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ABSTRACT: Highly active self-supported Pd,Bi catalysts are synthesized by the sacrificial
support method. Self-supported Pd,Bi catalysts have a porous nanostructured morphology with
high surface areas (in the range from 75 to 100 m* g™'), making Pd,Bi a state-of-the-art catalyst.
Pd,Bi displays the highest activity toward glycerol oxidation. In situ Fourier transform infrared
spectroscopy highlights the unique catalytic behavior of self-supported Pd,Bi materials due to
their particular structure and morphology. The confinement of reactants and intermediates in
pores acting as nanoreactors is responsible for the high selectivity as a function of the electrode
potential: aldehyde and ketone at low potentials, hydroxypyruvate at moderate potentials, and
CO, at high potentials. Moreover, the selectivity depends on the electrode history: it is different
for the positive potential scan direction than for the reverse direction, where the catalyst becomes

selective toward the production of carboxylates.

Carboxylate

02 04 06 08 10 12 14
E vs RHE (V)

B INTRODUCTION

Direct alcohol fuel cells (DAFCs) have attracted more and
more interest in the recent yearsl’2 as an alternative to
hydrogen fed fuel cells. Alcohols are liquids, and therefore, they
have high volumetric and gravimetric energy densities, their
storage is easy, and their distribution does not need new
infrastructures. Among alcohols, glycerol has been proposed as
a convenient fuel because it has a biorenewable character,® and
this compound is a nonvalued byproduct of the biofuel
industry. For energy production the complete oxidation of
glycerol into CO, requires the breaking of the C—C bonds,
which is rather difficult to perform at the low working
temperatures of DAFCs and glycerol oxidation reaction
produces a large number of reaction products.”> However, it
has been proposed that all C3 oxidized species from glycerol
are valuable fine chemicals.®”

Most of alcohol electro-oxidation studies have been
performed in acidic media. The majority of anode electro-
catalysts developed for DAFCs working with a proton exchan§e
membrane (namely, Nafion) used platinum based catalysts.””
Platinum is known to be the most active material for the
dissociative adsorption of alcohols.'! In contrary, in alkaline
media, Pt-free catalysts can be used in both electrodes,
cathode'™" and anode.'*'® Palladium based nanoalloys have
indeed shown high activity and stability in alkaline media, and
can be considered as gossible economical substitutes of Pt for
alcohol oxidation.'é™"

The improvement of the catalytic activity and selectivity of
palladium electrocatalysts is generally realized by increasing the
active surface area of the catalyst and by the addition of a
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second metal with a promotional effect.’®*' In the case of

alcohol electro-oxidation in alkaline media, it has been shown
that interactions between palladium and bismuth modified the
electrocatalytic properties,” >* although the kind of inter-
actions is not yet fully understood. In particular, the bismuth
deposition mode and the resulting composition of the Bi
deposit, the interaction with the substrate, and so forth have an
impact on the activity and selectivity of the Pd modified
catalysts.**>”

The morphology and structure of the catalytic material can
also influence its catalytic behavior. Here, the synthesis by the
sacrificial support method (SSM)**7° of hierarchically
structured materials, consisting in self-supported, porous, and
nanostructured Pd,Bi catalysts with different Pd/Bi atomic
ratios and with high surface area, is reported. The materials are
characterized by BET, SEM, TEM, EDS, and XPS to assess
their microstructure, morphology and composition, and by
electrochemical methods to obtain information about their
surface. The activity of the catalysts toward glycerol oxidation
in alkaline medium was evaluated by cyclic voltammetry. In situ
FTIR spectroscopy is a very convenient method for
determining the reaction products formed at the electrode/
electrolyte interface, particularly because the assignment of the
absorption bands was confirmed by chromatography analysis of
the reaction products after chronoamperometry measure-
ments.””* This technique was thus used for studying the
selectivity of the glycerol oxidation reaction as a function of the
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electrode potential. Results allow a tentative proposal of the
relationship between structure—composition and electrocata-
Iytic behavior for these materials.

