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The fabrication of non-agglomerated nanoparticulate solids with an open structure is a
challenging task in the field of nanotechnology and nanomaterials. Such solids would
permit conserving specific size-selected physical and chemical properties and highest spe-
cific area of the active phase, by avoiding severe health problems related to undesirably
nanoparticles inhalation. We report on a successful preparation of Fe-TiO, and Ag,Au-TiO,
coatings and TiO,~AlO; ultra-porous monoliths with highly reproducible nanoscale mor-
phology for applications in environmental catalysis.

Ilonyuenne MaTepraJoB C OTKPLITON CTPYKTYPOI HA OCHOBE HearpernpoBaHHLIX HAHOUAC-
TUI, SIBJISIETCH aKTyaJbHOU 3ajauveil B 00JACTH HAHOTEXHOJIOTUH W HAHOMATEPUANOB. s
TaKNX MAaTepHajJoOB XapaKTepHON O0CO0EHHOCTLIO ABJISETCA COXpaHeHne CHeNUPUUecKIX
CBOMCTE, MPUCYIUX HAHOUACTUIIAM, M BLICOKOI yIE€JIbLHOM MOBEPXHOCTH aKTUBHOM (Pasnl mpu
OTCYTCTBUU HETaTUBHOI'O BAMAHUA HA UejJOoBeKa IPOAYKTOB (PparMeHTAIlMH MaTepHaja IIpu
uX BALIXaHUH. B paboTe 0600IIeHL pe3yabTAaThl MCCIEAOBAHNM, CBABAHHLIX ¢ paspaboTKoi
TeXHOJIOTHH I[IOJydYeHHdA HNOKPhITHIl Ha ocHoBe HaHouacTuu Fe-TiO, u Ag,Au-TiO,, a raxxe
yaprpanopucrbix MOHOMUTOB Ti0,~Al,O5 ¢ BEICOKOBOCIPOM3BOAUMOM HA HAHOYPOBHE MOPQO-
aorueii. PaspaGoTamuble MaTepHabl SABIAIOTCA IEPCHEKTUBHBIMHU [AJAS KCIOJL30BAHUA B
¢GoTO- U IIJIa3MEHHOM KaTaJu3e.

Hanocmpyxmypoéani cepedosuwa Ona 3saxucmy Joexiana. 3./Kia, M.Bern-Amap,
M Amampa, M.Kaiisep, M.Tpaope, C.Tiene, K.Illoop, AYianese, B.Ha0mouenro, A.Kanaes.

OTpuMaHHA MAaTEPiasiB 3 BIAKPUTOIO CTPYKTYPOI HA OCHOBI HearperoBaHMX HAHOYACTHUHOK
€ aKTyaJLHOIO 3a/auelo y rajgysi HaHoTexHoOJOTiH i manomarepianiB. Hasa Takmx martepiarnis
XapaKTepHOI0 OCODMMBICTIO € 30epesKeHHsA cIenu(PiuyHNX BIACTUBOCTEl, MPUTAMAaHHUM HAHO-
YacTUHKAM, Ta BUCOKOI MUTOMOI IMOBepPXHi aKTUBHOI a3y 3a BiICYTHOCTI HETATUBHOTO BILJIN-
BY Ha JIOJUHY TPOAYKTIB dparmMenTartii martepiany npm ix Bauxanui. ¥ pobori ysaraanHeHO
Pes3yJabTATH [MOCTiIKEeHL TOB’A3aHUX 3 PO3POOKOI0 TeXHOJOTil OTpUMaHHA TOKPUTTIBE HA
ocuori mamouacTurHOK Fe-TiO, i AQ,Au-TiO,, a Tarox yabTpamopumerux MoHOmiTiB TiO,—
Al,O5 3 BHCOKOBiATBOPHOIO Ha HaHOPiBHI Mopdonoriero. Pospobaeni marepianu e mepcrex-
TUBHUMH [AJIf BUKOPHUCTAHHA y (OTO- Ta MIa3MOBOMY KaTasisi.
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1. Introduction

