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Abstract A new approach for obtaining highly dispersed Pd-
and Pd/TiO,- electrocatalyst materials is proposed based on
the use of polyaniline (PANI) as a sacrificial layer. PANI- or
TiO,/PANI-coated electrodes are obtained by electrochemical
polymerization of aniline in the absence or presence of TiO,
nanoparticles. Electroless palladium deposition at the expense
of PANI oxidation is used to disperse the metal phase. Tem-
perature treatment at 400 °C is further used to decompose the
polymer backbone and obtain a highly dispersed catalysts
deprived from the intrinsic electroactivity of PANI. The
temperature-treated Pd/PANI and Pd/TiO,/PANI composites
are studied as catalysts for the electrooxidation of glycerol in
alkaline solutions.

Keywords Polyaniline - Palladium - Titanium dioxide -
Glycerol

Introduction

In the last two decades, considerable interest was devoted to
investigations and development of alternative low-
temperature power sources such as direct alcohol fuel cells
(DAFCs) converting the free energy of alcohols into electrical
energy [1—4]. The choice of the fuel, anode catalyst, and cor-
responding catalyst support are of utmost importance for the
efficiency of DAFCs. Methanol and ethanol have been the
subject of numerous studies. However, the strong toxicity
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and corrosivity of methanol and the high volatility and flam-
mability of ethanol limit their use in DAFCs. Alternatively, the
utilization of polyalcohols such as ethylene glycol and glyc-
erol has been proposed in order to overcome these problems.
Among these candidates, glycerol has received increasing ac-
ademic attention as a prospective alcohol fuel due to its ex-
tremely low toxicity (even lower than ethanol), weak
corrosivity, and high boiling point (290 vs. 78 °C for ethanol
and 65 °C for methanol). Furthermore, another important ad-
vantage of glycerol is the significant cost decrease as this
energy source is obtained as a by-product in the manufactur-
ing of biodiesel [4].

The most important and most expensive component in
DAFCs is the electrocatalytic material. Recently, substantial
work has been devoted to electrooxidation of alcohols using
Pt-based catalysts in alkaline media. In addition to the high
costs, many Pt-based catalysts become inhibited in these me-
dia because of the tendency of Pt to adsorb carbon monoxide
and the following deactivation of the platinum catalyst. There-
fore, many efforts were invested in the design of new catalytic
materials for DAFC anodes that do not contain Pt [1, 5].

As a substitute to Pt, Pd was demonstrated to be a suitable
electrocatalyst for alcohol oxidation [6—13]. The real advan-
tage for Pd-based electrocatalysts originates from the fact that
they can be highly active for the oxidation of a large variety of
substances in alkaline environment where also non-noble
metals are sufficiently stable for electrocatalytic applications
[5]- Therefore, the strategy is to combine Pd with other metals,
such as Cu, Fe, Co, Sb, Sn, and Pb and obtain bi-metallic
catalysts resulting in increased rate of alcohols oxidation [8,
14-16]. A further way is to prepare composite catalysts by
coupling Pd with semiconductor oxides and especially TiO,,
which was demonstrated to improve the catalytic activity and
stability of the Pd catalyst for alcohol electrooxidation
[17-23].
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Finally, the third important component of the electrocat-
alytic system of DAFCs is the material used to support the
electrocatalytic species. The main requirements for the
supporting materials are high surface area, good electrical
and thermal conductivity, low resistance, and high stability
[1, 5]. Various forms of carbon (carbon powder, carbon
black, carbon nanotubes, carbon nanofibers, etc.) are often
used as catalyst support in fuel cells [6—12, 14-18, 21-23].
Conducting polymers (polyaniline, poly(3,4-
ethylenedioxithiophene), polypyrrole) are also employed
as supports for metals (Pd, Au, Pt, Ni) or metal oxide par-
ticles [24-35]. The advantages of conducting polymers as
catalyst supports are discussed in terms of high specific
surface area, high tolerance to poisoning, and low resis-
tance. In almost all studies involving conducting polymers
as supports they are used for their high electrical conduc-
tivity. The intrinsic redox electroactivity is in the origin of
polymer-based electrocatalytic response for some electro-
chemical reactions.

