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ABSTRACT: Herein we describe a combined experimental and
computational study of electrochemical glycerol oxidation in acidic
media on Pt(111) and Pt(100) electrodes. Our results show that
glycerol oxidation is a very structure-sensitive reaction in terms of
activity and, more surprisingly, in terms of selectivity. Using a
combination of online HPLC and online electrochemical mass
spectrometry, we show that on the Pt(111) electrode, glyceraldehyde,
glyceric acid, and dihydroxyacetone are products of glycerol oxidation,
while on the Pt(100) electrode, only glyceraldehyde was detected as the
main product of the reaction. Density functional theory calculations
show that this diﬀerence in selectivity is explained by diﬀerent binding
modes of dehydrogenated glycerol to the two surfaces. On Pt(111), the
dehydrogenated glycerol intermediate binds to the surface through two
single Pt−C bonds, yielding an enediol-like intermediate, which serves as
a precursor to both glyceraldehyde and dihydroxyacetone. On Pt(100), the dehydrogenated glycerol intermediate binds to the
surface through one double PtC bond, yielding glyceraldehyde as the only product. Stripping and in situ FTIR measurements
show that CO is not the only strongly bound adsorbed intermediate of the oxidation of glycerol, glyceraldehyde, and
dihydroxyacetone. Although the nature of this adsorbate is still unclear, this intermediate is highly resistant to oxidation and can
only be removed from the Pt surface after multiple scans.
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eﬃciency.8 On the other hand, the production of soluble
intermediates makes this reaction very interesting because some
of these products have a high added value and are sometimes
obtained by a high-cost process. Certain oxygenates derived
from glycerol have important practical applications, but
unfortunately, the selective functionalization of the triol
molecule is a diﬃcult process.9,10
Of speciﬁc interest in this paper is the selectivity of the ﬁrst
step of glycerol electro-oxidation on platinum, to the aldose
glyceraldehyde (GALD) or to the ketose 1,3-dihydroxyacetone
(DHA), that is, products obtained by oxidation of the primary
and secondary hydroxyl group of glycerol, respectively.1,11
GALD can be oxidized to glyceric acid and tartronic acid, both
commercially useful compounds. DHA is an economically
interesting product due to its application in the cosmetic
industry as a self-tanning agent. Its further oxidation leads to
mesoxalic acid. Usually, DHA is produced by a fermentation

INTRODUCTION
Glycerol is an important biomass-related compound, both as a
model polyol compound and as an abundant byproduct of
biodiesel fabrication.1,2 The application of glycerol is mainly
related to its use as a feedstock for polyether/polyols, drugs,
pharmaceuticals, and food. However, glycerol has also been
considered as a possible fuel in direct alcohol fuel cells
(DAFC)3 and as a compound to cogenerate added-value
chemicals in electrochemical energy conversion.4,5
Theoretically, the complete oxidation of glycerol to CO2
yields 14 electrons.3 However, one of the main challenges in
the oxidation of glycerol is the diﬃculty of breaking both C−C
bonds,6,7 which currently makes the use of glycerol in DAFC
unattractive, because the various parallel reactions lead to the
production of several partial oxidation products, such as
glyceraldehyde, 1,3-dihydroxyacetone, glyceric acid, hydroxypyruvic acid, tartronic acid, mesoxalic acid, formic acid, oxalic
acid, and glycolic acid. In addition, as with many other small
organic molecules, the formation of poisoning adsorbed
intermediates (i.e., carbon monoxide) at the electrode surface
at low overpotentials causes a decrease in the overall system
© 2016 American Chemical Society
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Prior to bringing the working electrode in contact with the
solution, a potential of 0.1 V versus RHE was applied. Cyclic
voltammograms (CV) were recorded to test the order of the Pt
single crystals and the cleanliness of the electrolyte by the
stability of the characteristic blank voltammetric features of the
Pt single crystals in the potential range between 0.06 to 0.9 V at
0.050 V s−1. Afterward, the electrolyte was replaced to that
containing the respective oxygen-free working solution with the
molecule under study (0.1 M GLY, GALD and DHA) in order
to perform the electrochemical oxidation experiments. In all
experiments, CV proﬁles were obtained in meniscus conﬁguration. The upper potential limit was set to avoid oxide
formation, which generates irreversible surface disordering. In
order to determine the involvement of the possible coproducts
and adsorbates from glycerol oxidation with the Pt surface, we
also studied the oxidation of GALD and DHA.
Electrochemical Adsorption Measurements. Experiments on adsorbate formation from adsorption of GLY,
GALD and DHA on Pt(111) and Pt(100) were performed
by bringing the working electrode into contact with a 0.1 M
solution of the corresponding alcohol keeping the potential at
0.2 V versus RHE for 1 min. The potential of 0.2 V was chosen
on the one hand high enough to enable adsorption and on the
other hand low enough to suppress oxidation reactions of the
adsorbate. After adsorption, the electrode was rinsed in O2 free
ultrapure water to remove excess of alcohol and then
transferred to the electrochemical cell, which contained the
pure electrolyte (0.5 M HClO4). CO stripping measurements
were also performed on Pt single crystals for comparison with
the adsorbate stripping. For these experiments, CO gas was
bubbled into the pure electrolyte cell during 5 min with the
potential kept at 0.1 V vs. RHE. Next, excess CO was removed
from the solution by bubbling argon by 10 min. The oxidative
stripping of the resulting adsorbates and CO were performed in
a clean supporting electrolyte by sweeping potential between
0.06 to 0.9 V at 0.010 V s −1.
HPLC Experiments. High-performance liquid chromatography (HPLC) was used to detect the liquid products produced
during the electrochemical oxidation of the polyol.23 The
reaction products were collected during the cyclic voltammetry
with a small Teﬂon tip (with an inner diameter of 0.38 mm)
positioned ca. 10 μm from the center of the electrode surface,
and which was connected to a PEEK capillary with inner/outer
diameters of 0.13/1.59 mm. Before sample collection, the tip
and capillary were cleaned with ultrapure water and supporting
electrolyte. The sample volume collected in each well was 60
μL on a microtiter plate with 96 wells (270 μL/well, Screening
Devices b.v.) using an automatic fraction collector (FRC-10A,
Shimadzu). The ﬂow rate of sample collection was set at 60
μL/min with a Shimadzu pump (LC-20AT). After collection of
the samples, the microtiter plate was covered by a silicon mat to
prevent evaporation of samples. Samples were taken every 60
mV, in the potential range between 0.06 to 0.9 V vs. RHE at 1.0
mV s−1 on Pt(111) and Pt(100) electrodes. The microtiter
plate with the collected samples was placed in an auto sampler
(SIL-20A) holder, and the samples were analyzed by highperformance liquid chromatography (Prominence HPLC,
Shimadzu). Thirty microliters of sample was injected into the
column conﬁguration of an Aminex HPX 87-H (BioRad)
together with a Micro-Guard Cation H cartridge (BioRad) in
series with a Sugar SH1011 (Shodex) column, and diluted
sulfuric acid (0.5 mM) was used as the eluent. The temperature
of the column was maintained at 70 °C in a column oven