The research on efficient photocatalysts
takes part of most hot topics of environ-
mental protection. In this context, titanium
dioxide (TiO,) solids are of permanent inter-
est [1-3]. Their optimal structural composi-
tion is discussed after the synthesis of
mixed-phase P25 TiO, powder, which is
widely used as the reference in photocata-
lytic tests. Attempts to understand and im-
prove its activity are under way [4-6].
However, the results are contraversary and
agreement about the best material phase
composition is not yet achieved. Besides of
the material nature and composition, the
nanoscale morphology attracts much atten-
tion. A small size and narrow polydispersity
of the particles are suggested to be impor-
tant requirements to the photocatalyst effi-
ciency [7]. This improvement of the photo-
catalytic activity can be explained by inhibi-
tion of  the photoinduced charges
recombination [8], large specific area of
nanoparticles and reactive {001} facet expo-
sition [9].

Noble metals deposition improves charge
separation in TiO, and enhances its photo-
catalyst efficiency [10]. Recently, Ag and
Au nanoparticles became of a strong scien-
tific interest because of their singular elec-
tronic and optical properties governed by
surface plasmons [11]. Propositions for the
photocatalytic application of the plasmonic
systems were made in order to sensibilise
TiO, catalysts in the visible spectral range
[12,13]. The morphology of substrates plays
an essential role in the control of the nu-
cleation-growth process of plasmonic parti-
cles and is therefore of importance.

The nanoparticles approach is an effi-
cient solution towards realisation of photo-
catalysts with controlled nanoscale morphol-
ogy. In fact, recent studies have shown that
this approach permits homogeneous titania
doping by avoiding dopant clustering
[14,15], impregnation of porous matrixes
without pores closure [16—18]. Most re-
cently, silver nanoparticles growth onto
monolayer TiO, nanoparticulate coatings
were demonstrated [19]. This method re-
sults in a stable reproducible morphology of
the prepared coatings, which show high ac-
tivity in plasma-activated catalytic decom-
position of gaseous pollutants [20]. The last
process can perform in ambient atmosphere
conditions with ultrarapid rise time. Com-
bining non-thermal plasma with heterogene-
ous catalysis can significantly reduce ener-
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getic depenses of the gaseous pollutants ab-
batment.

The proposed method of the material
preparation is based on size-selected tita-
nium oxo-alkoxy (TOA) nanoparticles nu-
cleation in the sol-gel reactor with rapid
micromixing [21,22]. Although static
T-mixers are often employed to achieve the
turbulent regime with high Reynolds num-
bers Re > 103, spinning disk reactors pre-
sent also an efficient solution [23]. After
the nucleation, these highly reactive TOA
nanoparticles can be stabilized in controlled
environmental conditions. In the same time,
they are available for chemical doping and
immobilisation on hydrophilic substrates. In
the present publication we report on the
elaboration of several TiO,-based nanopar-
ticulate materials for applications in envi-
ronmental photo- and plasma-activated cata-
lytic process.

2. Fe-TiO5 coatings

The doping of titania solids is one of
traditional methods to improve the photo-
catalytic activity, which consists in intro-
duction of impurities capable to attract one
type of the photogenerated charges and thus
reducing the probability of the charges re-
combination. The non-homogeneity of the
dopant repartition may result in clustering,
which is a major problem to overcome in
order to optimize the material efficiency.
The non-homogeneity, related to both solu-
bility limit and doping process kinetics, ex-
plains e.g. large disagreements in the re-
ported activities of Fe-TiO, photocatalysts
prepared by different methods (see in [15]).

