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Introduction

The PhD thesis titled Study of the electrochemical and electrocatalytic features
of some multicomponent materials micro and nanostructured aimed at contributing to
a certain extent to a research topic that attracted electrochemists interest, namely that
concerning fuel cells.

This concept is considered of strict actuality because it could help at alleviating
nowadays problems related to environmental pollution and fossil fuel shortage, which
are issues that all research projects with some “ecological” components seek to solve, at
least in part.

In this context, the main objectives of the present work consisted in obtaining
new platinum-based electrocatalytic systems (by electrochemical deposition of the
noble metal on various micro and nanostructured support materials) and in investigating
their performances for methanol anodic oxidation. Attention was also given to the
effect of the nature of the substrate on the overall electrocatalytic activity and to the
extent of which the investigated systems could represent a viable alternative to
traditional Pt/C electrocatalysts currently used for methanol fuel cells applications.

The thesis is structured in five chapters. In the first two chapters, the literature
data used to support the own experiments are presented, and in the following three
ones, the results of these experiments that aimed to study the electrochemical properties
of some new hybrid materials (which we consider relevant for methanol fuel cells
applications) as well as their electrocatalytic activity.



Chapter 111 Electrochemical behavior of silica nanotubes thermally treated in a
hydrogen atmosphere and their use as electrocatalysts support ¥

One of the fastest-growing areas of research and technology appears to be the
one dedicated to nano-structured materials, primarily because of its huge number of
potential applications in numerous fields, such as nanomedicine, biosensors,
nanoelectronics and solar energy conversion.*!

Nano-sized silicon dioxide is among the most popular such materials as it is
affordable, highly stable, and can be obtained in various structures with different
morphologies and distinct properties.®® Nevertheless, extensive use of conventional
silica as electrode material is somewhat hampered by the lack of intrinsic electron
conductivity of the SiO, network, although several ways to alleviate this drawback
were devised, including the dispersion in the silica bulk of metal nanoparticles’®” or the
insertion of conductive polymers. %!

In this context, special attention was given to ceramic-carbon electrodes which
are generally obtained by embedding into the SiO, matrix different types of
carbonaceous structures such as carbon nanotubes,®! and graphenes,*® or
conductive diamond powder.'% These composite materials are relatively easily
obtained by sol-gel procedures and, at least in principle, well suited for electrochemical
applications due to their wide potential window, tunable polarity and high stability.[**!

For the present study, the use of a boron-doped diamond (BDD) substrate
appears to be particularly germane because it is reasonable to assume that combining
two highly stable materials such as diamond and silica would allow obtaining new
types of robust electrode materials.

I11.1 Preparation of SiO,—NT/BDD working electrodes

The synthesis of SiO, nanotubes was carried out according to a modified sol-gel
method.’®!. Briefly, gaseous ammonia was bubbled for 10 min, at room temperature,
through a solution containing tartaric acid, ultrapure water and ethanol and then
tetraorthosilicate was added dropwise to the gently stirred solution cooled at 0°C. The
gel thus obtained was allowed to stay for 5 h for aging and then filtered. Typically,
calcined silica nanotubes (SiO,-NT) were obtained, after drying the gel for one hour at
100 °C, by thermally treating the silica mass for 3 h, at 500 °C, in air. After that, some
calcined silica nanotubes were further annealed (for 1 h at 500 °C) in a hydrogen
atmosphere (SiO,-NT-H) and also used for comparison.

111.2 SEM morphological measurements

The morphology of the calcined silica was scrutinized by scanning electron
microscopy and Fig. Il11.1 shows a typical SEM micrograph. It appeared that SiO,
hollow structures with tubular shape prevail, although fragments of SiO,-NT are also
incorporated into the bulk of the material. The external diameter of the nanotubes ranges
from ca. 300 nm to ca. 3 um, while their wall thickness fluctuates within the range 100—
200 nm. The length of the nanotubes may reach more than 100 um, and their external
surface is well-decorated with spherical SiO, nanoparticles.!**”!
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The literature dealing with electrochemical
applications of undoped silica as such is rather
scarce and, to the best of our knowledge, there is no
detailed study concerning calcined SiO, nanotubes
electrochemical behavior. Nevertheless, attention
has been given to a certain extent to various
Ru(bpy)s**~SiO, nanoparticles systems as possible
candidates for cost-effective, regenerable chemical
sensors. 16118l
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Fig. 111.1 SEM micrograph of
calcined SiO, nanotubes.

111.3 Assesement of the electrochemical activity of SiO, nanotubes.

To assess the electrochemical activity,
cyclic voltammetry  experiments  were 8l
performed and, as curve 2 in Fig. 111.2 shows,
it was observed, somewhat unexpectedly, that
under these experimental conditions the
voltammetric response exhibits a very distinct
pair of peaks characteristic to Ru(bpy)s>
presence. The simplest explanation for this
behavior would be provided by assuming that
SiO,-NT deposition results in an incomplete
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process can still occur (although more
Fig. 111.2 Voltammetric responses in 0.2 M

sluggishly) on oxide-free zones. _of the KCI + 0.1 mM Ru(bpy)sCl, solution (sweep
substrate. However, such hypothesis is ruled  rate 20 mv/s) recorded at BDD (1), SiO,-

out by the fact that, as illustrated by the inset NT/BDD (2) and SiO-NT-H/BDD (3).
. . Inset: cyclic voltammograms in 0.2 M KCI
in Fig. 111.2, the same electrodes were found ;¢ 15 mm K,Fe(CN), solution for BDD (1)
to be inactive when Ru (bpy)s** species were  and SiO,-NT/BDD (2).

replaced by the Fe(CN) ¢ /*redox couple

(curve 2 from the inset). These results indicated that SiO,-NT possesses quite suitable
surface structure, chemical composition and electronic properties to enable
electrochemical activity for positively charged Ru(bpy)s>* complex ions.

