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Pb- and Bi-Modified Pt Electrodes toward Glycerol Electrooxidation
in Alkaline Media. Activity, Selectivity, and the Importance of the Pt

Atoms Arrangement

Matheus B. C. de Souza, Victor Y. Yukuhiro, Rafael A. Vicente, Cled . G. Vilela Menegaz Teixeira Pires,

JoséL. Bott-Neto, and Pablo S. Fernadez*

ABSTRACT: Herein we investigated the effect of the adsorption of Bi and Pb on
polycrystalline platinum (Ptp) on the electrooxidation of glycerol (EOG) in
alkaline media by combining electrochemical, spectroscopic (in situ FTIR), and
analytical (online HPLC) techniques. Besides, we used single crystal Pt electrodes
to understand the effect of the modification of Pty in terms of the atomic
arrangements on its surface. We found that the activity of Ptp increases in the
presence of Pb (Pt,—Pb), which acts by suppressing the pathways with complete
C—C bond breaking (to produce carbonate) and enhancing the production of
glycerate, formate, tartronate, and glycolate. We also found that Pt(100) and
Pt(111) are affected by the adsorption of both adatoms. However, the modification
of Pt(110) explains the results obtained with Pt,. This basal plane is highly
activated by Bi and Pb and its behavior is similar to those of Pt,—Bi and Pt,—Pb,
respectively. These results permit the conclusion that the adatoms acts mainly by

activating Pt atoms with low coordination, which generally binds the adsorbates more strongly and, in consequence, suffers more
from poisoning. The adatoms act by preventing the formation of multiple bonded intermediates, likely through a combination of a
third body effect and also to a change in the electronic configuration at the surface of the catalyst. We propose in this work that the
higher promotion of the EOG by the adatoms in alkaline media is due to a stabilization of the negatively charged intermediates by

the Coulombic interaction with the positively charged adatoms.
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l INTRODUCTION
The electrochemical conversion of biomass-derived molecules
arises as a valuable opportunity toward a green production of
fine chemicals and/or electrical energy. In particular, the
abundance of glycerol (GIOH) and its several possible value-
added oxidation products makes it an interesting molecule to
be used in fuel cells and electrolizers.*-¢

The electrooxidation of glycerol (EOG) has been extensively
studied on noble metal electrodes both in acid and alkaline
media.®>” However, due to the much higher reactivity of the
conjugated base (the reaction is sped up when the pH
surpasses the pKa of the alcohol that is being oxidized®), the
number of studies in alkaline media have increased in the last
few years. Thus, despite the complicated solution chemistry,®
the use of GIOH in alkaline media in the anode of electrolyzers
or fuel cells can contribute with the development of a more
sustainable energy use and conversion.’=® In this context, the
development of new technologies, for instance, microfiuidic
electrochemical systems,’®* gives new opportunities for the
application of the electrooxidation of alcohols for the

production of energy, value-added oxidized derivatives, and
high purity hydrogen.

We recently showed that the adsorption of Bi on
polycrystalline Pt electrodes (Ptp) highly increases the surface
activity and the selectivity toward the production of
glycerate.”? Besides, we also showed that the current densities
reached with this system were an order of magnitude higher
than for similar electrodes in acid media.**~** It has been
shown that Pb does not behave very differently than Bi when
adsorbed on Pt, especially when it comes to the oxidation of
small organic molecules.*®=*2 Thus, in this work we study the
EOG in alkaline media on Pb-modified Ptp. Besides, with the
aim of understanding the relation between the Pt atom
arrangements at the surface of the catalyst and the effect of the




modifications by adatoms, we study the EOG on single crystal
Pt electrodes modified by Bi and Pb.

We found that Bi and Pb promote the EOG and that the
electrode activity depends on the adatom coverage. We also
found that both adatoms speed up the production of glycerate,
formate, glycolate, and tartronate. Finally, by using single
crystal electrodes, we conclude that the adatoms act by
preventing the adsorption of strongly adsorbed intermediates
in low-coordinated Pt atoms, avoiding the poisoning of the
most reactive sites of the catalyst.