B EXPERIMENTAL SECTION

Synthesis of Self-Supported Pd,Bi Catalysts. A series of
catalysts with various Pd:Bi ratios were pregared by the SSM, which
was developed at University of New Mexico.* *° A known amount of
silica Cab-O-Sil EH-S (surface area ~ 400 m™> g™') was dispersed in
water with an ultrasonic probe. Then, the appropriate amounts of
metal precursors Pd(NO;),.«H20 (metal content = 40 wt %) and
Bi(NO;); (metal content = 42.98 wt %) from Sigma-Aldrich were
added to the silica suspension. Total loading of metals on silica was
calculated to be 13 wt %. The silica/precursor mixture was allowed to
dry overnight. The composite materials were reduced under hydrogen
atmosphere (7% H,) at 300 °C for 2 h. After reduction, silica template
was removed by etching in 7 M KOH solution and then abundantly
washed with water until neutral pH was achieved. The nominal Pd to
Bi atomic ratios were selected as 6:1, 4:1, and 2:1. The catalysts were
denominated as Pd, Pd¢Bi, Pd,Bi, and Pd,Bi.

Physicochemical Characterization. The catalysts were compre-
hensively characterized by scanning electron microscopy (SEM;
Hitachi S-5200 Nano SEM instrument with an accelerating voltage
of 10 keV), transmission electron microscopy (TEM; JEOL 2010
TEM instrument with an accelerating voltage of 200 keV), energy
dispersion spectroscopy (EDS), X-ray photoelectron spectroscopy
(XPS; Kratos Ultra DLD spectrometer), and nitrogen adsorption (N,-
BET method using Micrometrics 2360 Gemini analyzer). SEM and
TEM provided information about the morphology of samples and size
of nanoparticles, while EDS and XPS were used to determine the
composition of the samples for comparison with the expected
composition. XPS was also used to determine the oxidation states
and the eventual interactions between different elements in the
materials.

Electrochemical Characterization. The inks for cyclic voltam-
metry (CV) experiments were prepared by dispersing S mg of catalyst
powder with 925 uL of a water and isopropanol alcohol (4:1) mixture
and 75 uL of Nafion (0.5 wt % from DuPont). Homogeneity of the
inks was achieved by means of sonication using an ultrasound probe.
Then, 10 uL of the mixture was applied onto a 0.2472 cm® geometric
surface area glassy carbon disk, for a catalyst loading of 0.2 mg cm™.
The electrochemical analysis of the synthesized material was
performed using a Pine Instrument Company electrochemical analysis
system. The cyclic voltammetry experiments were performed using a
disk electrode rotated at 1300 rpm (rpm). The electrolyte was 1 M
KOH saturated with N, at room temperature. A platinum wire and a
Hg/HgO electrode were used as counter and reference electrodes,
respectively, although all potentials are quoted versus the reversible
hydrogen electrode (RHE). Electrocatalytic measurements were
realized in 1 M KOH + 0.1 M glycerol solution at a scan rate of
0.02 V s7'. The voltammograms were recorded in the range of
potentials from 0.0 to 1.4 V vs RHE. The catalysts were cycled through
the potential range several times until stable voltammograms were
recorded. To assess the stability of materials, chronoamperometry was
performed in the presence of 0.1 M glycerol for 5000 s at a potential of
0.7 V vs RHE.

In situ Fourier transform infrared (FTIR) spectroscopy (IRRAS -
Nicolet 6700 FT-IR spectrometer with MCT detector) was used to
gain insight into the mechanism of the glycerol electro-oxidation in
alkaline media on the self-supported Pd, Pd,Bi, and Pd,Bi catalysts.
The experimental method is described elsewhere.*

B RESULTS

The sacrificial support method leads to self-supported
bimetallic Pd,Bi materials with a spongelike structure as
shown in the SEM image of Figure la. At higher SEM
magnification, Figure 1b shows clearly that unsupported Pd,Bi
material displays nanostructured morphology. It is expected
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Figure 1. (a,b) SEM and (c,d) TEM micrographs for a self-supported
Pd,Bi sample.

that the presence of beads of metal delimiting pores will
increase the active surface area and further will increase the
catalyst utilization. This is confirmed by all catalysts presenting
a well-developed 3D structure and very high surface areas
determined by N,-BET method (between 75 and 100 m* g~')
despite moderately high temperatures for the synthesis. TEM
images in Figure 1c and d also clearly show that the metal beads
are composed of agglomerated nanoparticles with size of ca. §
nm. In summary, the self-supported Pd,Bi materials prepared
by SSM consist of beads of agglomerated nanoparticles with a
diameter of ca. S nm delimiting pores with sizes from 30 to 100
nm.

