Perovskite oxides as electrocatalyst for glycerol oxidation.
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ABSTRACT: Glycerol is a co-product from Biodiesel production with high abundance and low market price. Its transformation into valu-
able products or as an alternative source of energy has driven the search for selective catalysts. Herein we present the first findings of
perovskites as electrocatalysts for glycerol electrooxidation (GEOR). Alternatively to Pt and Pd based catalyst, perovskite oxides (LaNiO3
and LaCoO;) demonstrated high catalytic performance with faradaic currents of ca. 18 mA mg™! at potentials higher than 1.6 V vs. RHE.
Consecutive potential cycles exhibited the LaCoOs perovskite resistant to poisoning during GEOR. Based on FTIR and online HPLC exper-
iments the GEOR on perovskite oxides yields formic acid and glycolic acid as final products, with no signal of CO, formation. Our results
thus indicate that perovskites can be considered as an alternative for selectively oxidize glycerol, opening the door for a large variety of a
new class of catalysts for polyols oxidation with efficiency in terms of current densities and poisoning stability.
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INTRODUCTION

An intensive investigation for more sustainable energy sources has
bloomed in recent years. With the increase of global population, it
is mandatory to develop new strategies to allow sustainable indus-
trial and technological development whilst protecting the environ-
ment. In this scenario, the use of non-fossil fuels has been encour-
aged. Biofuels, such as ethanol and biodiesel, have been used as
alternatives to fossil fuels for decades. At the same time, hydrogen
has been considered one of the main alternatives to address energy
issues allowing technological innovation. However, its major pro-
duction route pass through the use of fossil fuel by processes that
are not environment friendly.'

The production of glycerol, a co-product from biodiesel manufac-
ture, has increased due to biodiesel production incentive, lowering
its price in global market. Although glycerol is a versatile product
with practical use in several industries, such as personal care,
household products, plastics, fragrances, foods and pharmaceutics,
its production is still much higher than the actual consumption.
Therefore, scientists have been evaluating its use for new applica-
tions at current chemical industries, as well as for the generation of
energy in fuel cells and the concomitant production of high added
value glycerol derivatives and hydrogen in electrolyzers.> Con-
sidering the use in fuel cell, besides the demands for membrane
improvement, it is mandatory to develop low cost electrocatalysts
able to reduce the overpotential and tune the selectivity of the glyc-
erol electrooxidation reaction.

Traditionally, noble metals as Pt, Au and Ag as well as Pd, Bi, Rh
are the main studied materials®'° showing catalytic performance,
with good currents, some selectivity but with a very high cost.
Thus, it is of great importance to develop new catalyst based on
abundant and no-expensive materials.

No-noble metals as Ni, Cu and Co have also presented activity as
catalysts for alcohol oxidation!'"!5. Some results have indicated
that the addition of transition metal oxides to Pd and Pt catalysts
can contribute to enhance its alcohol oxidation ability.'®!”

An alternative would be perovskite like materials. It is possible to
use no-noble metals and rare earth in their composition, which are

less costly materials than traditional catalysts as platinum and gold.
There are several studies in the literature, considering perovskite
oxides as catalysts for heterogeneous catalysis, photocatalysis, as
well as electrocatalysis'®23. In heterogeneous catalysis different
perovskites have been studied for CO and hydrocarbons oxida-
tion,?42® NOy decomposition,”’?° hydrogenation of carbon ox-
ides’®3! and glycerol reforming233. As electrocatalyst, good results
for oxygen evolution reaction (OER), and oxygen reduction reac-
tion (ORR), have also been reported with LaMnOs, LaCoO3 and
LaNiQ;.3437

Many studies regarding the role of the transition metals, have been
done. The relationship between the electrocatalyst activity and the
electron occupancy of anti-bonding orbitals of M-OH,3* metal elec-
tronegativity,’® oxygen vacancy®® and perovskite defects *° have
been investigated. All these works have demonstrated that the ele-
ment substitution at both positions of perovskite structure can
largely impact the properties of the material. Hardin ef al.*! inves-
tigated the influence of the transition metal used to tune the catalyst
for the OER and ORR. They proposed an electrocatalyst based on
LaCoO3/NC which presented a 3 times higher activity for OER and
ORR when compared to IrO, (a benchmark catalyst)*>*. Also,
LaNig 75Fe2503/NC demonstrated to have an activity for ORR
comparable to Pd/VC.

