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Structure-Performance Relationship of LaFe, ,Co,0,
Electrocatalysts for Oxygen Evolution, Isopropanol
Oxidation, and Glycerol Oxidation

Ann Cathrin Brix,” Maik Dreyer,™ Adarsh Koul,” Moritz Krebs,! Anna Rabe,”
Ulrich Hagemann, Swapnil Varhade,” Corina Andronescu, Malte Behrens,*®
Wolfgang Schuhmann,*® and Dulce M. Morales*™

Mitigating high energy costs related to sustainable H, pro-
duction via water electrolysis is important to make this process
commercially viable. Possible approaches are the investigation
of low-cost, highly active oxygen evolution reaction (OER)
catalysts and the exploration of alternative anode reactions,
such as the electrocatalytic isopropanol oxidation reaction
(iPOR) or the glycerol oxidation reaction (GOR), offering the
possibility of simultaneously lowering the anodic overpotential
and generating value-added products. A suitable class of
catalysts are non-noble metal-based perovskites with the
general formula ABO,, featuring rare-earth metal cations at the
A- and transition metals at the B-site. We synthesised a series of
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LaFe, ,Co,0; materials with x=0-0.70 by automated co-precip-
itation at constant pH and subsequent calcination at 800°C. X-
ray diffraction studies revealed that the phase purity was
preserved in samples with x <0.3. The activity towards the OER,
iPOR, and GOR was investigated by rotating disk electrode
voltammetry, showing a relation between structure and metal
composition with the activity trends observed for the three
reactions. Additionally, GOR product analysis via high-perform-
ance liquid chromatography (HPLC) was conducted after 24 and
48 h electrolysis in a circular flow-through cell setup, pointing
out a trade-off between activity and selectivity.

Introduction

To achieve clean, sustainable hydrogen production, innovative
technologies that do not rely on the utilisation of fossil fuels are
required. A suitable candidate is the water electrolyser where
the hydrogen evolution reaction (HER) takes place at the
cathode and the oxygen evolution reaction (OER) at the
anode."? Unfortunately, the latter suffers from sluggish kinetics
and even state-of-the-art electrocatalysts require high energy
costs. Therefore, the investigation of low-cost, highly active and
stable OER catalysts is vital to make this process economically
feasible. An alternative approach consists in introducing an
anodic reaction, replacing the OER, which may offer the
possibility of, either or both, lower overpotentials and the
generation of value-added products.” For instance, isopropa-
nol, being the smallest secondary alcohol and due to its
particular structure, is anodically oxidised to the corresponding
C; carbonyls without the formation of CO,.” Moreover, the
isopropanol oxidation reaction (iPOR) offers favourable proper-
ties such as low toxicity, low crossover and higher boiling point
than e.g. methanol. Another relevant example of an anodic
reaction alternative to the OER is the electrocatalytic glycerol
oxidation reaction (GOR). Glycerol, as a major by-product of
biodiesel production, offers the opportunity of generating
value-added compounds as oxidation products (Scheme SI1).5°
For example, lactic acid finds applications in different industries
such as food, cosmetics, textiles and dairy as pH regulator,
preservative, antibacterial and moisturiser,”” while glycolic acid
serves as a degreasing agent and is used in skin care
products.®
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For the aforementioned reactions, high-performance
electrocatalysts were reported which made use of noble metal-
based materials, for example Ir and Ru oxides in case of the
OER/"®'? and Pt, Pd and Au-based materials for the iPOR¥'3"
and the GOR.**'? However, in addition to their scarcity and
expensiveness, their severe CO poisoning®> is problematic for
alcohol oxidation as for these reactions all intermediates
contain CO species.*® Thereby, catalysts containing little or no
noble metals are highly desirable. Materials based on transition
metals such as Fe, Co and Ni are not only less prone to
poisoning,® but also abundant, inexpensive, as well as
comparatively more stable in alkaline electrolytes where higher
activities have been found for alcohol oxidation reactions.””
Research efforts were focused on this endeavour,”*** however,
a limited number of publications is available especially featuring
detailed GOR product analysis.®**=% Thus, it is of high interest
to establish structure-performance relationships for these more
complex reactions that include activity alongside product
selectivity information.