Cyclic voltammograms in supporting electrolyte are
presented in Figure 2. For the pure Pd material, a typical
voltammogram of polycrystalline palladium is obtained, with
the adsorjption/absorption region of hydrogen at low
potentials3 (between 0.3 and —0.1 V) in the negative going
scan, the hydrogen desorption peak in the positive going scan
between —0.1 and 0.7 V, followed by the Pd surface oxide
region from 0.7°*** to 1.4 V and in the reverse scan the
reduction peak of Pd oxide species at ca. 0.6 V, according to the
following equation:

Pd + 20H™ = PdO + H,0 + 2¢” (1)

Under the present experimental conditions, the electro-
chemical surface area (ECSA) of the pure self-supported Pd
catalyst can be calculated using the method described by Grdén
et al,*” and it was estimated at ca. 20 m? gpq~". This value is
four to five times lower than that determined by BET,
indicating the presence of microporosity nonaccessible to
hydrated species. But the ESCA is of the same order than that
obtained by Simdes et al. with carbon supported Pd
nanoparticles of 4.0 nm mean diameter,*® which is remarkable
considering that the metal is not dispersed on a high specific
surface area substrate such as carbon Vulcan XC72.

The presence of bismuth clearly affects the shape of the
voltammograms by limiting the hydrogen adsorption/absorp-
tion processes on palladium at low potentials, as previously
observed,** and changing the oxidation processes at high
potentials. The hydrogen adsorption/absorption processes have
almost completely disappeared for the self-supported Pd¢Bi and
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Figure 2. Cyclic voltammograms of (a) Pd and Pd¢Bi self-supported
catalysts and (b) Pd,Bi self-supported catalysts, recorded in 0.1 M
KOH N,-saturated electrolyte (v = 0.020 V s™%; T = 25 °C).

Pd,Bi catalysts, indicating a high coverage of the palladium
surface by bismuth atoms and strong interactions between
bismuth and palladium atoms. A positive current peak related
to a surface oxidation process appears with a maximum
intensity located close to 0.9—0.95 V.

According to the potential-pH diagram of bismuth®® in an
aqueous medium, the Bi,O; bismuth oxide phase exists as its
hydrated form Bi(OH);, which is insoluble in alkaline solutions,
and this latter hydrated specie can be formed as soon as 0.48 V
according to the following reaction:

2Bi + 60H™ = 2Bi(OH), + 6e~ )

In the negative going potential scan, a sharp single reduction
current peak is observable between 0.55 and 0.6 V for the Pd,Bi
and Pd,Bi catalysts with a higher intensity than for the pure Pd
material. This reduction peak is attributed to the reduction of
the surface oxides, including bismuth oxides®* formed during
the positive going potential scan. This suggests that bismuth
redox process in Pd¢Bi and Pd,Bi catalysts is related to the
palladium redox process, and this is evidence that electronic
interaction between both metals occurs. This strong interaction
avoids the possibility to determine the ECSA of the Bi
containing catalyst, conversely to pure Pd material, but it can
reasonably be stated that it is lower than that of the pure Pd
catalyst. For higher bismuth content, several oxidation/
reduction peaks appeared which are due to several redox
reactions of bismuth species. The reduction of oxidized Bi
surface species strongly interacting with palladium occurs at
higher potentials than that of oxidized Bi surface species weakly
or not interacting with palladium.*®

The XPS core level spectra of Pd 3d and Bi 4f are presented
in Figure 3 for the three different Pd,Bi materials. Different
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Figure 3. Detailed XPS core level spectra of Pd 3d and Bi 4f orbitals
on synthesized catalysts (a,b) Pd¢Bi; (c,d) Pd,Bi; (ef) Pd,Bi.

shapes of XPS spectra are obtained depending on the
composition of catalyst. In Pd,Bi materials, the 3d 5/2 core
level spectra of palladium were better fitted with four
symmetrical peaks at ca. 335, 336, 337, and 338 eV, assigned
to Pd, Pd(OH),, PdO, and PdO, species, respectively, as well as
the 4f 7/2 core level spectra of bismuth fitted with four peaks at
ca. 157, 158, 159, and 160 eV, which were attributed to Bi,
Bi(OH);, BiOOH, and Bi,O; species, respectively. The
spectrum analysis is based on data obtained from the
“Handbook of X-ray Photoelectron Spectroscopy”*® and from
previous studies by Casella and Contursi** on bismuth adatoms
interacting with Pd surface, and also on the reasonable
assumption that higher oxidation states of species lead to
XPS peaks located at higher binding energies. Table 1
summarizes the main results of XPS analysis, as well as those
from EDS characterization. The EDS data indicate a Pd
enrichment of catalysts, whereas XPS indicated a Bi enrichment
of the surface of the catalysts, but results are relatively close to
the nominal atomic ratios. The EDS microanalyses carried out
in several different zones of the nanostructured catalysts
indicated a relatively good homogeneity of chemical
composition in catalysts.