Although polyaniline (PANI) is often studied as support for
metal or metal oxide particles [27, 29, 33, 35] it has a basic
limitation concerning the high acidity of the electrochemical
solution that should be used for electrocatalytic purposes. In
neutral and alkaline solutions, PANI becomes deprotonated
and loses its high electrical conductivity and thus also the
electrical contact between deposited metal particles and un-
derlying electrode. For that reason, almost all (except, e.g.,
[28]) investigations on PANI-based materials avoid to use
alkaline media.

In previous investigations, we have used polyaniline as
support for TiO, nanoparticles (NPs) [36, 37] with the in-
tention to disperse the semiconducting photocatalytic NPs
in the volume of the conducting polymer matrix. Further-
more, we suggested using PANI only as a sacrificial layer
necessary for the initial immobilization of the TiO, NPs
[37]. After electrochemical polymerization of aniline in
the presence of the metal oxide NPs, the resulting compos-
ite layers were annealed at high temperature in order to
decompose the PANI structure. Thus, PANI became de-
prived from its intrinsic redox electroactivity but neverthe-
less highly dispersed photoelectrocatalytic materials were
obtained.

In this investigation, we suggest a similar approach for
producing supported highly dispersed Pd-based
electrocatalysts. Electrochemically obtained PANI layers
(with and without TiO, NPs) are used for electroless deposi-
tion of Pd. The electroless metal deposition process occurs at
the expense of the spontaneous oxidation of initially reduced
PANI layers [25, 27, 29]. After obtaining the Pd-modified
PANI- or TiO,/PANI-coated electrodes they are annealed in
order to decompose the PANI structure. The Pd-based cata-
lysts obtained after temperature treatment are investigated for
electrooxidation of glycerol.

@ Springer

Experimental

All experiments were carried out in three electrode cells at
room temperature using platinum plates as counter electrodes
and saturated mercury/mercury sulfate/0.5 M K,SO, refer-
ence electrodes (MSE). All potentials in the text are referred
to MSE (Eyse=0.66 V vs. standard hydrogen electrode). The
working electrode consisted of a spectroscopically pure
graphite rod with a diameter 0.2 cm (S+E Carbopur, Schunk
& Ebe GMBH, Giessen) put in a mechanical pencil (KOH-I-
NOOR Versatil 5201). The active surface area was fixed at
0.23 cm? by using Teflon band to wrap the upper part of the
graphite rod. After completing the experimental series, the
used part of the graphite rod was cut off and a fresh surface
area was used for the next experimental sequence.

The electrolytic solutions were prepared with ultrapure wa-
ter obtained from a Millipore Synergy™ Ultrapure Water Pu-
rification System and were de-aerated with argon for at least
30 min before the onset of the electrochemical measurements.
The electrochemical measurements were carried out with a
computerized potentiostat/ galvanostat Autolab PGSTAT-12,
Ecochemie, (The Netherlands).

Each experiment consisted of several consecutive steps
performed in six electrochemical cells:

1. Electrochemical polymerization of aniline in the absence
or presence of TiO, nanoparticles by cyclic voltammetry
between —0.66 and +0.345 V vs. MSE at 0.1 Vs ' in an
aqueous solution of 0.1 M aniline and 0.5 M H,SO,. A
supplement of 20 g I"! of TiO, nanoparticles (NPs) (P25
powder of Degussa) was used for the preparation of the
TiO,/PANI composite layers [36]. In this case, constant
magnetic stirring was used to promote the uptake of TiO,
particles during the electrodeposition process.