process due to requirements of high yield, selectivity, and
quality. However, microbial oxidation suﬀers from a low
glycerol concentration and a long operating time.12,13
Previous results on the electrochemical oxidation of glycerol
have demonstrated that the activity and selectivity of the
reaction are strongly inﬂuenced by the pH,6 the nature and
structure of the catalyst14,15 and the presence of p-block
promoters in solution.11,16 Especially promoters such as Bi and
Sb can have a dramatic eﬀect on the selective formation of
GALD vs DHA. Although pure platinum electrodes favor the
oxidation of the primary alcohol, the presence of Bi and Sb can
lead to an almost 100% selectivity toward DHA. A similar eﬀect
has recently been observed with larger polyols, such as
sorbitol.17 Although this eﬀect of promoters on selective aldose
vs ketose formation has been known from heterogeneous
catalysis,18,19 there is remarkably little atomic-level insight into
the mechanism of selective polyol oxidation and the
intermediates involved.
The present paper will present important new insights into
the mechanism and selectivity of glycerol oxidation on Pt
single-crystal electrodes by showing that the selectivity toward
GALD/DHA is highly structure sensitive. By combining
detailed spectro-electrochemical experiments with ﬁrst-principles density functional theory (DFT) calculations, we are able
to show that the selectivity of glycerol oxidation is determined
by its initial mode of adsorption to the surface, suggesting that
an enediol-type surface intermediate plays a crucial role in
DHA formation. Furthermore, our experimental results prove
the existence of an oxidation pathway involving an irreversibly
polyol-type intermediate that is very diﬃcult to oxidize (and
that is not carbon monoxide).
Our ﬁndings demonstrate the decisive role of surface
crystallographic structure on selectivity of the glycerol electrooxidation reaction, and on the basis of this knowledge,
eventually new practical catalysts may be developed to improve
the activity and selectivity of reaction to the desired products.