I EXPERIMENTAL SECTION

Electrochemical System and Surface Preparation. A
three-electrode cell was used with a potentiostat/galvanostat
(UAutolab type Ill, Methrom). The working electrode (WE)
consisted of a platinum wire with a spherical end, while the
counter electrode was a Pt foil. Both electrodes were cleaned
by immersion in aqua regia for 30 s, rinsed with ultrapure
water, and annealed in a butane flame, followed by quenching
with ultrapure water. The reference electrode used was a
reversible hydrogen electrode (RHE), and all potentials in this
work are with respect to it.

Irreversible adsorption of Pb on Pt was performed by
submerging the WE in a Pb(NOs)2 solution for a fixed amount
of time with concentrations ranging from 10~° to 10-3 M
without potential control.*® After rinsing with ultrapure water,
in order to calculate the electrode coverage it was transferred
to an electrochemical cell containing only 0.1 M NaOH, and a
voltammogram from 0.50 to 0.05 V was recorded. The
electrode coverage (6pb) was calculated from the hydrogen
desorption peaks in this region, by comparing the charge
associated with this process before and after the Pb deposition.
The Pb-modified electrode (called Pt,—Pb from now on) was
then removed from the cell while polarized at 0.5 V, rinsed
with ultrapure water, and transferred to a cell containing 0.1 M
NaOH + 0.1 M GIOH.

Single Crystal Experiments. Besides Ptp, Pt single crystal
electrodes with (111), (110), and (100) facets, purchased from
icryst, were used. Prior to each experiment, to avoid
contamination by the adatoms, the surface was cleaned by
forming a meniscus with an aqua regia solution for 5 s,
followed by rinsing with ultrapure water. Then, the electrode
was flame annealed in a butane-oxygen flame for 30 s, followed
by cooling in a reductive atmosphere composed by Ar/H:
(~2:1) for 40 s. The electrode surface was protected by a
droplet of ultrapure water saturated with the Ar/H, mixture to
prevent contamination during the transfer to the electro-
chemical cell.

Blank voltammograms were acquired in 0.5 M H2S04 for
each facet before the EOG, to check the system cleanliness and
the surface orientation. Then, the electrode was transferred to
an electrochemical cell containing 0.1 M NaOH + 0.1 M
GIOH + the adatom source (10~° M Bi>03, 10~> M or 10~* M
Pb?*). The meniscus was formed after polarization at 0.3 V and
held at this potential for 180 s, followed by the cyclic
voltammetry experiment at 10 mV s—1.

In Situ FTIR. In situ Fourier transform infrared (FTIR)
experiments were carried out using a Shimadzu IR Prestige-21
spectrometer with MCT detector. A spectroelectrochemical
cell equipped with a CaF2 window, placed on top of a specular
reflection accessory (Veemax Il, Pike Technologies), was used.
The Pt-based electrodes were prepared as described in the
electrochemical system and surface preparation section. In situ

FTIR spectra were obtained during linear sweep voltammetry
in 0.1 M NaOH + 0.1 M GIOH from 0.2 to 0.85 V at 1 mV

s~1. All spectra were collected with an average of 164
interferograms and 4 cm~! resolution. The spectra were
plotted as the ratio R/Ro, where Ro is the reference spectrum
collected at 0.2 V and R is the sample spectrum as a function of
potential.

Online Sample Collection and High-Performance
Liquid Chromatography (HPLC). A platinum disk with

1.0 cm diameter was used as the WE during online sample
collection. Samples were collected using a Shimadzu sample

collector FRC—10A by placing a PEEK capillary close to the
WE (in the hanging meniscus configuration). Prior to sample
collection, nine cycles were performed at 10 mV s—1, so that
the HPLC results can be correlated to the stable voltammo-
gram. Samples were collected at 60 yL min~1, while the
potential was swept at 1 mV s, therefore each sample
corresponds to a 60 mV potential interval in the corresponding
potential sweep. Samples travel for 7 min through the PEEK
capillary tube until reaching 0.5 mL eppendorf tubes,
containing 10 pL of a 0.3034 M H2SOs solution, used to
reduce the sample’s pH to 3.30 so that undesired side reactions
are avoided® and to match the mobile phase’s pH.