A suitable candidate class of materials for anodic reactions
in water electrolysis are perovskites,'>*'® metal oxides with
the general formula ABO; consisting typically of rare-earth
metals on the A-site, and transition metals on the B-site. The
latter directly affects their electrocatalytic properties and
changes therein may impact the reaction mechanism."?
Recently, a series of LaFe,,Co,0; samples with x=0-0.30 were
synthesised by semi-automated co-precipitation at constant pH
and subsequent calcination at 800°C."? The obtained materials
were investigated as catalysts for gas-phase CO oxidation®? as
well as for the OER,® while similar materials synthesised via a
spray-flame method were used as catalysts for electrocatalytic
ethanol oxidation.” In all three cases, these materials showed a
strong activation of LaFeO; upon incorporation of cobalt in
small amounts. Here, we used the coprecipitation approach to
fabricate LaFe, ,Co,0; samples with x=0-0.70, mainly crystallis-
ing in the orthorhombic perovskite structure with contributions
of rhombohedral perovskite and spinel oxide at high cobalt
content.®™ We investigated the relation between the electro-
catalytic activity of the resulting materials for the three different
reactions, namely, the OER, iPOR and GOR, and their structure
and metal composition. Furthermore, we conducted detailed
GOR product analysis to observe the relation between structural
characteristics in terms of cobalt content and oxide phase with
respect to their potential to convert glycerol to value-added
products.

Results and Discussion

LaFe,,Co,0; samples with nominal x=0-0.70, which corres-
ponds to the Co/(Co+Fe) fraction, were synthesised via co-
precipitation followed by thermal decomposition according to a
procedure reported previously.®? Surface metal content and
surface area of the obtained samples were determined by X-ray
photo-electron spectroscopy (XPS) and by the Brunauer-
Emmett-Teller (BET) method, respectively. The obtained results
are summarised in Table 1. The Co/(Co+Fe) fractions deter-
mined from XPS measurements were close to the nominal
compositions for all the prepared samples. In the following, we
refer to the experimentally determined x-values. The BET
surface area ranged between 8 and 25 m*g~' and showed no
systematic trend with Co content. Comparably lower surface
areas were obtained for LaFe, Co,0; materials with x>0.50
while the highest values were recorded for x=0.28 followed by
x=0.11. The double layer capacitance, which is related to the
electrochemically active surface area (ECSA) of the sample
series, was determined from cyclic voltammograms at various
scan rates, followed by an allometric fit of the charging current
vs scan rate plot,®” showing only a small variation between 9
and 13 pF for the different Co-containing samples.

The impact of replacing Fe with Co in LaFeO; on the crystal
structure and phase composition was investigated by means of
X-ray diffraction (XRD; Figure 1a) showing sharp reflections and,
therefore, a high degree of crystallinity. Reflections attributed to
LaFeO; are shifted to higher angles with increasing Co/(Co + Fe)
fraction as the low-spin Co®>* ions have a smaller effective ionic
radius.”? Additional reflections assigned to Co-containing
phases become visible for samples exceeding x=0.50 with an
increase in intensity at larger Co/(Co+Fe) fractions. Three
different phases were observed in the different samples, namely
orthorhombic perovskite, rhombohedral perovskite and cubic
spinel (cf. Figure 1b). Samples with x<0.28 exclusively con-
sisted of the orthorhombic perovskite phase. Materials with
larger Co/(Co+Fe) fractions additionally included rhombohe-
dral perovskite and spinel oxides whose contents increased
with increasing Co/(Co -+ Fe) fraction. A shift from orthorhombic
to rhombohedral perovskites with increasing Co content is a
common phenomenon.*% The smallest fraction of the total
phase composition was made up of the spinel phase,®” which
might derive from phase segregation in the precursor state
where a layered double hydroxide is formed in the otherwise
amorphous precursor at higher Co contents, presumably

x(Co/(Co+ Fe)) nominal x(Co/(Co + Fe)) determined by XPS

Table 1. BET surface area and average double layer capacitance of LaFe,,Co,0; samples.”!

Surface area (BET)/m?g™" Average double-layer capacitance (Cp )/uF

0 0

0.10 0.11
0.20 0.21
0.30 0.28
0.40 0.36
0.50 0.50
0.60 0.58
0.70 0.69

16 49.0
24 8.4
18 121
25 9.1
17 9.6
8 13.0
9 1.7
9 133

[a] The values for materials with x=0-0.30 had been reported previously.[

52,59]
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a sponding to a current density of 3mAcm™ (Eqg) were
' ) ' N ' \ ' J\IL xi'o_eg extracted from the voltammograms shown in Figure 2a, and
~ 2 plotted as a function of the Co/(Co+Fe) fraction in Figure 2d
= A s AJES08 (purple). Lower Eqgy values are desirable, since they represent
© " A A X70.50 | lower overpotentials translating into lower energy costs. The
= ) % A Xx=0.36 strong decrease in overpotential with respect to the Co-free
-"5 . o B xjo_zs sample was observed upon incorporation of a small amount of
5 0.5 Co, in agreement with previous observations for the same type
k= g gt . A of materials, which has been attributed to a Co-induced
- j J decrease of the binding energy difference of the *O and *OH
. l . ) x=0 intermediates during the OER."® Using DFT+U calculations it
LaFeO, |I LaﬁEO3 Co;0, was found for LaFe,,Co,0; samples with nominal x=0, 0.125,
‘ 0.250, 0.500 that Co incorporation leads to reduced OER
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Figure 1. a) X-ray diffractograms of LaFe, ,C0,0; samples and b) their
corresponding phase composition determined by Rietveld refinement as a
function of the Co/(Co + Fe) fraction x. X-ray diffractograms and phase
compositions for materials with values for x=0, x=0.11, x=0.21, and
x=0.28 were previously reported.”**"!

