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Graphene-like layers, synthesized through a two-step oxidation/reduction wet treatment of a high
surface carbon black, have been used to prepare composites with TiO, nanoparticles by liquid phase depo-
sition, followed by calcination at 200 °C. The photocatalytic activity of the TiO,/graphene-like composites
has been tested for the selective conversion of 3-pyridine methanol to 3-pyridine carboxyaldehyde and
nicotinic acid (vitamin B3), under de-aerated and UV/solar simulated conditions, in the presence of cupric
ions. Two different composite morphologies have been explored and a dependence of the photocat-
alytic activity has been assessed. An enhanced photocatalytic activity, with respect to the neat TiO,, has
been observed and attributed to the broader variety of stable free-radical species generated, at a given
photo-catalyst morphology, within the delocalized m-electron systems.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

At the present time, there is a great interest to carry out the
production of fine chemicals, under very mild conditions, using
renewable energy sources, such as the solar radiation, and eco-
friendly solvents, such as water [1,2]. To this aim the use of
TiO,-based photocatalysts appears to be advantageous as TiO; is
easily available, stable to photocorrosion, cheap, and nontoxic sub-
stance [3-7].

When molecular oxygen accepts the TiO, photo-generated elec-
trons in aqueous solution, it leads to the formation of HO radicals,
which play highly negative role in these processes since they un-
selectively oxidize organic substrates:

TiOZ(EC_b) + 0y — 05_. ..— HO*

On the other hand, when metal ions, such as Cu(ll) ions, are
used in de-aerated conditions as electron acceptor instead of
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oxygen, the HO radical production is strongly limited and the pro-
cess selectivity increases [8,9]. In particular, when Cu(II) ions accept
the photo-generated conduction band electrons, they are reduced
first to Cu(I) and then to Cu(0), which precipitate. Moreover, since
the zero-valent copper could be simply re-oxidized to Cu(Il), at the
end of process, with an air flow blown into the solution in dark con-
ditions, it is possible to consider also Cu(II) ions as co-catalysts [10].

However, evenif the presence of oxygenis avoided through inert
gas inlet during the photocatalytic process, the formation of HO
radicals is not totally quenched, just resulting from the reaction of
water molecules or surface adsorbed hydroxyl groups with positive
holes [11]:

TiO(h?,) + H20ads) > TiOz + HO® + H*

T102(h;rb) + Hzo(;ds)

— T102 —+ HO°

The produced hydroxyl radicals, attack the organic substrates
and desired products, thus lowering the selectivity of the processes
[8,10]. Moreover, one of the main problems associated with the use
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of TiO, as a photocatalyst is the fast recombination reaction of the
electron-hole pair:

TiO(h%,) + TiOy(e;, ) — heat

For this reason, many researchers are pointing their atten-
tion to the synthesis of different TiO,-based catalysts containing
inorganic and organic compounds, such as metal oxides, noble
metals, graphene and copper sulphide [11-13], that decrease the
electron-hole recombination. For example, it has been proven
that the electron accepting and transport properties of graphene
provide a convenient way to direct the flow of photo-generated
charge carriers, which thus increases the lifetime of electron-hole
pairs generated by TiO, upon light irradiation [14,15].

Direct TiO, growth on graphite oxide (GO) sheets followed by
reduction of GO to graphene [ 16-20] has been proposed as possible
strategy to produce composites that combine the electron accept-
ing features of graphene and the TiO, photocatalytic activity. The
use of the hydrophilic GO as intermediate step to obtain graphene
is a convenient approach adopted to overcome the graphene aggre-
gation driven by strong van der Waals forces when used in water
and in polar organic solvents [14,21].

In the present investigation, direct TiO, growth on water-stable
conductive graphene-like (GL) layers to produce TiO,-based com-
posite photocatalytic materials has been proposed. The GL layers,
prepared in the present investigation, have a good stability in
aqueous solutions and, undergo to self-assembling in flat blocks
if dried on a flat surface thanks to the instauration of hydrophobic
interactions between the graphenic layers. This behavior, typically
observed in reduced graphite oxide [16], allowed to investigate dif-
ferent morphological arrangement of TiO,/GL composites with the
aim of studying the relationship between morphology and pho-
tocatalytic activity for a cleaner chemical production of vitamin
B3.