Conversely, as the inset in Fig. 111.2 demonstrates, redox processes that involve
Fe(CN)e>™ couple cannot occur at the modified electrodes. Such behavior could be
understood by taking into account the fact that SiO, surfaces are typically negatively
charged, due to the presence of hydroxyl and Si-O groups,**! that might act as
strongly repulsive sites for Fe(CN)g* ions, thus blocking their access to the electrode
surface. One can conclude that the SiO,-NT coating is responsible for this
electrochemical behavior.

This assumption is strongly supported by the observation that the thermal
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treatment required for obtaining SiO,-NT results in the formation of a non-negligible
amount of Si®" surface species, besides the prevailing Si** ones.*® Si** sites could be
reasonably regarded as negative defects since they represent in fact Si** species on
which one electron is located. The emergence of these negative defects will obviously
perturb local charge balance and, for the constraint of global electroneutrality to be met,
this process must be necessarily accompanied by the formation of positive defects as
well.

With these in mind, a strategy well suited to highlight the role of surface defects
should involve purposeful modification of their concentration, followed by the
investigation of its effect on the electrochemical behavior of SiO,-NT. Ostensibly, the
most straightforward way to alter the concentration of surface defects (and possibly
their nature) would be a further controlled atmosphere annealing, [*126127
Furthermore, it was demonstrated that the impregnated H, molecules suppress the

creation of dangling bonds, but at a price of much enhanced generation of oxygen
vacancies.**]

111.4. Electrochemical impedance spectroscopy measurements

1200 To better put into perspective this
cPE ; .| feature, EIS measurements were also

] . R
N | R | 4 performed in a 0.2 M KCI + 0.25 mM
5 800 e | Ru(bpy)sCl, solution (at applied potentials
¢ 8 3 ° | corresponding to half-peak potential values
%‘ o . | estimated from the cyclic voltammograms)
T ol . //-,' 2/./" and Fig. 1.5 shows typical Nyquist plots
P W obtained for bare BDD (curve 1) and for
M AW electrodes with similar loadings of SiO,-

po o oo o .
0 e e v v v v | NT and SiO,-NT-H (curves 2 and 3,
® o o e respectively). The impedance spectra were
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Fig. 111.5 Nyquist plots obtained in 0.2 M adequately fitted by using a Randles

KCI + 0.25 mM Ru(bpy)sCl, solution for ~ €quivalent circuit (see the inset in Fig.
BDD (1), SiO,-NT/BDD (2) and SiO,-NT-  I11.5) in which  the double layer

H/BDD (3) electrodes. Applied potential:  capacitance was replaced by a constant

(1) 1.07 v (2.3) 1.10 V. Inset: Electrical  phase element, in order to account for the

equivalent circuit used to simulate .

) roughness of the surface and for its

impedance spectra. . . ) )

possible physical nonuniformity. It was

thus found that subsequent annealing in hydrogen atmosphere of calcined SiO;
nanotubes undoubtedly promotes Ru(bpy)s** anodic oxidation at their surface, as
clearly demonstrated by the decrease of the charge transfer resistance from ca. 706 Q
cm? at SiO,-NT/BDD to ca. 364 Q cm? at SiO,-NT-H/BDD. As anticipated from the
cyclic voltammetry results, the same process takes place more easily at bare BDD,
which is reflected in a much lower value of the charge transfer resistance (ca. 93 Q

2
cm®).



I11.5 Influence of the thermal treatment in hydrogen atmosphere

In order to get more insight into the way in which the hydrogen thermal
treatment influences the electrochemical activity toward redox processes involving
Ru(bpy)s>"** species, cyclic voltammograms recorded at both SiO,-NT/BDD and SiO,-
NT-H/BDD electrodes were fitted by means of a DigiSim 3.03 (Bioanalytical Systems,
Inc.) software.

To better put into evidence this behavior the cathodic charges corresponding to
experimental and simulated cyclic voltammograms were compared, for both types of
SiO, nanotubes, on a relative basis. For SiO,-NT the experimental value (31.8 pC cm™)
was in excellent agreement with the calculated one (31.4 pC cm™), whereas in the case
of SiO,-NT-H the simulation yielded a charge of 41.4 pC ecm™, with ca. 37% higher
than the experimental value (30.1 uC cm™). This is an indication of the fact that
although hydrogen annealing results in an increase of the number of sites which are
active for the anodic process, this treatment does not necessary lead to a similar
increase of the number of sites prone to give off electrons during the reverse cathodic
scan. Such behavior is somewhat intriguing since the electric charge corresponding to
positive defects (possible electron acceptors) should balance that of the negative ones
(possible electron donors) and it would be expected that an increased number of the
latter (evidenced in the XPS spectra by the higher surface concentration of Si** species)
would proportionately enhance the cathodic current.

111.6 Methanol anodic oxidation on Pt-modified SiO,—NT—H nanotubes

In order to gauge the activity of the platinum electrocatalyst, methanol anodic
oxidation was chosen as a test-reaction and the shape of the recorded cyclic
voltammograms were characteristic of methanol oxidation at platinum electrodes, as
they exhibited two anodic peaks: the first one on the forward scan at ca. 0.8 V, and a
second one, located at ca. 0.6 V, on the reverse, cathodic, scan.

To place these results in a more practical context, Pt/ SiO,-NT-H/BDD electrodes were
also used for steady-state polarization experiments, carried out by increasing the
applied potential in 10 mV steps and allowing 10 min after each step for the
stabilization of the current. Lower potential values are of particular interest for
applications, and it was observed that for an applied potential lower than ca. 0.5 V the
fitted Tafel slope is of ca. 116 mV/decade indicating that the rate-determining step
involves methanol molecules dehydrogenation.[138] At higher potentials, the Tafel slope
increases significantly (up to ca. 220 mV/decade), this behavior being usually attributed
to the fact that the rate-determining step shifts to the oxidation of CO like adsorbed
species.**! Such values of the Tafel slope are encouraging as they compare reasonably
well with those of 115-289 mV/decade reported for conventional PtRu catalysts. 4044



CHAPTER 1V - Improvement of the electrocatalytic performances of
Pt/TiO, systems by laser treatment of the oxide support**®!