■

EXPERIMENTAL SECTION
Experimental Conditions, Electrodes, and Reactants.
All experiments were performed at room temperature (20° ± 1
°C) in a conventional three-electrode single cell, which was
cleaned by a standard procedure to remove all organic traces.20
The chemicals used for solution preparation were high-purity
perchloric acid (70% Merck Suprapur), glycerol (GLY) (85%,
analytical grade), glyceraldehyde (GALD), and 1,3-dihydroxyacetone (DHA) from Sigma-Aldrich and ultrapure water from
a Millipore system (18.2 MΩcm−1). The counter and reference
electrodes were a Pt wire and a reversible hydrogen electrode
(RHE), respectively. The working electrodes were Pt(111) and
Pt(100) purchased from icryst, with geometric areas of 0.0402
and 0.0366 cm2, respectively.
Electrochemical Measurements. Electrochemical measurements were controlled with a Potentiostat/galvanostat
(μAutolab Type III). In order to obtain ordered and clean
surfaces, single crystal electrodes were prepared according to
the well-known Clavilier method,21,22 which consists in
annealing the working electrode in a hydrogen−oxygen ﬂame
and cooling in a reductive H2/Ar atmosphere. Next, the
electrode is protected with a droplet of water saturated with the
cooling gases, to prevent the contamination and reconstruction
of the electrode surface during transfer to the electrochemical
cell. The working electrode was introduced into the cell
containing oxygen-free supporting electrolyte (0.5 M HClO4).
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(CTO-20A), and the separated compounds were detected with
a refractive index detector (RID-10A). The expected products
were analyzed separately to produce standard calibration curves
at 70 °C (i.e., glyceraldehyde, dihydroxyacetone, glyceric acid,
glycolic acid, formic acid, oxalic acid, mesoxalic acid,
hydroxypyruvic acid, and tartronic acid).
OLEMS Experiments. The volatile products of the electrooxidation of GLY, GALD, and DHA were detected using online
electrochemical mass spectroscopy (OLEMS) with an
evolution mass spectrometer system (European Spectrometry
systems Ltd.).24 The porous Teﬂon tip (inner diameter, 0.5
mm) was positioned close (≈10 μm) to the center of the
electrode. Before the experiments, the tip was dipped into a 0.2
M K2Cr2O7 in 2 M H2SO4 solution for 15 min and rinsed with
ultrapure water thoroughly. The gas products were collected
through a polyether ether ketone (PEEK) capillary into the
mass spectrometer. A 1500 V secondary electron multiplier
(SEM) voltage was applied for all the fragments. The OLEMS
measurement was conducted while the CV was scanned from
0.06 to 0.9 V and back at a scan rate of 1.0 mV s−1. The
OLEMS measurements were not calibrated and therefore
provide qualitative information only.
FTIR Experiments. To provide information about the
surface-adsorbed intermediates of the electrochemical glycerol
oxidation reaction, in situ FTIR spectra were collected. The
FTIR instrument was a Bruker Vertex 80 V IR spectrometer
equipped with liquid nitrogen cooled detector. In situ FTIR
experiments were performed in a three electrode spectroelectrochemical cell with a CaF2 prism attached to the bottom
of the cell. Details concerning the cell are described in the
literature.25 FTIR spectra were obtained in the wavenumber
range between 2500 cm−1 to 1000 cm−1. Spectra were collected
in 0.1 V steps from 0.2 to 0.9 V versus RHE. They were
computed from the average of 100 interferograms with spectral
resolution set to 8 cm−1. Spectra are presented as absorbance,
according to A = −log (R/R0), where R and R0 are the
reﬂectance corresponding to the single beam spectra obtained
at the sample and reference potentials, respectively.

Figure 1. Hydrogen naming procedure. Even numbers denote
hydrogen that are part of OH groups, and odd numbers denote
hydrogen atoms that are bound to carbon atoms.

groups. At ﬁrst glance, the hydrogen atoms 1 and 3/7 and 9
appear to be equivalent, and in gas-phase or liquid-phase
glycerol, they certainly are; however, when adsorbed, the
rotational symmetry is broken due to the presence of the
surface that inhibits the free movement and rotation of the
adsorbed species. This means that both 1−3 and 7−9 are no
longer equivalent, due to the interaction of the OH groups with
the surface. This has quite a large inﬂuence on the adsorption
energies of these states as will be discussed later on.

■

RESULTS AND DISCUSSION
Experimental Results. Electro-Oxidation of Polyol on
Pt(111) and Pt(100). Figure 2 shows the cyclic voltammetry
proﬁle obtained at 1.0 mV s−1 in 0.5 M HClO4 + 0.1 M polyol,
as well as the corresponding main liquid products of the
electrochemical oxidation of GLY, GALD, and DHA detected
by HPLC and the ionic current related to the mass signal (m/z
= 44) from the CO2 production, as detected by OLEMS
measurements, on both Pt(111) and Pt(100) electrodes.
The base voltammetry of Pt(111) and Pt(100) in pure
HClO4 electrolyte are shown in the Supporting Information
(SI, Figure S1), showing the typical features of well-ordered Pt
single crystals, as reported by Clavilier and coauthors.34,35
Figure 2a shows the CV for the glycerol oxidation reaction
on both Pt(111) and Pt(100) electrodes. In the forward scan,
the onset potential for the electrochemical oxidation of glycerol
on Pt(111) electrode is at 0.5 V. The current peak at 0.60 V is
followed by a sharp drop. On the Pt(100) electrode, a similar
CV proﬁle is observed, only shifted to higher potential by ca.
0.1 V. Figure 2b displays the corresponding main liquid
products of the electrochemical oxidation of glycerol on the
two surfaces. With respect to the ﬁrst step of glycerol electrooxidation, glyceraldehyde (GALD) and dihydroxyacetone
(DHA) are the products obtained by oxidation of the primary
and secondary hydroxyl group of glycerol, respectively.1,11
According to the HPLC data, on the Pt(111) electrode the ﬁrst
product of glycerol oxidation is glyceraldehyde, which is
detected from 0.48 V with its concentration increasing until
0.85 V, after which it decreases again. The second product
detected, albeit in a lower amount, is DHA, as well as glyceric
acid, a product of the further glyceraldehyde oxidation, which
both appear from 0.6 V. Although Pt(111) forms more than
one product, only a single anodic wave is observed in the
anodic scan. Remarkably, on the Pt(100) electrode, GALD was
detected as the only product of the glycerol electro-oxidation
reaction, which increases its concentration from 0.6 V until
around 0.75 V, after which the concentration decreases. The
results suggests that the faradaic current of the electrochemical
oxidation of glycerol on Pt(100) (Figure 2a) should be ascribed
primarily to the conversion of glycerol into glyceraldehyde.
Figure 2c displays the mass signal (m/z = 44) related to the
production of CO2 from glycerol oxidation. On Pt(111), in the
positive-going scan, the production of CO2 from glycerol