In heterogeneous catalysis, perovskites have been investigated as
catalysts towards ethanol and methanol combustion**. Different
perovskites for methanol combustion have been studied and their
activity was reported to be associated to the concentration of a-ox-
ygen and metal sites with high oxidation state. Lan and Mukasyan*’
have investigated the use of different perovskites based on Ru as
support for Pt nanoparticles as electrocatalysts. They reported a
material with activity comparable to Pt-Ru alloy but containing 4
times less platinum for methanol oxidation at direct methanol fuel
cell (DMFC).

Since LaNiO; and LaCoOs perovskites have demonstrated activity
towards glycerol reforming*® and oxygen evolution reaction
(OER),* the goal of tis work was to investigate the activity of these
catalysts for glycerol electrooxidation reaction (GEOR). The phys-
ical and electrochemical characterizations of the catalysts are



presented, as well as their activity for GEOR and a reaction path-
way study supported by in situ FTIR and online HPLC results.

EXPERIMENTAL SECTION
Chemicals.

The reagents used in this work were purchased from Sigma-Al-
drich, namely: La(NO3);.6H,O (99.9%), Ni(NO3),.6H,O
(99.999%), Co(NO3),.6H,0O (>98%), citric acid (99%), ethylene
glycol (99.8%) and glycerol (99.8%). Formic Acid (85%) from
Synth, Glycolic acid (70%) from Chemours and NaOH (99%) from
Isofar.

Material Synthesis

The synthesis methodology was chosen with the objective to obtain
a good perovskite formation rate, higher surface area and shorter
reaction time. In this way, two methodologies were combined, and
the perovskites were produced by citrate method*’ assisted by mi-
crowave. 849

Lanthanum and the transition metal (Ni or Co) nitrates were mixed
in a beaker and a minimum volume of water was added to solubilize
the salts. The mass of nitrates was stoichiometrically calculated
from the amount of perovskite wished to be produced. When a ho-
mogenous mixture was obtained, citric acid was added in a molar
ratio of 1:1 (citric acid:metal). The solution was mixed until the
complete solubilization of reactants. Then, ethylene glycol (EG)
was added at a ratio of 2.5:1 (EG:metal). The final solution was
heated for 10 minutes at 60 % of total power in a conventional mi-
crowave (Panasonic Style NN-ST652W (2450 MHz and 1650 W)).
At this stage, the solution was converted to a dry foam with a large
volume. The foam was broken into a powder and dried at 110°C
for 24 hours. Once the powder was dry, the material was calcinated
using a vertical tubular oven Sanchis at 600°C in an oxidant atmos-
phere (synthetic air) for 3 hours to form the oxides. Finally, the ma-
terial was calcinated at 900°C for 10 hours, with a synthetic air at-
mosphere to guarantee the oxygen supply and the solid-state reac-
tion to form the perovskite oxide.

Material Characterization

The materials were characterized by X-ray diffraction (XRD) using
a STOE STADI P with a molybdenum source and a germanium
(111) monochromator in transmission mode. The samples were
binned into a quartz tube, in powder form, and scanned from 2° to
60° in a step-scan mode with step-size of 0.015° and counting time
of 100s (at each 0.78°) for LaNiO3 and 20s (at each 0.78°) for La-
Co0;3 in order to obtain a spectrum with a good resolution.

Catalysts images and EDS results were collected with a Scanning
Electron Microscope (SEM) FESEM JMS-6701F, JEOL. Samples
were prepared by adding a drop of perovskite dispersed in water on
the surface of a carbon tape attached to a brass stub. The perovskite
dispersion was obtained after 9 hours in the ultrasound bath. The
drop was dried at 60°C for 10 minutes.