The electroactivity of the PdBi catalysts toward glycerol
oxidation in alkaline medium was examined by cyclic
voltammetry and compared with that of a pure Pd material.
At a scan rate of 20 mV s™! (Figure 4a,b), an oxidation peak
appears in the positive scan direction, starting from ca. 0.6 V for
pure Pd material and Birich one (Pd,Bi) and from ca. 0.5 V for
Pd¢Bi and Pd,Bi materials. The promotion effect of bismuth for
glycerol oxidation is evidenced by the shift of the oxidation
potential onset by ca. 100 mV toward lower potentials and by
the increase of the oxidation current densities in the potential
range from 0.5 to 1.2 V vs RHE. Moreover, the presence of
bismuth leads to a shift of the current drop toward higher
potentials, due to the slower kinetics of Pd surface oxide
formation on Pd,Bi than on Pd, which will delay the surface
deactivation by oxide species coverage. This clearly demon-
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Table 1. Nominal Atomic Ratios, Atomic Ratios Determined
from EDS Measurements, and Data from XPS
Characterization (atomic ratios, binding energy values of
XPS peaks related to Pd 3d and Bi 4f, and relative ratios of
corresponding Pd and Bi species) of Self-Supported Pd,Bi
Materials

nominal atom % 86/14 (6:1) 80/20 (4:1) 66/33 (2:1)
EDS p-analysis Al 87.1/12.9 84.5/15.5 72.4/27.6
atom %
A2 87.2/12.8 85/15 70.9/29.1
A3 86.8/13.2 70.8/29.2
EDS atom % 87/13 84.5/15.5 71.5/28.5
XPS atom % 75/25 73.5/26.5 61/39
BE BE BE
(ev)* atom %  (eV)“ atom %  (eV)®  atom %
XPS Pd species atom %
Pd° 3352 30.7 3352 35 335.3 25
Pd(OH), 336 254 335.9 24 336 23.5
PdO 336.9 26.9 336.9 29.5 337.1 36.5
PdO, 337.8 17 338.1 11.5 338 15
XPS Bi species atom %
Bi® 157.4 18.6 157.4 23 157.4 10
Bi(OH), 1584 439 1583 40 1585  53.5
BiOOH 158.8 23.3 158.8 24.5 159 26
Bi,0; 159.8 142 160 12.5 159.8 10.5
“Binding energy.
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Figure 4. Polarization curves recorded for the oxidation of 0.1 M
glycerol in 1 M KOH electrolyte on self-supported Pd,Bi catalysts at
different scan rates: (ab) 0.005 V s, (c,d) 0.020 V s7, and (e,f)
0.100 V s7! (T = 25 °C).

strates an increased the reaction rate of glycerol oxidation in the
presence of bismuth. Under these quasi stationary experimental
conditions, the following order in activity was found: Pd,Bi >
Pd(Bi > Pd,Bi > Pd.

Cyclic voltammetries were also performed at lower and
higher scan rates (5 mV s and 100 mV s™" in Figure 4a and c,
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respectively). The cyclic voltammograms are very similar to
those recorded at 20 mV s™/, except for the current drops at
high potentials which are shifted toward higher potentials when
the scan rate is increased. This phenomenon of catalyst surface
deactivation can be attributed to the slow kinetics of Pd surface
oxide formation, which will delay the surface coverage by oxide
species. No strong rate dependence in cyclic voltammograms
were observed in terms of shapes and achieved peak current
densities, which seems to indicate that the limitation of the
reaction kinetics by diffusion of species from the bulk
electrolyte toward the catalytic sites is low and that the
confinement of reactant in the catalyst pores is responsible of
the reaction kinetics. The behavior of the bismuth rich Pd,Bi
catalyst is different from those of the other ones: the peak
current density decreases with the increase of the potential scan
rate. This can be explained considering that, due to high surface
coverage of the palladium surface by bismuth species, the
reaction kinetics is limited in this case by the reactant
adsorption process.