■

COMPUTATIONAL METHODS
The computations of the interaction of GLY, GALD, and DHA
with the Pt surface were performed using the ab initio density
functional code VASP26−29 using the PBE functional30 and
PAW projectors.31,32 The unit cell was chosen as a 4 × 4 cell on
Pt(111) and a 4 × 5 cell on Pt(100) such that the repeated
images of the adsorbates are far enough apart to minimize
interaction. The k-point sampling was chosen so the density of
k-points is kept as constant as possible, which corresponds to a
3 × 3 × 1 sampling for both surfaces. A basis set with a cutoﬀ
energy of 400 eV was chosen. To calculate onset potentials for
oxidation, we employ the computational hydrogen electrode
scheme suggested by Norskov et al.33
Adsorption energies are given as DFT energies and do not
include solvation energies to compute free adsorption energies
of the products, because those were not available for some
species (e.g., the enediol species). The reported DFT energies
include a correction term for the zero point energy. In
discussing the computational results, we will employ a naming
scheme for the individual hydrogen atoms that will
subsequently be removed from the glycerol, which is shown
in Figure 1. The scheme is built so that odd numbers
correspond to the hydrogen atoms that are connected to the
main carbon chain, while even numbers are part of the OH
4493

DOI: 10.1021/acscatal.6b00709
ACS Catal. 2016, 6, 4491−4500

Research Article

ACS Catalysis

Figure 2. (a,d,g) Cyclic voltammograms for 0.1 M of glycerol, glyceraldehyde, and dihydroxyacetone oxidation on Pt(111) (black line) and Pt(100)
(red line) electrodes in HClO4, respectively. (b,e,h) Corresponding liquid product concentration as measured by online HPLC and (c,f,i)
corresponding mass signal (m/z = 44) related to the production of CO2 as measured by OLEMS.

The results in Figure 2a−c conﬁrm that glycerol oxidation is
a very structure-sensitive reaction,14 not only in terms of
activity but also, more surprisingly, in terms of reaction
selectivity. Whereas Pt(100) is selective for primary alcohol
oxidation, Pt(111) leads to both primary and secondary alcohol
oxidation. In the section Computational Results, we will show
that this diﬀerence in selectivity is likely due to a fundamentally
diﬀerent binding mode of dehydrogenated glycerol on the two
surfaces.
Because glyceraldehyde and dihydroxyacetone are the ﬁrst
products from electrochemical glycerol oxidation and they can
diﬀuse into the bulk of the solution or can be further oxidized,
we also investigated the reactivity of these alcohols on Pt(111)
and Pt(100) electrodes by combined HPLC and OLEMS
voltammetry measurements.
Figure 2d−f compare the cyclic voltammetry proﬁles for
GALD oxidation on Pt(111) and Pt(100) electrodes and the
corresponding liquid products and CO2 production, respectively. The onset potential for GALD oxidation is almost the
same on Pt(111) and Pt(100) electrodes (Figure 2d) at ca. 0.6

oxidation starts at about 0.5 V, passes through a maximum at
around 0.65 V followed by a decrease to zero current. In the
negative-going scan, the CO2 formation was detected between
0.85 and 0.5 V, but the maximum ionic current is somewhat
lower than the maximum ionic current detected in the positivegoing scan. Comparing these results with those obtained by
HPLC (Figure 2b), the results show that in the potential range
considered, glycerol is oxidized to incomplete reaction products
such as GALD, DHA, and glyceric acid, but the C−C bond
breaking and further CO2 formation also take place, presumably
through glycolic acid and formic acid intermediates, as
suggested by the mechanism presented by Kwon et al.15
On Pt(100), the ionic current for the production of CO2
follows the same trend as the voltammetric proﬁle shown in the
Figure 2a. According to HPLC (Figure 2b), glyceraldehyde is
the only product on Pt(100), but on the basis of the OLEMS
results (Figure 2c), we can aﬃrm that Pt(100) electrode also
leads to the C−C bond breaking of the glycerol, suggesting the
formation of other intermediate products such as glyceric acid
and formic acid and its subsequent oxidation to CO2.
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Figure 3. Adsorbate stripping from glycerol adsorption on (a) Pt(111) and (b) Pt(100) electrodes, in 0.5 M HClO4; scan rate = 0.010 V s−1. First
scan (dashed line) and subsequent scans (solid lines).

