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a b s t r a c t

The search for greener energy sources has led to the development of biodiesel. One of its by-product,
glycerol, is usually converted into more valuable products by organic synthesis or homogeneous catal-
ysis. There is still room for the research on converting this molecule by means of an electrolytic or fuel
cell - for that goal, a deeper understanding of the process and its variables is desirable. This work aims at
describing the role of mass transport at the glycerol electro-oxidation on polycrystalline platinum in
acidic media. We found that at a proper condition, a new faradaic process is observable in the cyclic
voltammetry at ~0.55 V, regarding the oxidation of glycerol at lower potentials. By means of a numerical
experiment it is proposed that a soluble intermediate, namely glyceraldehyde, is the main actor in the
inhibition of the process and that its removal, by the electrode rotation, yields a less poisoned surface.
The results presented suggest that the aim for electrolytic or fuel cells should be the development of
catalysts less active for glyceraldehyde and that the mass transport is a key factor in designing those
devices.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The ever-increasing efforts towards more sustainable sources of
energy have led to the development of biodiesel as an alternative to
fossil fuels [1]. During its synthesis, glycerol is generated as by-
product and much has been discussed on how to convert this
molecule into more economically interesting products [2]. Among
many proposals, themost common are organic-chemistry reactions
performed by heterogeneous or homogeneous catalysts [3e6].
However, according to Coutanceau and co-workers [7] the use of
glycerol in a fuel or electrolysis cell still presents as a scarce option.
Also, in opposition to these classical heterogeneous, electrocatalytic
oxidation processes are more easily tunable by means of electro-
catalyst composition, as well as other parameters, such as the
electrode potential. This fine control could lead to a higher selec-
tivity in conversion, which in turn leads to an overall cheaper
process. Moreover, as proposed by Li and co-workers [8], one
interesting possibility is the electrocatalytic oxidation of glycerol in
anion-exchange membrane fuel cell, to cogenerate electricity
(124.5mWcm�2 at 80 �C) and valuable chemicals (91% conversion
to C3 acids), according to the authors. On a different approach, Li
and co-workers [9] assembled a direct glycerol fuel cell with a
polytetrafluoroethylene thin film as separator. In this setup, the
authors achieved 214.7mWcm�2 at 80 �C. The optimization of the
parameters for the operation of such devices has the potential to
increase the economic interest in glycerol. To this end, under-
standing the process by which the electro-oxidation of this mole-
cule takes place and with which variables it changes, is of utmost
importance.

One important variable that should be accounted for in elec-
trocatalytic process is the mass transport of species from/to the
interface. Currently, the oxygen reduction reaction (ORR), for its
application in hydrogen fuel cells, is a hot topic where the diffusion
of species is studied at length [10e12]. It is also noteworthy more
prototypical models, such as the one studied by Arvía et al. [13], on
the diffusion of ferro- and ferricyanide ions in aqueous solutions,
and Man et al. [14], on the electrodeposition of copper at a rotating
disc electrode. By using a simple model of multistep electro-
chemical reactions, Danilov and co-workers [15e17] were able to
describe the transport of intermediates between the interface and
the bulk of the cell. The model employed by the authors accounted
for the dependence of the individual rates of the consecutive re-
actions with the diffusion of the species. These numerical experi-
ments support the results presented by Hardacre and co-workers
[18], which describes the effect of mass transport on the electro-
oxidation of four different alcohols, namely methanol, ethanol, n-
butanol and 2-butanol. The main conclusion from their work is that
increasing mass transport impacted negatively on the oxidation of
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the molecules, caused by a combination of factors, mainly the
removal of intermediates preventing further oxidation and a shift
on the reaction pathway forming more strongly adsorbed in-
termediates. Hardacre and co-workers show that there are impor-
tant aspects on the electrocatalytic reactions regarding the mass
transport that are not well understood. In this work we are going to
show that for electro-oxidation of glycerol a new feature appears
when the proper mass transport condition is achieved, and its
interpretation leads to a new understanding of the process. In order
to completely discuss the relevance of this feature, it is mandatory
to understand the mechanism by which glycerol is electro-
oxidized.