Chronoamperometry curves were recorded for 5000 s at 0.6
and 0.7 V in the presence of 0.1 M glycerol on different Pd,Bi
catalysts (Figure Sa and b, respectively) and compared with
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Figure 5. Chronoamperometry recorded for the glycerol electro-
oxidation on a self-supported Pd and Pd,Bi catalysts at (a) 0.6 V vs
RHE and (b) 0.7 V vs RHE, in 1 M KOH + 0.1 M glycerol solution (T
=25 °C).

those recorded on the pure Pd catalyst. At 0.6 V vs RHE, the
currents recorded on both Pd and Pd,Bi catalysts drop rapidly
toward a value close to zero, whereas on the Pd,Bi and Pd,Bi
catalyst the currents first decrease and stabilize at ca. 10 A gpy ™"
and ca. 20 A gp; ', respectively, the Pd,Bi material being the
most active. At 0.7 V vs RHE, the Pd,Bi material still remains
the most active catalyst. After the initial current density of
several hundreds of A gpy~", a dramatic drop of current to ca. 70
A gpg”" occurs in a few seconds, likely related to capacitive
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current decay. Then a slow decrease and the stabilization of the
activity at ca. 60 A gpg~" occur, which is consistent with cyclic
voltammetry (Figure 4). This behavior can be attributed to the
formation of adsorbed species from glycerol at the surface of
the catalyst leading to decreased active surface area and
decreased glycerol oxidation activity until equilibrium between
adsorption of species from glycerol and desorption of reaction
products is reached. These results not only highlight the higher
activity of Bi containing catalysts, but also the increased stability
of the Pd,Bi material.

The in situ infrared spectra recorded on the Pd,Bi catalyst for
glycerol oxidation in alkaline medium are presented in Figure 6.
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Figure 6. In situ FTIR spectra recorded for the glycerol electro-
oxidation on a self-supported Pd,Bi catalyst from 0.6 V vs RHE to 1.2
V vs RHE and to 0.6 V vs RHE in 1 M KOH + 0.1 M glycerol solution
(scan rate 0.001 V s™%, T = 25 °C).

The part of the spectra in the range from 1400 cm™ to 2000
cm™" was removed because the presence of water leads to IR
absorption bands in this wavenumber region which super-
impose with absorption bands of other species (such as
carbonyl)*”?® and make interpretation impossible. In the IR
fingerprint region, from 1000 cm to 1400 cm™!, several
absorption bands can be observed. In previous works,”** the
assignment of the infrared absorption bands was confirmed by
HPLC analysis of the reaction products after chronoamperom-
etry experiments carried out at potentials where IR absorbed
bands appeared. The first one at ca. 1070 cm™" corresponds to
CO stretching of aldehyde®>*° and is observable over the whole
potential range in the positive as well as in the negative scan
directions. In the positive scan direction, the absorption band at
1070 cm ™" is accompanied from 0.6 V to ca. 0.9 V by two bands
located at ca. 1100 cm™ and at ca. 1335 ecm ™, related to CO
stretching of alcohol groups and to dihydroxyacetone (DHA),*!
respectively. For potentials between 0.9 and 1.2 V, in both
positive and negative scan directions, a well define absorption
peak at ca. 1350 cm™’, which only appeared as a shoulder for
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lower potentials in the positive scan direction, assigned to the
formation of hydroxypyruvate,*** arises simultaneously with
an absorption geak at ca. 2341 cm™! typical of interfacial CO,
production.'"*** At last, over the 0.9—0.6 V range in the
negative scan direction, the peak of DHA at ca. 1335 cm™
becomes smaller than in the positive scan direction, whereas a
new absorption band at ca. 1305 cm™' corresponding to
carboxylate groups accompanies the one of hydroxypyruvate.
Astonishingly, no absorption band located between ca. 1800
em™ and ca. 2100 cm™, which would have corresponded to
bridge bonded or linear bonded CO on the noble metal
surface,**** has been observed over the whole studied potential
range.

For comparison, the in situ infrared spectra recorded on the
pure Pd and Birich Pd,Bi catalysts for glycerol oxidation in
alkaline medium are presented in Figure 7. In the case of pure
Pd catalyst, only the absorption band corresponding to
carboxylate groups7’24 at ca. 1306 and 1380 cm ™" are present,
whereas in the case of the Pd,Bi catalyst the absorption bands
related to carboxylates at ca. 1305 and 1380 cm™y, and to
hydroxylpyruvate at ca. 1350 cm™" are observed, with different
relative intensity than for the Pd,Bi. A small absorption band
can also be seen at low potentials at ca. 1335 cm™!
corresponding to the formation of DHA. No absorption peak
at ca. 2343 cm™' has been observed with both catalysts,
indicating that no CO, is produced.

