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Nickel-cobalt electrocatalysts with atomic ratios of 2 : 1 and 1 :2
were synthesized on nickel foam (NF) substrates by cathodic
electrodeposition, further evaluating the performance of the
pristine and thermally-treated materials as anodes for glycerol
oxidation in alkaline medium. The electrodes were character-
ized by cyclic and linear sweep voltammetry at alkaline pH,
showing an indirect oxidation of glycerol mediated by the
metal oxyhydroxides. Under the selected conditions, a favour-
able potential window of 0.2 V upon comparison of water and

glycerol oxidation was found. In addition, the increase in nickel
content and the thermal treatment enhanced the anode
polarization. After galvanostatic electrolysis at 10 mAcm� 2, the
products were analysed by HPLC, formate ion being the primary
product, with a faradaic efficiency (FE) higher than 70% in most
cases. Both the FE to formate and the glycerol conversion were
substantially enhanced using the thermally-treated anodes,
whereas the effect of the Ni/Co ratio on these two parameters
did not follow a clear trend.

Introduction

In the present and upcoming highly electrified energy scenar-
ios, electrolysis technologies are gaining momentum. In partic-
ular, electrochemical hydrogen production in devices that
promote either water or carbon dioxide electroreduction is
becoming a key technology to achieve climate neutrality. For
this kind of electrolyses, recent studies have pointed out the
need to replace the sluggish anodic oxygen evolution reaction
(OER) by alternative reactions that allow reducing the required
overpotential that currently limits their economic feasibility.[1,2]

To this end, the oxidation of biomass-derived alcohol is
foreseen as an interesting approach, since alcohols can be
partially oxidized to value-added products and, in case of
complete mineralization, their associated CO2 emissions are
considered neutral.

The surplus of crude glycerol formed as by-product in the
biodiesel industry (100 kg glycerol per ton of biodiesel) has

made this chemical highly available at a low commercial price,
thereby increasing the interest on its catalytic valorization.
Among the most promising upgrading routes, electrocatalysis
constitutes an emerging field,[3] as recently exemplified employ-
ing water or CO2 co-electrolyser.

[4,5]

Most of the studies on the electrochemical glycerol
oxidation reaction (GOR) with non-noble metal catalysts in
alkaline media have been focused on nickel- and cobalt-based
oxides, hydroxides or oxyhydroxides,[6,7] owing to the earth
abundance, relatively low price and mild toxicity of Ni and Co
as transition metals.[8] The best established mechanism for GOR
is based on the indirect alcohol oxidation mediated by MII,[9,10]

although a clear elucidation of the preferred Ni� Co structure
has not been provided yet. Han et al. proposed CuCo2O4 and
NiCo2O4 spinel oxides as GOR electrocatalysts with a high
faradaic efficiency (FE) to formic acid, being the catalysts
synthetized by hydrothermal treatment to obtain a layered
double hydroxide (LDH) that was subsequently annealed at
300 °C to induce its transformation into the oxide form.[11] In
contrast, Deng et al. described the direct use of a Ni� Co LDH or
metal-organic framework (MOF) with the sole electrochemical
activation by successive cycling.[12]

In this context, the aim of this work is to discern whether
the raw hydroxide or the promoted oxide form of a Ni� Co LDH
as precursor of a spinel structure is the most suitable electro-
catalyst for glycerol oxidation in alkaline medium. Being the
general formula of a spinel MIIMIII

2O4, Ni foam (NF)-supported
materials with Ni/Co atomic ratios of 2 : 1 and 1 :2 were
synthetized by electrodeposition, since this method has been
demonstrated to induce a superior electrocatalytic activity as
compared to the hydrothermal synthesis.[13]
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Results and Discussion