HPLC measurements were performed in a Shimadzu LC-
6AD chromatograph with a quaternary pump, a thermostatic
column compartment, an UV—uvis, and a refractory index
detector, both kept at 35 °C. Three columns (Aminex HPX87-
H + two Shodex Sugar SH1011) were used in series with a
Bio-Rad 1250131 precolumn, kept at 84 °C. The mobile phase
was 0.5 mM H2504 with a flow rate of 0.6 mL min—1, and the
injection volume was 20 L. This methodology of analyzing
the samples collected online during the cyclic voltammetry will
be called online HPLC from now on.

Chemicals. Solutions were made with ultrapure water (18.2
MQ cm-1, 25 °C, Millipore), and the chemicals were used
without prior purification. The chemicals employed were
sulfuric acid (ISO grade, Merck Emsure), nitric acid (p. a.
ACS, LS Chemicals), hydrochloric acid (p. a. ACS, Vetec
Chemistry), glycerol (ACS grade, Sigma-Aldrich), sodium
hydroxide (semiconductor grade, 99.99% trace metal basis,
Sigma-Aldrich), lead(ll) nitrate (99.999% trace metals basis,
Sigma-Aldrich), and bismuth(lIl) oxide (ReagentPlus, Sigma-
Aldrich). Chemicals used for the HPLC and FTIR standards
were dihydroxyacetone (Pharmaceutical Secondary Standard,
Sigma-Aldrich), p-glyceric acid calcium salt dihydrate (99%,
Sigma-Aldrich), oi-glyceraldehyde (>90%, Sigma-Aldrich),
glycolic acid (99% ReagentPlus, Sigma-Aldrich), sodium
mesoxalate monohydrate (>98.0%, Sigma-Aldrich), glyoxylic
acid monohydrate (98%, Sigma-Aldrich), tartronic acid (97%,
Sigma-Aldrich), oxalic acid (99%, anhydrous, Sigma-Aldrich),
formic acid (=95%, Sigma-Aldrich), sodium B-hydroxypyr-
uvate hydrate (=97%, Sigma-Aldrich), and deuterium oxide
(99.9% atom% D, Sigma-Aldrich).

I RESULTS

Electrochemical Results. Figure 1 shows the 10th
positive-going scan of the EOG in Ptp for solutions containing
different Pb?* concentration. Figure S1 shows the changes in
the positive potential sweep along cycling. Irreversible
adsorption of the adatoms also shows a similar trend (Figure
S2). Different to Bi,'> where we found an optimum
concentration of 10=> M, in this case the highest activities
were observed in a wider range of concentrations, that is, 10>
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Figure 1. Tenth positive-going scan of the EOG on Pt, in 0.1 M

NaOH + 0.1 M GIOH with varying concentrations of Pb2* in
solution. Scan rate: 10 mV s—1.

and 10—% M Pb?* (Figure S3). Very interestingly, cycling the
Ptp in 0.1 M NaOH + 10~ M Pb?* (without GIOH) we found
that the higher activities match the concentrations where the
hydrogen adsorption—desorption region was completely sup-
pressed, as was already found for Pt,—Bi'? (Figure S4).

In Situ FTIR and Online HPLC. In order to understand the
electrochemical results in terms of the products and/or
intermediates formed during the positive potential sweep, we
combine in situ FTIR and online HPLC.

Figure 2 shows spectra obtained at different electrochemical
potentials for Pt, and Pt,—Pb. A careful discussion about the
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Figure 2. In situ FTIR spectra obtained for the EOG on Pt,in 0.1 M
NaOH + 0.1 M GIOH with 0 M (left), 10-4 M (center), and 10-5 M
(right) Pb2* ions in solution. Scan rate: 1 mV s—1.

band assignment was made in our previous paper.'> However,
in this work we took spectra for several possible products at
lower concentrations (Figure S5), that is, with values similar to
those determined by using HPLC (shown in Figure 3), and we
found important differences for some products. For all the
systems studied, we observe an intense and broad band
centered at 1595 cm~! (that could be due to the presence of
many molecules), other broad feature at 1415 cm~* likely due
to the generation of carbonate (even if it is not possible to

discard contributions from other molecules, for instance,
formate), and two relatively small bands at 1340 and 1310
cm~L. The latter are probably due to the generation of oxalate,
and the former could have contributions from mesoxalate and/
or tartronate. Similar bands were observed in recent
contributions?®?! using single crystals electrodes for the
EOG in alkaline media.