The homogeneous insertion of Fe in a
titania matrix at the stage of the nanoparti-
cles nucleation of sol-gel process has been
realized by Tieng et al. [14]. The method
consists in a generation of size-selected TOA
nanoparticles following by the reactive col-
loid deposition onto an appropriate support
and thermal treatment in order to achieve
the most photocatalitically active crystalline
anatase. The TOA nanoparticles binding is
excellent to hydrophilic supports, which as-
sures mechanical stability of the photocata-
lytic media.

Despite of the fact that Fe atoms attract
both types of charges (e~ and h™), their dif-
ferent mobilities result in the optimum dop-
ing of 0.005 at.% explained by a competi-
tion between the VB-hole localization on
Fe3*+ and its annihilation on Fe2*. Based on
the proposed charges localization model, our
earlier studies have suggested an optimal
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Table 1. Experimental conditions of the Fe-TiO, photocatalyst test

Flow rate | Photocatalyst length |Ethylene concentration| Relative humidity |Pollutant residence time

140 1/min 10 cm 15 ppm 28 % 0.5s

size of the anatase TiO, photocatalyst about ﬂﬁ“‘ off on

8 nm, which is in agreement with available 70]

literature data. The optimal Fe-TiO, photo- -./__,__—r—-u e 2

catalysts appears to be ~ 50 % more effi- 601 D

cient compared to the pure titania. In the 50{ "

same time, no comparison with the refer- ol §

ence P25 Degussa TiO, catalyst was done. | .

We complete this point in the present 30 ram——

study. 20 " ...."’ :M
The experiments were carried out with 10 Lo |

the continuous-flow fixed-bed gas-phase J Lo

photocatalytic reactor described previously 00 = pros Lhz_o 220

[24]. The reactor volume is a glass tube of
6 mm diameter, which can be filled by glass
spheres covered with photocatalyst at the
lengths up to 29 ecm. This volume is illumi-
nated by 6 UVA lamps (8 W) emitted at
365+15 nm. The experimental conditions
are listed in Table 1. The optimal catalyst
was prepared with 0.005 wt.% doping of
5-nm TOA nanoparticles deposited on glass
spheres of 1 mm diameter and thermally
treated at 350°C during 4 h in order to ob-
tain pure anatase phase, as confirmed by
XRD analysis. The coated spheres by P25
TiO, were prepared by deep coating from
the 2-propanol suspension. The pollutant
conversion yield expressed by its inlet C,;,
and outlet Cout concentrations:
n=1-¢C,,;/C;, is presented in Fig. 1 as a
function of time.

The observed process kinetics is charac-
terized by transient and stationary stages of
the conversion yield. The first one can be
explained by an accumulation of by-prod-
ucts on the photocatalyst surface; its analy-
sis is beyond the scope of the present article
and will be reported elsewhere. We analyze
here exclusively the stationary stage. Our re-
sults indicated no photocatalyst deactivation
at the process duration over a week.

A comparison of the photocatalytic ac-
tivities of different materials can be per-
formed based on normalization of the photo-
catalytic reaction rate R on rate of the pho-
toinduced charges generation dN/dt, related
to the light absorbance: R = €9y, In this
way, the intrinsic material efficiency ¢ due
to the photoinduced charges conversion to
chemical reactions can be obtained. The rate
of the electron-hole pair’s generation in the
photocatalyst at the lamp illumination is ex-
pressed:

Functional materials, 20, 4, 2013

Time, min

Fig. 1. Ethylene conversion yield using opti-
mal Fe-TiO, (a) and reference TiO, P25 (b)
photocatalysts.

dN _ N —a Baps I (1)
dar 't T 0’
dt Baps t Escatt

where k., and k.., are respectively ab-

sorption and scattering coefficients, I, is
the lamp intensity and a is a proportional-
ity factor. The absorbance of the glass
spheres in the UVA spectral range below
340 nm is negligible and their opacity is
explained by the light scattering: k., =
7.0 ecm~l. The transmission of the coated
spheres is lower due to the nanocoatings
absorption. We have measured £y, =
0.34 cm™! <<k, in our Fe-TiO, nanocoat-
ings, which is due to the small deposited
mass of ~ 71074 g per g of glass spheres.
Eq.(1) than results in:

k 2
a abs 1. (2)

tnano = k

N

scatt

In case of P25 TiO, coated spheres, the
deposited titania mass is about 40 times
larger (k,ps > Egeqsr) and Eq.(1) can be re-
duced to

abs

Nypgs = alj. (3)

