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▪ 

Figure 1. Structural comparison of the C4 polyols. The molecular 
structure of GlOH does not permit the existence of isomers. Threitol 
has two enantiomers (which are diasteromers of erythritol). Erythritol 
and its mirror image are the same molecule. 

In this paper, we study the electrochemical oxidation of the 
C4 polyols on Pt(111), Pt(100) and Pt(110) electrodes and 
the stability of the double-dehydrogenated C4 intermediates on 
Pt(111), Pt(100) and Pt(110) using voltammetry, in situ 
infrared spectroscopy, and first-principles density functional 
theory (DFT) calculations. 

The experiments show that while Pt(110) selectively 
oxidizes the primary carbon, Pt(111) and Pt(100) produce 
both the acid (oxidation of the primary carbon) and the ketone 
(oxidation of the secondary carbon), with the ratio ketone/ 
acid being higher for Pt(111). 

The DFT calculations suggest that the production of the 
ketone is related to the ability of the surface to stabilize an 
enediol intermediate. Finally, erythritol and threitol show 
exactly the same oxidization characteristics, permitting us to 
conclude that the reaction is not sensitive to the OH group 
orientation. 

EXPERIMENTAL SECTION 
Electrochemical System and Surface Preparation. All 

electrochemical measurements were performed at room 
temperature (25 ± 1 °C) in a conventional three-electrode 
cell. A platinum foil and a reversible hydrogen electrode were 
used as counter and reference electrode, respectively. All 
potentials were measured versus a reversible hydrogen 
electrode (RHE) in contact with the blank electrolyte. The 
working electrodes were Pt(111), Pt(110), and Pt(100) 
acquired from Icryst. Before each experiment, the electrodes 
were flame annealed and cooled in an H2 + Ar atmosphere. 
Subsequently, the electrode was transferred to an electro- 
chemical cell with the surface protected by a droplet of 
ultrapure water saturated with the Ar/H2 mixture, thus 
avoiding contamination and reconstruction of the surface 
during its transfer to the electrochemical cell.20,21 

In order to verify the ordering of the electrode surface, cyclic 
voltammograms were acquired between 0.05 and 0.80 V in N2- 
saturated 0.1 mol L−1 HClO4 solution at 50 mV s−1. Next, the 
electrode was transferred to another cell containing 5 mmol 
L−1 polyol (erythritol or D-threitol) in 0.1 mol L−1 HClO4 
solution. The linear positive potential sweep were obtained 
from 0.05 to 0.9 V at 1 mV s−1. The D-threitol was used 
because the racemic mixture, also commercially available, has 
lower purity. 

In Situ FTIR. Spectra were acquired using a Shimadzu IR 
Prestige-21 equipped with a mercury−cadmium telluride
(MCT) detector. A homemade spectroelectrochemical cell, 
with a CaF2 window, was attached to a specular reflection 
accessory (Veemax II, Pike Technologies). Before each 
experiment, the electrodes were prepared as described in the 

previous section. All spectra were recorded with an average of 
256 interferograms and 4 cm−1 resolution during chronoam- 
perometry experiments at potentials between 0.1 and 0.7 V. 
The electrolyte was a N2-saturated 0.1 mol L−1 HClO4 solution 
containing 5 mmol L−1 polyol (erythritol or D-threitol). Finally, 
all absorbance spectra were plotted as the ratio R/R0, where R0 
is the reference spectrum collected at 0.1 V and R is the 
spectrum obtained as a function of the applied potential, 
including the spectrum recorded at 0.1 V. 

For product detection, we also performed electrolysis and 
HPLC analysis. However, the low amount of products detected 
did not permit to extract reliable conclusions. 

Chemicals. All solutions were made with ultrapure water 
(18.2 MΩ cm−1, 25 °C, Millipore), and chemicals were used
without any prior purification. The chemicals used were 
perchloric acid (97%, 99.999% trace metals basis Sigma- 
Aldrich), D-threitol (99%, Sigma-Aldrich), meso-erythritol 
(≥99%, Sigma-Aldrich), D-erythronic acid γ-lactone (95.0%,
Sigma-Aldrich),  L-(+)-erythulose  (≥85%,  HPLC,  Sigma-
Aldrich), and deuterium oxide (99.9% atom% D, Sigma- 
Aldrich). 

Computational Methods. Atomistic computer simula- 
tions were performed based on DFT using the VASP code 
(Vienna ab initio simulation package).22−24 The Kohn−Sham
equations25,26 were solved using a periodic approach along the 
three directions with a plane-wave basis set. For the exchange- 
correlation functional we used the generalized gradient 
approximation (GGA) with the parametrization of Perdew− 
Burke−Ernzerhof (PBE).27 The effects of van der Waals
interactions were taken into account by using Grimme’s 
corrections to the PBE functional (PBE+D3).28,29 The PAW 
method30,31 was applied for the description of the core 
electrons. 