The photocatalytic activities of the composites were tested by
means of the selective oxidation of 3-pyridine methanol to 3-
pyridine carboxyaldehyde and nicotinic acid, under de-aerated and
UV/solar simulated conditions, in presence of cupric ions in aque-
ous solution at ambient temperature. Nicotinic acid (also known as
niacin, vitamin PP or B3) is an important vitamin in B group and
it is considered as one of the 80 essential human nutrients, largely
used for the prevention and treatment of pellagra disease [23].

2. Experimental
2.1. Materials

Cupric ions were introduced in the system as cupric sulphate
pentahydrate, (CuSO4-5H,0, ACS grade). 3-Pyridine methanol
(3-PMA), 3-pyridine carboxyaldehyde (3-PCA), nicotinic acid
(NA), copper sulphate, acetonitrile, ammonium acetate, hydrazine
monohydrate (50wt.%), thionin acetate (THA) salt (powder),
ammonium hexafluorotitanate ((NH4),TiFg), boric acid, nitric acid
(67 wt.%), and perchloric acid, were purchased from Sigma-Aldrich
(ACS grade) and used as received. Carbon black (CB) type N110, pro-
duced with the furnace process, was obtained by Sid Richardson
Carbon Co.

2.2. Preparation of neat TiO,

Neat TiO, (in anatase form) was prepared according to the pro-
cedure reported by Jiang et al. [16]. 2.5g of (NH4),TiFg and 2.35¢g
of H3BO3 were dissolved in 125 mL of distilled water, sealed and
stirred for 2 h at 60°C. After cooling, the white solid was recov-
ered through filtration (Anodisc, pore size 0.2 pm), washed with

distilled water, vacuum dried for 1 h and then calcined at 200 °C for
1h.

2.3. GL layers synthesis

GL layers in water suspension were obtained through a two
steps oxidation/reduction method [24] starting from a high surface
carbon black (CB). Briefly, 500 mg of CB powder (15-20 nm primary
particles diameter, specific BET area 139 m2/g) was oxidized with
10 mL of nitric acid (67 wt.%) at 100 °C under stirring for 90 h. The
oxidized carbon nanoparticles were recovered by centrifugation
and washed until acid traces were successfully removed. Follow-
ing the oxidation step, the nanoparticles (20 mg) were dispersed in
20 mL distilled water and treated with 450 p.L of hydrazine hydrate
(50%) at 100 °C under reflux for 24 h.

At the end of the reaction the excess of hydrazine was neutral-
ized with nitric acid (4 M) and the resulting black solid recovered
by centrifugation (3000 rpm, 30 min). The solid was washed with
distilled water, recovered by centrifugation three times in order
to remove traces of unreacted reagents and acid and named
GL. The pH of the GL water suspension was 3.70. The dried GL
resulted to be insoluble in water and in the most common organic
solvents, both polar and apolar (water, ethanol, N-methyl pirrolidi-
none, dichloromethane, heptane, dimethylformamide (DMF) [23]).
It was demonstrated by transmission electron microscopy (HRTEM)
and atomic force microscopy (AFM) that the water-insoluble GL
undergo to self-assembling in thin film on surfaces after drying
[24]. The self-assembled film is made by pliant sheets that easily
conform to any feature of that surface. The formation of flat film is
associated with the decrease in the polar functionalities in GL lay-
ers as a consequence of the reduction step and subsequent intimate
self-assembling interaction between the restored graphitic layers,
as previously observed for the reduced graphite oxide [22].

Two strategies were adopted to produce the TiO,-based com-
posites, differing from the morphology of the GL layers: (1) freshly
prepared GL layers in water suspension (GLW) were readily used;
(2) GLlayers (10 mg/mL) were allowed to dry at room temperature
on a flat surface (glass surface). The resulted self-assembled prod-
uct was scraped from the glass surface obtaining flat platelets of
assembled GL layers (GL platelets, GLP).

2.4. Synthesis of TiO,/GLW and TiO,/GLP composites

Two composites were prepared by directly growing TiO, on
GLW and GLP. TiO,/GLW and TiO,/GLP composites were prepared
adapting the strategy reported by Jiang et al. for the prepara-
tion graphene oxide/TiO, composites [16]: 2.5 g of (NH,4 ), TiFg and
2.35g of H3BO3 were dissolved in 125 mL of the GL (or GLP) aque-
ous suspension (75 mg/L) and stirred for 2 h at 60°C. After cooling
a grey solid was recovered by filtration (Anodisc, pore size 0.2 um),
washed with distilled water, vacuum dried for 1 h and then calcined
at 200°C for 1 h. The expected GL layers percentage is 5 wt.%

This approach aims to develop two composites with different
morphology, as illustrated in Fig. 1. In the case of TiO,/GLW, the
GL and the TiO, precursors are well mixed in the reactive mixture
allowing a good dispersion of GL into TiO,. In the case of TiO/GLP,
the GL layers are assembled in flat blocks offering a flat surface for
the growing of TiO, crystal.