Ni� Co electrocatalysts with atomic ratios of 2 : 1 and 1 :2 were
synthesized on NF electrodes by nitrate-assisted electrodeposi-
tion from the metal sulfate precursors. Under cathodic polar-
ization, nitrate was reduced to ammonia, simultaneously
creating an alkaline environment at the vicinity of the cathode
surface that caused the co-precipitation of cobalt and nickel
hydroxides. Due to the inherent redox activity of both metal
centers, which may arise from the MIII/MII interconversion, it is
highly probable that the electrical neutrality of the final mixed
hydroxide can only be ensured by facilitating water and
counterion intercalation, eventually balancing the charges and
creating layered structures (i. e., LDHs). After 15 min of electro-
deposition, an average mass loading of 13�1 mg cm� 2 was
obtained for 2 :1 Ni/Co ratio, whereas 10�1 mg cm� 2 resulted
in the case of 1 : 2 Ni/Co ratio. This informs about a less efficient
process in the latter case, in agreement with the different
solubility product constants (Ksp) at 25 °C of Co(OH)2 (5.92 ·10

� 15)
and Ni(OH)2 (5.48 ·10� 16).[14] Once subjected to thermal treat-
ment (TT), a mass loss of around 3 mg cm� 2 was observed in all
cases, attributed to dehydration and dehydroxylation
processes.[15]

Surface characterization

A selection of the SEM images of the four different samples can
be seen in Figure 1. The surface composition of the four
samples was analyzed by EDX and as can be noted in Figure S1
in Supplementary Information (SI), a good agreement between
the expected Ni/Co ratios and those determined experimentally
was obtained, although an excess or deficit of Ni or Co can be
noticed in some spots. In all regions, the elemental analysis
showed the presence of sulfur element in the deposits (Fig-
ure S2 in SI), which can be accounted for by the intercalation of
sulfate ions within the structure. This corroborates the forma-
tion of the layered double hydroxides regardless of the bath

composition. Besides sulfate, other counterions like nitrate can
be presumed to become intercalated as well, in agreement with
the electrolyte composition, although their presence cannot be
ascertained categorically (Figure S2). In all samples, FT-IR
spectra (Figure S3) show a broad peak with two contributions
at 1110 and 1060 cm� 1 corresponding to the asymmetric and
symmetric stretching modes of S� O bonds of intercalated
sulfate ions.[16] In addition, the characteristic stretching vibra-
tions of interlayer water molecules and nitrate ions were found
at 1630 cm� 1 and 1384 cm� 1, respectively, corroborating the
formation of a layered structure.[17]

In the SEM micrographies, the deposits clearly reveal two
distinctive morphologies. On the one hand, a characteristic
porous and laminar LDH structure that preserves the Ni/Co
atomic ratio of the electrodeposition solution can be distin-
guished. This structure was more typically found near the edges
of the coating. On the other hand, a more compact structure is
also present, showing a preferential deposition of cobalt (i. e.,
deficit of nickel vs. electrolyte composition). In fact, the compact
structure was the predominant one as the cobalt concentration
in the electrolyte was increased. Considering that cobalt cations
may have a higher water coordination number than nickel
cations, cobalt can reach the inner Helmholtz layer more easily
than nickel cations. Indeed, it has been reported that CoOH+/
Co(OH)2 have higher adsorption tendency as compared to
NiOH+/Ni(OH)2, being one of the plausible mechanisms of the
anomalous deposition.[18]

XPS analysis was performed to corroborate the chemical
structure of the materials. As shown in Figure S4, the Ni 2p
spectrum presents a doublet at 873.5 eV (2p1/2) and 855.8 eV
(2p3/2) with two satellite peaks, accounting for the presence of
Ni(II). The Co 2p region presents the spin-orbit splitting located
at 796.7 eV and 781 eV, together with two less intense satellite
peaks, in agreement with the coexistence of Co(II) and Co(III).[19]

The S 2p peak is a broad band centered at 168.7 eV, attributed
to sulfate ions.[20] Finally, the O 1s peak presents two distinctive
features; all the samples have a contribution centered at
531.5 eV corresponding to metal hydroxides and, moreover, the
samples that were subjected to the thermal treatment exhibit a
second intense band related to M� O� M bonds located at
529.8 eV.[17] This can be explained by the dehydration and the
subsequent partial dehydroxylation reaction, preferentially
yielding the oxide forms,[21] which was corroborated by the shift
on the XRD patterns (Figure S5) for the thermally-treated
samples. Despite their low crystallinity, pristine samples can be
indexed to nickel-based LDH (JCPDS 38-0715), which was
partially transformed to nickel oxide phases (JCPDS 22-1189) or
nickel cobaltite (JCPDS 20-0781).