V.1 Introduction. Potential advantages of the TiO, support

Starting from the pioneering works in the early 1950s,"*"! the concept of

methanol fuel cells continued to attract a steadily growing interest, mainly because such
systems were considered to be a viable alternative for high efficiency energy
conversion. Furthermore, it was deemed that their application on a larger scale might
help in alleviating to some extent foreseeable problems related to environmental
pollution and fossil fuel shortage. At present, methanol fuel cells require very costly Pt
electrocatalysts,”*®! and although numerous research groups went to great lengths in the
effort of finding active, precious metal free, electrocatalysts, at this stage, the extent to
which this demand will be met depends on the successfulness of the attempts to
minimize the platinum content while maintaining high activity of such
electrocatalysts.!**%!
A propitious way to avoid these problems was found to be the deposition of platinum or
platinum alloys on a titania substrate, as this enables uniform dispersion of the
electrocatalyst nanoparticles.'™®) More importantly, it was demonstrated that, when
supported on TiO, substrates, Pt-based catalysts exhibit enhanced activity for methanol
anodic oxidation, due to strong metal-support interactions, to the partial reactivation of
active sites by hydrogen spillover, and to the fact that the titania surface includes —OH
groups that can act as oxygen donors, facilitating further oxidation of CO adsorbed
species. It is also worthy of note that titania subtrates can also lend a hand in enhancing
methanol oxidation on Pt-based electrocatalysts by photo-assistance.

Undoubtedly, one of the most remarkable asset of titanium lies in the fact that
its exposure to air or to solutions leads, within nanoseconds, to spontaneous surface
passivation, due to the formation of a very thin (4-6 nm) protective layer consisting of
low-crystalline or amorphous TiO,.1%%*°% More recent studies have demonstrated that,
since they are thin enough to allow electron tunneling, such, very stable, native air-
formed titania films may be successfully used as platinum supports for oxygen
reduction reaction.[*?

IV.2 Treatment of TiO, films and Pt/TiO, obtaining

In order to enable the formation of uniform, high surface area, oxide films, the
titanium substrate was subjected to an etching procedure commonly used in the
literature,™1%] which ensures an appropriate degree of roughness of the metal surface.
Subsequently, some of the samples were micromachined by means of a laser engraving
setup and the working conditions were appropriately adjusted in order to avoid
significant oxidation of titanium substrate.[*®"]

Platinum particles were deposited electrochemically from a 0.1 M KNO; + 0.01
M HCIO, + 4.5 mM H,PtClg,, by applying consecutive potentiostatic pulses (applied
potential, —0.15 V) of 5 s each, both on the native air-formed titania films (N-TiO;) and
on the laser-treated ones (LT-TiO;). Electrochemical measurements were performed
with a PAR 273A potentiostat, in a three-electrode glass cell by using a Ag/AgCl
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electrode (in saturated KCI) as reference and a platinum gauze as counter electrode.

IV.3 Laser-modification of morphological and textural features of
titanium oxide surface

SEM  micrographs |
from Fig. V.1 clearly |
illustrate the modifications
of the morphological and
textural features of the
titanium  oxide  surface,
induced by the laser
treatment. As Fig. IV.1b
shows, the treatment results
in the occurrence of two
orthogonal grids of mutually
perpendicular lines, with
regular spacing. Both sets of
lines can be more distinctly
identified in  Z-contrast

images (see the inset in Fig.

IV.1b), which would indicate Fig. IV.1 SEM images of native air-formed titania,
before (a, ¢) and after (b, d) the laser treatment. Insets:
b) corresponding Z-contrast image; c¢) and d)
corresponding SEM  micrographs at  higher

the presence of oxygen
enriched zones.'™ At the
microscale, it appears that
faceted grains with sharp edges and irregular zones (typical of a chemically etched
surface) observed before treatment (Fig. I1V.1c) change into rounded surfaces,
indicating a melt solidification process (Fig. 1VV.1d). More importantly, it was observed
that, at nanoscale, the laser treatment also resulted in a significant change of the
morphology, as a clear granularity appears, covering all the surface, with both very fine
and homogeneous grains and pores with typical size of a few nanometers (compare
insets in Figs. IV.1c and 1V.1d).

1V.4 Effect of the laser treatment on the surface chemical composition

The effect of the laser treatment on the surface chemical composition of the
titania-coated samples was also explored by XPS and the results are illustrated by the
narrow-scan spectra from Fig. IV.2. It was noticed that before the treatment the
deconvoluted Ti 2p spectrum exhibits a very intense doublet (BE 458.7 and 464.4 eV)
characteristic to the presence of TiO,, and two additional ones (BE 454.1 and 460.5 eV
and BE 456.3 and 461.7 eV), much smaller, ascribed to metallic titanium and to Ti
suboxides.™"! In terms of relative surface concentration, titanium dioxide largely
prevails (90.3%) whereas Ti® and titanium suboxides concentrations are significantly
lower (4.7% and 5.0%, respectively). As Fig. IV.2b shows, at the laser treated surface,
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Fig. 1V.2 High-resolution XPS spectra recorded Ti 2p region for N-TiO, (a) and LT-
TiO, (b) fitted with Voigt functions assigned to Ti*" (1), titanium suboxides (2) and
metallic Ti (3).

XPS measurements evidenced the presence of TiO, only. This suggests that the laser-
induced melting-solidification process revealed by the SEM measurements is also
accompanied by further oxidation of the small amount of titanium species with lower
oxidation states.