consisting mainly of Fe and Co which means the two elements
segregate from La.®" Thus, a too high degree of segregation in
the precursor state causes the formation of the spinel phase in
the calcined materials. Rietveld refinement was conducted for
which fit criteria (Table SI1) and patterns (Figure SI1) as well as a
table with the exact percentages of the respective phases
(Table SI2) are featured in the Supporting Information. Further-
more, it supported the fact that a solid solution was formed in
the cationic sublattice as, with increasing x-value, a decrease in
lattice parameters was observed (cf. Figure SI2).

The electrocatalytic activity of the obtained materials
towards the OER, iPOR and GOR was investigated by means of
rotating disk electrode (RDE) voltammetry in 1 M KOH in the
absence or presence of 1 M of the respective alcohol. Measure-
ments were conducted in triplicate to ensure the reliability and
reproducibility of the data (cf. FigureSI3). The resulting
voltammograms are displayed in Figure2a, 2b and 2c,
respectively. Therein, different activity trends can be observed
for the OER, iPOR and GOR. For the OER, all Co-containing
materials clearly outperformed the Co-free LaFeO; sample (cf.
Figure 2a). To facilitate the comparison, the potentials corre-

ChemElectroChem 2022, 9, 202200092 (3 of 9)

overpotential, with a more significant enhancement observed
for Co compared to Fe reaction sites. Additionally, incorporating
Co led to a variation in magnetic moments at Co reaction sites
during OER as well as to a larger fraction of Fe**, especially in
deeper layers. Furthermore, a decrease of lattice parameters
was observed as B—O—B (i.e. Fe—O—Fe and Co—O-Fe) bond
angles deviated from 180° indicating octahedral tilts and
rotations which supposedly influence M—O binding strength.
The lowest energy configuration was determined to feature
low-spin Co** with high-spin Fe** as nearest neighbours which,
in turn, have Fe neighbours with opposite spin.® In another
account in literature, Duan and co-workers®™ investigated the
effect of Fe substitution in LaCoO,. They found that Co-rich
rhombohedral perovskite with 10 at% Fe substitution has
superior OER activity compared with mixed and Fe-rich ortho-
rhombic LaFeO,. They also observed lattice distortion induced
by the coexistence of Co and Fe via B-O and O—B—O vibrations
probed with FTIR and increasing Fe K pre-edge peak intensity
with increasing Fe content in X-ray absorption measurements
indicating a decrease in centro-symmetry. A similar coordina-
tion environment of Co and Fe atoms was ascertained as well
as no significant difference between Co—O and Fe—O bond
length alongside Co and Fe valences of approximately 3+4. A
higher (albeit not too high) Co®" spin state was found to be
favourable towards OER coinciding with an insulator-half metal
transition due to strong hybridisation of Co (e ) and O (p) states.
The Eqez values observed for the phase-pure perovskites with
0.11 <x<0.28 increased nearly linearly with larger Co/(Co+Fe)
fractions which may be related to Fe having a beneficial effect
on conductivity in mixed metal oxide catalysts.®*® With the
change in phase composition, a different OER activity trend was
observed, firstly with an increase in Eqg for LaFe,,C04340;, and
later with a decrease in the overpotential as the Co/(Co+Fe)
ratio increases. This observation indicates that not only the Co/
(Co+Fe) fraction but also the phase composition strongly
influences the activity of the samples towards the OER.
LaFey;,Co06,0; exhibited the highest OER activity, indicating
that both its phase composition and a larger content of Co
favour the OER.