The electro-oxidation of glycerol is a complicated reaction with
many soluble intermediates, which can re-adsorb or diffuse, and
there is still debate regarding the nature of these species. One of the
first propositions on the mechanism of glycerol electro-oxidation
on platinum was made by Gonçalves et al. [19] where the authors
employed cyclic voltammetry experiments and proposed two
different pathways by which glycerol would be oxidized: one with
CO as intermediate and another with COH. From that point on,
many studies were devoted to measure the influence of the process
with different variables, such as pH, catalyst composition, among
others [20e26]. In 2011, Gomes and co-workers [27] described that
gold is the most active catalyst for glycerol oxidation in alkaline
media, but for acidic media platinum is more active. Additionally,
the authors discussed that the following research on glycerol
oxidation should focus on the identification of the adsorbed in-
termediates and final products of this reaction, which was per-
formed by Koper et al. and Behm et al. coupling HPLC analysis with
electrochemical experiments [25,28] and in situ FTIR and online
differential electrochemical mass spectrometry [29], respectively.
More recently, Koper and co-workers [30], by means of electro-
chemical experiments, spectroscopy and density functional theory
calculations, proposed that depending on the surface arrangement
of platinum atoms, the reaction pathway differs on acidic media.
Also, that there are two different active intermediates produced by
the dehydrogenation of glycerol on the platinum surface: one
bound by two adjacent carbon atoms on the surface of Pt (111) and
another bound by only one carbon, on the surface Pt(100). From
these intermediates, the reaction can proceed to yield dihydroxy-
acetone or glyceraldehyde. In alkaline media and on Pt(111) sur-
faces, Angelucci and co-workers [31] reported that carboxylates
and acyl to be the main intermediates formed during the glycerol
oxidation reaction. The authors also stated that the acyl interme-
diate remains on the surface of the electrode even at potentials
where platinum oxide is formed. All these new data being provided
on the amount and nature of glycerol oxidation intermediates
reveal a somewhat open field regarding the dependence of these
species on reaction conditions, such as mass transport.

The present paper aims at demonstrating that when a certain
mass transport condition is achieved, a new voltammetric feature is
present in the glycerol electro-oxidation, at lower potentials than
the usual peak. By testing different voltammetric scan rates, it will
be shown at which set of parameters it can be found. Also, by
varying the mass transport conditions by means of a rotatory disc
electrode, it is shown that this process is related to a consecutive
reaction with soluble intermediates. All these data, alongside with
the discussion presented, suggest a new look into the operando
conditions for electrolytic or fuel cells operated by glycerol directly.

2. Experimental

All experiments were done in a conventional three-electrodes
glass cell at room temperature (25 �C). Before and during all mea-
surements, the atmosphere in the cell was kept inert by a positive
pressure of nitrogen. The working electrode consisted of a rotating
disk electrode (RDE) inwhich a 5mm diameter Pt disc is embedded
in Teflon and polished with diamond paste up to 0.25 mm. The
counter electrode was a platinum flag with high superficial area
and the reference electrode was a reversible hydrogen electrode
(RHE) prepared in the electrolyte solution. The electrolyte used was
0.5mol L�1 sulfuric acid (Sigma-Aldrich, Puris P.A.). All solutions
were prepared using ultrapure water (18.2MU cm, Millipore).
Glycerol (Sigma-Aldrich,>99% GC) and Glycolaldehyde (Sigma-
Aldrich, >99% GC) were directly inserted into the cell in sufficient
amount to yield a concentration of 0.1mol L�1 and 0.01mol L�1,
respectively. The measurements were done in a Metrohm-Autolab
Potentiostat/Galvanostat PGSTAT-128N equipped with a Scan250
modulus. The RDE was controlled by a Princeton Applied Research
rotatory module and the results showed in term of rotations per
minutes (rpm). Before all measurements, an electrochemical
annealing procedure was employed to ensure a clean electrode
surface, as described in more details elsewhere [32].
2.1. Calculations

The numerical experiment in this work has the purpose to point
if the direction of our proposed hypothesis is acceptable or if it
should be rejected. That could be achieved if there is a, at least,
qualitative correspondence between the solution for the set of ki-
netic equations and the experimental data obtained. Danilov et al.
[17] described a set of kinetic equations for a sequential, multi-step
electrochemical process, with a soluble intermediate. Among their
results, one described the variation of the current of each step with
the diffusion of the species, namely Fig. 4 in their work (reproduced
in the Supplementary Information Files e Section 1). In their work,
this diffusion is represented by a variable called kD, representing
the rate constant of the diffusion mass transfer of the species and
determined by Equation (1):

kD;x ¼
Dx

d
(1)

where Dx is the diffusion coefficient of a given species x and d is the
thickness of the diffusion layer. In this work, we draw a qualitative
correlation between kD and the electrode rotation. Since an in-
crease in the latter produces a decrease in d, an increase in Dx, and
thus an increase in kD, we can qualitatively substitute kD for elec-
trode rotation, in the following discussion.