The photocatalytic activity expressed as
R =1n(C;,/C,y;) = In(1/(1 —M)) can be ob-
tained from measurements of 1 presented in
Fig. 1. Consequently, based on Egs. 2 and 3
and our experimental measurements

R, 0o/ Bpas = 2.9, the ratio of the intrinsic
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Fig. 2. Photographic (a) and TEM (b) images of TiO,~AlO; monolith and deposited titania mass
versus number of impregnations (c). The TiO, nanoparticles are seen as black points in (b).

activities of Fe-TiO, and P25 TiO, catalysts
can be obtained: ¢,,,,/€pas = 6. This result
shows a clear advantage of using Fe-doped
TiO, nanoparticulate coatings in the photo-
catalytic process.

3. TiO,—AlO3 monoliths

An important problem that limits utiliza-
tion of single nanoparticles in the photo-
catalytic process is related to their inher-
ently low absorbance. As a result, the lamps
energy is not efficiently transferred to the
material and the overall process efficiency
is relatively low. An example discussed in
Chapter 2 confirms this tendency, showing
that despite of the higher intrinsic material
activity, the pollutant conversion yield by
using Fe-TiO, nanocatalyst is smaller than
that by using P25 TiO, reference catalyst.

To overcome this shortcoming, adequate
supporting materials for nanocatalyst have
to be developed. These supports have to be
of a high purity (in order to avoid nanopar-
ticles contamination by non-desirably impu-
rities, as e.g. Na) and possess evanescent
absorption in the UVA spectral range, much
smaller than that of the deposited nanopar-
ticles. One potentially interesting material,
which satisfies these conditions, is ultrapor-
ous alumina (UPA), which can be prepared
as bulk monoliths of tens-cm size.

3.1 Preparation

The UPA samples with a high porosity
(99 %) and a specific area (~ 300 m?2/g)
were obtained by oxidation of metallic alu-
minum plates through a liquid mercury-sil-
ver layer. The raw product is amorphous
consisting of tangled hydrated alumina fi-
bers with a diameter of about 5 nm. The
chemical treatment with trimethylethoxysi-
lane (TMES: (CHjz)3—Si-OC,Hg) vapor and
subsequent thermal treatment at 1300°C
during 4 h were used in order to increase
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their rigidity and mechanical durability.
The obtained monoliths (shown in Fig. 2a),
are of O crystalline phase with surface cov-
ered by silica layer of 6 wt.%, conserve their
high specific area of ~ 110 m2/g.

The photocatalytic media were prepared
by impregnation of TOA nanoparticles into
the UPA monoliths, which were cut into
small pellets of ~ 2 mm size. These pellets
were introduced into the colloid with reac-
tive metastable TOA nanoparticles, which
fills the porous pellets permitting to
nanoparticles to react with surface hydrox-
yls. The pellets are then withdrawn from
the reactor and dried overnight at 80°C.
This procedure can be repeated several
times in order to increase the loaded titania
mass. The loaded catalyst was thermally
treated in the temperature range between
400 and 1200°C for 4 h, which does not
affect the matrix but triggers the TiO,
nanoparticles crystallization into anatase
phase.

The TEM image of the impregnated UPA
matrix is shown in Fig. 2b. The TiO,
nanoparticles are seen in the fibrous struc-
ture as well-dispersed black points. The
loaded nanoparticles mass is directly pro-
portional to the number of impregnations,
as shown in Fig. 2c. In the present work,
the maximum number of three impregnations
was employed, which results in the nanoparti-
cles mass loading ~ 30 wt.% . The nanoparti-
cles aggregation in UPA matrixes is prohib-
ited in these conditions, which leads to the
monolithic material with unique response in-
herent to a single nanoparticle, which func-
tional properties can be tuned.