IV.5 Photoelectrocatalytic activity of titanium oxide films

The photoelectrochemical activity of the native formed titania films (N-TiOy)
and of the laser-treated ones (LT-TiO;) was checked ina 0.1 M KNO3 + 0.01 M HCIO,
solution, in a potentiodynamic regime (sweep rate, 10 mV mV s?) and the results
obtained for chopped UV-illuminated conditions are shown in Fig. 1V.3. As expected
for n-type semiconductors, in both cases [ 7
photoanodic effects were recorded and it 307
appears that the laser treatment led to a [
significant ~ enhancement  of  the
photocurrent (curve 2 in Fig. 1V.3). The
inset in Fig. IV.3 shows typical dark
current responses recorded both for N-— :
TiO; (curve 1) and for LT-TiO; (curve 2) [ E
and it was noticed that after the laser of ~~light off

treatment the capacitive-like background 04 02 0 02 04 06
E /V (Ag/AGCI)

current, within the potential range 0.2-  Fig. 1v.3. Current-potential dependence
0.4 V, increases with ca. 33%. It is (sweep rate of 10 mV/s upon intermittent UV-
reasonable to ascribe this increase to the grcal(gjm:; re,\,c_"Tr?Sf Irgl(;'la'\r/,ldm?l_%;ig‘? 1(2/)I
corresponding enhancement of the  electrodes. Inset: corresponding cyclic
specific surface area of the oxide films, Voltammograms recorded in dark
evidenced by the SEM measurements
(see the insets in Figs. IV.1c and IV.1d).

Interestingly, as the results from Fig. 1V.3 demonstrate, within the same
potential range the photocurrent recorded for LT-TiO, is approximately twice that
observed for N-TiO,. This is clear indication of the fact that the enhancement of the

photocurrent is not only the result of the higher roughness of the surface but is also due
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to some improvement of the charge carrier separation. There are reasons to believe that
Ti suboxides species observed in the N-TiO, XPS spectra may act as recombination
centers, with deleterious effects on the photoactivity.

IV.6 Study of the morphology and surface chemical composition of Pt/N-
TiO; and P/LT-TiO, systems

Both N-TiO, and LT-TiO, structures were further used as substrates for
platinum electrochemical deposition, the morphology of the Pt deposits was checked by
SEM, and Fig. IV.4 shows typical images obtained for both types of electrodes. It was

[ 7, SYer 8

Fig. IV.4 SEM images of the electrodes at Pt/N-TiO, (a) and Pt/LT-TiO,
(b). Pt loadings (pg em®): a) 15.7; b) 15.4 Inset: Pt/LT-TiO, enlarged
image; arrows indicate entrapped Pt particles.

observed that, when deposited on N-TiO,, most of the particles are of relatively large
size (ca. 250 to ca. 400 nm) and tend to agglomerate, leading to clusters formation (Fig.
IV.4a). Conversely, as Fig. IV.4b illustrates, the use of a laser-treated substrate enables
obtaining not only a more uniform distribution but also a significantly lower average
size of the Pt particles (ca. 75 nm). It appeared that the laser-induced melting-
solidification process results in the formation of surface micro-cracks (better visible on
the inset in Fig. 4b), most likely due to some thermal stress induced by the differences
in terms of thermal expansion coefficients between the oxide film and the metallic
substrate. Nevertheless, in the context of the present work, this is not a matter of
concern since these cracks are only superficial and do not reach the titanium surface, as
demonstrated by the LT-TiO, XPS spectra (Fig. IV.2b).

A possible explanation for the larger size and the less homogeneous dispersal of
the Pt particles on the Pt/N-TiO, electrodes surface can be provided by observing that,
before the laser treatment, the titania surface exhibits a large number of sharp edges
(Fig. IV.1c). During the initial stage of the Pt cathodic deposition the current density on
these edges will be higher, which will obviously favor the process. Further deposition
will occur mainly on the already deposited platinum rather than on the less conductive
titania surface, leading to the formation of larger aggregates. On the contrary, LT-TiO,
surfaces are free of such problems because, as SEM and XPS measurements revealed,
the laser treatment results in a quite levelled titania surface, with a homogeneous
chemical composition.
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IV.7 Electrochemical activity of TiO;, electrodes modified with Pt
nanoparticles

The electrochemical activity of the Pt-decorated electrodes was firstly checked
by cyclic voltammetry (sweep rate, 20 mV/s) in the supporting electrolyte (0.1 M
KNO; + 0.01 M HCIO,4) and the inset in Fig. 1V.6 shows reproducible voltammetric
responses recorded after stabilization for both Pt/N-TiO, (curve 1) and Pt/LT-TiO,
(curve 2) electrodes, the shape of the cyclic voltammograms, being characteristic of Pt
behavior in acidic media, It is also worthy of note that, for Pt/LT-TiO,, the cathodic
peak on the reverse scan preceding hydrogen adsorption is anodically shifted with ca.
100 mV, compared to the case of Pt/N-TiO, electrodes. This is an indication that, when
platinum is deposited on the laser-treated substrate, Pt oxides formed during the direct
anodic scan are less stable and will more easily undergo electrochemical reduction.