3a,b show the stripping of the adspecies from GLY on Pt
(111) and Pt(100), respectively. For both electrodes, an
oxidation-stripping peak is observed starting in the double-layer
region, which disappears only after ﬁve scans, suggesting very
slow oxidation kinetics of the corresponding adsorbate.
Interestingly, the typical peaks in the H-region, between 0.06
to 0.4 V, related to the H adsorption/desorption,34,35 show
incomplete blockage of the hydrogen sites by adsorption of this
species, and from the second scan the hydrogen region is
characterized by the presence of free hydrogen-adsorption
states, though oxidative stripping of the adsorbate is still
observed.
The oxidation of the adsorbates from glycerol on Pt(111)
and Pt(100) starts at around 0.4 and 0.5 V, respectively. On
Pt(111) (Figure 3a), the oxidative current gives a broader peak
with a maximum at 0.68 V, followed by a small and sharp peak
at around 0.8 V, which is related to the OHads region of the
Pt(111).36 A sharper oxidation peak was observed for Pt(100)
with a maximum at 0.63 V (Figure 3b). These ﬁndings imply
that on Pt(111), the glycerol adsorbate is oxidized at a lower
potential than on Pt(100). The oxidation charges QOx(GLY)
involved in the process, calculated by the sum of the stripping
charges of all cycles, is much higher for Pt(111) than for
Pt(100) (see Table 1), that is, 680 vs 390 μC cm−2,
respectively.

V; however, the faradaic current at higher potential is much
higher for Pt(100) than for Pt(111). On the other hand, in the
return scan, Pt(111) shows a higher activity.
The results displayed in Figure 2e show that both Pt(111)
and Pt(100) electrodes oxidize GALD to glyceric acid (GEA),
glycolic acid (GOA), and formic acid (FA). The ionic currents
related to the CO2 production from GALD oxidation are
shown in Figure 2f, showing that the electrochemical oxidation
of GALD on Pt(111) and Pt(100) electrode are both
accompanied by production of CO2. In the positive-going
scan, the production of CO2 (Figure 2e) starts at around 0.6 V
on both Pt(111) and Pt(100) electrodes, the same potential at
which GALD starts to be oxidized. However, on Pt(100), the
CO2 production is higher than on Pt(111). These results
reinforce our belief that glyceric acid is also a product from
glycerol electro-oxidation on Pt(100), though it was not
detected by HPLC (Figure 2b), probably because on Pt(100),
glyceric acid is formed in a potential region in which it is
quickly oxidized to other products like glycolic acid and formic
acid, as shown in Figure 2e. Formic acid is further oxidized to
CO2, explaining the higher current obtained for Pt(100) in
comparison to the Pt(111).
The reactivity for DHA electro-oxidation on Pt(111) and
Pt(100) electrodes is shown in Figure 2g−i. Figure 2g shows
that Pt(100) is much more active for the oxidation of DHA
than Pt(111). The results obtained by HPLC (Figure 2h) show
that hydroxypyruvic acid (HPA) is one of the products of the
DHA oxidation reaction, but even though the oxidation of
DHA is more pronounced on Pt(100), the concentrations of
HPA are similar for Pt(111) and Pt(100) in the studied
potential range. More surprising results were obtained by
OLEMS measurements (Figure 2i) in which a very low signal
related to the CO2 production was detected on Pt(111), while
on Pt(100), no mass signal (m/z = 44) from CO2 was detected.
It means that the oxidation of dihydroxyacetone and possible
byproducts on Pt(100) are not accompanied by the cleavage of
the C−C bond. The concentrations of HPA and CO2 are very
low for both electrodes, meaning that on Pt(100), which shows
a relatively high current, neither of them can be a major
product.
In order to characterize possible irreversibly adsorbed
intermediates during the electrochemical oxidation of glycerol,
glyceraldehyde, and dihydroxyacetone in acid solution,
adsorbate-stripping measurements were performed. Figure

Table 1. Values of the Oxidation Charges Q(Ox) Involved in
Each Process

Pt(100)
Pt(111)