Voltammetric study

The electrocatalytic properties of 2 :1 and 1 :2 Ni/Co catalysts
were first investigated using cyclic voltammetry in alkaline
electrolyte (1 M KOH) in the absence (Figure 2a) and the
presence of 0.1 M glycerol (Figure 2b). All curves in Figure 2
correspond to the tenth cycle once the surface is stabilized. As

Figure 1. SEM images of samples with Ni/Co atomic ratios of 2 :1 (a), 2 : 1-TT
(b), 1 : 2 (c) and 1 :2-TT (d). TT refers to thermally-treated samples
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can be seen in Figure S6, as compared with the first cycle,
during the initial voltametric cycles (i. e., cycles 2–10) in the
absence of glycerol, the areas of peaks attributed to the MIII/MII

(M=Ni, Co) interconversion for the as-prepared hydroxides
tended to become slightly reduced. Conversely, the areas
increased upon cycling for the thermally-treated ones, which is
more evident in the case of the nickel-rich electrode (2 : 1-TT),
attributed to the hydration of the oxide layers.[22] Regarding the
first anodic scan, it showed a particular behavior, since in most
cases the peak area was higher due to the surface and bulk
oxidation of MII to MIII (Figure S6), whereas in the subsequent
cycles the electrochemically active MII centers are mainly the
ones previously reduced during the cathodic scan.

As shown in Figure 2a, the voltammograms evidenced two
broad pairs of redox peaks in 1 M KOH electrolyte, which can
be attributed to the hydroxide/oxyhydroxide electrochemical
cycling (i. e., M(OH)2/MOOH, with M=Ni, Co, Eq. 1) followed in
the anodic scan by water oxidation with an onset potential in
the range of 1.55–1.60 VRHE. The anodic redox peaks of the
nickel-rich samples (2 :1 and 2 :1-TT) were closer to the
oxidation of Ni(OH)2 to NiOOH at 1.42 VRHE whereas for the
cobalt-rich ones, an additional anodic peak centered at 1.25 VRHE

and plausibly attributed to the oxidation of Co(OH)2 to CoOOH
can be noticed.[23] After heat treatment, the oxidation peaks
became narrower, which is particularly evident for the 1 :2 ratio

(Figure 2a); this occurred without a significant change in their
peak potentials, resulting in a positive shift of the oxidation
potentials in the range of 10 to 30 mAcm� 2. On the other hand,
regardless of the electrode composition, the relative peak areas
decreased with the heat treatment, due to the partial reorgan-
ization of the layered double hydroxide that caused a reduction
of the electrochemically active surface area.

When glycerol was present in the alkaline electrolyte
(Figure 2b), the polarization curve profiles overlapped with
those of Figure 2a, thus yielding the same onset oxidation
potentials. This finding corroborates that the ubiquitous
preliminary step is the oxidation of MII to MIII (Eq. 1). This
transformation occurred in concomitance with the glycerol
oxidation mediated by the generated metal oxyhydroxide,
regenerating the M(OH)2 according to Eq. 2. The M(OH)2
production in the anodic scan can be confirmed from the
resulting smaller area (as compared to those of Figure 2a) found
in all cases during the cathodic scans, which resulted from the
substantial reduction of MIII as glycerol became oxidized.
Moreover, the occurrence of GOR impeded to distinguish the
two distinct oxidation peaks observed for the 1 :2-TT sample in
1 M KOH. At higher potentials, the aldehydes formed from Eq. 2
could be further oxidized to carboxylates (Eq. 3). To sum up, the
cyclic voltammetry suggested that the glycerol oxidation
occurred via the indirect alcohol oxidation mechanism, involv-
ing the three mentioned initial elementary steps.[7]

MðOHÞ2 þ OH
� ! MOOHþ H2Oþ e

� (1)

MOOHþ RCH2OHþ OH
� ! MðOHÞ2 þ H2Oþ RCHOþ e

� (2)

RCHOþ 3OH� ! RCOO� þ 2H2Oþ 2e� (3)

Figure 3 shows the linear sweep voltammograms obtained
with all the electrodes, with the aim to compare the potential

Figure 2. Cyclic voltammograms obtained for the electrodes with Ni/Co ratio
of 2 :1 (green) and 1 :2 (blue) in 1 M KOH electrolyte (a) and 1 M KOH+0.1 M
glycerol electrolyte (b). TT refers to thermally-treated samples (solid lines)
Scan rate: 20 mV s� 1.