These sets of spectra show that for Pt,—Bi, the introduction
of Pb significantly reduces the band assigned to carbonate
(1400 cm~1), indicating a suppression of the EOG pathway in
which the two C—C bonds are broken. However, our previous
analysis and comparison between the in situ results and the
spectra for the standards showed that it is really hard to arrive
at definitive conclusions solely using this technique.

Figure 3 shows the potential sweep at 1 mV s~ for Pt, and
Pt,—Pb and the concentration of products close to the
electrode as a function of the electrochemical potential. These
data were extracted from the chromatograms in Figure S6, the
peak assignment was done based on the retention times of
several EOG products (Figure S7), and the concentration was
calculated using the calibration curves shown in Figure S8 (for
more details see SI).

The electrochemical results (Figure 3) show again the
impact of the adatom and its concentration on the electrode
activity. For all the systems, there is a steady increase in the
concentration of glycerate, glycolate, and formate from 0.45—
0.50 V. Besides, for Pt,—Pb we also observe the production of
tartronate and other minor products, possibly hydroxypyruvate
and glyoxylate. These results are similar to those already
reported for Pt,—Bi*? and complemented in this work (Figure
S9).

Single Crystal Electrodes. In order to understand the
electrochemical activation of Pt, in terms of the Pt atoms
arrangement, we performed the EOG on Pt(111), Pt(100),
and Pt(110) in the presence and absence of Bi and Pb. Figure
4 shows results obtained with Pt, and the single crystal in the
presence and absence of adatoms. The electrochemical result
for the unmodified electrodes reminds others recently reported
in similar experimental conditions.?%?! Bi and Pb highly
improve the electrocatalytic behavior of Pt(110). In contrast,
Pt(111) and Pt(100) are relatively poorly activated by both
adatoms, at least in these experimental conditions. In general,
the adatoms improve the reaction onset but they do not have
an important effect in the current densities, except for
Pt(111)—Bi that doubles the currents shown by Pt(111).

B piscussion

Electrochemical results show that the modification of Ptp with
Pb strongly impacts both the activity and selectivity for the
EOG. As observed for Pt,—Bi, the adatom coverage changes
the cyclic voltammogram shape (Figures 1 and S1), which
means that the current densities are modified in different ways
for different electrochemical potentials. This complex relation
between the adatoms coverage and the electrochemical
response, also observed for other adatoms in other systems,??
rules out the possibility of having a third body effect as the only
response for the activation of Pt,. The complexity of the
modified electrodes is not surprising as it is well-known that
the adatoms change the structure and the electric charge
during a potential sweep in the potential window used in this
paper.l®?2-2% Heterogeneous surfaces inevitably contain a
broad distribution of catalytic sites, that is, microscopic regions
with different projected density of states that bind the
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adsorbates with different energies (so-called electronic
effect).’>?> Besides, these kind of structures are mandatory
for the possibility of a bifunctional mechanism, which can be
present or not in our case.?>?°

FTIR shows that the addition of the adatoms decreases the
concentration ratio COs~?/carbonyl-containing compounds,
that is, the adatom prevents the total C—C bond breaking of

GIOH. As in our previous paper,'? we ascribed this effect to a
lower probability of finding neighboring platinum atoms,
decreasing the available area to form triple- and double-bonded
intermediates (Figure 5), which were proposed based on
computational experiments performed by Garcia et.al.?®
Once more, online HPLC shows that it is a powerful
technique to study the EOG, clarifying the difficult assigment
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of the FTIR bands and allowing us to get a more clear picture
of the relationship between the adatom modification and the
reaction selectivity. The addition of Pb highly increases the
production of glycerate, formate, and glycolate, products that
were already observed with Pty. Interestingly, the presence of
Pb and Bi activate a pathway producing tartronate, which is
barely observed with Pt, (Figure S6). We tentatively ascribe
this product to a pathway containing an intermediate bonded
to the surface through the primary carbons (Figure 5). In
principle, tartronate could be generated through the oxidation
of glycerate, however, it was shown that it does not react on
Ptp;?” in Figures S9 and S10, we show that it is also quite
unreactive on the modified electrodes.