QOx(CO) μC
cm−2

QOx(GLY) μC
cm−2

QOx(GALD) μC
cm−2

QOx(DHA) μC
cm−2

280
208

390
680

120
330

300
223

Results shown in Figure S2 of the SI show the same features
for the oxidation of glyceraldehyde and dihydroxyacetone
adsorbates on Pt(111) and Pt(100). By comparison with the
glycerol adsorbate (Figure 3), the proﬁles are very similar;
however, the relative charges involved in the oxidative process
are signiﬁcantly lower for GALD and DHA, as presented in the
fourth and ﬁfth column in Table 1, where QOx(CO), QOx(GLY),
QOx(GALD), and QOx(DHA) are the oxidation charges calculated
from oxidation of adsorbates formed from CO, glycerol,
glyceraldehyde, and dihydroxyacetone, respectively.
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Figure 4. In situ FTIR spectra (a,c) and the corresponding integrated absorbance signal (b,d) as a function of potential, (100 scans, resolution 8
cm−1) of (a,b) Pt(111) and (c,d) Pt(100), in 0.5 M HClO4 + 0.1 M glycerol. The reference spectra were collected at 0.1 V vs RHE and the sample
spectra were acquired by applying potential steps.

adsorbate exhibits limited blockage of the hydrogen region and
requires several scans for complete oxidation.
These results suggests that when the electrode is held at 0.2
V in GLY, GALD, and DHA containing solution, an adsorbed
intermediate is formed that is diﬃcult to oxidize, but that is not
CO. In situ FTIR spectra taken after adsorption of species are
shown in Figure S3. According to the set of spectra, the
oxidation of species coming from GLY, GALD, and DHA
adsorption seems to be accompanied by CO2 production as the
applied potential increases but no band related to adsorbed CO
or any other surface adsorbate was detected in the studied
wavenumber range. This suggests that the coverage of the
adsorbate is low, as also indicated by the limited blockage of the
hydrogen region. Previous ATR-SEIRAS experiments by
Schnaidt et al.40 on glycerol electro-oxidation on Pt thin-ﬁlm

To compare the results obtained from the stripping of the
polyol adsorbate, CO stripping measurements were also carried
out and the results are included in Figure S2. The voltammetric
stripping proﬁles of the CO adlayers on Pt (111) and Pt(100)
are very similar to those reported by Cuesta et al.,36
characterized by a complete blocking of hydrogen adsorption
region, because no peak was observed in the range potential
between 0.06−0.4 V, and by a main CO stripping peak at
around 0.74 and 0.72 V, for Pt(111) and Pt(100), respectively.
A comparison between the stripping proﬁles obtained from
oxidation of the polyol adsorbates and CO shows that the
proﬁles are very diﬀerent. As previously reported by several
authors,36−39 CO strongly adsorbs on the Pt surface, blocking
completely the hydrogen region, and at higher potential, CO is
completely oxidized in a single scan. However, the polyol
4496
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Figure 5. Glycerol oxidation reaction pathways on (a) Pt(111) and (b) Pt(100) as suggested by the DFT calculations.

electrodes have provided evidence for the existence of adsorbed
glyceroyl and adsorbed glycerate intermediates. The authors
found that glycerate/glyceric acid is rather inert to further
oxidation on platinum but also that adsorbed glycerate is in a
fast adsorption/desorption equilibrium with glyceric acid in
solution. Therefore, the strongly adsorbed intermediate
observed in our work should probably not be identiﬁed with
adsorbed glycerate. Also, adsorbed glycerate cannot be an
intermediate from DHA oxidation.
In Situ FTIR Measurement of the Glycerol Oxidation on
Pt(111) and Pt(100). Figure 4 shows the in situ FTIR spectra

obtained during oxidation of 0.1 M glycerol on Pt(111) and
Pt(100), in the wavenumber region ranging between 2500 cm−1
to 1000 cm−1 and the corresponding integrated absorbance
signal as a function of potential for the species detected. The set
of spectra was acquired by increasing the potential in steps from
0.1 to 0.9 V vs. RHE. The reference spectrum was taken at 0.1
V. Diﬀerent bands can be observed depending on the surface
orientation and on the applied potential. The most noticeable
spectral features are the appearance of bimodal bands near 2045
and 1840 cm−1, ascribable to the buildup of linearly41 and
bridge-bonded42 adsorbed carbon monoxide, respectively, and
4497
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Figure 6. Glycerol oxidation mechanism on Pt(111) and Pt(100) electrodes in acidic solution.