Figure 3. Linear sweep voltammograms (LSV) for the electrodes with Ni/Co
ratio of 2 :1 (green) and 1 :2 (blue) in 1 M KOH electrolyte (OER) and 1 M
KOH+0.1 M glycerol electrolyte (GOR). TT refers to thermally-treated
samples (solid lines) Scan rate: 2 mV s� 1.
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window between glycerol and water oxidation reactions. In
agreement with the cyclic voltammetry just described, for a
given Ni/Co ratio, the onset oxidation potential was exactly the
same regardless of the electrolyte and the electrodeposition
post-treatment, since for all materials the current rise from zero
was related to the hydroxide oxidation (Eq. 1). In particular, the
onset was found at 1.15 VRHE for the cobalt-rich electrodes (1 : 2
and 1 :2-TT), whereas it was shifted to a more positive value in
the case of nickel-rich electrodes (2 : 1 and 2 :1-TT), around 1.25
VRHE. In contrast, there was a significant difference between GOR
and OER; the oxygen evolution reaction showed an onset
potential around 1.50 VRHE, being significantly higher than that
of GOR occurring between 1.25 and 1.30 VRHE. In general terms,
all the thermally-treated electrocatalysts present a shift of their
polarization curves towards anodic potentials, despite the iR
correction.

According to the polarization curves of Figure 3, the cobalt-
rich electrodes (1 : 2) have a higher glycerol electrooxidation
activity as compared to the nickel-rich ones (2 : 1).

As mentioned in the introduction section, owing to its large
availability as a by-product in industry, crude glycerol can be a
potential electron donor for electrolytic hydrogen production,
thereby becoming a nice solution to avoid the kinetically
limited OER reaction that is still the state of the art in the field.
Based on the LSV data, Table 1 offers an estimation of the
electrode potentials for GOR and OER processes, as well as of
the energy savings considering an atmospheric alkaline electro-
lyser operating at room temperature and 25 mAcm� 2. The
electrode potential difference to carry out both reactions was
around 0.2 V, resulting in an energy saving close or even higher

than 5 kWhkgH2
� 1. This would result in an increase of 12–15%

in the energy efficiency of the electrolysis process, taking into
account the HHV or LHV values of hydrogen (i. e., 39.4 and
33.3 kWhkgH2

� 1, respectively). A more comprehensive analysis
considering energy and mass balances should be done to fully
assess the economic viability, but this first calculation allows
being optimistic.

Galvanostatic oxidation of glycerol

Glycerol can be oxidized to a wide variety of products (see SI,
section 7) in alkaline media, involving a different number of
hydroxide ions and electron stoichiometries. As described in
Eq. 2, the general electrooxidation mechanism involves the
formation of a carbonyl group, which can occur in the central
or terminal position being dihydroxyacetone or glyceraldehyde,
respectively, the first intermediates. In alkaline media, the latter
is the most stable species, and it can be successively oxidized to
glycerate and C1� C2 products such as formate, glycolate and
oxalate ions. To elucidate the selectivity and faradaic efficiency
of the process, a galvanostatic electrolysis was performed at
10 mAcm� 2, a current value that is considered as representative
in the design of solar-powered water splitting devices.[24]

Three consecutive electrolytic trials were carried out, at
accumulated charges of 7.5, 15 and 30 CmL� 1. As a result of the
electrolysis, as summarized in Table 2, formate ion was the
compound accounting for the highest FE. This FE was in most
cases higher than 70% and, in the case of the thermally-treated
samples, the efficiency to formate increased by 4%-10%.
Besides formate, as determined by HPLC analysis (Figure S7),
oxalate and glycolate were also formed. These were accompa-
nied by unquantified products, with major predominance of
ketomalonate (route A in Figure 4), since 1,3-dihydroxyacetone
and its subsequent oxidation products were much less abun-
dant (route B in Figure 4). Note that the FE sum of both oxalate
and glycolate was always below 10%. Considering the ratio of
their FE with the sum of C1� C2 products, as the electrolysis
progressed, the tendency in all samples was to decrease the
ratio of glycolate in favor of oxalate. The later was a more
oxidized product (Figure 4) whose formation was favored by

Table 1. Electrode potentials and energy savings from LSV data at
25 mAcm� 2.