The numerical experiment was accomplished by firstly repro-
ducing the results presented by Danilov et al. [17] and later

adjusting the value of one parameter, namely k01 (The equations
employed for used as well as the numerical value of the parameters
are described in Supplementary Information Files e Section 1). By
successfully fitting an experimental data by a set of kinetic equa-
tions, it is possible to infer on the behavior of experimentally
inaccessible variables. In their work, the authors describe among
other variables, how the current of consecutive electrochemical
steps would vary with the electrode rotation. Scheme 1 brings the
summary of the two steps considered.

We adapted this scheme by assigning A to glycerol, Ps to glyc-
eraldehyde (the main intermediate, we did not consider the 1,3
dihydroxyacetone for reasons further discussed in Section 3) and B

to glyceric acid. Afterwards, by decreasing the parameter k01 by five
times, which regards the reaction rate for the formation of glycer-
aldehyde, there was a successful fitting of the experimental data
(Fig. 6). Further discussion on the impact of this consideration will
be provided in Section 3.



Scheme 1. Scheme adapted from the one proposed by Danilov et al. [17] for the role of
mass transport in consecutive reactions.
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3. Results

As an initial characterization of the system, different potential
scan rates were employed in a solution containing 0.5mol L�1

sulfuric acid and 0.1mol L�1 glycerol, with the electrode at either
0 rpm (black curve) and 400 rpm (green curve), and the results are
displayed in Fig. 1.

The black curve (solid and dotted) in Fig. 1(C) displays the usual
reported behavior for the oxidation of glycerol in acidic media. It is
possible to distinguish one peak (with a shoulder) in the positive-
going part of the scan, at ~0.8 V, related to the oxidation of glyc-
erol and the products of its oxidation, such as glyceraldehyde and
COad [25,29]. It is noteworthy that no process takes place until the
potential reaches ~0.80 V due to the coverage of COads on the sur-
face of the electrode. In the negative-going part of the scan, the
surface is covered by platinum oxide and only at ~0.85 V some sites
are freed, and the oxidation of glycerol and its products takes place.
In this scenario, the oxidation processes described by peak III are
increased in higher potentials than the platinum oxides reduction
(yielding CO2 and glyceric acid) and decreased at lower potentials
with CO accumulation on surface [33].

An important aspect to be discussed on Fig. 1 is the appearance
of a peak at ~0.55 V (peak I), in Fig. 1(C) and (D). With a stationary
electrode, the process is found to be suppressed and no faradaic
current can be observed until ~0.65 V, which is described thor-
oughly in the literature [20,30] as an inhibition caused by the
Fig. 1. Cyclic voltammograms of Pt in H2SO4 0.5mol L�1 þ Glycerol 0.1 mol L�1 at 0 rpm
(A)e(D). Solid and dotted lines represent positive and negative going scans, respectively. (Fo
the Web version of this article.)
adsorption of CO. However, this process appears when the scan
rates are higher than 0.01 V s�1 and with an electrode. These two
conditions, alongside with the use of a polycrystalline platinum
electrode in acidic media, to the best of our knowledge, have not
been reported elsewhere. Tests were performed to show that this
new feature is not related to a contamination of the system, (see the
analysis in Supplementary Information Files, Section 2) as well as
the study performed by Kwon et al. [34] inwhich it is discarded any
catalytic effect caused by traces of molecular oxygen present in
supporting electrolyte. The other two peaks (peaks II and III) pre-
sent in the voltammetry have their current decreased with the
rotation speed and further discussion on this topic will be provided
in the next section.

To understand the dependence of the electro-oxidation of
glycerol on platinum with the mass transport condition, Fig. 2
brings the cyclic voltammetry responses at different rotation
speeds of the electrode at 0.1 V s�1.