FElectrochemical Characterization

Glycerol electrooxidation was investigated by cyclic voltammetry
technique. A NaOH 0.1 molL"! solution was used as support elec-
trolyte. Before electrochemical experiments, the electrolyte was de-
oxygenated by argon (Ar 5.0 White Martins), which was also used
to keep the cell atmosphere free from oxygen during the experi-
ment. The alcohol solution, in a concentration of 0.1 molL"!, was
prepared by mixing the electrolyte solution with the calculated
amount of glycerol.

The perovskites suspensions were prepared by adding 0.03 g of the
material to 1 mL of ultrapure water and dispersing in ultrasound
(Eco-Sonics Ultronique Q3.0/40A of 40 kHz) for 9 hours. The in-
fluence of ultrasound time in voltammetric profile will be explained
later.

The analysis was carried out in a traditional three electrode glass
cell. The working electrode (WE) was prepared by depositing the
catalyst dispersion on the surface of a polished glassy carbon elec-
trode (GC). The electrode was dried for 10 minutes at 60°C, trans-
ferred to the electrochemical cell and a voltammetric profile was
registered in the electrolyte solution.

A platinum wire, with a high superficial area, was used as counter
electrode (CE). A reversible hydrogen electrode (RHE) was used
as reference electrode and all the results are presented against it. A
potentiostat Autolab PGSTAT 128N connected to a computer was
used during the electrochemical experiments. The presented cur-
rents were normalized by catalyst mass.

In situ FTIR

A Shimadzu Prestige-21 spectrometer equipped with a mercury
cadmium telluride (MCT) detector was used. The spectra were ob-
tained during chronoamperometry measurements (from 0.8 to
1.8 V versus RHE) in a three electrode spectroelectrochemical cell
with a CaF, window attached to the bottom. Working electrode was
prepared as described during GEOR evaluation. The working elec-
trode was carefully pressed against the CaF, window, resulting in
the formation of a thin layer of about 1-10 pm>. Fourier transform
infrared spectroscopy (FTIR) spectra were composed by 256 inter-
ferograms with a resolution of 4 cm™!, with the electrode potential
modulated between E1 (sample potential) e E2 (background poten-
tial, 0.8 V vs. RHE).

Online sample collection and High-performance liquid chro-
matography (HPLC)

Samples were collected by a tube placed very close to the electrode
surface connected to an automated collector with a robotic arm that
pours aliquots into Eppendorf vials during a linear potential sweep
between 0.8 V and 1.8V at 1 mVs'!. Aliquots of 60 uL were
collected with a flow rate of 1 pLs™!. Thus, each collected sample
represents the products of GEOR generated in an interval of
60 mV. Each Eppendorf contained 20 pL of a 0.6 molL"! H,SO4
solution to acidify the sample and avoid further chemical reactions
of some glycerol oxidation products. Some products, such as
dihydroxyacetone, are not stable in alkaline medium so the sample
acidification can avoid product degradation and ensure its
identification.’! The collected samples . were analysed in a Shi-
madzu LC-6AD chromatograph with a quaternary pump, a thermo-
static column compartment CTO-20A kept three columns (an
Aminex HPX87-H and two Shodex Sugar SH1011 with a Bio-Rad
1250131 precolumn) at 85°C. An UV—vis (SPD-20AV at 205 and
254 nm), and a refractory index (RID-20A) were used as detectors,
both kept at 40 °C. A 5 mmolL"! aqueous sulfuric acid solution was
used as eluent with a flow rate of 0.6 mLmin™". Finally, the detected
products were identified by comparison with standard samples.

A calibration curve for formate, tartronate, glycerate,
glyceraldehyde and glycolate can be seen in Figure S1 of the
Supporting Information (SI). Solutions containing all the
substances with 5 different concentrations between 0.006 and
0.8 molL"! were prepared in 0.1 molL"! NaOH and acidified with
H,S0O4 before analysis, using the same procedure described before
for the collected samples during the electrochemical experiment.