For the iPOR (cf. Figure 2b), the observed activity trend in
terms of Ejpor, Namely the potential required to reach 3 mAcm™
(cf. Figure 2d, green), was similar to that of the OER. However,
the material with the highest iPOR activity was LaFe,,C044,05,
and, furthermore, the samples with x<0.28 (including the Co-
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Figure 2. Linear sweep voltammograms of LaFe,Co,0; materials for a) OER, b) iPOR, and ¢) GOR, recorded at 5 mVs™' scan rate and 1600 rpm electrode
rotation in Ar-saturated KOH (1 M) solutions in the presence or absence of the corresponding alcohol (1 M). d) Comparison of potentials corresponding to the
OER, iPOR, and GOR recorded at 3 mAcm ™2 as a function of the Co/(Co -+ Fe) fraction x. Error bars represent the standard deviation determined from three
independent measurements. Dashed lines are included to guide the eye. e) Amount of energy saved (An positive) or lost (An negative) upon replacing the
OER with the corresponding alcohol oxidation reaction as anodic process in water electrolysis. An represents the difference in overpotential between the iPOR
and the OER (green), and between the GOR and OER (blue), measured at 3 mAcm ™ with LaFe; . C0,0, samples as a function of the Co/(Co + Fe) ratio x.

free material) displayed the lowest overpotentials within the
sample series, indicating more favourable kinetics on the phase-
pure orthorhombic perovskite. Interestingly, a different activity
trend was observed in the case of the GOR (cf. Figure 2¢). The
trend of potentials measured at 3 mAcm 2, E¢os (cf. Figure 2d,
blue), indicates little change in the activity of the phase-pure
samples (x <0.28), whereas the LaFe, ,Co,0; materials with x=
0.69, 0.58 and 0.50 show considerably higher activities with a

ChemElectroChem 2022, 9, 202200092 (4 of 9)

substantial decrease in Egog values with increasing Co/(Co + Fe)
fraction.

It is important to note that the activity metrics Eqgg, Eipog and
Ecor did not show any systematic trend in relation to the
corresponding BET surface area (Figure Sl4a) or to double layer
capacitances Cp, (the latter being proportional to the ECSA,
Figure Sl4b), which leads us to the assumption that intrinsic
activities have been observed. This is supported by the fact that
the material for which the highest C, was recorded, LaFeO;,
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does not show the highest activity in the series for any of the
reactions investigated here, in fact in case of the OER, it even
exhibits significantly higher overpotential.

A potential advantage of oxidising alcohols instead of
evolving oxygen as the anodic reaction in water electrolysis is
the decrease in overpotential, which translates to a decrease in
energy cost for hydrogen production at the cathode. Oxidising
isopropanol resulted in a decrease in overpotential relative to
the OER only in the case of the phase-pure samples (Figure 2d),
whereas for LaFe,,Co,0; samples with x>0.36 larger over-
potentials were required in the presence of isopropanol to
achieve the same current density as for the OER. Interestingly,
this was different in the case of the GOR, for which the largest
decrease in overpotential with respect to the OER was observed
with LaFe;;,C0,6,0;5. This can be better visualised in Figure 2e,
which shows the differences in overpotentials of the iPOR or
GOR relative to the OER (Amn) defined as the difference between
Eoer @and Epor (green), and between Eqgz and Egor (blue), as a
function of the Co/(Co + Fe) ratio x. Positive An values represent
the energy saved upon replacing the OER by the corresponding
alcohol oxidation reaction, while a negative An can be under-
stood as an increase in the energy cost with respect to the OER.
The dashed line at 0 represents the energy cost of the OER as a
reference. It becomes apparent that a benefit of alcohol
oxidation over OER strongly depends on the electrocatalyst
structure and composition. Namely, for the iPOR energy is saved
when using LaFe,,Co,0; materials with x between 0 and 0.28
consisting only of orthorhombic perovskite (cf. Figure 1b), while
for the GOR, using LaFe,,Co,0; materials with x between 0.50
and 0.69, where a larger fraction of rhombohedral perovskite
and presence of cubic spinel Co;0, are observed (cf. Figure 1a),
resulted in saving energy.