Sample EGOR/VRHE EOER/VRHE ΔE/[mV][a] ES/[kWhkgH2
� 1][b]

2 : 1 1.35 1.51 160 4.29
2 :1-TT 1.38 1.58 200 5.36
1 :2 1.31 1.52 210 5.63
1 :2-TT 1.35 1.55 200 5.36

[a] Electrode potential difference: EOER–EGOR.
[b] Energy saving calculated

from ΔE (Eq. S1 in section 6 of SI).

Table 2. Summary of the glycerol conversion and faradaic efficiencies for glycerol oxidation at 10 mAcm� 2. Electrolyte: 1 M KOH+0.1 M glycerol.

Sample Charge passed [CmL� 1] Glycerol conversion
[%]

Faradaic efficiency [%][a]

Formate Oxalate Glycolate �[b]

2 : 1 7.5
15
30

11.1
19.5
34.3

74.1
71.6
67.3

4.4
4.4
5.3

4.5
3.8
3.0

83.0
79.8
75.6

2 :1-TT 7.5
15
30

14.6
26.6
41.5

79.4
77.3
75.0

4.1
4.3
4.4

5.5
4.5
3.7

89.0
86.0
83.0

1 :2 7.5
15
30

7.6
14.2
31.0

71.0
73.2
70.9

3.6
3.7
3.6

5.2
5.7
4.7

79.9
82.6
79.2

1 :2-TT 7.5
15
30

14.1
26.8
42.3

80.6
76.9
74.9

3.0
3.2
2.8

4.8
3.9
3.3

88.4
84.0
81.0

[a] Calculated from HPLC analysis. [b] Sum of C1� C2 faradaic efficiencies to formate, oxalate, and glycerate.
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the increased electrode potential monitored as shown in
Figure 5.

Regarding the glycerol conversion, the values with the as-
prepared hydroxides were always lower than the glycerol
conversions attained with the thermally-treated ones (Table 2).

The fact that in the case of the pristine LDH electrodes the
FE to formate ions was always lower than that reached using
the calcined samples is in good agreement with the potential
difference between the as-prepared and thermally-treated
electrocatalysts. The higher the electrode polarization, as
occurred in the case of TT samples (Figure 3 and Table 1), the
higher the FE to highly oxidized products (C1). Conversely, the
lower glycerol conversion values observed in the as-prepared
hydroxides suggests that the unquantified products correspond
to oxidation compounds whose formation involves a higher
number of electrons, such as ketomalonate ions that requires
10 electrons. This was verified from HPLC analysis, since despite
the inaccuracy due to the peak overlapping (Figure S7), a rough

estimation yielded around 10% of ketomalonate. Note that this
was the only product detected from route B, which confirms
the prevalence of route A. Considering that the total organic
carbon of the electrolyte employed in these trials remained
constant over the electrolysis, which excludes the possibility of
glycerol mineralization to CO2, and that the electrode potential
was below that required for the competitive oxygen evolution
reaction, the most plausible hypothesis is the occurrence of
change in the oxidation mechanism between when comparing
both types of samples.

The chronopotentiometry recorded during the electrolysis
under galvanostatic conditions allowed the monitoring of the
anode potential, as shown in Figure 5. Despite the general
tendency in all the electrodes to undergo a potential increase
as the reaction progressed, which agrees with the Nernst
equation (i.e., the glycerol was gradually oxidized), two distinc-
tive behaviors can be readily observed, depending on the
electrodeposition post-treatment.