RESULTS AND DISCUSSION

Electrocatalyst Characterization.

XRD patterns were recorded to characterize the bulk crystallo-
graphic structure of the perovskites (Figure 1). Both materials were
characterized based on the Crystallography Open Database (COD)
and Inorganic Crystal Structure Database (ICSD).

For LaNiOs the corresponding diffractogram (see Figure 1(a))
matches with LaNiOs pattern, however it also presents an addi-
tional peak corresponding to nickel oxide (NiO). Such presence is
an indicative that not all the nickel precursor was converted into the
perovskite structure. Retuerto et al. have observed the presence of
a NiO phase with LaNiOs and its dependence on the synthesis
methodology, specially the calcination temperature.>? On the other
hand, the diffractogram for LaCoO; (Figure 1(b)) do not show the
presence of another phase, indicating the formation of a pure mate-
rial.
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Figure 1: XRD for the synthesized materials (a) LaNiO; and
(b) LaCoOs. The standard 20 are indicated by (o) LaNiO3; (ICSD
67717), (*) NiO (COD 00-432-9323) and (x) LaCoO3 (COD 00-
153-3633).

SEM images (see Figure S2) of LaNiO3 and LaCoQOj3 show that the
general appearance and element dispersion through the sample are
similar for both materials. A granular heterogeneous distribution of
particles with size that range from few micrometers to 100 um are
observed regardless the catalyst composition. Additionally, the
EDS analysis showed that (see insets in Figure S2) all the compo-
nents are homogenously distributed in the analyzed areas and no
agglomeration of a specific element is observed in either samples.

Electrochemical Experiments

The cyclic voltammograms of LaNiOj in the presence and absence
of glycerol are displayed in Figure 2. The stationary cyclic voltam-
mogram in the supporting electrolyte exhibits a large potential win-
dow, between 0.6 V and 0.9 V, with no faradaic current, establish-
ing an electrical double layer feature (Figure 2(a)). During the pos-
itive scan a single oxidation peak centered at 1.48 V (i) arises fol-
lowed by the begging of the oxygen evolution reaction (ii). In the
negative scan a reduction peak at 1.28 V (iv) with a small shoulder
at 1.37 V(iii) can be seen. The clear-cut assignment of each de-
scribed peak to a surface process is not straightforward for perov-
skites materials. The presence of at least two metal centers that

could interact with the electrolyte brings additional difficulties to
the assignment. For the materials here studied the electrochemical
literature is scarce and there is a lack of information about the rela-
tion between the surficial structure of the perovskite oxide and its
corresponding cyclic voltammogram profiles. In this way, we have
used the similarity with the CV profile of Ni metal electrodes to get
further insights about our results.
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Figure 2: Voltammetric profile for LaNiOs in the absence (a) and
in the presence (b) of 0.1molL" glycerol in 0.1 molL"' NaOH at
50 mVs'!. (a) Blank voltammograms with different upper poten-
tials: 1.6 V (solid line) and 1.8 V (dashed line). (b) Dash line shows
the profile in the absence of glycerol and solid lines the 1%, 37 and
5™ cycles of glycerol oxidation. Currents normalized by catalyst
mass. Ohmic correction was applied.

The voltammetric profile of Ni/C nanoparticles in alkaline media
suggests that the main electrochemical process seen for LaNiO3
(Figure 2(a)) is related to the formation of surface nickel hydrox-
ides and oxides.>> % For a nickel metallic electrode, it has been re-
ported that, at lower potentials, the metallic species are firstly oxi-
dized to a highly hydrated nickel hydroxy (a-Ni(OH),). As the po-
tential is made more positive this species becomes a less hydrated
hydroxy (B-Ni(OH)), which is considered more stable. Once it is
formed, it accumulates on the electrode surface. As the potential is
made more and more positive, B-Ni(OH); is oxidized to form a (3-
NiOOH and further y-NiOOH. In the negative scan it is possible to
identify a reduction peak related to the reduction of Ni(III) to Ni(II),
in the form of B-Ni(OH),.>*