For LaFe, Co,0; with x=0.36, the OER is the best choice in
terms of energy requirements, as conducting electrolysis in the
presence of either isopropanol or glycerol results in larger
overpotentials. These observations show clearly that not only
the Co content influences the electrocatalytic activity but also
the structure of the material. As such, their effects are difficult
to deconvolute as we observed the phase change upon
increasing the Co/(Co+Fe) fraction. In literature it has also
been shown that the Fe/Co ratio has a considerable impact on
the OER activity.®** For instance, Duan and co-workers’® have
found that Co-rich rhombohedral perovskite exhibits superior
activity compared with mixed and Fe-rich orthorhombic LaFeO;.
For orthorhombic YCo,,Fe,O; materials, increasing methanol
oxidation activity was observed with increasing Co content.”™
Similarly, Alkan and co-workers®” found that OER and ethanol
oxidation activity decreased upon increasing Fe content in
LaCo,,Fe,O;, most substantially for the sample containing
60 at% Fe. They also describe the contraction of lattice
parameters upon increasing Fe/(Fe+Co) ratio, in agreement
with our findings, and obtained orthorhombic perovskite
phases at Fe contents greater than 50 at% while rhombohe-
drally distorted cubic phases were identified at lower Fe
contents. The differences between the activity trends observed
for the iPOR and the GOR may be related to differences in
active site requirements for oxidising monohydric and polyhy-
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dric alcohols, as they likely involve different transition states
and mechanistic pathways.”® In addition to this, it is expected
that competition between the OER and the oxidation of either
isopropanol or glycerol takes place, however, higher over-
potentials were observed in the presence of either alcohol than
in their absence, indicating not only a competition but also a
hindrance of the OER. This can be explained by the differences
in binding strength between the alcohols as well as their
intermediates and the catalytic sites, which, in those instances,
could lead to poisoning of the electrocatalysts by binding too
strongly, thus blocking the active sites. In literature, LaCoO,
demonstrated resistance to poisoning as the GOR does not take
place through formation of strongly adsorbed intermediates.™
LaFeO,;, however, exhibits increased poisoning rates with
increasing reactant concentration which was previously de-
scribed for the methanol oxidation reaction.””

It has been established that the activity of LaFe,,Co,0;
towards OER, iPOR and GOR depends strongly on both the
cobalt content and the phases present in the catalyst. Out of
the sample series, LaFe,;,Coq¢,0; exhibited the lowest over-
potentials for electrolysis in the presence of glycerol, reaching a
current density of 10 mAcm™2 at 1.60 V vs. RHE (cf. Figure 2c).
Moreover, this sample also displayed the highest decrease in
overpotential with respect to the OER in the presence of
glycerol. However, investigation of the selectivity during the
GOR is of equal relevance to assess the applicability of these
anodic processes.”” For the investigation of the relation
between structural properties of LaFe, C0,0; and the products
formed during electrolysis in the presence of glycerol, catalysts
with x=0, 0.11, 0.28, and 0.36 were drop-cast on carbon paper
electrodes and mounted in a two-compartment circular flow-
through cell setup (cf. Figure SI5) using 1M KOH containing
1 M glycerol as electrolyte solution. Chronoamperograms were
recorded at 0.55 V vs. Ag|AgCl|KCl (3 M) (which corresponds to
approximately 1.55V vs. RHE) and are displayed in Figure 3a,
showing comparatively larger currents for LaFe,;;C0,6,0; than
for the other three samples in agreement with the voltammetric
measurements shown in Figure 2c. In the course of the
chronoamperometric measurement, samples were taken at t=
0, 24, and 48 h for analysis via high-performance liquid
chromatography (HPLC) to monitor the concentration of
glycerol and the electrolysis products.

As shown in Figure 3b, the concentration of glycerol relative
to its concentration at the start of the measurement decreased
similarly with increasing electrolysis time for the four samples,
accounting for a glycerol conversion of 20 to 30% after 48 h
electrolysis. Interestingly, even though the conversion of
glycerol was similar for the four catalysts, the total concen-
tration of the products differed considerably (cf. Figure 3c).
Likely, after undergoing similar initial glycerol oxidation steps,
adsorption of intermediates takes place differently for the four
catalysts, leading to large differences in the rates of follow-up
reactions, and particularly facilitating further conversion in the
case of LaFe;;,Coe0;. Upon plotting the total products
concentration as a function of Co/(Co -+ Fe) fraction (Figure SI6)
we observed a linear increase in the phase-pure region, i.e. for
LaFe,,Co,0; materials with x <0.28. At higher x-values, there is
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Figure 3. Flow-through cell experiments for glycerol oxidation at LaFe, ,Co,0; with Co/(Co + Fe) fraction x=0, 0.11, 0.28 and 0.69. a) Chronoamperometry
recorded at 0.55 V vs. Ag| AgCl|KCl (3 M) in 1 M KOH containing initially 1 M glycerol. b) Concentration of glycerol relative to the initial concentration (1 M),
¢) total concentration of all products, and d) concentration of electrolysis products relative to the total concentration. The concentrations of glycerol and
electrolysis products were determined by HPLC from electrolyte samples collected after 0, 24, and 48 h electrolysis. Relative concentrations above 2% are

indicated in (d) to facilitate comparison.