The computational work focused on five double dehydro- 
genated adsorbed species derived from the erythritol which 
were bound to the three Pt single crystal basal planes (Figure 
2). The intermediate doubly dehydrogenated at the C1 is 

Figure 2. Overview of the five erythritol derived structures adsorbed 
on the Pt(100) surface and the numbering of the carbon atoms in the 
erythritol molecule. 

named intermediate 1; the others were dehydrogenated in two 
different carbons, on C1 and C2, C1 and C3, C2 and C3, and, 
finally, C1 and C4, and named intermediates 2, 3, 4, and 5, 
respectively. 

The calculations include the free platinum surfaces, the 
adsorption systems and the isolated molecules of erythritol and 
H2. The molecule was constructed in a nonsymmetric box of 
20 × 21 × 19 Å. From the equilibrium lattice constant of 3.967 
Å found for the Pt bulk (deviation of 1.2% from experimental 
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measure32), we created slab models for the (100), (111), and 
(110) Pt surfaces, with 4 × 5, 4 × 4, and 3 × 5 cells and 6, 5,
and 5 atomic layers, respectively. The bottom two layers were
kept fixed during geometry optimizations and a vacuum
distance of 20 Å was set to guarantee a negligible interaction
between slab surfaces.

During the simulations, the orientation of the hydroxyl 
groups proved to be important. Therefore, we explored several 
different structures in order to obtain the most favorable ones. 
For the optimization we employed a plane-wave cutoff energy 
of 450 eV and a 3 × 3 × 1 k-points sampling, generated with 
the Monkhorst−Pack method. The convergence criteria were 
0.01 eV/Å for the forces and 10−6 eV for the electronic energy. 
The static calculations were performed with a 6 × 6 × 1 k- 
points mesh also generated using the Monkhorst−Pack
method. 

The energy trends of the intermediates on the three 
platinum surfaces was studied from the adsorption energies 
(ΔEads), calculated as follows:

ΔEads = EPt−surface+intermediate − (EPt−surface + EErythritol − EH2
)

(1) 

where EPt‑surface+intermediate presents the energy of the adsorbate− 
substrate system, EPt‑surface represents the total energy of the Pt 
surface, EErythritol represents the total energy of the free 
erythritol molecule, and EH2 represents the total energy of 
free H2. 

The free energies of adsorption (ΔGads) were obtained by
adding vibrational zero-point energy (ΔEZPE) and vibrational
entropy corrections (ΔS) to the adsorption energies (eq 2). In
order to calculate the free energies of adsorption, the most 
favorable structures were selected and the calculation of their 
vibrational frequencies were performed using density func- 
tional perturbation theory methodology (DFPT).33,34 Figure 3. Positive-going sweep of the 1st cycle of the voltammetric 

ΔG = ΔE + ΔE − TΔS response for the erythritol and D-threitol oxidation in 0.1 mol L−1 
ads ads ZPE (2) HClO4 + 5 mmol L−1 polyol on Pt(111) and Pt(100). Sweep rate of 1 

mV s−1.
During the vibrational calculations, almost all surface atoms 
were kept frozen (the free energy variation of the platinum 
atoms was disregarded), except those involved in bonds, 
whereas the adsorbates were allowed to vibrate. The same was 
done for the free erythritol molecule and for H2. The zero- 
point energy term was obtained through half of the sum of the 
vibrational frequencies multiplied by the Planck constant while 
the entropy change was computed from statistical mechanics35 
considering the vibrational contribution but neglecting the 
translation contribution. This apparently strong approximation 
is acceptable when considering that all intermediates in gas 
phase should have similar translation entropy values, which 
must decrease to negligible values upon adsorption. Con- 
sequently, the translation entropy change has a similar 
contribution in all intermediates, and it is expected that it 
will not modify the trends reported here. 

▪ RESULTS
Electrochemical and Spectroscopic Results. Figure 3 

shows the cyclic voltammetry of the electrooxidation of 
erythritol and threitol. Both molecules show similar voltam- 
metric features which resemble the results obtained with 
glycerol,19,36 i.e., the onset potential is higher for Pt(100) than 
for Pt(111) and Pt(110). Pt(100) shows a sharper current 
peak and Pt(110) shows the lowest peak current. 

As in this work we are mainly interested in studying the 
selectivity of erythritol and threitol oxidation without C−C
bond breaking, we performed FTIR experiments in D2O, as 
this solvent (compared to water) does not present bands in the 
region 1400−2000 cm−1, and therefore, the region of the
stretching due to carbonyl containing compounds is easier 
analyzed than in water. 