During these processes, different types of oxide populations are
formed on the surface of the electrode what can explain the broad
oxidation and reduction peaks. This can also explain the presence
of a small shoulder during the negative scan due to the reduction of
the multitude of nickel oxides that were formed, as demonstrated
by El-Shafei et al.’ Different ratio between the shoulder and the



main reduction peak were observed, indicating that the reduction
process taking place between 1.5 V and 1.1 V is related to the re-
duction of different oxide species. Considering the results for
LaNiOs (Figure 2(a)), the peak at 1.48 V (i), during positive scan,
may correspond to the formation of NiOOH on the electrode sur-
face, while the peak at 1.28 V (iv), during negative scan, is related
to the oxygen-hydroxy reduction to B-Ni(OH),. Moreover, at po-
tentials higher than 1.55 V the oxygen evolution process begins (ii).
When the upper potential is increased the current increases accord-
ingly. Concomitantly, the formation of bubbles on the electrode
surface is observed. The oxygen formed is then reduced during the
negative scan as observed by the appearance of a reductive current
starting from 0.6 V (v). These features confirm that the process (ii)
is actually the onset of the process related to oxygen evolution. The
ability to catalyze the oxygen reduction reaction (ORR) has already
been reported for LaNiO3.344157

When glycerol is added to the electrochemical system (Figure 2(b))
the CV profile changes considerably indicating the ability of
LaNiOs to catalyze glycerol oxidation. To date, however, no stud-
ies of glycerol electrooxidation (GEOR) on LaNiOs has been re-
ported in the literature. The consecutive CVs of GEOR show that
the reaction does not take place at potentials below ca. 1.38 V.
From this potential on the current related to glycerol oxidation rises
steeply until it reaches the upper potential limited to 1.8 V. During
the reverse scan, the current profile continuously decreases until
1.3 V, where the GEOR ceases. Considering the extent of the hys-
teresis related to the formation of strongly adsorbed intermediates,
1058 the coverage of adsorbed species that remains on surface dur-
ing the positive scan is different from that produced during the neg-
ative one. In this case, the stripping of the strongly adsorbed species
is deeply correlated to the scan direction and consequently the
origin of such behavior indicates that alcohol oxidation process
starts only when NiOOH species is formed concomitantly on the
electrode surface. The need of oxygen-containing specie for alco-
hol oxidation is a common place in the electrocatalysis of small
alcohols.” The GEOR process remains at potentials where the Ni-
hydroxides is favorable formed. It is worth mentioning that the Ni-
hydroxides formation is greatly influenced by the GEOR process
once the oxygen evolution is suppressed in the presence of glycerol.
Additionally, no bubbles were observed on electrode surface nor
ORR current during the negative scan (see Figure S3). A competi-
tive behavior between the two different reactions has already been
described in the literature for noble metals. Santiago et al.>® have
demonstrated the competition for hydroxyl groups on the electrode
surface between alcohol oxidation reactions and platinum oxide
formation.

The voltammetric profile for LaNiOs changes progressively from
the first to the fifth cycle, experiencing some deactivation after con-
secutive potential cycling. As displayed Figure 2(b) the current re-
sponse decreases steadily over time. In fact, after 10 cycles in the
presence of glycerol, the electrode gets clearly blocked for GEOR
and, if it is rinsed and taken to a cell free from glycerol, the con-
tamination of the surface by adsorbed species is confirmed. Alt-
hough in the first cycle it is possible to see a decrease in current due
to the diminution of free active sites, the profile is essentially the
same as before glycerol oxidation. After 10 cycles, the blank volt-
ammogram is almost completely recovered (see Figure S4). This
fact evinces that the deactivation phenomena is linked to the oxida-
tion of glycerol that forms stable adsorbed species that accumulates
on electrode at such extent that cannot be stripped off by oxidation
or a reduction process. For Pt is well documented that the deactiva-
tion during alcohol oxidation is originated by the formation of ad-
sorbed CO or other intermediates, such as acyl species.®*¢! Re-
cently, Forslund et al. showed that CO does not adsorb on LaNiOs
showing that the GEOR on this perovskites follows a reaction
mechanism that probably does not involve CO.%