an even steeper linear increase in product concentration
recorded, indicating that in addition to the increase in Co
content the presence of a mixture of phases enhances the
amount of products detected. Figure 3d shows the composition
of electrolyte mixtures, relative to the total concentration of
products determined by HPLC, obtained after 24 and 48 h
electrolysis time. Chromatograms of standard solutions used for
calibration are shown in Figure SI7 and the detected product
concentrations are listed in Table SI3. It is important to note
that, while only organic products were detected, it is expected
that carbonate is additionally generated. For formic acid, the
predominantly formed product for all the four catalysts, the
highest relative concentrations were detected for the materials
with the lowest and the highest Co content (Co/(Co + Fe) ratios
x=0 and 0.69, respectively) for samples collected after 24 h
electrolysis. After 48 h, these values are slightly higher,
supposedly due to the further oxidation of intermediates which
liberate formic acid upon C-C bond cleavage. VYet,
LaFey;,C00,50; yielded the highest relative concentrations of
lactic acid and glycolic acid. Interestingly, much higher concen-
trations of glycolic acid compared to lactic acid were deter-
mined for the two catalysts with the highest and the lowest Co
contents (x=0 and 0.69), respectively, while the other two
materials (x=0.28 and 0.11) showed fairly similar concentra-
tions for the two products (cf. Table SI2). The comparison of
activity, observed by RDE voltammetry, and the information
regarding formation of products determined by HPLC is highly
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interesting. LaFey;,C0q4,0; displayed the highest GOR activity,
the largest amount of energy saved compared to the OER, as
well as the highest amount of detected products which makes
this sample the most attractive catalyst among the investigated
materials. Yet, its selectivity was not the most favourable in
terms of valorisation of glycerol. On the one hand, the highest
relative formic acid concentration was detected for LaFeO,
(after 24 h electrolysis). On the other hand, the fraction of more
valuable products, considering all products but formate, was
highest (~36%) for LaFeyg,Co,;,0; (after 48 h electrolysis). This
clearly shows that there is a trade-off in performance evaluation
between activity and selectivity, and that both aspects can be
strongly influenced by both the metal and phase composition
in the investigated sample series.

Conclusions

A series of LaFe,,Co,0; oxides were synthesised via a co-
precipitation method to investigate the impact of the Co/(Co+
Fe) ratio x on their electrocatalytic properties towards different
anodic reactions for water electrolysis, namely the OER, the
iPOR and the GOR. It was found that the activities did not
strictly depend on the Co content and that while different
trends were observed for the different reactions, supposedly
due to different requirements for the active sites, similarities
were recorded in correlation with phase separation that the
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material experiences upon Co incorporation. However, no
correlation between activity trends and (electrochemical) sur-
face area were observed. Analysis of GOR products by HPLC
revealed that the metal and phase composition of the LaFe,.
0,0, samples also have an influence on the relative con-
centrations of electrolysis products, demonstrating a trade-off
between activity and selectivity.

Experimental Section

Materials and Reagents

Lanthanum(lll) nitrate hexahydrate (99.9% La, abcr), iron(lll) nitrate
nonahydrate (>96%, Carl Roth), cobalt(ll) nitrate hexahydrate (>
98%, Carl Roth), sodium hydroxide (98.5%, Carl Roth), sodium
carbonate (>99.5%, VWR International), ethanol (VWR Chemicals,
abs.), Nafion (Sigma-Aldrich, 5 wt% in lower aliphatic alcohols and
water), 2-propanol (VWR Chemicals, abs.), glycerol (Fisher Scien-
tific,>99%), sulfuric acid (Merck, 98%), ammonium formate
(Sigma-Aldrich, >99%), sodium D-lactate (Aldrich, 99%), glycolic
acid (Sigma-Aldrich, 99%), calcium L-(—)-glycerate dihydrate (Alfa
Aesar), tartronic acid (Sigma-Aldrich, >97 %), oxalic acid (Fluoro-
chem), and acetic acid (Sigma-Aldrich, 99.8%) were used as
purchased without further purification. KOH solutions (Fisher
Scientific, 86.7 %) were purified using a Chelex 100 cation-exchange
resin (Sigma-Aldrich, 50-100 mesh) for removing metal impurities.
All aqueous solutions used for electrochemical measurements were
prepared using ultrapure water. Solutions for synthesis were
prepared with deionised water.

Catalyst Synthesis

Synthesis of LaFe, Co,0; was conducted via automated co-
precipitation at constant pH followed by thermal decomposition
according to a procedure reported in detail elsewhere.®? In brief,
an OptiMax 1001 (Mettler Toledo) synthesis workstation with a
single-walled glass reactor inside a solid-state thermostat was used
for the simultaneous computer-controlled dosing of metal salt
solution (0.8 molL™' total ionic concentration with the general
composition of La’*:Fe*™:Co’" =1:(1-x):x where x was varied
between 0 and 0.7) and precipitation agent (1.2 molL~' NaOH and
0.18 molL™" Na,CO;) at 10°C and constant pH 9.5 stirred at 300 rpm
under N, flow. After a 60 min aging step at 10°C, the synthesis
products were isolated by centrifugation at 6000 rpm for 2 min,
washed with deionised water until the supernatant showed
conductivities below 0.1 mScm™" during 2 consecutive runs, and
dried at 80°C for 12 h. Finally, the as-prepared powders were
calcined in stagnant air at 800°C for 3 h at a heating rate of
2°Cmin~" in a muffle furnace (Nabertherm B150).