2.5. Characterization procedure

The thermal stability of the prepared samples was evaluated by
using thermogravimetric analysis (TGA) performed on a Perkin-
Elmer Pyris 1 Thermogravimetric Analyzer. The materials were
heated in an oxidative environment (air, 30 mL min~!) from 50°C
up to 750°C at a rate of 10°Cmin~!.
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TiO2/GLP TiO2/GLW
(Graphene-like platelets) (Graphene-like in
water suspension)

Fig. 1. Representation of the hypothesized morphologies of TiO,/GLW and TiO, /GLP
composites.

The Brunauer-Emmet-Teller (BET) specific surface areas of
the samples were measured by N, adsorption at 77K using a
Quantachrome Autosorb 1-C. The samples were outgassed under
vacuum at 110°C before the analysis. Adsorption/desorption data
were processed in accordance with the Barrett-Joyner-Halenda
(BJH) model.

X-ray diffraction (XRD) analysis was carried out using a Philips
PW1710 diffractometer operating between 5 and 80 26 with a Cu
Ko radiation. A diffraction experiment was run on standard glass
slide for the background correction.

The determination of surface acidic functionalities was per-
formed according to the fluorimetric test reported by Visentin et al.
[25]. The carbonaceous material (0.01 mg) was treated with 1.5 mL
of a solution of THA in ethanol (4.3 x 10~ M) for 30 min under con-
tinuous stirring at room temperature. The suspension was filtered
on a 20 nm filter unit (Anotop 25, Whatman) and the fluorescence
emission was measured with a Perkin-Elmer LS 50 B spectrofluo-
rimeter (scan speed 100 nm/min, emission recorded in the range
between 570 and 700 nm upon excitation at 594 nm).

Scanning Electron Microscopy (SEM) was performed on a FEI
Inspect™ S50 Scanning Electron Microscope. Analysis was realized
on a powder sample previously dried and sputter coated with a thin
layer of gold to avoid charging.

Electron Paramagnetic Resonance (EPR) Spectroscopy was
carried out by means of X-band (9GHz) Bruker Elexys E-500
spectrometer (Bruker, Rheinstetten, Germany), equipped with a
super-high sensitivity probe head. Solid samples were transferred
to flame-sealed glass capillaries which, in turn, were coaxially
inserted in a standard 4 mm quartz sample tube. Measurements
were performed at room temperature. The instrumental settings
were as follows: sweep width, 100G; resolution, 1024 points;
modulation frequency, 100 kHz; modulation amplitude, 1.0 G. The
amplitude of the field modulation was preventively checked to be
low enough to avoid detectable signal overmodulation. Prelimi-
narily, EPR spectra were measured with a microwave power of
~0.6 mW to avoid microwave saturation of resonance absorption
curve. Several scans, typically 16, were accumulated to improve
the signal-to-noise ratio. Successively, for power saturation experi-
ments, the microwave power was gradually incremented from 0.02
to 160 mW. The g-factor value was evaluated by means an internal
standard (TEMPOL ethanol solution) [26] which was inserted in the
quartz sample tube co-axially with the capillary containing the GL
in water suspension or composite samples. Free radical concen-
tration in the sample was estimated by using a TEMPOL ethanol
solution as reference, whose concentration was determined by UV
spectroscopy [27]. The area under the EPR absorption curves was
estimated by double integration of their first derivatives.

Non-contact Atomic Force Microscopy (NC-AFM) was employed
to characterize the GL building-blocks. NC-AFM morphological
characterization was carried out by means of an XE100 Park instru-
ment operating in non-contact mode (amplitude modulation, sili-
con nitride cantilever from Nanosensor) at room temperature and
inambient conditions. Samples for NC-AFM imaging were prepared
by drop-casting a very low-concentrated GL water-suspension

(0.1 pg/mL) onto freshly cleaved mica substrates (grade V-1, Elec-
tron Microscopy Sciences), which were then allowed to dry in air.