In fact, on perovskite catalysts the organic adsorption process oc-
curs on partially oxidized sites. It is accepted that the transition
metal is the reactive center for alcohol oxidation.®® For LaNiOs,
nickel is the electroactive site as evidenced by the similarity of the
CV profile with nickel electrodes. In this way, considering the po-
tential window in which the GEOR takes pace, it is reasonable to
suggest that Ni(IIl) is the active species for glycerol oxidation. In a
similar way it was proposed for nickel electrodes that for the oxi-
dation of alcohols®*%* and amines®?®, nickel oxide is considered to
participate in the oxidation reaction by a direct or indirect process.
For direct processes, after the electrochemical generation of
NiOOH, it is chemically reduced by the alcohol molecule. In indi-
rect mechanisms, the electron transfer occurs by an electrochemical
process between the adsorbed alcohol and the metal oxide. How-
ever, independent of the mechanism, Ni-hydroxide must be pro-
duced in order to activate the electrode®>-67

Figure 3(a) presents the voltammetric profile for LaCoO3 which is
in agreement with the literature®. Different than LaNiO3, no well-
defined redox couple can be seen within the studied potential win-
dow. A slight current increase at 1.0 V is observed (i) probably
related to high hydroxy group formation with Co(IlI). The oxygen
evolution reaction, indicated as region (ii), starts at less positive
potentials compared to LaNiOs. At region (iii) it is possible to see
a discrete reduction process, possibly a reversible process related
to the oxidation taking place at region (i). A similar process is ob-
served for Co304 electrodes: in the positive scan the formation of
CoOOH is observed and this specie is reduced during negative scan
to C0304.%°
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Figure 3: Voltammetric profile for LaCoOs in the absence (a) and
in the presence (b) of 0.1molL" glycerol in 0.1 molL"' NaOH at
50 mVs'!. (a) Blank voltammograms with different upper poten-
tials: 1.6 V (solid line) and 1.8 V (dashed line). (b) Dash line shows
the profile in the absence of glycerol and solid lines the 1%, 37 and
5™ cycles of glycerol oxidation. Currents normalized by catalyst
mass. Ohmic correction was applied.



Figure 3(b) displays the cyclic voltammogram of LaCoO3in 0.1 M
NaOH in the presence of glycerol. The consecutive recorded cyclic
voltammograms are characterized by the absence of a hysteresis
between the positive and negative potential scans as well as a slight
decrease of the activity. Based on the shape of the voltammograms
it is likely that the same process occurs in both scan directions.
Thus, the lack of hysteresis suggests two possibilities about the
GEOR mechanism on LaCoOs: (i) it does not take place through
the formation of strong adsorbed intermediates, or (ii) the surface
within the potential window is active to oxidize all the adsorbed
species.

Additionally, the onset potential for GEOR, ca. 1.27 V, is shifted
to lower values when compared to LaNiOs, probably due to the ear-
lier formation of oxygenated species on LaCoOs3 surface. Oliveira
et al. observed the influence of Co in the study of Ni/C and NiCo/C
nanoparticles activity'! towards GEOR. The results showed that the
oxidation of glycerol is also related to the formation of O-contain-
ing species on CoNi nanoparticles surface. Since the formation of
CoOOH occurs at lower potentials when compared to Ni, the onset
potential shifts accordingly.