In order to evaluate the influence of the laser treatment of the TiO, substrate on
the electrocatalytic effectiveness of the deposited platinum, methanol anodic oxidation
was investigated by cyclic voltammetry and Fig. 1V.6 displays exemplary responses
recorded during the fifth run for both

Pt/N-TiO; (curve 1) and Pt/LT-TiO; - ]
<

(curve 2). It appears that, as expected 0151 £ °F

for methanol oxidation on platinum, at BnS

04 " " " "
01} -0.4 0 04 0.8 1.2
E /V (Ag/AgCl)

PtLT-TiO,, the voltammograms exhibit
two well-defined anodic peaks: a peak <
on the anodic scan (located at ca.0.55 i_s
V) corresponding to methanol oxidation
on oxidized platinum and another one,

on the reverse scan (peak potential, ca. 0p—2

0.35 V), usually attributed to the , , , , , ,
ot 0 02 04 06 08 1 1.2

eviction from the Pt surface (more or E /V (Ag/AGCl)

less oxide-free) of partially oxidized Fig. 1V.6 Characteristic cyclic voltammograms

carbonaceous species formed during the  recorded at Pt/N-TiO, (1) and Pt/LT-TiO, (2)

anodic  scan.?? For PtN-TiO, electrodes during the fifth cycle in 0.1 M KNO;,
. . +0.01 M HCIO4+ 2.25 M CH;0H (sweep rate,

electrodes (curve 1 in Fig. 1V.6), the 5 mV/s). Inset: corresponding voltammetric

shape of the voltammogram, the higher  responses recorded in the absence of methanol.
peak potentials and the rather ill-defined

anodic peak on the forward scan (peak potential, ca. 0.74 V) indicate more sluggish
kinetics for methanol oxidation. A possible explanation for this behavior lies in the
larger average size of the platinum particles, since it was postulated that at oxide-
supported platinum, methanol oxidation is significantly promoted on the smaller
particles, whereas larger ones are fully active only at higher potentials.[***2%!

It was also found that at potential values higher than ca. 0.8 V (which are,
however, of limited interest for practical applications) the voltammograms recorded at
Pt/LT-TiO; (curve 2 in Fig.lV. 6) exhibited an additional peak around 0.9 V that could
be assigned to the oxidation of linear bonded carbon monoxide!?®* which takes place
during incipient oxygen evolution, leading to CO, formation.!?*®
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A frequently used criterion for the evaluation of the activity for methanol oxidation of
platinum-based electrocatalysts is the ratio of the forward peak current density to the
reverse peak one (if/i;), the increase of which indicates better resistance to deactivation
via strong adsorption of carbonaceous intermediate species. In the present case, as Fig.
IV.6 indicates, an i¢i, ratio close to 0.8 was found for Pt/N-TiO,, whereas the use of a
laser-treated substrate resulted in a value of ca. 1.5. This is clear proof of a better
resistance to fouling during methanol oxidation of the Pt/LT-TiO, electrodes.

IVV.8 Methanol anodic oxidation at Pt/LT-TiO2, a photo-assisted process

In order to assess the benefits of using laser-treated TiO; as platinum support for
possible fuel cell applications, chronoamperometric experiments were performed in the
presence of 3 M CH3OH, at an applied potential of 0.5 V. As curves from Fig. IV.7

T illustrate, UV irradiation of the Pt/LT-
T || TiO, electrode surface results in a strong
el || enhancement of the methanol oxidation

8 0

0102073 | current, probably due to the fact that the

Time / min

presence of oxygenated species on the
titania surface facilitates desorption of
intermediates. %!
To better put these results into perspective,
the inset in Fig. IV.7 shows the time
dependence of the oxidation current
o 10 ﬂme /lmi‘n 20 30 normalized by its maximum value (I/1max).
_ It was found that 30 min of continuous
Fig. 1V.7 Chronoamperograms for e .
methanol oxidation recorded in 0.1 M  Polarization in dark results in the decrease
KNO; + 0.01 M HCIO, + 3.0 M CH;OH  of the current to ca. 20% of its initial value
3;5;“‘&'/02 ?ﬁ:(;?g?;n'” d("g!‘ (1|)n§23 (curve 1 from the inset. in.Fig. IV.7.)
corresponding time dependence of the  Whereas, under UV irradiation this
oxidation current normalized by its  decrease is less significant (to ca. 70%
maximum value. only). This lower sensitivity to
deactivation can be ascribed not only to a partial regeneration of the electrocatalyst
active sites by the bifunctional mechanism, but also to the fact that, as previously
demonstrated, UV-light can stimulate carbon monoxide desorption by weakening the
Pt—CO chemical bond.?""

It is important to note that the vast majority of the Pt/TiO, systems that are
believed to be relevant for fuel cell applications consist of Pt-decorated titania
particles, which ensure a high active surface area and are suitable for being used in
membrane electrode assemblies. Obtaining such systems usually involves chemical
deposition of platinum, which might not always provide very good metal-oxide
electrical contact and it seems more advantageous to deposit the platinum
electrochemically (as in the present work), thereby ensuring that all the noble metal is
in direct electrical contact with the titania substrate, and therefore can, in principle, be
electrochemically active.
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CHAPTER V - Performances as electrocatalyst support of graphene-
conductive diamond powder composites?'®!

V.1 Graphene as electrocatalysts support

Successful application of various forms of carbon in numerous electrochemical fields
marked an important milestone in the past extensive quest for highly performant electrode
materials. In many cases it was found that carbonaceous materials, including graphene,
surpass noble metal-based ones, primarily due to their noteworthy advantages, such as good
electrocatalytic activity for different redox processes, wide potential window, satisfactory
mechanical and electrochemical stability, and, still importantly, cost-effectiveness.[?*"!

Nevertheless, it was observed quite frequently that, both in terms of surface specific
area and electrochemical activity, the performances of graphene-modified electrodes are not
as noteworthy as those associated with individual, single-layer, graphene.?2?*! The main
reason for this behavior seems to be the fact that such electrodes are usually obtained by
simply immobilizing the graphene material on some conductive substrate and, due to van der
Waals interactions, graphene sheets tend to agglomerate and can even restack as graphite
particles. This aggregation not only results in a smaller active surface area but also leads to a
decrease of the density of edge plane sites!®*® which are much more active for redox
processes than the basal plane ones./*"

One of the most widely used approaches to alleviate such issues is the use of spacers,
which are in fact different types of nanoparticles that are purposefully introduced between the
graphene sheets to prevent their aggregation. Apart from these more or less laborious
procedures, the simpler approach of drop casting ultrasonicated dispersions of graphene
mixed with carbon black or carbon nanotubes also resulted in a significant degree of sheets
separation, with beneficial effects on the efficiency of ion transport to the graphene
surface. 1244242

These promising results prompted us to investigate the extent to which
conductive boron-doped diamond powder (BDDP) could be used for the same purpose,
such approach being legitimized not only by the outstanding features of conductive
diamond®® but also by the successful efforts to obtain BDDP by boron-doping
inexpensive, commercially available, diamond particles.!?#42%]

V.2  Working electrodes obtaining

For the present work commercially available graphene (GR) nanoplatelets
(Goodfellow) was used, while conductive diamond powder (BDDP) was prepared at
Tokyo University of Science by using microwave plasma-assisted chemical vapor
deposition for growing boron-doped diamond on a natural diamond powder.