2. Characterization of the redox activity of the synthesized
PANI- or TiO,/PANI-coated electrodes in acid supporting
electrolyte (0.5 M H,SO,) by cyclic voltammetry between
—0.66 and +0.32 V at a sweep rate of 0.1 Vs~ '. The redox
charge obtained by integrating the voltammetric curve
was used as an indirect measure of the thickness of the
polymer layers. In the same electrolyte, the polymer
layers were electrochemically reduced by keeping the
electrodes at constant potential E=—0.66 V vs MSE for
900 s. Thus, the PANI layers were converted from
emeraldine in leucoemeraldine oxidation state.

3. Electroless deposition of palladium NPs was carried out
by dipping the pre-reduced PANI or TiO,/PANI layers in
an aqueous solution 0f 0.002 M PdSO, and 0.5 M H,SO,.

4. Temperature treatment of the obtained PANI or TiO,/
PANI-coated electrodes in order to deactivate the polymer
structure. This step was carried out in a furnace in ambient
atmosphere at 400 © for 1.30 h. This temperature was
chosen based on studies showing that up to 400 °C PANI
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loses about 20 % from its mass and specific chemical
changes take place without formation of graphitic struc-
tures [38—42]. The temperature-treated Pd-modified elec-
trodes are further denoted as ~Pd/PANI or #-Pd/TiO,/
PANI.

5. Characterization of the redox activity of the Pd-modified
PANI or TiO,/PANI electrodes in acid supporting electro-
lyte (0.5 M H,SQO,) by cyclic voltammetry between —0.66
and +0.72 Vat a sweep rate of 0.02 Vs " in order to reveal
the existence and electroactivity of the deposited
palladium NPs.

6. Reference measurements in alkaline supporting electro-
lyte (0.5 M KOH), in the absence of glycerol, by cyclic
voltammetry between —1.0 and —0.1 V vs. MSE at
0.02Vs .

7. Electrooxidation of glycerol in the presence of 0.1 M glyc-
erol in 0.5 M KOH by cyclic voltammetry between —1.0
and —0.1 V vs. MSE at 0.02 V s ' for assessing the elec-
trocatalytic activity of the Pd/PANI-coated electrodes.

8. Repeated voltammetric measurements in 0.5 M KOH, in
the absence of glycerol, in order to compare the state of
the #-Pd/PANI and #-Pd/TiO,/PANI layers before and after
exposure to glycerol.

9. Anodic dissolution of Pd in 1.15 M HCl aqueous solution
by sweeping the potential from —0.13 to +0.32 V with a
scan rate of 0.005 V s~ '. This final step of each experi-
mental sequence provided the possibility to determine the
amount of metal that was plated in the course of the elec-
troless deposition and involved in the electrocatalytic
measurements.

Scanning electron microscopy (SEM) imaging and energy
dispersive x-ray (EDX) analysis was accomplished by means
of'a SM 6380 (JEOL) apparatus equipped with an INCA Ox-
ford 7582 system.

Results and discussion

Formation and characterization of Pd/PANI
and Pd/TiO,/PANI layers

The investigations of the electrochemical synthesis of PANI
on graphite electrodes have shown that under potentiodynam-
ic conditions, the polymerization occurs in a similar way both
in the absence and the presence of TiO, NPs. It was found that
the deposited polymer layers have identical redox charge for
roughly the same number of voltammetric scans (Fig. 1). The
availability of TiO, in the composite layers was registered by
means of EDX analysis showing large amounts of TiO, even-
ly distributed on the electrode surface.

The electrochemical synthesis of the PANI- or TiO,/PANI-
coated electrodes was followed by electrochemical reduction
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Fig. 1 Cyclic voltammograms recorded at the modified electrodes after
potentiodynamic polymerization of PANI (solid line) and TiO,/PANI
(dashed line), Greqox(PANI)=36.8 mC cm 2 for 97 scans, Gredox(TIO2-
PANI)=36.7 mC cm > for 98 scans, v=0.1 Vs '