The obtained current densities are comparable to those from
LaNiOs in the first cycle: the maximum current obtained for
LaNiOs; was around 18 mAmg™! while 14 mAmg! was obtained for
LaCo0;. In the case of LaCoOs no significant current decrease is
observed during consecutive cycles showing a higher stability and
poisoning resistance. For LaCoQO3 the maximum current stabilizes
around 13 mAmg™! while for LaNiOs the current decreases contin-
uously until being stabilized around 6 mAmg-'. Another observa-
tion is that, as for LaNiOs and Pt*, there might be a competition
between GEOR and Oxygen Evolution Reaction (OER). The pres-
ence of glycerol inhibits the OER as can be observed comparing
voltammetric profiles in the presence and absence of glycerol.
When glycerol is present no bubble formation can be observed at
high potentials and no reduction currents during negative scan, re-
lated to oxygen reduction, is observed. Data from Figures 2 and 3
are presented in Figure S3 in a different potential window to show
the ORR region.

Although a high overpotential is needed to initiate glycerol oxida-
tion when compared to noble metals as Pt, Au and Ag®, GEOR on
LaNiOs shows high oxidation rates per mass of material and can be
considered as a promising catalyst compared to nickel nanoparti-
cles. Oliveira et al.'! reported a glycerol oxidation current density
of approximately 70 mA/g (metal mass) at 1.8 V when Ni/C nano-
particles were used as catalyst. In this work, LaNiOs catalyst pre-
sented a maximum current density of 18 mA/mg, a value ca. 250
times higher than the one reported for Ni/C.!! We should keep in
mind that the amount of the transition metal in the perovskite struc-
ture corresponds to only 24% of the total mass, which leads to a
mass normalized current (mA/mg) for GEOR thousand times
higher.!! This astonishing catalytic effect of LaNiOs indicates that
the transition metal in the perovskite does not respond sole to the
observed phenomena, but together with the whole structure. This
observation is in agreement with Forslund et al.®> who reported the
enhanced catalytic effect towards urea oxidation when nickel is in
the perovskite structure compared to nickel oxide, which exhibited
poor activity. Additionally, the difference in superficial area, alt-
hough not discussed in the reference, should also be considered.

Interpreting the GEOR in terms of in situ FTIR and online
HPLC experiments

The products from GEOR were determined by online sample col-
lection + HPLC analysis and FTIR in situ. On both materials the
only reaction products detected by HPLC analysis were glycolate
and formate (normalized chromatograms presented in Figure S5).
Using the area obtained from the peaks and the calibration curves

presented in Figure S1 it was possible to determine the concentra-
tion of both species in each sample, which are presented in Figure
4. It is possible to observe that similar concentrations of glycolate
and formate are obtained when LaNiOs is used as electrocatalyst,
being the concentration of formic acid slightly higher. However, in
the case of LaCoOQs, different ratio is obtained. From Figure 4(b) it
is possible to conclude that higher amounts of formate are formed,
mainly at potentials higher than 1.7 V. This difference in products
ratio may indicate different abilities of both electrocatalysts to ox-
idize reaction intermediates. The activity of both catalysts to oxi-
dize formic and glycolic acids will be discussed later.
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Figure 4: Formate (circle) and glycolate (triangle) formation from
glycerol oxidation for (a) LaNiO3 and (b) LaCoOs. Concentration
based on the integration of the corresponded HPLC peaks. Scan
rate 1 mVs'! in a solution of 0.1 molL"! glycerol and 0.1 molL-!
NaOH.

An increase in product formation is observed from 1.4V and 1.6V
for LaCoO; and LaNiOs, respectively. These results are consistent
with the results from cyclic voltammetry.

GEOR on both LaNiO; and LaCoOs was also investigated using
FTIR. The spectra obtained at different potentials are presented in
Figure 5. Figure 5(a) shows the results for LaNiOs and it is possible
to see the appearance of three bands (1580 cm™!, 1380 cm™ and
1350 cm!) that increase at potentials higher than 1.4 V. Consider-
ing the data available in the literature, formate presents defined
bands at 1580, 1380 and 1350 cm™!, corresponding to C-O stretch-
ing, COO rocking and C-O stretching, respectively’®’!. Glycolate
has also bands at 1580 and 1075 cm™!, assigned to COO- stretching
and C-O stretching, respectively’>’3. Table S1 in the SI presents a
list of the bands and respective assigned vibration modes. To inves-
tigate if these bands could also be assigned to other possible spe-
cies, ATR experiments with the standard products were carried out.
Solutions were prepared in concentration of 20 mmolL"! in
0.1 molL"! NaOH and the results are presented in Figure S6.