A sample of graphene (6 mg) was mixed with 30 pL Nafion solution (5%) and
970 uL isopropyl alcohol, the suspension thus obtained being sonicated for one hour.
Similar procedure was followed by using a GR+BDDP mixture (weight ratio, 5:1). To
prepare working electrodes, appropriate amounts of the above suspensions were drop-
casted on substrates, consisting of highly boron-doped polycrystalline diamond (BDD)
films grown on silicon wafers. After drying in air at room temperature, some of the
modified electrodes were used as supports for platinum deposition, carried out from a
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0.5 M H,SO, + 4.8 mM H,PtClg, solution, by applying consecutive potentiostatic
pulses (pulse duration, 5 s, applied potential —0.15 V) and the Pt loading was then
calculated based upon the cathodic charge integrated during the deposition.

The electrochemical experiments were performed under deaerated conditions, in a
conventional three-electrode glass cell at room temperature, by means of a PAR 273A
potentiostat. The counter electrode consisted in a platinum gauze and a Ag/AgCI
electrode in saturated KCI solution was used as reference. For the CO stripping
measurements the electrolyte solution (0.5 M H,SO,) was deaerated with Ar for 30
min, and then CO was bubbled into the solution for 15 min, in order to allow CO
adsorption. Before initiating the voltammetric scan, argon was bubbled again for 30
min to remove dissolved CO and during this whole procedure the electrode was kept at
an applied potential of —0.25 V.

V.3 Characterization of GR-BDDP composite and of individual
components

Raman spectroscopy is one of the most powerful techniques to study the
structure of carbon materials and every carbon allotrope can be identified in the Raman
spectra (RS) by its specific features. Fig. V.1 presents the spectra of graphene (GR),
boron-doped diamond powder (BDDP), BDD film substrate and GR-BDDP.

" Graphene ~1333 cm™ ~1333 cm™ " "BDD film

G band

Intensity / arb. units

Intensity / arb. units
Intensity / arb. units

2D band~2840 cm™

000" 1500 2000 2500 S000 000 1500 2000 2500 3o 1900 1500 2000 2900, 5000
Raman Shift / cm-1 Raman Shift / cm- aman I cm

Fig. V.1 Raman spectra and corresponding SEM micrographs of GR (a),
BDDP (b), BDD film substrate (c)

V.4 Effect of the boron-doped diamond powder addition

In order to check the effect of the BDDP addition on the surface chemical
composition of the graphene-modified electrodes XPS measurements were carried out
and Fig. V.3 shows characteristic spectra recorded in the C1s core level region for GR
(Fig. V.3a) and GR-BDDP (Fig. V.3b).

In both cases the deconvoluted spectra exhibit four peaks, the major one situated at
284.4 eV being ascribed to the presence of sp® carbon from the C—C graphene
ring™®®%" The second peak (285.3 eV) indicates the presence, even in the GR sample,
of a certain amount of sp* carbon.®®

Two other peaks are observed in the C1s spectra assigned to carbon singly bounded to
oxygen (C-O) and to carboxylate groups (C=0) located at binding energies of 286.3
and 287.6 eV, respectively.”™ In terms of relative surface concentration, sp?
hybridized carbon species prevail in both cases (78.8% for GR and 77.2% for GR-
BDDP) while the addition of the conductive diamond powder leads to a slight increase
of the sp* carbon surface content (from 10.2% to 14.8%). It was also observed that
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Fig. V.3 Narrow-scan XPS spectra in the C 1 s region recorded for GR (a) and GR-BDDP
(b) and fitted by overlapping Gaussian-Lorentzian curves assigned to: sp? carbon (1), sp®
carbon (2), C-O (3) and C=0 (4) groups.
BDDP incorporation results in a non-negligible decrease of the oxygenated functional
groups surface concentration, from 8.8% to 6.5% for C-O and from 2.2% to 1.5% for
C=0.

V.5 Electrochemical activity of the GR-BDDP composite

To straightforwardly assess the effect of the presence of the conductive diamond

powder on the electrochemical activity of the graphene- modified electrodes,
preliminary cyclic voltammetry experiments
were performed and the results obtained with
both GR and GR-BDDP were compared on a
relative basis. To minimize the effect of the
surface chemistry of the carbonaceous
electrodes on the electron transfer kinetics, %[
Ru(NH3)sCl, was used as test-compound
since this redox system is known to be a
typical outer-sphere one. Characteristic 07 05 -OII-ESIV(/-\-S}AQCI) 01 03
voltammetric responses illustrated in Fig. V.4 Fig. V.4 Cyclic voltammograms for GR (1)
show that BDDP addition results not only ina  si GR-BDDP (2) in1 M KCI + 1 mM
slightly higher peak current but also in a RUNH)CL (sweep rate, 20 mV)
decrease of the anodic—cathodic peak
separation (from ca. 274 mV for GR to ca. 80 mV for GR-BDDP).
To better compare, in terms of morphology, the two types of electrodes a porosity
factor can be calculated as P = k[1p(500 mV/s)/Ip (5 mV/s)], where 1p(500 mV/s) and
Io(5 mV/s) are the anodic peak currents at the corresponding sweep rates, while k
stands for the ratio (5/500)Y2.°% values of P of 1.05 and 1.23 were found for GR and
GR-BDDP electrodes respectively, indicating that BDDP addition results in a more
loose and, consequently, more porous morphology of the carbonaceous deposit. These
findings are also in agreement with the apparent enhancement of the electrocatalytic
activity observed for GR-BDDP since it was previously demonstrated that a larger
porosity factor corresponds to a smaller peak-to-peak separation.!?*!