2.6. Photocatalytic reactor equipment and analytical procedure

The photocatalytic runs were performed, in duplicate, in an
annular batch glass reactor (V 0.280 L, external diameter 6.5 cm,
height 40 cm and optical path 1.1 cm), equipped with a mercury
vapor high pressure lamp (nominal power 125 W, Helios Italquartz)
mainly emitting at 305, 313 and 366 nm (manufacturer data). The
photon flows of the lamp at 305, 313 and 366 nm, determined
through actinometric analysis, were 4.85 x 107>, 8.34 x 10> and
2.71 x 10~4 E/min, respectively. The reactor was thermostated at
25°C by using a thermostat bath (Julabo ED-13) and stirred mag-
netically. The apparatus device has been reported elsewhere [28].

Before turning on the lamp, the aqueous solution, con-
taining the organic substrate ([3-PMAJo=1.5mM), cupric
salts ([CuSO4Jo=1.5mM) and a proper load of catalyst
(TiO =570 pg/mL, TiO, composites=600 wg/mL) was purged
with a nitrogen stream for 30 min at dark (flow rate=0.3 L/min).
The different catalyst load has been chosen to account the effective
TiO, content in TiO, composites. (30 g/mL being the GL amount,
5% of 600 p.g/mL).

The photocatalytic runs were carried out under inert atmo-
sphere to prevent the inlet of oxygen and the external walls of
the reactor were covered with an aluminum foil to prevent the
dispersion of the light emitted by the lamp.

The pH was adjusted at the desired value (pH 3.0) with perchlo-
ric acid (pH-meter Orion 420A+ by Thermo).

The samples, taken from the reactor at different reaction
times, were filtered on regenerated cellulose filters (0.45 pm,
Teknokroma) and analyzed by high performance liquid chromatog-
raphy (HPLC) using an Agilent 1100 instrument equipped with a
diode array UV-vis lamp (265 nm) and a Synergy 4u MAX-RP 80A
column (flow rate 1.0 mL/min, 30°C). The adopted gradient elu-
tion was 95% of buffer solution (ammonium acetate 20 mM) and
5% of acetonitrile for 5 min, rise to 75% of buffer solution and 25% of
acetonitrile in 10 min. The concentration of dissolved copper, was
measured by means of a colorimetric method with an analytical kit
(based on oxalic acid bis-cyclohexylidenehydrazide, cuprizone®)
purchased from Macherey-Nagel. A UV-vis spectrometer (Unicam)
was used to measure the dissolved copper at a wavelength of
585 nm. A detection limit of 0.1 mg/L was found during this inves-
tigation.

3. Results and discussion
3.1. GLW and GLP characterization

GL layers in water suspension (GLW) consist of small flat
nanoparticles decorated at the edge with oxygen-containing
groups (mainly carboxylic/carbonylic and hydrazones) with
graphenic basal plane untouched [23]. The carboxylic functional
groups, residual from the reduction treatment of strongly oxi-
dized CB, have been quantified by a sensitive and fast fluorimetric
method [25]. The amount of acid groups was estimated to be
9.4 x 1078 molcoon/mg. The presence of residual carboxylic func-
tional groups allows a good stability and dispersion of GL sample
in aqueous solution.

When GL layers in water suspension were allowed to dry on
a flat surface, they underwent to self-assembling forming a flat
film whose height depends upon the concentration of the starting
solution. NC-AFM morphological characterization of ultrathin
films (<20nm) obtained from GL drying has been reported else-
where [24], providing a surface characterization and roughness
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Fig. 2. AFM characterization: (a) NC-AFM topographic image, 4 um x 4 pm, showing the presence of GL nanoparticles on a mica substrate; (b) NC-AFM topographic image,
1.5um x 1.5 um, zoomed on some representative nanoparticles, reporting the analyzed profiles positions; (c) height profiles on GL nanoparticles, taken along the lines

highlighted in panel (b).

estimation. Here, the observation of the GL layers, which are at
the basis of the GLP formation, is reported. The freshly cleaved
mica used as substrate guarantees an atomically flat underlying
surface, which is needed for the correct observation and size
measurements of particles on a nanometer scale. In addition, a
very low-concentrated water-suspension (0.1 g/mL) was used
for drop-casting onto mica substrate. Such a low value was chosen
in order to prevent the formation of aggregates on the substrate,
allowing instead the achievement of rather individual GL layers.
The concentration of water suspension, however, was high enough
to allow the presence of a certain number of nanoparticles per unit
area of the substrate, so that to be easily detectable in the scanning
area of the microscope.