Fig. 2 shows that the rotation speed of the electrode plays an
important role in the response of the cyclic voltammetry, as it
controls the mass transport of species from/to the interface. Fig. 2
(A) shows the typical response for the electro-oxidation of glyc-
erol on polycrystalline platinum, at 0 rpm [20,30]. With rotation
speeds as low as 100 rpm (Fig. 2 (B)), the new peak at ~0.55 V ap-
pears and remains present in the rotation speeds tested (Fig. 2 (C)
to (F)). To classify the faradaic processes present in the voltammetry
and understand their dependence with the rotation speed, a closer
look into the mechanism by which glycerol is electro-oxidized is
required. According to Koper and co-workers [30], there are at least
5 faradaic steps that depends on the adsorption of the reactants.
HPLC analysis from samples collected during slow rate linear
sweeps [25] found that glyceraldehyde and glyceric acid are the
major soluble products below 1.0 V with 1,3-dyhydroxyacetone
being also detected, but at very low concentrations. These results
agree with previous in situ FTIRs data that also reveals the presence
of COad in potentials below the peak II onset in quiescent solutions
[27,35]. At high potential (E> 1.2 V), formic and glycolic acids are
the other observed products. Thus, due to the potential region in
which the peak I and II are present, the following discussion will
(black curve) and 400 rpm (green curve) at distinct scan rates as indicated on panels
r interpretation of the references to colour in this figure legend, the reader is referred to



Fig. 2. Cyclic voltammograms at 0.1 V s�1 at different electrode rotation speeds as indicated on the panels. Electrolyte conditions are the same of Fig. 1. Solid and dotted lines
represent positive and negative going scans, respectively.
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consider the oxidation of glycerol yielding glyceraldehyde and
glyceric acid only. In this way, Scheme 2 can be drawn to summa-
rize the most important steps for the following discussion.

In this reaction scheme, glyceraldehyde plays the important role
of re-adsorbing intermediate that can be oxidized to glyceric acid or
Scheme 2. Reaction pathways for electro-oxidation of glycerol on polycrystalline Pt at E<
respectively for the species in solution (sol) or on surface (surf).
through a CeC bond scission yielding COad and C2 products. At
principle, the COad could came from glyceric acid, as suggested in
previous works, but in general the adsorption of aldehydes on Pt
surface results in COad [18,36] and the selectivity of glycerol
oxidation is more than 75% to glyceraldehyde below 1.0 V. Since
1.0 V. Gly, GlyAl and GlyAc represent the Glycerol, Glyceraldehyde and Glyceric Acid,



Fig. 3. Cyclic voltammograms at 0.05 V s�1 in 0.5mol L�1 H2SO4 þ (A) 0.01 mol L�1

glyceraldehyde and (B) 0.01mol L�1 glyceraldehyde þ 0.1 mol L�1 glycerol. Solid and
dotted lines represent positive and negative going scans, respectively.
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glyceraldehyde is a soluble intermediate of the reaction, the mass
transport will impact greatly on its concentration in the interface.
To further understand the role of glyceraldehyde, Fig. 3 displays the
result of a cyclic voltammetry performed in the same conditions of
Fig. 2 (A) in the presence of 0.01mol L�1 glyceraldehyde and (B)
0.01mol L�1 glyceraldehyde þ 0.1 mol L�1 glycerol.

It is possible to see in Fig. 3 (A) that during positive going scan,
regardless of the rotation speed, no process takes place until 0.8 V,
where one peak (and a shoulder) is observed for the oxidation of
glyceraldehyde. The presence of only one peak is related to the
higher production of CO from glyceraldehyde when compared to
the production of glycerol, as it was described by Schnaidt [33].
Therefore, in Fig. 3 (B), when both molecules are present, only one
peak is present, since the higher coverage of CO provided by glyc-
eraldehyde inhibits any process below ~0.7 V. It is also noticeable a
small shoulder on the peak present in the increasing potential di-
rection of the voltammetry, and this could be attributed to the
oxidation of glyceraldehyde while the other, at higher potentials, to
the oxidation of glycerol.