B DISCUSSION

The beneficial effect of modifying palladium nanostructure by
bismuth for the oxidation of alcohol,”**™*¥ and particularly
glycerol,m’26 was already pointed out. But, here it is shown that
in the case of self-supported PdBi materials an optimal
bismuth/palladium atomic ratio of 1 to 4 leads to enhanced
activity. Simdes et al. observed that in the case of carbon
supported Pd,Bi,_,, the increase of the bismuth content in the
catalyst formulation toward values higher than 10 atom % did
not change the activity of the catalyst for glycerol electro-
oxidation. On the basis of TEM, EDX, XRD, and electro-
chemical measurements, it was proposed that bismuth
deposited on the carbon support formed clusters inactive for
the glycerol oxidation reaction. The electrochemical character-
ization of Pd,Bi materials in supporting electrolyte (Figure 2)
indicated that the intensity and related charge in the reduction
peak at ca. 0.55 V becomes lower as the bismuth content in the
material increases; the Pd and strongly interacting Pd/Bi
surfaces, responsible for this reduction peak, are then smaller at
high bismuth content, whereas the surface of bismuth weakly or
not interacting with Pd is higher as evidenced by the reduction
peak at ca. 0.2 V vs RHE. This observation can be confronted
with the EDS and XPS data in Table 1 showing an enrichment
of the material surface by bismuth as the Bi/Pd atomic ratio is
increased. As the bismuth content is increased in the catalyst,
islands or clusters of bismuth form at the palladium surface,
decreasing the Pd surface available for glycerol adsorption and
the interface between Pd surface and Bi surface structures,
where strong interaction between both metals occurs. The
order in the catalytic activity (Pd,Bi > Pd¢B, > Pd,Bi > Pd) is
then due to the surface concentration of Bi. It has been
proposed that the activity depended on the balance between (i)
an inhibiting effect due to blocking of active sites and a catalytic
effect due to enhanced adsorption of OH,4, on sites adjacent to
Bi,* (ii) the amount and composition of strongly chemisorbed
species and the course of electro-oxidation mechanism,*>*" and
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Figure 7. In situ FTIR spectra recorded for the glycerol electro-
oxidation on (a) Pd and (b) Pd,Bi self-supported catalysts from 0.6 V
vs RHE to 1.2 V vs RHE in 1 M KOH + 0.1 M glycerol solution (scan
rate 0.001 V s™, T = 25 °C).

(iii) the change in adsorbed species implied by the Pd surface
atoms dilution by Bi surface atoms and strength of
adsorption.”” Note that all these reasons also stand for
explaining the higher stability of the self-supported Pd,Bi
materials toward glycerol oxidation shown in Figure S.
Beyond the activity, it is also known that the modification of
platinum group metals surface by foreign atoms influences the
selectivity of the alcohol oxidation reaction. From studies on
the electro-oxidation of alcohol containing more than one
carbon atom on platinum modified by adatoms, Petrii and co-
workers®”*" concluded that the presence of adatoms led to
significant effects on the amount and course of electro-
oxidation of strongly bonded species and that it was also
possible that they affect the composition of chemisorbed
species (and therefore the selectivity of the catalyst). In
addition, the behavior of the most active catalyst, that is, the
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self-supported Pd,Bi material, in terms of selectivity is very
interesting and unique. The first important observation is its
high selectivity at low overpotentials (from 0.6 V vs RHE to ca.
0.8 V vs RHE) toward low oxidized compounds, that is,
glyceraldehyde (GAl) and dihydroxyaceone (DHA), as
evidenced by the absorption bands at 1070 and 1335 cm™',
respectively, appearing in this potential range. This indicates
that the increase of activity induced by bismuth does not imply
the so-called bifunctional mechanism® where it is proposed
that surface species from alcohol adsorption are oxidatively
removed thanks to the presence of surface OH species from
water adsorption following a Langmuir—Hinshelwood mecha-
nism. Indeed, the formation of aldehyde and ketone groups
from alcohols does not need the addition of extra oxygen
atoms, so that the enhancement of activation is due to the
increased turnover frequency of reactants on the catalytic
surface, possibly induced by a different adsorption mode of
glycerol because Pd adsorption site dilution by bismuth atoms.
Adzic also proposed that Bi adatoms prevents the adsorption
and the formation of the strongly bonded intermediates which
occupied multiple surface sites.”” In acidic media, Koper et al.
observed that the presence of bismuth salt in the electrolyte
lowered the onset potential of oxidation on a Pt/C electrode
and enhanced the turnover frequency by forming a bismuth-
related active site on the surface poised for secondary alcohol
oxidation.>*