Fig. 2 shows the presence of nanoparticles deposited on the mica
flat surface. A detailed characterization of such particles reveals a
size distribution, which can be ascribed to different aggregation
amounts of elementary constituents. Selected height profiles cross-
ing the particles demonstrate first of all, the flatness of the substrate
(the measured roughness, of the order of 1 Angstrom, is undistin-
guishable from the noise level of the instrument, and anyway well
below the height of the particles under study), and its suitability for
a reliable characterization of the nanoparticles. From such profiles
we observed vertical sizes ranging from about 1 nm or less to few
nanometers; the larger lateral dimensions, a few tens of nanome-
ters (about 50 nm), confirms that at the chosen concentration of
water suspension some aggregations are still occurring.

When a concentrated GL water suspension (10 mg/mL) was
allowed to dry on a flat surface, a carbonaceous film is formed. The
production of flat blocks about 1-2 pm thick (Fig. 3) was achieved
by scraping the carbonaceous film. These flat blocks, here named
GL platelets (GLP), offer a larger surface for TiO, growing.

During the hydrolysis of (NH4),TiFg, used as TiO, precur-
sor, titanium hydroxide complex ions were gradually produced
and further form TiO, nanoparticles [16]. The residual oxygen-
containing groups on the GLW and GLP surface, not present on
the raw CB surface and introduced after the oxidation-reduction
treatment, can interact with titanium hydroxide complex ions and
the growing TiO, nanoparticles through hydrogen bonds. These

interactions favor the nucleation of TiO, nanoparticles on GLW
and GLP surface.

3.2. TiO, and composites characterization

3.2.1. XRD analysis

The X-ray diffraction patterns of the prepared samples are
reported in the 20-80 26 range (Fig. 4). The diffraction pattern of
neat TiO, confirms that the sample is present in the anatase form
(JCPDS 21-1272). The XRD path of both composites showed that the
production of TiO; in the anatase form is not influenced by the addi-
tion of GL layers. Nevertheless, low intensity signals attributed to
rutile contamination (as 260=27.5, (1 10) diffraction peak) in TiO,-
GLW XRD pattern were also detected. There were no observable
peaks of the GL layers in both the composite samples, possibly due
both to the relatively low content of carbonaceous material in the
composites and to their low intensity, compared to the prevailing
TiO, pattern. The peak at 20=25.2 (101 diffraction peak) for the
TiO,/GLP sample is higher with respect to the neat TiO,, whereas
the TiO,/GLW exhibits a lower intensity peak. This result indicates
a higher crystallinity of TiO,/GLP. It can be speculated that the
presence of well dispersed GL layers into the TiO,/GLW composite
interferes with the TiO, crystallization process whereas GLP offers
a flat surface advantageous for TiO, growing and crystallization.

3.2.2. SEM analysis

The morphology of the TiO, /GLW and TiO, /GLP composites was
observed with SEM (Fig. 5). Neat TiO, is also reported for compar-
ison. The dimensions of the composites range in the micrometer
scale: the granulometric analysis performed on the samples shows
that the particle size distribution is lower than 20 wm which allows
an easy separation of the composites by filtration. Neat TiO, anatase
exhibits rather spherical primary particles which aggregate form-
ing larger particles. The morphology of the composites is similar
to that exhibited by neat TiO, and no significant differences are
observable.
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Fig. 4. XRD patterns of TiO,/GLW and TiO,/GLP composites and neat TiO,.

Table 1
EPR spectral parameters for TiO/GLW, TiO,/GLP and neat GLP powders.
GLP TiO,/GLP TiO,/GLW
g-factor 2.0040 + 0.0004 2.0035 + 0.0004 2.0037 + 0.0004
AB(G) 33+02 29+02 1.6 £ 0.2
Spin x g~! 1.4x 10" 8.5x10"3 49x10'

3.2.3. BET analysis

N, adsorption/desorption measurements with BET method
were carried out to determine the surface area of the samples.
TiO,/GLP composite had a surface area of 106.9 m?/g, higher than
the values measured for the neat TiO, and GLP that are 85 and
76 m?/g, respectively. The increase of the surface area is not
deducible by a weighted average of the two neat components (GLP
and TiO;) indicating the occurrence of non-additive effects due
to the incorporation of the GLP component. A higher surface area
was exhibited by TiO,/GLW (138 m2/g) and was interpreted as a
consequence of a more defective and irregular surface due to the
interference of GL in the TiO, crystallization process (Figs. 2 and 3).