of the conducting polymer layers and electroless deposition of
Pd. The equilibrium potential of Pd/Pd*" (%4> pg=0.175 V
vs MSE) is positive enough with respect to the reduction po-
tential used for conditioning the PANI layers. The spontane-
ous process of PANI oxidation at the expense of Pd*" ions
reduction was followed by monitoring the open circuit poten-
tial (OCP) of the polymer-coated electrode. Typical OCP tran-
sient registered when immersing reduced PANI-coated elec-
trode in the Pd-ions containing solution shows a steep poten-
tial increase in the first 400 s (Fig. 2, inset). In this time span,
the OCP of the pre-reduced PANI-coated electrode immersed
in a blank solution (without metal ions) shows a sluggish
change in potentials up to —0.45 V [29, 43]. On the other hand,
the potential interval where the electroless deposition occurs is
far from potentials where hydrogen sorption phenomena on
Pd could be observed. Thus, the OCPs shown in Fig. 2 reflect
only the oxidation of the PANI layer occurring at the expense
of metal ions reduction. In our further experiments on Pd
electroless deposition, the process was interrupted once the
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Fig. 2 Open circuit potential transients measured in 0.002 M PdSO, and
0.5 M H,SO,4 for PANI-(solid line) and TiO,/PANI-(dashed line)
modified electrodes. /nset OCP measured at PANI-modified electrode
in a longer time scale
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Fig. 3 Voltammetric curves a ; b
measured in 0.5 M H,80," a 01 before annealing after annealing
Before annealing at PANI (solid 0.5+
line) and Pd/ PANI (dotted line)
modified electrodes. b After 5 o oo A/’—’ﬁ
annealing at +-Pd/PANI (solid E £ il
line) and -Pd/TiO,/PANI (dashed < < -
line) modified electrodes, E £ -0.5-
v=0.02 Vs ~ =
1.0
06 04 02 00 02 04 06 04 02 00 02 04 06 08
E/V vs MSE E/V vs MSE

potential of —0.05 V was reached for both PANI- and TiO,/
PANI specimens.

Figure 3a shows cyclic voltammograms of a PANI-coated
electrode registered in acidic medium before and after electro-
less deposition of Pd. Due to the large intrinsic oxidative/
reductive currents of PANI, the typical Pd-related hydrogen
adsorption/desorption electrochemical signals can be hardly
detected in this measurement. After thermal treatment, the
electrochemical behavior of the -Pd/PANI and 7-Pd/TiO,/
PANI-modified electrodes was tested again in acidic solution
(Fig. 3b). The voltammograms show already clear hydrogen
adsorption/desorption peaks in the potential range —0.4 to
—0.7 V and peaks associated with the formation/reduction of
PdO (0.1 to 0.8 V) at the surface of the palladium species
immobilized on the annealed electrode. The typical fingerprint
of the PANI electroactivity is not available any more indicat-
ing to the thermally induced decomposition of the PANI-
conjugated backbone. The electrochemically active surface
area of Pd was evaluated by integrating the charge of the
PdO reduction peak. Taking 424 1C cm 2 as reference value

Fig.4 SEM images of +-Pd/PANI
(a, ¢) and #-Pd/TiO,/PANI (b, d)
surfaces at different
magnifications

¥ <
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for the PdO reduction charge, the active surface area of the
deposited Pd was found to be 3.1 cm?.

The surface of the -Pd/PANI and z-Pd/TiO,/PANI electrodes
was studied by SEM (Fig. 4) and EDX analysis. The SEM
images of the #-Pd/TiO,/PANI specimen (Fig. 4b, d) show
rougher surface structures in comparison to the -Pd/PANI spec-
imen. Our former studies on the electrochemical polymerization
of aniline in the presence of TiO, NPs [36] have shown that the
rough surface morphology is available already after the forma-
tion of the TiO,/PANI composite layer. Due to their small size,
the individual Pd particles could not be easily detected. The fine
sand-like features observed at the flat areas of the specimen in
Fig.4c give evidence for the presence of a high number of evenly
distributed Pd NPs. SEM images taken at larger magnification
(not shown because of lack of sharpness) provided the possibil-
ity to estimate the size of the Pd particles to vary between 40 and
80 nm. Direct evidence for the presence of Pd on -Pd/PANI and
-Pd/TiO,/PANI layers was obtained by EDX analysis. Further-
more, after completing the electrocatalytic experiments, the de-
posited Pd was electrochemically dissolved by a voltammetric
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Fig. 5 Cyclic voltammetric curves measured in 0.5 M KOH and 0.1 M
glycerol at Pd/TiO,/PANI-modified electrode before (dashed line) and
after (solid line) annealing; the dotted line is measured before annealing
in KOH alone. v=0.02 V's™'