The addition of the adatom impacts the activity of Pt single
crystal electrodes in a different way. Pt(111), Pt(100), and
Pt(110) oxidize GIOH at much lower potentials in the
presence of the adatoms. However, in terms of current
densities, Pt(111) and Pt(100) are barely affected, except
when Pt(111) is modified by Bi, which explains the fact that
the system Ptp—Bi has a higher peak current than Ptp,—Pb.

The results obtained with Pt(110) in the presence of
adatoms is quite similar to those obtained by Pt,—Bi and Ptp—
Pb, which permit one to conclude that the main effect of the
adatoms is to activate Pt atoms with low coordination and that
they are the main contributors to the catalytic effect of Pt,.

It is frequently said in (electro)catalysis that the atoms with
low coordination are usually the most reactive.?>?® In the case
of Pt, we generally see that Pt(110) (which is the basal plane
with atoms with lowest coordination) or defected surfaces are
usually relatively active for the oxidation of several small
organic molecules but they are prone to poisoning.#28-30
FTIR experiments usually show the presence of adsorbed CO
(the most well-known poison for Pt surfaces)?=° even if it is
clear that it is not the only strongly adsorbed poisoning
substance.’® We showed that the adatoms inhibit the
formation of multiple bonded intermediates and diminish the
electrode poisoning, for example, reducing the CO coverage.*
Thus, these experiments strongly suggest that, besides an
important electronic effect,’>*! the adatoms act to prevent the
poisoning of Pt atoms with low coordination, which are
present in a high percentage in Pty, therefore liberating most of
the catalyst surface to oxidize GIOH.

Apart from the third body and the electronic effect, we
showed that the adatoms modified the electric double layer
(Figure S4), and it is well-known that their configuration and
oxidation state depends on the electrochemical potential.?>=*
Computational and electrochemical experiments showed that
when Bi and Pb are deposited on Pt, they tend to remain
positively charged.'”?2 Thus, these adatoms can interact with
the oxygen atoms of the EOG intermediates (as those shown
in Figure 5) stabilizing them. These kinds of species were
previously proposed by Garcia et al.>?> for an enediol
intermediate in acid media (equivalent to our proposed
intermediate bonded to the surface through the primary and
secondary carbon). In principle, the positively charged adatom
can act activating all the intermediates proposed here. Besides,
it is reasonable to believe that the adatom-intermediate
interaction can be higher than in acid media, since one of
the oxygen atoms is negatively charged, enhancing the
contribution of the Coulombic attraction. This interaction
might be one of the reasons why Bi and Pb promoted the EOG
more in alkaline than in acid media.

Regarding the structure of the adsorbates, an intuitive
reasonable possibility would be to propose an interaction
between the negatively charged oxygen atom of the glyceroate
and the positively charged adatom. We do not discard this
possibility, but we think that the intermediates adsorbed
through the carbon are a more direct step toward the necessary
dehydrogenation of the carbon chain. As mentioned earlier,
similar intermediates to those of Figure 5 were already
proposed,®? but more systematic computational experiments
are needed in order to get further insights about the EOG in
alkaline media in the presence and absence of adatoms.

Finally, using more adatoms (with different electro-
negativities) and in situ X-ray absorption experiments in the
Pt and adatoms edges, we could get deeper insights about the
relationship between the catalyst surface structure and the p-d
band electronic structure as a function of the electrochemical
potential.>* These sets of data (coupled to computational
chemistry experiments) could potentially permit one to
connect the electrodes activity and selectivity with fundamental
aspects (structural and electronic) of the modified electrodes
and ultimately guide us to a rational design of surfaces with
high activity and selectivity for the EOG.



B CONCLUSION

Bi and Pb adatoms promotes the EOG on Ptp. The

modification of the surface decreases the available area for
the formation of multiple-bonded intermediates, modifies the
electronic configuration at the surface of the catalyst, and
generates positively charged species that may act to stabilize
the intermediates of the reactions.

The adatoms speed up the production of glycerate, glycolate,
formate, and tartronate and suppress the complete oxidation of
GIOH to carbonate.

Interestingly, both adatoms promote the EOG in acid and
alkaline media, however, the difference in activity between the
bare and the modified electrode is much bigger in alkaline
media. We ascribed it to a higher stabilization of the negatively
charged intermediates (in acid media they have no charge) by
the positively charged adatoms.