3.2.4. TGA analysis

Fig. 6 shows the TGA curves in oxidative environment (air)
for the TiO,/GLW and TiO,/GLP composites. Neat GLP was also
reported for comparison. The GLP sample exhibits two weight
losses, the first one between 150 and 500 °C (~40% of total weight
loss) due to the progressive decomposition of residual oxygen-
containing groups (carbonylic/carboxylic), and the second one at
550°C due to the bulk oxidation of GLP. Interestingly, the curve for
the TiO,/GLW composite does not exhibit the clear steps of mass
loss at about 550°C as TiO,/GLP suggesting that the GL layers are
well-mixed within the composite and stabilized by the deposited
TiO, through the interaction between oxygen-containing groups
on the GL and TiO, particles. According to the TGA curves, in both
composites the weight content of GL layers was roughly evaluated
tobe 3-4 wt.%, slightly lower than the expected percentage (5 wt.%).

3.2.5. EPR analysis

EPR measurements on TiO,/GLW and TiO, /GLP composites were
performed by following an experimental procedure recently used
in the characterization of melanins [29-31]. Analysis of this EPR
signal provides significant information on the nature of the para-
magnetic centers and on the supramolecular properties of solid
materials. In this study, we undertook an EPR characterization of
powdered samples synthesized as previously described. Neat TiO,
and GLP were used as references. All EPR spectra are reported in
Fig. 7, whereas the spectral parameters calculated from them are
summarized in Table 1.

By observing Fig. 7, no signal was detected for neat TiO, (spec-
trum A), indicating no oxygen vacancy or Ti3* in this powder which
is consistent with a previous report that indicates no EPR signal for
pureTiO, [32]. In Fig. 7, the spectra B, C and D represent the spectra
of neat GLP, TiO,/GLP and TiO,/GLW respectively. They present a
similar lineshape: a single, roughly symmetric signal at a g value
of ~2.0035-2.0040, (Table 1), typical of carbon-centered radicals.
It is in agreement with the literature [33,34]| and corresponds to
the samples with a high content of carbon which have more para-
magnetic centers. In particular, Nakamura et al. attributed the EPR
signal at this position to an oxygen vacancy [35], whereas no other
detectable signal, such as Ti3* or 02—, appears in our tests. Since the
signals of the two composites (Fig. 7, spectra C and D) present the
same lineshape observed for the GLP (Fig. 7, spectrum B), the emer-
gence of the oxygen vacancy in the hybrid TiO, samples is directly
dependent on the presence of GL layers in the composite synthesis,
in according to the literature findings [34].
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TiO,-GLW
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Fig. 5. SEM images for TiO,/GLW and TiO,/GLP composites and neat TiO,.

However, a deeper analysis of the spectra of composites shows
that the TiO, /GLP spectrum is evidently broader than the TiO, /GLW
one. The difference in lineshapes was corroborated by the quanti-
tative determination of the signal amplitude (AB). The AB value
determined from the spectrum of TiO,/GLP is significantly lower
than those derived from the spectrum of TiO,/GLP which is com-
parable to GLP spectrum (Table 1). To ascertain physical reasons for
this experimental evidence, the EPR spectra of the same samples
were acquired setting a higher microwave power. An inspec-
tion of the normalized power saturation profiles, reported in
Fig. 8, shows that, as the microwave power is increased, the spin
density increases. Also, the power saturation curve of TiO,/GLP
(and similarly of pure GLP) does not go to a plateau, in contrast
to that observed in the case of TiO,/GLW. The comparatively low
AB value and the power saturation profile of TiO,/GLW would
suggest a relatively homogeneous free-radical species distribution
that is spatially confined within restricted region of the catalyst
supramolecular structure, in contrast to the broader variety of
free-radical species that could be generated within the delocalized

100 4
80 -
X 60
<
3
= 40
1 - - ~TiO2-GLP
——Ti02-GLW
20 1 ——GLP

0 : v : v T T
50 150 250 350 450 550 650
temperature, °C

Fig. 6. TGA curves of TiO,/GLW and TiO,/GLP composites and GLP.