scan carried out in 1.15 M HCI. The amount of dissolved Pd,
calculated by means of the oxidation charge of the dissolution
peak, was found to be practically the same (21 pg cm 2) for #-
Pd/PANI and #Pd/TiO,/PANI-modified electrodes with equal
redox charge (37 mC cm ?) of the PANI layers. Assuming a
hemispherical shape of the Pd particles and taking the data for
the mass of deposited Pd and thus its volume and the
electroactive surface area estimated above it was possible to
calculate the mean size of the Pd particles. It was found to be
35 nm in diameter which is somewhat smaller than the size
obtained by direct microscopic observation. This discrepancy
might be due to the fact that the SEM micrographs at high
magnification are taken at the limits of the technical possibilities
of our SEM device which means that smaller particles could not
be technically detected. The number of particles obtained
through the electroless deposition was estimated by using the
data for the mass of the Pd particles and the estimated mean
diameter and was found to be 1.8x10"" cm .

Electrocatalytic investigations

The modified electrodes were further studied for their re-
sponse in alkaline solutions in the absence and the presence

of 0.1 M glycerol. Voltammetric studies of Pd/TiO,/PANI-
modified electrodes before temperature treatment are shown
in Fig. 5 (dotted and dashed lines). The addition of glycerol
has a slight effect on the voltammetric response showing a
weak oxidation peak centered at about —0.58 V. Bearing in
mind that in alkaline solutions, PANI suffers a strong decrease
in electrical conductivity, this result should mean that before
annealing, most of the Pd particles have no direct contact with
the underlying graphite substrate and are not operative for the
electrocatalytic reaction. The observed slight electrocatalytic
activity contradicts the observations of Hatchett et al. [28]
which report on strong electrocatalytic activity of Pd/PANI-
modified electrodes for methanol oxidation in alkaline solu-
tions. It was suggested that Pd acts as a solid state dopant that
may delocalize the charge on the polymer backbone to main-
tain conductivity in the absence of proton doping. We did not
observe such an effect but it is worth noting that the Pd NPs
were deposited in very different ways. Electrochemical reduc-
tion under potentiodynamic cycling in a solution of anionic
metal complexes of Pd with no acid was carried out in [28]
whereas electroless reduction of Pd*" cations on pre-reduced
PANI in acidic solution was used in the present case.

The voltammogram recorded on the same modified elec-
trode after annealing is shown in Fig. 5 (solid line). In the
presence of glycerol, a strong symmetric anodic oxidation
peak is observed in the forward scan followed by a much
weaker oxidation peak in the backward scan. The latter is
usually attributed to the removal of the incompletely oxidized
carbonaceous species obtained in the course of glycerol
oxidation.

Further measurements were made in order to compare the
electrocatalytic behavior of /~Pd/PANI- and #-Pd/TiO,/PANI-
modified electrodes. Twenty consecutive voltammetric scans
were measured in the presence of glycerol for both types of
electrodes (Fig. 6). For both specimens, a gradual condition-
ing of the electrodes with respect to peak maxima and peak
position was observed. The data for the forward peak currents
and the forward to backward peak ratio in dependence of the
scan number are summarized in Fig. 7. The absolute peak
values are comparable for both types of modified electrodes

Fig. 6 Twenty consecutive cyclic a e b 6- 20" scan
voltammetric curves measured in
0.1 M glycerol and 0.5 M KOH at 54 5
a -Pd/PANI and b -Pd/TiOy/ 4
PANI-modified electrodes, o | o 4]
Gredox(PAND=36.7 mC cm 2, E 3 E,
— -1 4

v=0.02 Vs < <

£ 21 £ 2

.~ 14 i~ .