The electrode potential of hydroxide samples showed a
signal perturbation, which became more remarkable with the
accumulated charge rising from 7.5 to 30 C mL� 1. This
oscillating perturbation was already reported for static platinum
electrodes subjected to constant current for the oxidation of
C1� C3 compounds such as glycerol, in both alkaline and acidic
media.[25] However, it was not reported before for nickel- or
cobalt-based electrocatalysts. In the present case, the oscillation
frequencies and amplitudes were significantly lower than those
observed for platinum rotating disc electrodes, which can be in
the order of 50–200 mV in KOH electrolytes.[26] As depicted in
Figure S8, the potential oscillated with a peak-to-peak ampli-
tude from 8 to 20 mV and frequencies ranging from 0.025 to
0.01 Hz. Usually, potential oscillations are attributed to a
poisoning mechanism or mass transport issues. However, a
recent study suggested that besides insufficient mass transport,
the electrode potential instability can be related to the double-
route mechanism involving the commutation between the
dihydroxyacetone and glyceraldehyde reaction intermediates
(Figure 4) by glycerol products re-adsorption.[27] In our case, it
implies that the glyceraldehyde route is partially restricted
when using the pristine electrocatalysts, leading to lower
formate yields, favouring the dihydroxyacetone route that
preferentially leads to the highly oxidized C3 compound
ketomalonate ion (in agreement with the comments made
above). A previous study on gold electrodes in alkaline media
demonstrates the role of hydroxyl adsorption in modifying the
re-adsorption of oxidized glycerol intermediates,[28] which can
be extended to the native hydroxides of the untreated samples
as compared to the TT ones.

Regarding the effect of the Ni/Co ratio, no significant
differences were observed for the glycerol conversion and
C1� C2 faradaic efficiencies, except that for the cobalt-rich
samples (1 : 2) the ratio of oxalate and glycerate with the sum of
C1� C2 products was slightly smaller than that determined for
the nickel-rich samples (2 :1), in agreement with the lower
electrode potentials recorded (see previous comments on the
LSV results).

Figure 4. Scheme of possible oxidation routes in alkaline media.

Figure 5. Chronopotentiometric curves made during the consecutive elec-
trolysis at 10 mAcm� 2. At the end of each period, the accumulated charge
was 7.5, 15 and 30 C mL� 1, respectively. Electrolyte: 1 M KOH+0.1 M
glycerol. The electrode potential was recorded without iR compensation.
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As a summary, when both Ni and Co metals are present in
the anode, there is only a small impact of their relative
percentage on the reaction mechanism, which is much more
sensitive to the thermal treatment. Besides, in agreement with
recent studies that suggest the possible catalytic role of sulfate,
its effect could be discussed in future works.[29,30]

Conclusion

Ni/Co electrocatalysts with atomic ratios of 2 : 1 and 1 :2 were
synthesized on NF cathodes, the ensembles further being
employed as untreated or thermally-treated anodes for glycerol
oxidation in alkaline medium, with the aim to elucidate the
effect of both the Ni/Co ratio and the calcination. The catalysts
were synthesized by electrodeposition from a nitrate-sulfate
electrolyte that allowed obtaining two different LDHs, whose
thermal treatment at 300 °C caused a mass loss attributed to
the removal of compensating anions present in the LDHs. The
two untreated and two thermally-treated electrodes were
characterized by cyclic voltammetry and linear sweep voltam-
metry in alkaline medium, in the presence and absence of
glycerol. The results showed that in these two cases, the onset
potential for the metal hydroxide electrocatalyst oxidation was
the same. Regarding the GOR, it was mediated by the resulting
oxyhydroxide, and the presence of a greater nickel content as
well as the application of the thermal treatment led to a higher
anode polarization, which is detrimental in terms of energy
need. A potential difference of 0.2 V was determined when
comparing the water and glycerol oxidation voltammograms at
25 mAcm� 2, which may exert a positive impact of up to 15% on
the energy requirement for electrolytic hydrogen production.
Galvanostatic electrolytic trials showed that formate ion was
the primary product, with an FE often higher than 70%. It was
found that the hydroxide samples suffer from electrode
potential oscillations that may restrict the glycerol conversion.
Thermally-treated coatings appeared to show higher stability
upon repeated usage, although the actual long-term stability
should be studied with more detail in a focused work.
Regarding the Ni/Co ratio, the best proportion has not been
clearly elucidated but, in all cases, the TT had a more relevant
role as it improved the FE to formate as well as the overall
glycerol conversion.