100}
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V.6 Characterization of Pt/GR and Pt/GR-BDDP hybrid systems and their
electrocatalytic activity for methanol anodic oxidation

Both  GR and GR-BDDP were further used as substrates for platinum

Fig. V.6 SEM micrographs for pentru
Pt/GR (a) and Pt/GR-BDDP (b)
electrodes

electrodeposition and Fig. V.6 shows typical SEM
micrographs of the Pt-decorated electrodes thus

i obtained. It appears that on the graphene support

platinum particles are smaller (average size, ca.
250 nm) and somewhat more uniformly distributed
(Fig. V.6a) whereas, on the GR-BDDP one, an
increase of the agglomeration tendency is observed
resulting in a higher average size (ca. 530 nm) of
the noble metal particles (Fig. V.6b). It was also
interesting to observe that, for Pt/GR-BDDP, the
slightly better separation of the graphene platelets
promotes to some extent cluster formation on their
edges, although small Pt particles are also
deposited on the BDDP grains. Due to this feature,
the platinum deposit consists mainly of better
exposed Pt aggregates, which should be, at least in
principle, more accessible to electrochemically
active compounds.

Currently, the extensive  research
performed on the carbon-supported platinum
electrocatalysts is motivated to a great extent by
their possible use as active electrode materials for

energy conversion systems, among which methanol fuel cells are perhaps the more enticing.

Nevertheless, efficient methanol anodic
oxidation is frequently hindered by the
marked tendency of the platinum to strongly
adsorb reaction intermediates (especially CO),
leading to the electrocatalyst fouling. These
reasons prompted us to investigate the anodic
oxidation of irreversibly adsorbed carbon
monoxide, in the absence of dissolved CO,
and Fig. V.8 shows stripping voltammograms
(corrected for the background current)
recorded for both P/GR (curves 1a and 1b)
and PYGR-BDDRP (curve 2).

It was observed, somewnhat
surprisingly, that in the case of PtY/GR
electrodes carbon monoxide is  not

8o
60 [

a0l

ICO / HA

20} e

0

b4 06 os 1 1.2
E /V (Ag/AgCI)

Fig. V.8 Stripping voltammograms of

adsorbed CO recorded in 0.5 M H,SO, at

Pt/GR (1) during the first run (a) and the

second consecutive one (b) and at Pt/GR-

BDDP (2). Sweep rate, 20 mV/s.

completely stripped-out during the first run (curve 1a) and its oxidation continues even
throughout the second, consecutive one (curve 1b), which involves ca. 24.6% from the total
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stripping charge. As Fig. V.8 illustrates, during CO oxidation a single rather broad peak
was observed for Pt/GR-BDDP (curve 2), whereas at Pt/GR the same process leads to the
occurrence of three intermingled peaks, which are usually ascribed to the presence of
several types of active sites on which carbon monoxide species are differently
bOUﬂd.[264'265]

Nevertheless, on a relative basis, at P/GR carbon monoxide desorption appears to

be facilitated to a certain extent since, as the integration of the stripping charges in Fig.
V.8 revealed, ca. 23% of the CO is oxidized at potential values lower than that
corresponding to the onset of the same process at P/GR-BDDP. There are reasons to
believe that this could be the result of the higher amount of oxygenated Pt species
(evidenced by XPS) that may act as oxygen donors, thus promoting CO oxidative
desorption. Obviously, in our case this is only an apparent advantage because it was
observed that at Pt/GR the overall CO desorption process is hindered by the particular
morphology of the graphene substrate.
Anodic charges integrated during CO oxidation at both Pt/GR (curves la and 1b) and
Pt/GR-BDDP (curve 2) allowed us to estimate active surface areas of the Pt deposits of ca.
19m? g ' and ca. 17 m* g respectively, by assuming a value of 0.42 mC cm 2 for smooth
platinum surface.® This was not unexpected since, as SEM measurements
demonstrated, the use of a graphene support enables the deposition of smaller Pt particles.
Nevertheless, the enhancement of the platinum specific surface area is less important than
would have been expected based upon the rather large difference in size between particles
deposited on the two substrates, observed with SEM. This indicates that for Pt/GR-BDDP
the larger size of the Pt particles is compensated to some extent by the fact that, due to the
morphology of the support, they are more accessible to the electrolyte solution.

To gauge the effect of
BDDP addition on the performances
for  methanol  electrochemical
oxidation of supported platinum,
cyclic voltammetry experiments
were performed and Fig. V.9 shows
characteristic responses for Pt/GR
(curve 1) and Pt/GR-BDDP (curve
2) recorded during the fifth
consecutive run (sweep rate, 20 mV

s') ina 05 M H,SO; + 3.22 M
0 ©02 04 06 08 1 1.2 .
E /V (Ag/AgCI) CH3OH solution.

Fig. V.9 Cyclic voltammograms recorded during In both cases the shape of

the fifth cycle in a 0.5 M H,SO4 +3.22 M CH;0H the Voltammograms is typlca| of
solution (sweep rate, 20 mV/s) at Pt/GR (1) and C

Pt/GR-BDDP (2) electrodes. Inset: corresponding ~ Methanol oxidation at Pt electrodes
steady-state polarization results for methanol  in acidic media, exhibiting two well-

oxidation. defined anodic peaks: that one
corresponding to methanol oxidation

during the direct scan (peak potentials 0.928 V and 0.727 V for Pt/GR and Pt/GR-BDDP,
respectively) and an additional peak on the reverse (cathodic) scan, located at lower
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potential values, generally associated with the removal from the Pt surface of partially
oxidized carbonaceous species formed during methanol oxidation.