B ASSOCIATED CONTENT

*Supporting Information
The Supporting Information is available free of charge at

EOG in 0.1 M NaOH + 0.1 M GIOH with partial
electrode coverage; cyclic voltammetry experiments in
0.1 M NaOH + 10~ M Pb?* (from x = 8 to 1); ATR

spectra of possible oxidation products in 0.1 M NaOH;
chromatograms of possible oxidation products in the
acidified electrolyte solution; chromatograms for the
EOG in 0.1 M NaOH + 0.1 M GIOH in the absence of
Pb2* and presence of 10~> M Bi203, 10~° and 10~* M
Pb2%*; calibration curves for the quantification of
products detected by HPLC; oxidation of glycerate in
Ptp, Ptp—Bi and Pt,—Pb (PDF)

B AUTHOR INFORMATION
Corresponding Author
PabloS. Fernandez — Chemistry Institute, State University of
Campinas, Campinas 13083-970, Brazil; Center for Innovation
on New Energies, University of Campinas, Campinas CEP
13083-841, Brazil; @ orcid.org/0000-0002-5068-0556;
Email: pablosf@unicamp.br

Authors

Matheus B. C. de Souza — Chemistry Institute, State University
of Campinas, Campinas 13083-970, Brazil

Victor Y. Yukuhiro — Chemistry Institute, State University of
Campinas, Campinas 13083-970, Brazil

Rafael A. Vicente — Chemistry Institute, State University of
Campinas, Campinas 13083-970, Brazil

CleoT. G. Vilela Menegaz Teixeira Pires — Chemistry
Institute, State University of Campinas, Campinas 13083-970,
Brazil

Josel. Bott-Neto — Chemistry Institute, State University of

Campinas, Campinas 13083-970, Brazil; @ orcid.org/0000-
0003-1806-3280

Complete contact information is available at:

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Financial support from the Brazilian agencies: P.S.F. and J.L.B.
thank FAPESP (Grant 2016/01365-0) and Shell and the
strategic importance of the support given by ANP (Brazil’s
National Qil, Natural Gas, and Biofuels Agency) through the
R&D levy regulation. R.A.V. and V.Y.Y. thank SAE-Unicamp
for their scholarships. M.B.C.S. and R.A.V. also thanks CNPq
for the scholarship

B REFERENCES

(1) Trindade, M. Green Energy and Technology Increased Biodiesel
Efficiency Alternatives for Production, Stabilization, Characterization
and Use of Coproduct.Green Energy and Technology Increased
Biodiesel Efficiency Alternatives for Production, Stabilization,
Characterization and Use of Coproduct

(2) Coutanceau, C.; Baranton, S. Electrochemical Conversion of
Alcohols for Hydrogen Production: A Short Overview. Wiley
Interdiscip. Rev. Energy Environ. 2016, 5 (4), 388—400.

(3) Simoes, M.; Baranton, S.; Coutanceau, C. Electrochemical
Valorisation of Glycerol. ChemSusChem 2012, 5 (11), 2106—2124.

(4) Da Silva, R. G.; Aquino Neto, S.; Kokoh, K. B.; De Andrade, A.
R. Electroconversion of Glycerol in Alkaline Medium: From
Generation of Energy to Formation of Value-Added Products. J.
Power Sources 2017, 351, 174—182.

(5) Holade, Y.; Servat, K.; Tingry, S.; Napporn, T. W.; Remita, H.;
Cornu, D.; Kokoh, K. B. Advances in Electrocatalysis for Energy
Conversion and Synthesis of Organic Molecules. ChemPhysChem
2017, 18 (19), 2573—2605.

(6) Houache, M. S. E.; Hughes, K.; Baranova, E. Perspective on
Catalyst Selection for Electrochemical Valorization of Glycerol.
Sustain. Energy Fuels 2019, 3, 1892.

(7) Angelucci, C. A.; Souza-Garcia, J.; Fernandez, P. S.; Santiago, P.
V. B.; Sandrini, R. M. L. M. Glycerol Electrooxidation on Noble Metal
Electrode Surfaces. In Encyclopedia of Interfacial Chemistry; Elsevier,
2018; pp 643 —650.