Experimental Section
Ni� Co electrodes were prepared by cathodic electrodeposition on
nickel foam (NF) substrates (Recemat Ni-4753, 1.6 mm thick, 1×
3 cm2 with immersed geometric area of 1.5–2 cm2) pre-cleaned
with HCl 2 M to remove the native oxides. The electrolyte was an
aqueous solution (70 mL) of 0.1 M NaNO3 and 0.1 M of metal
precursors (NiSO4 ·6H2O and CoSO4 ·7H2O) with the desired Ni/Co
ratio (2 : 1 or 1 :2). The electrosynthesis process was based on the
nitrate anion reduction reaction at � 1.0 V vs Ag jAgCl (3.5 M KCl)
(Methrom) that simultaneously causes the precipitation of nickel
and cobalt hydroxides.[31] Pt wire (0.5 mm diameter, Heraeus) was
used as counter electrode. The potentiostatic deposition was
carried out at room temperature for 15 min using a VMP-2 Biologic

multichannel potentiostat. Some of the samples were then
subjected to a thermal treatment (TT) at 300 °C for 2 h in air
atmosphere. At least two batches of untreated and thermally-
treated samples were prepared, in order to confirm the reproduci-
bility of all results. The morphology and the composition of the
electrodes were verified by using a Quanta 200 SEM microscope
with an energy dispersive X-ray spectroscopy (EDS) detector.
Fourier transformed infrared (FT-IR) spectra was recorded using an
attenuated total reflectance (ATR) FT-IR instrument Spectrum Two
from Perkin Elmer. X-ray photoelectron spectroscopy (XPS) experi-
ments were performed in a PHI 5500 Multitechnique System (from
Physical Electronics) with a monochromatic X-ray source (Al Kα

1486.6 eV). X-ray diffraction (XRD) analysis was performed using a
PANalytical X’Pert PRO MPD Alpha1 powder diffractometer with Fe
filtered Co Kα radiation (λ=1.789 Å) working at 45 kV–40 mA in a
Bragg Brentano configuration.

The electrochemical evaluation referred to the oxygen evolution
reaction (OER) and glycerol oxidation reaction (GOR) was carried
out using the same potentiostat or a VSP300 model. This character-
ization was made in a 3-electrode electrochemical cell comprising
one of the untreated or thermally-treated samples as working
electrode (exposed geometric electrode area of 1 cm2, delimited
with Teflon tape), as well as a platinum and a double junction Ag j
AgCl (3.5 M KCl) as counter and reference electrodes, respectively.
For CV and LSV techniques, the electrode potential was corrected
with 80% of ohmic drop compensation. The electrolyte employed
(70 mL) was 1 M KOH for OER studies and 1 M KOH+0.1 M glycerol
for GOR. All potentials have been converted to the reversible
hydrogen reference electrode (RHE) using the Nernst equation,
considering E0=0.205 VRHE at 25 °C.

To determine the faradaic efficiency for glycerol oxidation, the
experiments were carried out in a single compartment electro-
chemical cell with only 5 mL capacity to concentrate the products
for the subsequent analysis by HPLC. The electrolyte solution
contained 1 M KOH+0.1 M glycerol. Electrolysis experiments were
carried out under galvanostatic conditions (10 mAcm� 2) and the
anode potential was measured using a 1 mm leak-free Ag jAgCl
(3.4 M KCl) reference electrode (Warner Instruments). Two aliquots
(i. e., replicates) of 200 μL were taken for analysis at each given
interval (7.5, 15 and 30 C mL� 1). Samples were immediately acidified
by adding 600 μL of 0.167 M H2SO4. The oxidation products were
analysed by high-performance liquid chromatography (HPLC) with
an Alliance e2695 separation module (Waters) as management
platform, with a sample loop of 100 μL and an ion exclusion
column (Aminex HPX-87H, BioRad) at 60 °C. Diluted sulfuric acid
(10 mM H2SO4) was used as eluent with a flow rate of 0.6 mL ·min� 1.
The chromatograph was equipped with an UV/Vis detector (Jasco
UV-1570) selected at 210 nm and a refractive index detector (RID,
Waters 2414) thermostated at 35 °C. The main peak corresponded
to formate, whose peak appeared at 14.1 min, being accompanied
by less intense peaks related to oxalate, glycerate and ketomalo-
nate.
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