Materials Characterisation

The calcined samples were characterised by X-ray photoelectron
spectroscopy (XPS) using an Ulvac-Phi VersaProbe Il. N, adsorption-
desorption measurements were conducted with the NOVA3000e
(Quantachrome Instruments) at —196 °C after degassing (80°C, 2 h
in vacuum) and Brunauer-Emmett-Teller surface areas were calcu-
lated from p/p0 data between 0.05 and 0.3. Powder X-ray
diffraction (XRD) was conducted in the 20 range between 5° and
90° using a Bruker D8 Advance setup with Bragg-Brentano
geometry and position-sensitive LYNXEYE detector with Ni-filtered
Cu—Ka radiation (Bruker), 0.3 s counting time and a step size of
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0.018. Rietveld refinement was performed with the TOPAS software
(Bruker).

Electrocatalytic Activity

For the determination of the electrocatalytic activity a three-
electrode setup was used consisting of a Pt mesh counter
electrode, a Ag|AgCl|KCl (3 M) reference electrode and a catalyst-
modified glassy carbon rotating disk electrode (RDE) (0.1134 cm?
geometric area) as the working electrode. The counter electrode
was kept in a compartment separated by a glass frit during the
measurements. Catalyst inks were prepared by dispersing
5mgmL™" catalyst in a mixture of water, ethanol and as-purchased
Nafion solution (49:49:2 vol%) by sonicating for 15 min followed
by tip sonication for 1 min (25% amplitude, 1s on/1s off). The
glassy carbon electrode was polished with 0.05 um alumina powder
to mirror finish, rinsed, dried, and modified by drop-casting 4.8 uL
of catalyst ink to achieve a total catalyst loading of 212 uygem™2
The catalyst film was left to dry at ambient conditions under a glass
beaker. As electrolytes, either 1M KOH, or 1 M of the respective
alcohol (2-propanol or glycerol) dissolved in 1 M KOH were used.
The electrolyte was purged with Ar for at least 15 min and an Ar
flow was upheld near the surface of the electrolyte during the
measurements. The applied potentials were controlled with an
Autolab PGSTAT302N potentiostat (Metrohm) and the NOVA 1.11
software. Electrochemical impedance spectroscopy (EIS) was con-
ducted at open-circuit potential (OCP) in the frequency range
between 100 kHz and 100 Hz using 10 mV (RMS) amplitude to
determine the uncompensated resistance (R,). Subsequently, cyclic
voltammetry was conducted at 100 mVs ™' scan rate in the potential
range between 0 and 0.4 V vs. Ag | AgCl |KCI (3 M) until reproducible
voltammograms were observed, followed by a linear sweep
voltammogram (LSV) recorded with a scan rate of 5mVs™' and a
rotation rate of 1600 rpm in the potential range between 0 and
0.8 V vs. Ag | AgCl |KCI (3 M) for the oxygen evolution reaction (OER)
and between 0 and 0.7 V vs. Ag| AgCl |KCl (3 M) for the oxidation of
isopropanol (iPOR) and of glycerol (GOR). All measurements were
conducted in triplicate to ensure reproducibility (cf. Figure SI3) and
the average of the three individual measurements is reported in
the main manuscript (Figure 2).

Determination of Double Layer Capacitance

The double layer capacitance Cp, was determined for the different
catalysts according to a previously reported procedure.*® In short,
cyclic voltammograms were recorded at different scan rates (0.1,
0.25, 0.5, 0.75 and 1 Vs™") in a redox process-free potential window
of 0.5V centred at open circuit potential (OCP) until reproducible
voltammograms were obtained. Currents from the anodic and
cathodic scans were extracted and plotted against their respective
scan rates. The resulting current vs scan rate plots were fitted using
an allomeric regression to extract C,. The mean of the anodic and
cathodic Cp has been reported as the average Cp,.