0 = /
: : : : 0= = : :
1.0 -0.8 -0.6 -0.4 -0.2 -1.0 -0.8 -0.6 -0.4 -0.2

E/V vs MSE

E/V vs MSE
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Fig. 7 Dependence of a forward a b 5-
current peak on scan number and
b forward to backward peak ratio 6 -
on scan number for -Pd/PANI - ._.—-—-""’::'::::33:':':' 5. O
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as should be expected based on the equal amount of the dis-
persed catalytic metal.

The data for the forward to backward current peak ratio, i/
iy, (Fig. 7b) are frequently used to evaluate the tolerance of the
catalyst to the accumulation of carbonaceous species on the Pd
surface. A higher i/, ratio is obtained for the #-Pd/TiO,/PANI
catalyst indicates a higher efficiency of this catalyst. This
means that the TiO, particles support the oxidation of carbo-
naceous residues adsorbed on Pd and prevent their excessive
accumulation on the catalytic surface. Studies on oxide-
promoted Pd/C catalysts have shown that the content of the
oxide plays a significant role for the electrocatalytic perfor-
mance of composite Pd-based catalysts [17, 23]. Further opti-
mization of the Pd/TiO,/PANI material in terms of Pd toTO,
content is necessary in order to find the best performing
conditions.

Conclusions

In the present investigation, we suggest a new approach for
obtaining highly dispersed Pd NP-based catalysts suitable for
applications in alkaline solutions. Polyaniline is used only as a
sacrificial layer necessary to disperse the metal phase through
electroless metal ions reduction occurring at the expense of the
polymer oxidation. PANI is further decomposed by means of
temperature treatment that results in a Pd- or Pd/TiO,-modi-
fied electrodes without intrinsic PANI-based electroactivity.
Under the conditions of our experiments, Pd NPs with an
average size of about 40 nm and surface density of about
1.8x10"" cm 2 were obtained. The catalyst loading amounted
to 20 pg/cm® and thus a value of 300 mA/(cm > mg) was
obtained for the mass electroactivity of the catalyst. In com-
parison to existing data for glycerol oxidation on Pd-based
catalysts [13, 15, 44] this is a competitive value obtained at
a very low Pd consumption. The high /i, ratio of the Pd
catalysts used in this study, which in all cases exceeds 3.3,
indicates to an effective electrocatalytic process supported
very probably by surface species resulting from annealing of
the PANI structure. In fact, the temperature treatment at a mild
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temperature (up to 400 °C) results in cross-linking of the PANI
chains and formation of phenazine heterocycles [38, 41] and
thus in a new surface chemical modification of the electrode.

The attempt to combine Pd and TiO, by the approach de-
veloped in this study resulted in higher i/i, ratios amounting
to 5.5. This points to the expected advantageous role of the
TiO, NPs for the oxidation of residual carbonaceous species.
By further optimization of the Pd/TiO, content, possibly
higher electroactivity of the Pd/TiO, catalyst could be
achieved. It is also worth emphasizing that graphite electrodes
without special surface pre-treatment were used in the present
study.

Finally, it is worth stressing that the developed approach
is most flexible and allows modifying the amount and dis-
tribution of the metallic phase by employing PANI layers
with different redox charges. By varying the metal precur-
sor, i.e., metal cations or metal anion complexes a further
variation in the type of the metal deposit could be achieved.
Depending on the temperature used for annealing of the
PANI layers, various surface species are obtained and a
different impact on the studied electrocatalytic reactions
could be expected. Thus, the present study is only a first
step on the way of obtaining metal-based catalysts combin-
ing the opportunity to disperse finely the metal phase due to
the intrinsic redox properties of conducting polymer layers
and the possibility to eliminate the polymer-based
electroactivity and obtain a new chemically modified
surface.
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