As soon as the electrode potential is increased, the formation
of hydroxypyruvate (HyP) occurs as evidenced by the shoulder
appearing at 1350 cm™ from ca. 0.8 V vs RHE. In this case, the
formation of the carboxylate function implies the addition of
extra oxygen atoms and, therefore, the bifunctional mechanism.
It is worth noting that, in previous works on classical carbon
supported Pd and PdBi based nanocatalysts,”>* the formation
of GAl and DHA was observed by in situ FTIR measurement
and HPLC analyses, whereas the formation of HyP was not
detected on such catalysts, conversely to what is observed here.
Such a comgound was only detected with a pure Au/C
nanocatalyst.” It was proposed that an equilibrium between
both DHA and GAI isomers existed.”* In the case of high
potentials, the oxidation reaction kinetics of a primary alcohol
group toward carboxylate group becomes significantly faster
than the isomerization reaction kinetics of DHA into GAl and
HyP can be formed in such amount sufficient for its detection.
The discrepancies between results obtained with carbon
supported catalysts and self-supported materials come from
the particular morphology and structure of the self-supported
Pd,Bi which are responsible of this unique behavior: the pores
of size in the range from ca. 30 to 100 nm work as confined
nanoreactors leading to such selectivity.

For higher potentials, the production of CO, evidenced by
the sharp absorption band at ca. 2343 cm ™, starts just after the
detection of hydroxypyruvate whereas the absorption band
assigned to DHA tends to disappear. Here, the breaking of the
C—C bond has obviously occurred, and it is likely that in
addition to CO,, other C,; and C, species are also formed,
which are not detected. Indeed, the absorption peak at ca. 1240
cm™" assigned to glycolate and at 1330 cm ™" assigned to oxalate
are not present in Figure 6a. The absorption band a ca. 1400
cm™" assigned to carbonate and at ca. 1577 cm™ assigned to
glycolate cannot be observed with the IRRAS method, because
of the presence of the interfacial water absorption band which
prevent the accurate determination of the other absorption
bands. Again, from previous work on carbon supported
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nanostructured Pd,Bi,/C catalyst, no production of CO, was
observed, and it was proposed that the dilution of Pd atoms by
Bi atoms led to change the adsorption of glycerol, avoiding the
breaking of the C—C bond. Here, the confined nanoreactor as
proposed before can again be invoked to explain this ability to
break the C—C bond at high potentials with HyP as an

intermediate, according to following reactions:

CH,0H-CO-COO + 20H™

- CH,0H-COO™ + CO, + H,0 + 2¢ (1)
and/or
CH,0H-CO—-COO + 70H"
— COO -COO + CO, + SH,0 + 6e” (2)
and/or
CH,0H-CO-COO™ + 7OH™ — 3CO, + SH,0 + 8¢
©)

The slow diftusion of products from the pores of the catalysts
toward the bulk electrolyte leads to increased residence time in
the catalytic layer, so that overoxidation of hydroxypyruvate
toward CO, can occur. This may explain the absence of CO
absorption bands although CO, is formed, by considering that
this step related to the presence of hydroxypyruvate does not
involve the formation of strongly adsorbed CO, making its
further oxidation to CO, easier as it was proposed elsewhere in
the case of ethanol electro-oxidation involving acetaldehyde
intermediate at PtSn catalyst.'>> The formation of CO, can be
explained by the local pH decrease; the depletion of hydroxyls
species in the nanopores is a consequence of their consumption
in the several electrochemical steps.

In the case of the pure Pd material, the in situ FTIR study
only showed the formation of carboxylate species; the
absorption bands at ca. 1335 and 1350 cm™' assigned to
DHA and hydroxypyruvate, respectively, were not detected.
This can be explained by considering that the oxidation of
glycerol occurs according to the bifunctional mechanism
involving the formation of hydroxyl species at the Pd surface
and reaction with adsorbed species from glycerol to give
directly carboxylate species. Then, the absence of CO, at higher
potentials is directly due to the fact that as soon as the Pd
surface is oxidized, the catalyst loses its activity as evidenced by
the decrease of the oxidation current in voltammograms of
Figure 4. The difference in behavior between both catalysts,
pure Pd and Pd,Bj, is the delay for the formation of activated
oxygenated species at the catalyst surface allowing the
Langmuir—Hinshelwood mechanism to occur. Bismuth may
play the role of oxygen pump protecting Pd surface from
oxidation, as it was proposed to explain the better activity of
PtM catalysts toward oxygen reduction reaction.’® For Pd,Bi,
the same mechanism as for Pd,Bi stands for low and
intermediate potentials as the absorption band at 1350 cm™
assigned to hydroxypyruvate formation is observed; this
confirms the important role of bismuth not only toward
catalytic activity but also selectivity. However, formation of
carboxylate is also confirmed by the absorption bands at ca.
1306 and 1380 cm™' while no CO, was detected at higher
potentials, as for pure Pd catalyst. Again, this is related to the
drop of the catalytic activity at high potentials as evidenced in
Figure 4. But the reason is different than that invoked for the
pure Pd catalyst. Here, the high coverage of the palladium
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surface by bismuth dilutes Pd surface atoms, avoiding the
absorption mode leading to C—C bond breaking, and further to
CO, formation.