the appearance of a band at 2345 cm−1 assigned to the O−C−
O asymmetric stretching mode of the CO2 molecule.43
Bridge-bonded CO at 1830−1870 cm−1 was observed only
on Pt(100) (Figure 4c), whereas linearly bonded CO was
detected on both Pt(111) and Pt(100). According to Figure
4a,b, linearly bonded CO on Pt(111) appears at 0.3 V. The
production of CO2 starts at 0.7 V. At 0.8 V, linearly bonded CO
has been completely oxidized to CO2, because no band at 2045
cm−1 is observed anymore (Figure 4a).
Carbonyl compounds, like aldehydes, ketones, and carboxylic
acid, are formed as intermediates of the glycerol oxidation
reaction on Pt(111) electrode in acidic media, as seen by the
bands at 1740, 1420, and 1250 cm−1, which appear at 0.5−0.6 V
(Figure 4b), and they are related to the CO stretching of
carbonyl groups, the C−O stretching/OH deformation of
carboxylic acids, and to symmetric bending vibration (O−C−
O), respectively.44 These carbonyl compounds can be assigned
to glyceraldehyde, dihydroxyacetone, glyceric acid, and formic
acid, in good agreement with HPLC data (Figure 2b).
Bridge-bonded CO is formed on Pt(100) (Figure 4c,d) at ca.
0.2 V, as evidenced by a well-deﬁned negative band at 1870
cm−1 (Figure 4c). The positive weak band at 2045 cm−1, which
appears at 0.2 V, is related to the appearance of linearly bonded
CO. Note that bridge-bonded CO shows a negative peak from
0.2 V, implying that it is being converted into linearly bonded
CO with increasing potential. This band grows until 0.6 V, the
same potential at which CO2, assigned at 2345 cm−1, starts to
form (Figure 4d). At potentials higher than 0.6 V, the CO2
band increases its intensity, and at 0.9 V, the band at 2045 cm−1
disappears completely. It suggests that the production of CO2
on Pt(100) is more related to the oxidation of linearly bonded
CO than to the oxidation of bridge-bonded CO.
Computational Results. In order to gain more insight into
the glycerol oxidation reaction pathway, we have performed
DFT calculations on Pt(111) and Pt(100) surfaces. Figure 5a

shows the key intermediates and the onset potentials for their
formation using the computation hydrogen electrode scheme.
We only show the most stable intermediates found. It should be
noted that conﬁgurationally ”similar” conﬁgurations (e.g.,
adsorbates with the hydrogen numbered 1 or 9 and 1 or 7
removed) can diﬀer by as much as 0.2 eV in energy, due to the
diﬀerent interaction of the OH groups with the platinum
surface.
In our calculations, we found that the ﬁrst dehydrogenation
step of glycerol on Pt(111) preferentially abstracts the
hydrogens that are connected to the carbon atoms (i.e.,
number 1, 3, and 5), similar to the ﬁndings of Liu and
Greeley.45 The second dehydrogenation step also involves the
breaking of a C−H bond. All intermediates that adsorb through
O−H bond breaking are found to be at least 0.5 eV less
favorable than those adsorbing through carbon. The most
stable intermediates on Pt(111) were found to bind through
the two primary carbons/atoms (i.e., 1−7, 1−9, 3−7, and 3−9),
with carbons (C) coordinating in an on-top position to a
surface platinum atom, again in good agreement with previous
calculations of Liu and Greeley. It seems however that the
intermediate can only dissociate, rather than come oﬀ the
surface, because there is no possibility for it to exist in liquid
phase without undergoing signiﬁcant atom rearrangement.
Therefore, we postulate that the actual reaction to form GALD
and DHA must proceed via the other stable intermediate
shown in Figure 5a, which binds through the primary and
secondary carbon (i.e., 1−5 and 3−5). This intermediate is
similar to an enediol species and can therefore leave the surface.
Because this enediol species is the intermediate of the acid−
base-catalyzed isomerization reaction between DHA and
GALD, also known as the Lobry de Bruyn-Alberda van
Ekenstein transformation,46 we assume that after the enediol
desorbs from the surface it will further react to GALD and
DHA.
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In the mechanism shown in Figure 6, glyceraldehyde is
oxidized to glyceric acid in a subsequent two-electron transfer
step. As a next two-electron transfer step, glyceric acid is
oxidized by cleavage of C−C bond to formic acid and glycolic
acid.15 The production of formic acid is considered on the basis
of the OLEMS results, which showed that CO2 is a product of
the glycerol electro-oxidation, and on the basis of the HPLC
results, in which formic acid was identiﬁed as a product of
glyceraldehyde oxidation on both electrodes. In the pathway of
the secondary alcohol oxidation, dihydroxyacetone is further
oxidized to hydroxypyruvic acid via a four-electron transfer
reaction. Dihydroxyacetone is very diﬃcult to oxidize to CO2,
explaining the very small amount of CO2 observed in the
OLEMS experiments of dihydroxyacetone oxidation.
The mechanism shown in Figure 6 adds important details to
a mechanism suggested previously by Kwon et al.15 In
particular, it highlights the unique importance of the initial
bonding mode of glycerol and its role in the ﬁrst oxidation
product formed (i.e., glyceraldehyde (aldose) versus dihydroxyacetone (ketose)). From the Tafel slope of 120 mV dec−1
measured by Kwon et al.,15 we can conclude that the formation
of the ﬁrst adsorbate is rate-determining. In addition, it
identiﬁes a new adsorbed intermediate that is strongly adsorbed
and very diﬃcult to oxidize. We expect these mechanistic
features to apply also to higher polyols with four or more
carbon atoms, to be investigated in future work.