For better comparison, the voltammetric current in Fig. V.9 was normalized to the
electrochemically active surface area of the Pt catalyst as estimated above and it was
observed that, although the height of the corresponding peaks recorded for the two types
of electrodes are quite similar, the use of a GR-BDDP substrate results in a notable
cathodic shift (ca. 200 mV) of the main oxidation peak. This behavior clearly indicates
that the more loose structure of the support induced by the BDDP addition significantly
facilitates the overall process. To gain better perspective on these findings steady-state
polarization measurements were also carried out, in the same methanol-containing acidic
solution, by increasing the applied potential in 20 mV steps and waiting 5 min after each
step for the current to become relatively stable. The inset in Fig. V.9 illustrates the results,
the Tafel plots yielding slopes of 374 mV decade™ and 248 mV decade™ for P/GR and
Pt/GR-BDDP, respectively. One may observe, however, that by the use of the GR-BDDP
substrate the slope for methanol oxidation is lowered with ca. 30% which is a non-
negligible inherent advantage of the Pt/GR-BDDP system. It is worthy of note that, even
without further optimization of the obtaining conditions, a Tafel slope of 248 mV decade™
is still encouraging as it compares well with those reported in the literature for other
electrode materials.

The stability over time of the
electrocatalytic activity of both types of

oa: electrodes was also investigated by
chronoamperometry and Fig. V.10
06l illustrates the results of the long-term

I'Ilr e

i polarization measurements performed in
0.4t the 0.5 M H,SO, + 3.22 M CH3;0H
L solution. To ensure a reliable basis for
comparison the experiments were

. e carried out at applied potentials

o 20 40 60 80 corresponding to those of the half-peaks
fime fmin (0.710 V and 0570 V for PYGR and
Fig. V.10 Time variation of the methanol Pt/GR-BDDP, respectively) and the

oxidation current for PUGR (1) and PUGR- 005 rdad methanol oxidation current was
BDDP (2) in a 0.5 M H,SO, + 3.22 M CH;OH. i . :
normalized to its maximum value

Applied potential (V): 0.710 (1); 0.570 (2). Inset: . o
corresponding chronoamperograms recorded (/Imax). As the inset in Fig. V.10 shows,
during the early stage of the electrolysis. even during the early stage of the

electrolysis the oxidation current
decreases more sharply at Pt/GR electrodes and it was observed that after 90 min of
continuous polarization its value reaches ca. 3.5% from the initial one, whereas at Pt/ GR-
BDDP the decrease is less marked (down to ca. 18% from the maximum current). It seems
reasonable to assume that this lower sensitivity to deactivation is the result of the fact that
CO eviction from Pt sites is facilitated by the use of the GR-BDDP support, as
demonstrated by the stripping experiments.
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General conclusions

The present work addressed the possibility of using SiO, nanotubes, thin TiO,
layers and conductive diamond-graphene composites as supports for platinum
electrocatalysts. In all cases, before the development of the multicomponent electrode
materials, the most straightforward methods were sought in order to render the three
types of support suitable for being used as a substrate for the platinum electrocatalyst.

It was thus observed that the thermal treatment in a hydrogen atmosphere of
theSiO, nanotubes results in an approximately four-fold increase in the surface
concentration of defects (and therefore in a corresponding enhancement of the density
of active centers) with obvious positive effects on the electrochemical activity.

The experiments aiming at using as a support thin TiO, films, spontaneously
air-formed on the metallic titanium surface, demonstrated that a moderate laser
treatment leads not only to an increase in the roughness (and therefore in the
improvement of the electrochemically active surface area) but also to the disappearance
of the surface titanium suboxides which could play the role of recombination centers.
The lack of such centers enabled a better efficiency of the photogenerated charge
carriers separation and therefore a more important degree of photoassistance.

In an attempt to improve the efficiency of the graphene layers as a support for
electrocatalysts, moderate amounts of conductive diamond powder were embedded in
them, a process that ensured both a better exposure of the more active edges planes of
of the graphene structures, and an increased porosity of the layer resulting in an
apparent electrocatalytic effect.

The investigated materials were used, both before and after the above specific
treatments, as a support for the electrochemical deposition of platinum, the anodic
oxidation of methanol being used as a test reaction to assess the electrocatalytic
performances of the obtained multicomponent electrode materials. The electrochemical
deposition of platinum is particularly advantageous because it ensures a good support-
catalyst electrical contact and a more efficient use of the noble metal, since the entire
amount deposited will be electrochemically active.

The results demonstrated that the investigated multicomponent materials show
promising electrochemical and electrocatalytic properties, recommending them as
possible replacements for classical Pt/C electrocatalysts in methanol fuel cells. For
example, the use of the Pt/SiO,-NT-H system allows methanol oxidation with Tafel
slopes between 116 and 220 mV/decade, values comparable to those recorded for PtRu,
Pt-1rO, or Pt-Co3O,4 electrocatalysts. In terms of reliability and robustness, the
replacement of the carbon support with one based on silicon oxide could lead, due to its
special chemical and electrochemical stability, to a longer operating time and therefore
to a more judicious use of the noble metal.

It was also observed that the laser treatment, to which the TiO, films were
subjected before the platinum deposition, leads to a better electrocatalytic activity of the
noble metal and to a better resistance to CO poisoning, as a combined effect of several
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factors: a smaller size of the particles, a better Pt-TiO, electrical contact and an
increased concentration of oxygen-containing surface groups, which can act as oxygen
donors thus promoting the oxidative desorption of the reaction intermediates.

The use of Pt/GR-BDDP composites as electrode material for methanol
oxidation led to encouraging results in terms of electrocatalytic activity and resistance
to deactivation, most likely due to the fact that the higher porosity of the
multicomponent material favors the access of active species from the solution.
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