Considering the use of the Pd,Bi catalyst as anode material in
an alkaline electrolysis cell, low glycerol conversion and
hydrogen production rate would occur at low overvoltage,
but with production of high value added ketone/aldehyde
products of great interest for pharmaceutical, polymer, food,
etc., industries, whereas high glycerol conversion into CO, and
hydrogen production rate would occur at higher overvoltages,
according to the following equations:

at low electrolysis cell voltages (low anode overpotentials):

CH,0H-CHOH-CH,0H

— CH,0H-CO-CH,0H + H, (4)
and
CH,OH-CHOH-CH,0OH
— CH,0H-CHOH-CHO + H, (s)

at high electrolysis cell voltages (high anode overpotentials)
CH,0OH-CHOH-CH,OH + H,0O

— CH,0H-CO—COOH + 3H, (6)

and

CH,OH-CHOH-CH,OH + 3H,0 — 3CO, + 7H,
™)
If we consider that the oxidation of glycerol into CO, could
also leads to the formation of other Cl and C2 species
(although not detected), the number of hydrogen molecules
produced per oxidized glycerol molecule should range between
3 and 7. Moreover, in all cases, the energy of hydrogen
production would be at least twice to three times lower than in
the case of water electrolysis, as it only depends on the
electrode potential.>” For water electrolysis, the onset potential
for the anodic oxygen evolution reaction is higher than 123 V
vs RHE (the standard water oxidation potential), whereas that
for the glycerol oxidation at a Pd,Bi catalyst is ca. 0.5 V vs RHE.
At last, it is worth noting a new absorption peak assigned to
carboxylate group a ca. 1305 cm™" which appears below 0.95 V
in the negative potential scan direction. In this scan direction,
the catalyst surface is first covered with oxide species at high
potentials which can transform into hydroxide surface species
as the electrode potential is lowered. These species are able to
provide the extra atoms of oxygen needed for the oxidation of
glycerol or adsorbed species from glycerol into carboxylate
species, according to the bifunctional mechanism. In contrary,
in the positive scan direction, palladium surface is most likely
under reduced form at low electrode potentials and surface
hydroxide species can only be formed for potentials higher than
0.7—0.8 V vs RHE, explaining the formation of aldehyde/
ketone species at low potentials and hydroxypyruvate at higher
potentials.

B CONCLUSION

A series of highly active Pd,Bi catalysts were synthesized by the
combination of the sacrificial support method and a thermal
reduction process. Self-supported Pd,Bi catalysts have a porous
morphology corresponding to beads of agglomerated 5 nm
nanoparticles delimiting pores of 30—100 nm diameters. Such a
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structure leads to high surface areas, in the range of 75—100 m?
g~!, making Pd,Bi state-of-the-art catalysts. All self-supported
Pd.Bi displayed higher activity toward glycerol oxidation,
confirming the promotion effect of bismuth, but the Pd,Bi,
which was found to be the most active. The most important
highlights are the following: (i) The particular morphology and
structure of the self-supported Pd,Bi material leads to the
formation of pores acting as nanoreactors. (ii) The confinement
of reactants, intermediates, and products in the nanoreactors is
responsible for the unique behavior of Pd,Bi material in terms
of selectivity for the glycerol electrooxidation as a function of
the electrode potential. (iii) The selectivity is dependent on the
electrode history, being different for the positive potential scan
direction than for the reverse direction. (iv) In the positive
potential scan direction, the catalyst is highly selective toward
aldehyde and ketone at low electrode potentials. (v) At high
potentials, again thanks to its particular morphology, the
catalyst is able to break the C—C bond and to perform the
complete oxidation of glycerol into CO, through hydroxypyr-
uvate intermediate. (vi) At last, in the negative potential scan
direction, the catalyst becomes selective toward the production
of carboxylates.

This work represents an important demonstration that the
combination of the control of the catalyst composition/
morphology/structure and of the electrode potential allows
orientating selectively the oxidation of alcohols, particularly
glycerol, toward a given valuable product for electrosynthesis
application, or toward CO, production for energy conversion
applications (hydrogen production).
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