Figure 5b shows the adsorption energies of the key
intermediates on Pt(100). We ﬁnd that glycerol oxidation on
the Pt(100) surface shows similar trends for the ﬁrst
dehydrogenation step as on Pt(111). Carbon-bound intermediates are always signiﬁcantly more stable than oxygenbound intermediates, by about 0.2 eV. The ﬁrst dehydrogenation step shows the same trend as on Pt(111) with a
preference for the removal of the hydrogens numbered 1,3 and
5. The second dehydrogenation step again shows mostly the
same trends as before, with a preference for binding through
carbon to the surface. However, here the main qualitative
diﬀerence between Pt(111) and Pt(100) appears. The
intermediate 1−3, which corresponds to a doubly dehydrogenated carbon bound to a surface platinum atom, is
signiﬁcantly more stable on the Pt(100) surface. This
intermediate, which is not favorable on Pt(111), can desorb
after transferring 1 hydrogen from the primary OH group to
the primary carbon itself, forming only GALD and no DHA.
The higher stability of the doubly bound glyceraldehyde
precursor on Pt(100) may be qualitatively explained by the
lower coordination number of the platinum atoms in the
Pt(100) surface, making the formation of stronger double
bonds to a single surface atom more favorable than on the
close-packed Pt(111) surface. The close-packed Pt(111)
surface, on the other hand, will favor the formation of single
bonds, and hence, intermediates coordinating to the surface
through two C−Pt single bonds will be more stable.

■

■

CONCLUSIONS
The elucidation of the mechanism of the electrochemical
glycerol oxidation reaction is complex because it involves
several intermediates and reaction steps including the cleavage
of C−C bonds. An important new aspect identiﬁed in this
paper is the high structure sensitivity of the selectivity of the
initial glycerol oxidation on platinum toward primary or
secondary alcohol oxidation. By a combination of detailed
electrochemical experiments, spectroscopy, and density functional theory calculations, we have shown that the selectivity of
primary versus secondary oxidation is determined by the initial
bonding mode of the dehydrogenated glycerol adsorbate. On
the Pt(111) electrode, doubly dehydrogenated glycerol binds
through the primary and secondary carbon atoms, yielding an
enediol intermediate. This intermediate yields glyceraldehyde
and dihydroxyacetone (i.e., products of the oxidation of the
primary and secondary hydroxyl group of glycerol, respectively,
as the ﬁrst stable soluble intermediates of the reaction). On the
Pt(100) electrode, on the other hand, dehydrogenated glycerol
binds through a single primary carbon atom, so that only
GALD is the ﬁrst stable intermediate of the reaction. In
addition, our results also suggest the formation of another
strongly bonded intermediate during glycerol oxidation, that is
not CO, and that is very diﬃcult to oxidize.
Our results have provided essential new information that
help elucidate the factors determining the selectivity of the
glycerol oxidation reaction. We expect that these results will
impact on our understanding of selective glycerol, including the
eﬀect of promoters, as well as on the selective oxidation of
higher polyols and other sugar molecules.

GENERAL DISCUSSION
On the basis of the results presented in the previous sections,
we can suggest a detailed new mechanism for the glycerol
electro-oxidation reaction on Pt(111) and Pt(100) electrodes
in acid solution, as shown schematically in Figure 6. Our
combined experimental and computational results suggest two
diﬀerent active intermediates of initial glycerol dehydrogenation
on the Pt surface: an enediol-type intermediate binding with
two adjacent C atoms to the Pt(111) surface, and an
intermediate binding through a single primary C to the
Pt(100) surface. We attribute the diﬀerent bonding modes to
the Pt(111) and Pt(100) surface to the diﬀerent coordination
numbers of their Pt surface atoms, allowing only single Pt−C
bonds on Pt(111) but favoring a double PtC bond on
Pt(100). The enediol-type intermediate is similar to the
intermediate of the glyceraldehyde-dihydroxyacetone isomerization reaction and serves as a precursor to the formation of
both glyceraldehyde and dihydroxyacetone on Pt(111).
However, the intermediate favored on Pt(100) yields only
glyceraldehyde as soluble product. Besides these two active
intermediates, our stripping experiments suggest the existence
of a third “inactive” intermediate, which is formed from
glycerol, glyceraldehyde as well as dihydroxyacetone (though its
coverage is lower when formed from the latter two). This
inactive intermediate has a low coverage (whence our inability
to identify it with FTIR spectroscopy), and it is very resistant to
oxidation, because it takes multiple oxidation scans to remove it
from the surface. The only oxidation product observed from the
stripping of this adsorbate is CO2, but the adsorbate is clearly
not CO. At this moment, we can only speculate on the nature
of this species. The species bound to the Pt surface through its
two primary C atoms (see Figure 6) is a potential candidate.
DFT calculations suggest that this species is the most stable
adsorbate on Pt(111), but it does not have a soluble
counterpart, in contrast to the two “active” intermediates.
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