Figure 4 shows FTIR spectra obtained during the positive- 
going sweep for the oxidation of erythritol on the three- 
platinum single-crystal electrodes. The spectra show three 
main bands: at 1780 cm−1 (belonging to erythronic acid), at 
1730 cm−1 (due to the formation of erythrulose), and a feature 
at 1100 cm−1 due to the entrance of ClO − anions in the thin 
layer. Figure S1 in the Supporting Information shows the 
transmission spectra for the dissolved reactants and products. 
Figure 4 shows the impact of the Pt surface on the selectivity 
of the oxidation of the primary and secondary carbon of the C4 
polyols. On Pt(111), we observe the bands corresponding to 
both erythrulose and to erythronic acid (see also Figure S2). 
On Pt(100) the bands corresponding to the oxidation products 
appear at higher potentials, in concordance with the electro- 
chemical results. We observe again the production of 
erythrulose and erythronic acid, but in this case the relative 
intensity of the bands is inverted, with more primary oxidation 



Figure 4. FTIR spectra taken at different electrode potentials (vs RHE) for the EOP in 0.1 mol·L−1 HClO4 + 5 mmol L−1 erythritol on Pt(111), 
Pt(100) and Pt(110). The potential was scanned up to 0,6 V for Pt(111) and 0,7 V for Pt(100) and Pt(110) and was held at these values to obtain 
10 consecutive spectra for Pt(111) and 20 consecutive spectra for Pt(100) and Pt(110), to maximize the signal of the products obtained at those 
potentials. Figure S4−S6 show similar experiments but holding the potentials at other values.

product (see also Figure S3). Finally, Pt(110) oxidizes 
selectively the primary carbon (see also Figure S4). Experi- 
ments in Figures S2−S4 in the Supporting Information are the
same as in Figure 4, but also spectra at other potentials were 
taken. These results permit us to conclude that the relative 
quantities of acid and ketone produced do not depend on the 
electrode potential (at least in the potential domain where we 
performed this study). 

Figures S6 and S7 in the Supporting Information show the 
spectra obtained during the electrooxidation of erythritol and 
threitol on the three surfaces in nondeuterated water. All the 
spectra show an intense band at 2343 cm−1 due to the 
complete oxidation of the polyol to CO2, bands related to the 
presence of on top and bridge-bonded CO, and a band at 1780 
cm−1 due to the production of the carboxylic acid. More details 
can be found in the Supporting Information. These results 
show that there is a pathway that produces CO2, either 
through a previous formation of CO or through the oxidation 
of formic acid, as in the case of GlOH oxidation.11 These 
results are similar to those found with many other small 
organic molecules. Another important result is that in 
concordance with the electrochemical results in Figure 3, the 
FTIR spectra were very similar for erythritol and threitol 
(Figures S5 and S6). 

Computational Experiments (DFT). Figure 5 shows the 
most stable configurations for the adsorbates of erythritol on 
the three Pt basal planes and the corresponding adsorption 
energies (ΔEads) are plotted in Figure 6. Since the C4 polyol
has more degrees of freedom than GlOH (studied in ref 19), 
many more configurations were studied in this work (Figure 
S7). We have not calculated activation barriers for adsorption 
as this would require very severe approximations. Our aim is a 
qualitative comparison, for which knowing the stability of 
intermediates is typically sufficient.37 Figure S8 shows ΔEads

and ΔGads using the PBE functional. The results show that 

both ΔEZPE and TΔS do not change the relative energies of the 
intermediates. 

There is a clear trend for all the intermediates. The more 
open the surface is (i.e., surface atoms with lower coordination 
number), the stronger the adsorption of the intermediates is. 
This trend is common38 and has been observed by other 
researchers in similar systems.15,39,40 It is noteworthy in Figure 
5 that most configurations tend to maximize the OH-surface 
interactions, allowing the carbon chain to adopt a config- 
uration almost parallel to the platinum surface. As a result, 
Figure 6 shows that intermediate 3 is the most stable for all 
three surfaces. Besides, its energy difference with respect to the 
others intermediates show the trend Pt(110) > Pt(100) > 
Pt(111). Intermediate 5 is the least stable for all surfaces and 
intermediates 1 and 2 have rather similar energies. An 
important difference arises when analyzing intermediate 4. 
While it is relatively unstable in Pt(110) and Pt(100), it is the 
second most stable intermediate in Pt(111), due to a relatively 
higher stabilization by van der Waals interaction (compare 
Figure S8 and Figure 6). 

▪ DISCUSSION
The electrochemical and FTIR results show very similar
responses for erythritol and threitol. Therefore, we conclude
that the EOP is not sensitive to the spatial orientation of the
−OH in the secondary carbon. This insensitivity to the
orientation of the OH groups is in contrast with previous
work,7 which may be due to different sources of threitol,
though this hypothesis would require further study.

FTIR shows that Pt(111) and Pt(100) produce the ketone 
and the acid, however the selectivity ratio ketone/acid is higher 
for Pt(111). These finding are in line with those published by 
Garcia et al.17 for GlOH. Besides, we extended the results to 
Pt(110) and found that this surface is completely selective to 
the oxidation of the primary carbon. 
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