Chronoamperometry in the Presence of Glycerol

Chronoamperometric measurements were conducted in a three-
electrode circular flow-through electrolyser consisting of a Ni wire
counter electrode, a double-junction Ag|AgCl|KCl (3 M) reference
electrode with the outer chamber filled with 1M KOH, and a
catalyst-modified carbon paper (H23C2, Freudenberg, 0.95 cm?
geometric area exposed to the electrolyte) as the working
electrode. Onto the carbon paper 98 uL of catalyst ink was drop-
cast, which was prepared by dispersing 20 mgmL™' catalyst in a
mixture of ethanol and as-purchased Nafion solution (98:2 vol %)
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by sonicating for 15 min and subsequent tip sonication for 1 min
(25% amplitude, 1's on/1 s off), achieving a total catalyst loading of
approximately 1mgcm ™2 The catalyst film was dried under
ambient conditions. The working and counter electrodes were
positioned in different compartments which were separated by an
anion exchange membrane (Fumatech fumasep FAA-3-PK-130)
which, prior to the measurement, was soaked in 1M KOH. The
anolyte reservoir was filled with 6 mL of 1 M glycerol in 1 M KOH
while the catholyte reservoir contained 1 M KOH. An approximately
5.3 mLmin~" flow rate was applied using a peristaltic pump (Spetec
Perimax). A VSP-300 potentiostat (BioLogic) controlled by the EC
Lab software was used for the electrochemical measurements. Prior
to chronoamperometry in the presence of glycerol, the following
procedure was performed in 1M KOH solution: (1) OCP was
recorded for 1 min, (2) EIS measurements were conducted at OCP
in the frequency range between 100 kHz and 100 Hz with an
amplitude of 10 mV (RMS), and (3) 20 cyclic voltammograms were
recorded between 0 and 0.4 V vs. Ag|AgCl|KCl (3 M) at a scan rate
of 100 mVs~'. Then, the electrolyte in the anode reservoir was
exchanged to the KOH solution containing the glycerol (1 M).
Subsequently, a LSV was recorded between 0 and 0.55V vs. Ag|
AgCl|KCl (3 M) and the end potential was held for 48 h. 350 uL
samples of the anolyte were taken at different time intervals (t=0,
24, and 48 h) for product analysis.

Data Processing of the Electrochemical Measurements

All potentials (E,.oqeq) are reported with respect to the reversible
hydrogen electrode (RHE) according to Equation (1) considering the
formal potential of the reference electrode (Eq, ag|agcijkci 3 m), N@Mely
0.21V, and the pH of the solution. The respective pH value was
obtained taking into account the molar concentration of hydroxide
in the electrolyte and using the literature value of 0.766 for the
activity of water (y) according to Equation (2).7% In addition to this,
the ohmic-drop between the working and the reference electrodes
was corrected by considering the uncompensated resistance R,
obtained from EIS measurements and the current measured (i).

Erne—Erecorded 1 Eo, AglAgallkal (3 M) T 0.059 - pH-R, -i (1)

pH = 14+ log [OH"] + log(Y) @

Product Analysis

An electrolyte sample (350 uL) was collected at the start of
electrolysis in the presence of glycerol, and after 24 and 48 h for
product analysis by HPLC. To perform the measurements, the
samples were acidified by adding 350 uL of 0.53 M sulfuric acid in
order to quench possible follow-up reactions and, thus, avoid
further transformation of intermediates via chemical reaction in
solution.”” Subsequently, the acidified sample was filtered with a
0.2 um syringe filter to protect the HPLC system from any residual
particles. HPLC measurements were performed with the Dionex
ICS-5000+ system (ThermoFisher) connected to a refractive index
(RI) detector (Knauer RefractoMax520) and a diode array detector
(UV/VIS, Dionex UltiMate 3000). Products were separated with an
ion-exclusion column and precolumn (Bio-Rad Aminex HPX-87H)
heated at 70°C using 4 mM H,SO, as eluent at a flow rate of
0.6 mLmin™". Product quantification was enabled by calibration
using commercially available reference compounds in a concen-
tration range of 0.1 MM to 10 mM extended to 1000 mM for
glycerol and formic acid. As an example, chromatograms of the
standard solutions, containing the respective compounds at 10 mM
concentration are shown in Figure SI5 for the Rl detector. Most
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products were detected satisfactorily by the RI detector, however,
glycerol and formic acid overlap. Therefore, the UV/VIS detector
was used for formic acid detection at 220 nm where glycerol is not
UV-active. The glycerol conversion was determined by calculating
the area that formic acid (FA) would have in the Rl scale using the
FA concentration measured at 220 nm and, subsequently, subtract-
ing it from the glycerol area recorded with the Rl detector, thus
obtaining the glycerol concentration via the respective calibration
factors. By using the anolyte volume corrected by the sampling
volume taken up to this point in the course of the measurement
this value was converted to moles and used as the initial number of
moles of glycerol (ng). Thus, Equation (3) was used where ng;
denominates the moles of glycerol remaining in the electrolyte at
different reaction times.

Conversion (%) = (ngy — Ngi) - 100/ng, (3)
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