(8) Kwon, Y.; Lai, S. C. S.; Rodriguez, P.; Koper, M. T. M.
Electrocatalytic Oxidation of Alcohols on Gold in Alkaline Media:
Base or Gold Catalysis? J. Am. Chem. Soc. 2011, 133 (18), 6914—
6917.

(9) Birdja, Y. Y.; Koper, M. T. M. The Importance of Cannizzaro-
Type Reactions during Electrocatalytic Reduction of Carbon Dioxide.
J. Am. Chem. Soc. 2017, 139 (5), 2030—2034.

(10) Martins, C. A.; Ibrahim, O. A.; Pei, P.; Kjeang, E. Bleaching”
Glycerol in a Microfluidic Fuel Cell to Produce High Power Density
at Minimal Cost. Chem. Commun. 2018, 54 (2), 192—195.

(11) Martins, C. A.; lbrahim, O. A.; Pei, P.; Kjeang, E. Towards a
Fuel-Flexible Direct Alcohol Microfluidic Fuel Cell with Flow-through
Porous Electrodes: Assessment of Methanol, Ethylene Glycol and
Glycerol Fuels. Electrochim. Acta 2018, 271, 537—543.

(12) de Souza, M. B. C.; Vicente, R. A.; Yukuhiro, V. Y.; V. M. T.
Pires, C. T. G.; Cheuquepan, W.; Bott-Neto, J. L.; Solla-Gullon, J.;
Fernandez, P. S. Bi-Modified Pt Electrodes toward Glycerol
Electrooxidation in Alkaline Solution: Effects on Activity and
Selectivity. ACS Catal. 2019, 9, 5104.

(13) Kwon, Y.; Hersbach, T. J. P.; Koper, M. T. M. Electro-
Oxidation of Glycerol on Platinum Modified by Adatoms: Activity
and Selectivity Effects. Top. Catal. 2014, 57 (14—16), 1272—1276.

(14) Fernandez, P. S.; Martins, C. A.; Angelucci, C. A.; Gomes, J. F.;
Camara, G. A.; Martins, M. E.; Tremiliosi-Filho, G. Evidence for
Independent Glycerol Electrooxidation Behavior on Different
Ordered Domains of Polycrystalline Platinum. ChemElectroChem
2015, 2 (2), 263—268.

(15) Silva, L. S. R.; Lopez-Suaez, F. E.; Perez-Cadenas, M.; Santos,
S. F.; da Costa, L. P.; Eguiluz, K. I. B.; Salazar-Banda, G. R. Synthesis
and Characterization of Highly Active Pbx@Pty/C Core-Shell
Nanoparticles toward Glycerol Electrooxidation. Appl. Catal., B
2016, 198, 38—48.



(16) Buso-Rogero, C.; Solla-Gullon, J.; Vidal-Iglesias, F. J.; Herrero,
E.; Feliu, J. M. Adatom Modified Shape-Controlled Platinum
Nanoparticles towards Ethanol Oxidation. Electrochim. Acta 2016,
196, 270—279.

(17) Ferre-Vilaplana, A.; Perales-Rondon, J. V.; Feliu, J. M.; Herrero,
E. Understanding the Effect of the Adatoms in the Formic Acid
Oxidation Mechanism on Pt(111) Electrodes. ACS Catal. 2015, 5 (2),
645—654.

(18) Abbadi, A.; van Bekkum, H. Highly Selective Oxidation of
Aldonic Acids to 2-Keto-Aldonic Acids over Pt-Bi and Pt-Pb
Catalysts. Appl. Catal., A 1995, 124 (2), 409—417.

(19) Clavilier, J.; Orts, J. M.; Feliu, J. M.; Aldaz, A. Study of the
Conditions for Irreversible Adsorption of Lead at Pt(h, k, 1)
Electrodes. J. Electroanal. Chem. Interfacial Electrochem. 1990, 293
(1—2), 197—208.

(20) Sandrini, R. M. L. M.; Sempionatto, J. R.; Herrero, E.; Feliu, J.
M.; Souza-Garecia, J.; Angelucci, C. A. Mechanistic Aspects of Glycerol
Electrooxidation on Pt(111) Electrode in Alkaline Media. Electrochem.
Commun. 2018, 86, 149—152.