3.2 Properties

The photocatalytic reaction rate of gase-
ous ethylene decomposition into H,O +
CO/CO, on TiO,-AlO3 catalyst is shown in
Fig. 3 as a function of temperature of the

Functional materials, 20, 4, 2013
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Fig. 3. First-order photocatalytic decomposi-
tion rate of ethylene by TiO,~AlO; catalyst
and mass fraction of anatase TiO,.

TOA nanoparticles treatment. In the same
Fig. 3, we plot the mass fraction of the
TOA nanoparticles completed amorphous-
anatase phase transition. Our measurements
show that in the temperature range below
1000°C the nanoparticles remain 100 %
anatase and their size does not significantly
change, which confirm their negligible ag-
gregation.

The observed appearance of the amor-
phous-anatase conversion at T > 500°C is
characteristic of single 5—nm TiO, nanopar-
ticles [25]. In the same time, we see that
the maximum photocatalytic activity of the
photocatalyst is attained after thermal
treatment at 600°C, where the amorphous-
anatase conversion is not complete and
about 25 wt.% of amorphous titania re-
mains. This fact suggests better photocata-
lytic activity of a mixed anatase/amorphous
composition compared to pure crystalline
anatase.

Previously, research of the optimal pho-
tocatalyst polymorphism concerned
anatase/rutile mixtures, since that was the
composition of best reference P25 TiO, pho-
tocatalyst, which contains agglomerated
crystalline TiO, particles of 15-80 nm size
of major anatase (~ 70 %) and minor rutile
(30 %) content [26,27]. The presence of
small amount of the amorphous phase is
generally underestimated, since the amor-
phous titania is expected to be inactive [28].
In agreement with Carneiro et al. [6], our
results confirm the material activity inhibi-
tion by appearance of the rutile phase [18].
In contrast, a presence of the amorphous
phase onto anatase nanoparticles seems to
enhance the photocatalytic activity.
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4. Ag—TiO, coatings

It has been previously shown that the
surface roughness plays an essential role in
the deposited silver morphology [29], which
is of key importance for applications in
plasmonics. In particular, upright nanopar-
ticles grow up preferentially on relatively
thick TiO, substrates with surface rough-
ness about 10 nm, while hemispherical and
spherical silver nanoparticles are grown on
(111) rutile crystalline surface. A consider-
able photocatalytic activity of TOA nanopar-
ticles permits Ag*t/Aut ions reduction and
silver/gold nanoparticles surface growth.
The small thickness (5 nm) and roughness
(0.5 nm) of the TOA nanoparticulate coat-
ings permit highly stable and reproducible
nanoscale surface morphology of the metal
nanoparticles. In particularly, we have
shown that silver nanoparticles form spheri-
cal segment with /D =1/4 and D =12 nm
with the total deposited mass approaching
~ 107 at/um?2 at long times [19].

The deposition of AgQ/Au nanoparticles
has been realized by photocatalytic reduc-
tion of Ag*t/Au* ions in aqueous solution of
AgNOg3/HAuUCIl, with 2-propanol addition (in
ratio 5:1) as a hole scavenger. The metal
ions reduction was carried out by UVA irra-
diation (6.9 mW/cm2, 360+10 nm) of the
TOA coatings deposited on glass substrates.
The irradiation time was varied from 1 to
60 min. After the irradiation cycle, the
plate was withdrawn from the solution,
washed and dried during 4 h at 80°C.

The SEM images of the obtained
nanoparticulate Ag-TiO, coatings are shown
in Fig. 4. The both Au and Ag coatings show
similar morphologies with the metal
nanoparticles grown in size and number and
process saturation at long irradiation times.
In agreement with previous observations of
Ag nanoparticles, Au reduction on rough
substrates seemingly produces large parti-
cles of rectangular and triangular shapes.
In contrast, the growth on smooth surfaces
results in much smaller particles of spheri-
cal-like shape.

