best oxidation properties observed with metallic species
allowing better oxidation properties with 3Cu-TiO, and 3Zn-TiO> because formaldehyde is
further oxidized to give formic acid and/or COa.

Indeed, the copper and zinc catalysts gave less formaldehyde amounts than the support
but revealed the best activities. We suggest that in two catalysts, Cu and Zn elements are
dispersed in the first layers of the surface (as shown by EDS and FX, in the form of
nanoparticles of Cu or Zn oxides or hydroxides, which favored the mechanism of photo-
oxidation and photo-dehydrogenation of methanol to formaldehyde and CO: (according
CH3;0H - CHO - CO;) which is this could explain higher activities, while support and
Millennium-PC500 have led only to photo-dehydrogenation of methanol (according
CH30H - CHO).

Amax =301 nm for formladehyde

CH‘SOH

(! CH,0+CO
l
\ metallic

@

=

-’

P

=

)

=

W

=

=

=
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1) PC50(J nanoparticles
s ° ¥ h*

& C=0/165 ppm
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Figure-9. Concentrations (C) and productivity of formaldehyde (%) calculated from CH,O-absorbance values
(A.Max=301nm, molar mass=30.03 g.mol!) and obtained after 2.5h (or 150 min) of photocatalytic reaction.

An interest was brought to the photo-induced electronic transfer between nanoparticles of
semiconducting oxides and a support such as titania, which is also a semi-conductor. We can
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conclude that the electrons from Rhodamine-B are transferred into the conduction band of
titania and participate to methanol oxidation for the production of formaldehyde. In our
experimental conditions, we have observed by XRD that no penetration of Zn and Cu species
inside titania (bulk) has taken place.

5. Conclusion.

We have shown in the present work that methanol in aqueous solution is oxidized to
formaldehyde and other secondary products using a visible light excitation source and in the
presence of Cu and Zn oxide or hydroxide nanoparticles dispersed on anatase (a-Ti0>) surface
and Rhodamine-B dye as photosensibilizer. The 3Cu/a-TiO; and 3Zn/a-TiO; (with 3%wt in
Cu or Zn) were found to give best formaldehyde yield with respect to other Cu or Zn contents
studied in parallel work. Photocatalytic transformation of Rhodamine-B to a stable mono
deethylated radical act to protect titania holes, necessary to activate the photo-oxidation of
methanol. The photocatalytic removal of Rhodamine-B after 150 min of visible irradiation
(Table-4) reached 97.7% for 3Cu/a-TiO2, compared to 74.3% and 71.5% with respectively
3Zn/a-TiO7 and a-TiOx.

We have observed by UV-vis spectroscopy analysis in the 500-1000 nm range for Cu/a-
TiO: a band assigned to Cu?* corresponding to a d-d intra-metallic transition of Cu* ions in
an octahedral crystal field and to an electronic repartition of (t2¢)°(e¢)* on 05 d-orbitals. It can
be assigned to Cu oxide or hydroxide nanoparticles not detectable by XRD and deposited as a
thin layer on TiO» surface. The E, values were determined and observed to be E,(3Cu/a-
Ti02)<Eg(a-TiO2)<E,(3Zn/a-TiO2). The minimum band gap was found for the best active
catalyst in the photocatalytic RhB-degradation, it is suggested that the best catalysts
correspond to a strong connection between Cu?*and Ti** cations.

The EDS technique allowed the detection of copper and zinc on TiO; particles, thus
indicating a dispersion of the cations in the upper layers of TiO; surface and not into the bulk.
EDS also reveals that 3Cu/a-TiO> (with 78.9%0k) possesses a richer surface in oxygen
compared to 3Zn/a-TiO> (with 61.2%0Ok), which could also be related to the best activity of
3Cu/a-TiO;.
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