The results for LaCoOs3 are presented in Figure 5(b). Besides the
same bands observed for LaNiOs, another band at 1308 cm™! can
also be seen. Considering the information in literature and standard
spectra, it is possible to suggest that, in addition to formate and gly-
colate, oxalate is also formed.”*”> Based on the fact that oxalate
was not detected by online HPLC analysis, one can infer that the
concentration formed was low and not enough to be detected by
HPLC. It is worth mention that the double peak seen at ca. 2340 cm’
!is characteristic of atmospheric CO,. Since the reaction is taking
place in alkaline medium, if CO, was produced it would be con-
verted to carbonate.
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Figure 5: FTIR spectra for (a) LaNiO3 and (b) LaCoOj3 obtained by
in situ FITR in 0.1 molL-' NaOH and 0.1 molL-' glycerol. Spectra
are composed by 256 interferograms with 4 cm™ of resolution. Ref-
erence spectra acquired at 0.8 V.

The information provided by online HPLC and in situ FTIR suggest
that glycerol is oxidized on both materials forming mainly glycolic
and formic acids. On LaCoOs oxalic acid can also be produced.
However, despite the fact that the same products are formed on both
catalysts, the ratio between formic and glycolic acids are different
on LaNiO3 and LaCoOs.

To better understand GEOR pathway, glycolic and formic elec-
trooxidation were investigated on both electrocatalysts. As can be
observed in Figure S7 of the SI, neither of the materials can oxidize
formic acid, but they are active to oxidize glycolic acid, being
LaCoO; the more active. Considering the results obtained from
HPLC and FTIR, it is reasonable to suggest that the oxidation of
glycolic acid generates formic acid on both electrodes and oxalic
acid on LaCoQ;. In this way, GEOR probably produces equally
amounts of formic and glycolic acids, but glycolic acid is further
oxidized to formic acid and, on LaCoOs, also oxalic acid.

Based on the presented results, a GEOR pathway can be suggested:
(i) glycerol is oxidized on both LaNiO3 and LaCoOs3 to formic and
glycolic acids, (ii) glycolic acid can be oxidized to formic acid on
both catalysts and (iii) to oxalic acid on LaCoOs. This proposed
mechanism is represented in Scheme 1. Apparently, formic acid is
the final product of GEOR on both electrocatalysts not been further
oxidized to CO,. Similar result was shown by Han et al. 7 for co-
balt-based spinel oxide.

LaNiO,

LaCoO,

HO  OH LaNiO HO
s L7 Y on + HOO
0

OH LaCoO,

Glycerol Glycolic Acid Formic Acid

LaCoO4

(@) /O
\>_< Oxalic Acid
S

Scheme 1: Reaction pathway with glycerol oxidation products on
LaNiO3 and LaCoO;.

CONCLUSION

The presented results suggest that LaNiO3; and LaCoOj3 have cata-
lytic activity towards glycerol electrooxidation. Also, the formation
of hydroxy oxide species on the electrode surface is mandatory to
enable the GEOR. The oxidation currents (normalized by catalyst
mass) are much higher, ca. 250 times higher, than those presented
in the literature for Ni/C nanoparticles. Substitution of the transi-
tion metal in the perovskite structure can promote different behav-
iors of catalyst in terms of current, onset potential and resistance to
poisoning. LaCoQOs presented a lower onset potential and higher re-
sistance to surface poisoning. The products of glycerol electrooxi-
dation on both materials are mainly glycolic and formic acids, be-
ing formic acid the final reaction product. On LaCoOj3 a side reac-
tion can take place generating oxalic acid from glycolic acid
readsorption and further oxidation.

These findings open up a series of new possibilities considering the
use of perovskite oxides as electrocatalysts for the conversion of
biomass to chemicals.
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