A  homogeneous dispersion of metal
nanoparticles on substrates can be evidenced
by the plasmonic response of these coatings.
The fluorescent images of the coatings were
measured with excitation by a near-IR
Ti:sapphire laser (Spectra Physics), produc-
ing 100 fs pulses centered at 800 nm with
repetition rate of 80 MHz and average
power up to ~ 45 mW, coupled with an in-
verted microscope via apochromatic objec-
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Fig. 4. SEM images of the Au-TiO, nanocoatings prepared at pH = 4 after 10 (a) and 1 min (b)
UVA exposition on rough (a) and smooth (b) glass substrates and of Ag-TiO, nanocoatings prepared
in neutral pH conditions after 5 min UVA exposition (c).

1 min 2 min

10 min

20 min 40 min

Fig. 5. Image of the luminescence "hot spots” distribution onto the monolayer nanoparticulate
titania film after UVA photocatalytic silver reduction during 1, 2, 10, 20 and 40 min.

tive Olympus UPLSAPO 100xNA 1.40. Fig. 5
shows the luminescence "hot spots™ en-
hanced by surface plasmons for different
times of the silver reduction process on a
monolayer TOA nanoparticulate surface.
The field enhancement requires the inter-
particle distance to be below 10 nm [30],
which seems to be non-preferable geometry
in our material morphology for small times
of the deposition process (¢ < 20 min).

This confirms the homogeneous surface
repartition of silver nanoparticles. For
longer times ¢ > 40 min, an increase of the
"hot spots” number density is observed,
which indicates that the interparticle dis-
tance attains the critical one enabling the
field enhancement. The nanocoatings with
high number density of surface plasmon
resonances are currently suggested for pho-
tocatalytic applications. Since surface plas-
mons absorb in the visible spectral range,
the obtained results permit to consider the
nanoparticulate Ag,Au-TiO, coatings for en-
vironmental photocatalysis in the visible.

Alternatively, the activation of Ag,Au-—
TiO, catalysts can be achieved by plasma.
Our results indicate that Ag-TiO, and Au—
TiO, coatings consisting of 10 nm size spa-
tially separated metal nanoparticles possess
high and comparable activities in the
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plasma-catalytic process of gaseous acetal-
dehyde (CH3CHO) pollutants decomposition
[31]. Moreover, the activity of the finest
non-agglomerated nanoparticules (Fig. 4b,c)
appears to be significantly higher than that
of the coarsen particles (Fig. 4a). The mor-
phology of the Ag,Au deposition, which can
be stably reproduced on the smooth mono-
layer nanoparticulate TOA coatings, shows
the best performance. The maximum spe-
cific efficiency of these nanopartuculate
coatings (normalized on catalyst mass) cor-
responds to the deposition of ~20 ng/cm? of
silver or gold (~10% at/um?). Moreover, the
gold nanoparticles are most stable against
oxidation and show less dangerous by-prod-
ucts and higher CO, conversion.

5. Conclusions

We describe nanoparticulate materials
based on TiO, nanoparticles with a high po-
tential for applications in environmental ca-
talysis. Particular interest is paid to Fe—
TiO, and plasmonic Ag,Au-TiO, coatings as
well as to TiO,—AlO3 ultraporous monoliths
with unique single-nanoparticle response.
The nanoparticle approach to the material
elaboration permits their homogeneous dop-
ing. An example of the Fe-TiO, photocata-
lyst shows that its intrinsic activity signifi-

Functional materials, 20, 4, 2013
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cantly higher compared to those of pure
TiO, and reference P25 TiO, samples. The
proposed approach to the material fabrica-
tion permits highly reproducible nanoscale
material morphology and composition,
which are of key importance for the repro-
duction and optimization of functional
properties.
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