In order to deepen the study of the effect of intermediates on the
poisoning of glycerol electro-oxidation, we employed the same
strategy that Grozovski et al. [37] used for formic acid. Considering
that the poison is oxidized at high potentials, a potential program
composed by a pulsed voltammetry in which 1 s steps at 0,85 V are
followed by 1 s steps at E V (0,05< E< 0.85) (Fig. 4(a)) allows us to
analyze current changes due to the poison formation at fixed po-
tentials. The current transients can be described by Equation (2)
[37]:

j ¼ jmax

�
1

1þ kadstð1� pÞ
� 1

p�1

(2)

with j and jmax being the current density and current density at
q¼ 0, respectively, t the time, p a parameter connected to the
number of surface sites necessary to the poisoning formation and
kads the first order poison-formation reaction rate.

Three representative fitted transients (dotted lines) and exper-
imental data (symbols) collected in the presence of glycerol are
shown in Fig. 4(b) as well as the equation parameters jmax and kads
on panels (c) and (d), respectively. The same procedure was
employed to glyceraldehyde (GlyAl) and glycerol þ glyceraldehyde
(Gly þ GlyAl) solutions. The first important piece of information
extracted from these experiments is the oxidation currents of
glycerol or glycerol þ glyceraldehyde mixtures in potentials lower
than 0.7 V, when the surface is not poisoned, as described by jmax
values. This behavior supports the glycerol oxidation at low po-
tential in absence of poisons (probably COad). Secondly, the kads
values and their potential-dependence are very similar in all con-
ditions, suggesting a similar mechanism of surface poisoning, i.e.
glycerol / glyceraldehyde / COad. When only glyceraldehyde is
present, small currents are observed because the process is almost
completely inhibited. However, when both alcohol and aldehyde
are present, after the COad removal, a competition between glycerol
oxidation and glyceraldehyde (mainly from the solution, since the
time is too short) adsorption yielding COad takes place on the sur-
face and partially decreases the overall current.

To clarify the dependence of the processes presented in Fig. 2
with the mass transport condition, Fig. 5 presents the maximum
of current at each separate peak, with the rotation speed of the
electrode.

To understand why both peaks II and III are decreasing with an
increase on the rotation speed of the electrode, one must refer to
the work of Puthiyapura et al. [18]. In this work, the authors
describe the same trend for methanol and ethanol oxidation on
electrodeposited platinum and justify the decrease by a combina-
tion of two factors: the removal of partial oxidation intermediates,
which then cannot be further oxidized, and a change in the
mechanism, favoring a route that leads to more strongly adsorbed
intermediate, namely COad. The authors discuss that the second
factor is only relevant for the electro-oxidation of methanol, as for
ethanol the reversibility of the changes in current by the rotation of
the electrode shows that no accumulation of COad happens at the
potentials investigated. For ethanol, the authors claim that the
carboxylic acid is difficult to be oxidized at that potential, therefore
the diffusing intermediate should be the aldehyde. A direct parallel
can be drawn to the electro-oxidation of glycerol, as the evidence
that glyceric acid is not oxidized at that potential [31], yielding that
the diffusing species should be glyceraldehyde, following Scheme 2.

The profile found for peak I is a bit more intricate and to un-
derstand its behavior, a numerical experiment was performed
based on the work of Danilov et al. [17]. For this experiment, the
system is proposed to be described by two consecutive reactions, as
shown in Scheme 1. Thus, by using all conditions employed in the

work of Danilov et al. [17] and by only changing the value of k01 from
5� 10 �5 to 1� 10 �5, we achieved the result present in Fig. 6.

Fig. 6 presents how the individual current of each process
(namely peak I, II or III) varies with the electrode rotation.

By the results presented in Fig. 6 it is possible to see the profile
obtained for the currents of Peak I, II and III varying with increasing
rotation speeds of the electrode. From this result it is possible to
infer on the behavior of peak II, which would be the oxidation of
glycerol to glyceraldehyde, but separated from any other processes,
which is not experimentally feasible due to the plenitude of in-
termediates from this reaction. The curve for peak I shows the same
behavior as the one observed for the new peak obtained experi-
mentally, Fig. 2 e Peak I and for the peak on the reverse scan (Fig. 2
e Peak III). This fitting of the experimental data in a numerical
experiment only shows that the hypothesis of the role of the



Fig. 5. (A1-A3) j-E profiles in the regions of peaks I to III extracted from Fig. 2 (B) current in the peaks in function of electrode rotations speed.