m-electron systems of the TiO,/GLP. The reduced “mobility” of free
radicals, generated under irradiation, is interpreted as an interrup-
tion of the electron “mobility” within the graphene-like, dispersed
over the TiO, matrix but not grouped in platelet as in the case
of TiO,/GLP [34]. This property, added to the presence of oxy-
gen vacancies, probably contributes to improve the photocatalytic
activity of the catalyst, as also suggested in literature [33]. Differ-
ent studies have proposed that the defects in the material structure
have a significant effect on the electronic states of the entire flake of
graphene. These defects can increase the electrons mobility which
is directly correlated to the material conductivity [36]. Finally, a

3490 3500 3510 3520 3530 3540
B (Gauss)

Fig. 7. EPR spectra of neat TiO; (A), neat GLP (B), TiO,/GLP (C) and TiO,/GLW (D)
composites.
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quantitative analysis of the spectra intensities shows that all sam-
ples present a similar high spin density (Table 1).

3.3. Composites photocatalytic activity

Composites were tested to check their photocatalytic activity for
the partial oxidation of 3-pyridine methanol (3-PMA) to 3-pyridine
carboxyaldehyde (3-PCA) and nicotinic acid (NA) under illuminated
and deaerated conditions in the presence of cupric ions, used as
photoelectron scavengers.

The normalized concentration profiles for 3-PMA and dissolved
copper, and the reaction yields for 3-PCA and NA, under differ-
ent experimental adopted conditions, are reported in Figs. 9a-d
respectively.

The homogenous system, in the only presence of CuSO4 (empty
triangles), shows a low reactivity probably ascribed to a photocat-
alytic activity of the Cu(Il)/3-PMA complexes. The addition of the
sole GL or GLP to the aqueous solution, containing cupric ions and

(A/A)

0 s 4 86 o8 10 3-PMA, does not improve the system reactivity with respect the
(M/Mo)l/2 previous one (empty squares and diamonds).
A marked increase of 3-PMA and Cu(Il) consumption, and 3-PCA
F?g. 8. Influence Of: microwave power (?I'l amplitudes of free radicals of GLP (O), and NA production rates was achieved in presence of Cupric ions
Ti0/GLP (@) and TiO2/GLW (M) composites. with neat TiO; catalyst at a load of 570 wg/mL (full squares).
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Fig. 9. Selective photo-oxidation of 3-PMA at different experimental conditions under deaerated conditions: (a) 3-PMA consumption; (b) Cu(Il) photoreduction; (c) 3-PCA
yield; (d) NAyield. [3-PMA], = 1.5 mM, [CuSO4], = 1.5 mM; pH 3.0; T=25°C. In presence of TiO, /GLP, load 600 ppm (®); neat TiO,, load 570 ppm (M); TiO,/GLW, load 600 ppm

(#); GLP only, load 50 ppm (J); GLW only, load 50 ppm (¢); CuSO4 only (A).
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Table 2

Photocatalytic selective oxidation of 3-PMA in presence of CuSO4 and different solid samples (neat TiO,, neat GL, neat GLP and composite catalysts) for a reaction time of 5 h.

Conversion (X), yield (Y), selectivity (S).

Run Catalyst X(3-pma) (%) Y(3-pca) (%) S(z-pea) (%) Ynay (%) Sinay (%) Carbon mass
balance (%)
1 Only CuSO4 17.3 134 774 223 12.8 98.0
2 CuSO4 and neat GL 124 9.14 73.7 1.63 131 98.2
3 CuSO4 and neat GLP 8.44 4.08 48.3 1.21 143 96.3
4 CuS0;4 and neat TiO; 50.2 30.7 61.1 14.3 28.5 94.6
5 CuS04 andTiO, /GLW 35.8 241 67.3 7.28 20.3 94.4
6 CuSO4 and TiO,/GLP 63.3 39.5 62.4 21.9 34.6 97.9

[3-PMAJ, =1.5mM, [CuSO4], = 1.5mM; pH 3.0; T=25°C.

The composites, present in the reacting system at a load of
600 pg/mL to account the effective TiO, content (95 wt.%), show
very different catalytic activities depending on the morphology of
GL layers (GLW or GLP) added to the system.

When TiO, /GLW was used as catalyst (full diamonds), the reac-
tivity is even lower than that in which neat TiO, is present. On the
other hand, the photocatalytic oxidation rates of 3-PMA, the cupric
ions reduction rates and the yields to 3-PCA and NA were rather
increased in the presence of TiO,/GLP (full particles) at the same
adopted experimental conditions.