(21) Sandrini, R. M. L. M.; Sempionatto, J. R.; Tremiliosi-Filho, G.;
Herrero, E.; Feliu, J. M.; Souza-Garcia, J.; Angelucci, C. A.
Electrocatalytic Oxidation of Glycerol on Platinum Single Crystals
in Alkaline Media. ChemElectroChem 2019, 6, 4238.

(22) Climent, V.; Garcia-Araez, N.; Feliu, J. M. Clues for the
Molecular Level Understanding of Electrocatalysis on Single-Crystal
Platinum Surfaces Modified by p-Bolck Adatoms. Fuel Cell Catal. A
Surf. Sci. Approach 2009, 209—244.

(23) Kim, J.; Rhee, C. K. Structural Evolution of lIrreversibly
Adsorbed Bi on Pt(111) under Potential Excursion. J. Solid State
Electrochem. 2013, 17 (12), 3109—3114.

(24) Sun, S.-G.; Chen, S.-P.; Li, N.-H.; Lu, G.-Q.; Chen, B.-Z.; Xu,
F.-C. Chemical States of Bismuth and Sulfur Adatoms on the
Polycrystalline Pt Electrode Surface towards HCOOH Oxidation —
Combined Studies of Cyclic Voltammetry, in Situ FTIRS and XPS on
the Origin of Electrocatalytic Activity of Adatoms. Colloids Surf., A
1998, 134 (1—-2), 207—220.

(25) Ngrskov, J. K.; Studt, F.; Abild-Pedersen, F.; Bligaard, T.
Fundamental Concepts in Heterogeneous Catalysis; Wiley, 2014.

(26) Garcia, A. C.; Kolb, M. J.; van Nierop y Sanchez, C.; Vos, J.;
Birdja, Y. Y.; Kwon, Y.; Tremiliosi-Filho, G.; Koper, M. T. M. Strong
Impact of Platinum Surface Structure on Primary and Secondary
Alcohol Oxidation during Electro-Oxidation of Glycerol. ACS Catal.
2016, 6 (7), 4491—4500.

(27) Schnaidt, J.; Heinen, M.; Denot, D.; Jusys, Z.; Jirgen Behm, R.
Electrooxidation of Glycerol Studied by Combined in Situ IR
Spectroscopy and Online Mass Spectrometry under Continuous Flow
Conditions. J. Electroanal. Chem. 2011, 661 (1), 250—264.

(28) Koper, M. T. M. Structure Sensitivity and Nanoscale Effects in
Electrocatalysis. Nanoscale 2011, 3, 2054—2073.

(29) Fernandez, P. S.; Tereshchuk, P.; Angelucci, C. A.; Gomes, J.
F.; Garcia, A. C.; Martins, C. A.; Camara, G. A.; Martins, M. E.; Da
Silva, J. L. F.; Tremiliosi-Filho, G. How Do Random Superficial
Defects Influence the Electro-Oxidation of Glycerol on Pt(111)
Surfaces? Phys. Chem. Chem. Phys. 2016, 18 (36), 25582—25591.

(30) Fernandez, P. S.; Gomes, J. F.; Angelucci, C. A.; Tereshchuk,
P.; Martins, C. A.; Camara, G. A.; Martins, M. E.; Da Silva, J. L. F.;
Tremiliosi-Filho, G. Establishing a Link between Well-Ordered
Pt(100) Surfaces and Real Systems: How Do Random Superficial
Defects Influence the Electro-Oxidation of Glycerol? ACS Catal.
2015, 5(7), 4227—4236.

(31) Climent, V.; Garcia-Araez, N.; Compton, R. G.; Feliu, J. M.
Effect of Deposited Bismuth on the Potential of Maximum Entropy of
Pt(111) Single-Crystal Electrodes. J. Phys. Chem. B 2006, 110 (42),
21092—-21100.

(32) Garcia, A. C.; Birdja, Y. Y.; Tremiliosi-Filho, G.; Koper, M. T.
M. Glycerol Electro-Oxidation on Bismuth-Modified Platinum Single
Crystals. J. Catal. 2017, 346, 117—124.

(33) Russell, A. E.; Rose, A. X-Ray Absorption Spectroscopy of Low
Temperature Fuel Cell Catalysts. Chem. Rev. 2004, 104 (10), 4613—
4635.