Fig. 4. (a) Potential program for the pulsed voltammetry experiments; (b) current transients obtained at select potentials as indicated on the curves and on the potential program;
(c) maximum currents and (d) poison-formation reaction rate (kads) extracted after fitting the current transients using Equation (2). Experimental conditions are the same of Fig. 3 at
0 rpm.
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electrode rotation on the currents of each sequential step is precise.
Another important factor to be considered is the absence of Peak I
in Fig. 3 (A). This is caused by the chemical decomposition of
glyceraldehyde at low potentials yielding COad, which poisons the
surface to the electrochemical reaction of glyceraldehyde to glyc-
eric acid.
Performing the glycerol electro-oxidation under galvanostatic
conditions, the effect of rotation speed was also observed under
oscillatory conditions. Fig. 7 shows the time series at 0.13mA cm�2

for four rotation speeds and for the stagnant electrolyte. The po-
tential oscillations with (peak to peak) amplitude bigger than
200mV are observed in stagnant electrolyte along 165 s. These



Fig. 6. Results of the numerical experiment using the conditions presented in
supplementary information.

Fig. 7. Galvanostatic time-series at j¼ 0.13mA cm�2 for distinct rotation rates. Elec-
trolyte conditions are the same of Fig. 1. Inset: Maximum potential of each cycle of each
time-series in different rotation rates.

G.B. Melle et al. / Electrochimica Acta 296 (2019) 972e979978
oscillations with the so-called period one and mean oscillation
frequency (u) of 0.20± 0.06 Hz are in agreement with those pre-
vious reported [38] and it also occurs in the potential region be-
tween the peaks I and II described on Fig. 1 (see Support
Information Files, Section 3, for time series in RHE scale).
Increasing the rotation speed decreases the time-series, while the
frequency u increases slightly, yielding 0.25± 0.08 (200 rpm),
0.29± 0.09 (400 rpm), 0.3± 0.1 (900 rpm) and 0.3± 0.1 Hz
(1600 rpm).

Zulke et al. [39] reported the end of oscillations during electro-
oxidation of glycerol in alkaline media, when the rotation speed
was increased from 0 to 1600 rpm, which the authors described as
caused by an impact in the critical population of intermediates
required for the oscillations to be sustained. Herein, besides the
effect on frequency and oscillating time, by increasing the rotation
speed, the maximum potential reached in each oscillation cycle
(inset in Fig. 7) exceeds 0.74 V faster.

Oscillations in electrochemical systems are caused by the
competition between the potential-dependent adsorption of spe-
cies, and specifically to the electro-oxidation of alcohols, COad ap-
pears as a key intermediate responsible for poisoning the surface
and causing an increase in the potential, in galvanostatic experi-
ments [40]. The metal oxidation at high potential plays a dual role
on oscillations i.e. firstly, it is the responsible for the COads oxida-
tion, causing a decrease in the potential and reestablishing a new
oscillation cycle. On the other hand, it contributes to the slow for-
mation of stable oxides that deactivates surface sites, culminating
in a potential jump to E> 1.1 V [41]. Thus, the oscillations reflect not
only the nature of the species at the interphase, but also their
competition for surface sites. By stripping out the soluble in-
termediates from the interphase, by employing a rotation on the
electrode, it is expected a decrease in the poisoning of the surface.
Since the C3 pathway does not seem to be able to keep the
oxidation current at low potentials, allowing an increase in the
irreversible oxide formation, the oscillations end sooner than in the
stationary condition.

4. Conclusions

In this work it was presented the effect of rotation rate during
glycerol electro-oxidation at Pt surfaces. Reaction intermediates,
named glyceraldehyde, appears as an active specie displaying a
dual role on the electro-oxidation of glycerol, i.e. it is the precursor
of glyceric acid on the oxidation C3 pathway, but its presence on the
surface are responsible to increase the CO coverage at lowpotential.
With the following discussion, a condition inwhich the diffusion of
the species is favored is presented, which can lead to a decrease of
the concentration of this molecule near the electrode, yielding the
oxidation of glycerol at lower potential (~0.55 V). If these parame-
ters are translated into in operando condition, a higher overall ef-
ficiency could be achieved for the process and the production of
biodiesel would be made even more advantageous. Also, the dis-
cussion herein presented opens the perspective for the develop-
ment of catalysts less active for glyceraldehyde electro-oxidation,
which can produce a more efficient cell to convert glycerol into
other molecules or energy.
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