The collected results indicated that, under the adopted exper-
imental conditions, the production of NA for photocatalytic
oxidation of 3-PMA, proceeds through the following steps:

1) photogeneration of holes and electrons

TiO, based catalyst ﬂTiOz based catalyst(e_,, h;rb)
2) formation of 3-PCA, as primary chemical intermediate, by reac-
tion of holes with 3-PMA

TiO, based catalyst(Zh;’b) + 3-PMA — TiO, based catalyst
+3-PCA

3) conversion of 3-PCA to NA
TiO, based catalyst(Zhlfb) + 3-PCA — TiO, based catalyst + NA
4) photoreduction of cupric ions to copper zero-valent

TiO, based catalyst(2e_, ) + Cu(ll) — TiO, based catalyst + Cu(0)

A summary of the conversion degrees for 3-PMA and selectivi-
tiesand yields to 3-PCA and NA, along with the carbon mass balance,
after 5 h of reaction time, is reported in Table 2. First, the presence
of GL layers in water suspension or GLP only (runs 2 and 3) does
not provide any improvement compared to the homogeneous sys-
tem (run 1). On the contrary, the addition of neat TiO, only (run
4) involves an increase of the conversion degree up to 50% and
yields to 3-PCA and NA up to 31% and 14%. Whereas the overall
selectivity (87.3%) and the carbon mass balance (94.4%) are almost
the same, the use of TiO, /GLW as photo-catalyst (run 5) involves a
reduction of the conversion degree (35.8%) and yield (24% and 7.3)
if compared to the use of neat TiO,

On the contrary, the use of TiO,/GLP as photo-catalyst (run 6)
results in improved of the 3-PMA conversion degree (63.3%) and
yield (39.5% for 3-PCA and 22% for NA). Moreover, higher values
for the global selectivity (97%) and the mass carbon balance (98%)
are achieved. The TiO,/GLP catalyst, compared to neat TiO, and
TiO,/GLW catalyst, promotes the selective oxidation of 3-PMA to
3-PCA and of 3-PCA to NA.

It has been reported that the photocatalytic activity of TiO, is
strongly affected by several parameters such as the phase structure,
crystal size, specific surface area and crystallinity [37,38]. In order
to achieve better photocatalytic performances, a good crystallinity
is often required to reduce the formation of electron traps, which
might affect the photocatalytic efficiency [39]. Moreover, a catalyst
with a large specific surface area may be also desirable since the
contact between the active sites and the reacting substances is
enhanced.

The lower photocatalytic activity of TiO,/GLW sample was
driven by its lower crystallinity degree than TiO,/GLP one, in
spite of its slightly larger specific surface area (138 m?/g). In the
case of TiO,/GLP, the improved photo-catalyst performances are
mainly ascribed both to the higher crystallinity degree and to the
presence the broader variety of “long-live” free-radical species
photo-generated within the delocalized GLP mr-electron systems, as
indicated by EPR analyses. Moreover the lower free-radical density,
evidenced in TiO,/GLP, can account for the decrease of the occur-
rence of oxidation mechanisms of HO radical type that, producing
hydroxylated undesired by-products, inevitably would lower the
selectivity of the system and yields to desired products (3-PCA and
NA).

4. Conclusion

Water stable GL layers, produced through a two-step oxida-
tion/reduction wet treatment of carbon black, have been used in
two different forms (in water suspension and assembled in flat
blocks) to prepare composites with TiO, nanoparticles by lig-
uid phase deposition (TiO,/GLW and TiO, /GLP, respectively). The
adopted experimental approach allowed to explore the effect of
morphology on catalyst performances toward selective conversion
of 3-pyridine methanol to 3-pyridine carboxyaldehyde and nico-
tinic acid (vitamin B3), under de-aerated and UV/solar simulated
conditions, in presence of cupric ions. An enhanced photocat-
alytic activity of TiO,/GLP, with respect to the neat TiO,, has been
observed and attributed both to the broader variety of free-radical
species stabilized within the delocalized m-electron systems of the
TiO,/GLP, as indicated by EPR analyses and to a reduction of the
hydroxyl radicals formation. In the case of TiO,/GLW, the presence
of well dispersed GL layers during TiO, nucleation seems to inter-
fere with the TiO, crystallization process lowering the composite
photocatalytic activity, in spite of its higher surface area. Moreover,
beneficial effects driven by the presence of highly p-conjugated
systems are not observed due to the spatially confined free-radical
species in TiO, /GLW.
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