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ABSTRACT: Glycerol (GlOH) accumulation and its very low price constitute a real problem for the biodiesel industry. To over-
come these problems, it is imperative to find new GlOH applications. In this context, electrochemistry arises as an important alter-
native to the production of energy or fine chemicals using GlOH as a reactant. To make these opportunities a reality, it is funda-
mentally necessary to understand how the glycerol electro-oxidation reaction (GEOR) occurs on catalysts used in real systems. 
Thus, research using model surfaces generates the first insight into the electrochemistry of extremely complex real catalysts. Ac-
cordingly, in this work, we generate Pt(100) disturbed surfaces in a reproducible manner, carefully controlling the surface defect 
density. Then, GEOR is studied on well-ordered Pt(100) and on the disturbed Pt(100) surfaces in 0.5 M H2SO4 using cyclic volt-
ammetry (CV) and in-situ Fourier transform infrared spectroscopy (FTIR). The CV profile of GEOR consists of a single peak in the 
positive scan. The onset reaction displays the influence of defects present on the surface. On a surface with a high degree of disor-
der, the main GlOH oxidation process begins at 0.8 V vs. RHE, whereas for well-ordered Pt(100), it starts 0.1 V earlier. FTIR ex-
periments show the presence of carbon monoxide and carbonyl absorption bands. The electrochemical and spectroelectrochemical 
results are supported by computational calculations (DFT) showing that both CO and GlOH bind more strongly on disturbed than 
well-ordered surfaces. Thus, our experiments show that Pt-CO (or other GlOH residue) bond breaking may be the GEOR rate de-
termining step. 

 

KEYWORDS. Glycerol Electro-oxidation Reaction, Platinum Single Crystals, Disordered Surfaces, in situ FTIR, Density 

Functional Theory. 

 

INTRODUCTION  

Biodiesel has become a real sustainable source of energy to 
mitigate our dependence to the petro-diesel fuel. However, 
biodiesel manufacturing leads us to reconsider how environ-
mentally friendly this fuel is given the volume of GlOH result-
ing from its production: approximately 1 Kg of GlOH per 
10 Kg of biodiesel 1. Due partly to the increase in biodiesel 
production in the last decade, the GlOH supply in the market 
has outstripped the normal demand (pharmaceutical, cosmetics 
and food industries), causing a drop in the price of GlOH and 
consequently problems in distributing the substance excess. 
Therefore, GlOH has been considered as a potential feedstock 
for new industrial applications such as the production of more 
valuable fine chemicals such as dihydroxyacetone, glyceric 
and hydroxypyruvic acids, 1,2 and 1,3 propanediol, or propyl-
ene glycol 1-5 or direct use as fuel in fuel cells 6.  

However, the main practical difficulty is to selectively pro-
duce the desired product from GlOH oxidation, preferably 
under mild conditions without the use of chromates, perman-
ganates or hypochlorites, which generates industrial waste. In 
this context, the partial electrochemical oxidation of GlOH on 
noble metal based-materials seems to be a promising route to 
overcome this problem. 

Accordingly, substantial effort has been devoted to under-
standing the GEOR and the effect of the variables involved in 
this process. 

Kwon and co-workers 7 showed that gold catalyzes GlOH 
oxidation only under alkaline conditions, in contrast to plati-
num, which catalyzes GlOH oxidation over the entire pH 
range. In addition to the role of the metal’s nature, special 
attention has been paid to the cation influence on the kinetics 
of GEOR in alkaline media, showing that non-covalent inter-
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action between hydrated alkali metal cations and OHad is pre-
sent on Pt but absent on Au. Fernandez et al. 8 studied GEOR 
using in situ FTIR and isotopically labeled GlOH. The results 
indicated the presence of CO2 as a reaction product, implying 
that GlOH dissociates on Pt surfaces and that C-C bonds can 
be broken. Studies using Density Functional Theory (DFT) 
reported that GlOH interacts with the platinum surface via 
hydroxyl groups, 9,10 and the interaction of GlOH OH groups 
with Pt surfaces affects the atomic structure of GlOH com-
pared with the gas phase, in particular, the orientation of the 
OH groups with respect to the C–C bonds 11.  

In a recent voltammetric study of GEOR on Pt single crystal, 
it was concluded that the reaction is highly dependent on the 
surface sites orientation. At low potentials, Pt(111) is more 
active for GlOH electro-oxidation than Pt(100) and Pt(110) 12; 
as seen by in situ FTIR spectroscopy, the reason may be that 
carbon monoxide, a common adsorbed intermediate of organic 
molecules oxidation on Pt, was more easily removed from 
Pt(111) than from Pt(100) and Pt(110).13 These results of 
GEOR performed on well-ordered surfaces follow the trend of 
structure sensitivity of most electrochemical reactions, name-
ly: hydrogen 14, carbon monoxide 15, methanol 16, ethanol 17, 
ethylene glycol 18,19 oxidation, oxygen 20 and nitrate 21,22 reduc-
tion, among others. 

In this way, the relationship between the different site sym-
metries at the electrode surface and its electroactivity response 
provides a powerful tool for designing nanocatalysts for prac-
tical uses 23-25. Therefore, the use of well-ordered surfaces to 
understand the key role played by the surface structure under-
went great improvement after the publication of the “flame 
annealing method” by Clavillier et al. 26. The presence of 
dilute defects on single crystal surfaces, known as stepped 
surfaces, allows the systematic study of the influence of well-
defined defects in different systems. The usual approach is to 
begin with a very well-ordered surface, without defects, and 
proceed toward more complex systems using stepped surfaces 
with different quantities of a given defect (steps or kinks at 
different surface geometries), providing the decrease of terrace 
domains in detriment of defects.  

Despite these advances and some insights published in our 
previous work 12, it remains unclear how the role of surface 
defects influences the GEOR. For this investigation, we elec-
trochemically generate a set of Pt(100) surfaces with a con-
trolled density of defects and with diverse defect symmetry. 
This strategy presents a new path to linking well-ordered with 
disordered surfaces, using a set of surfaces with non-defined 
defects (in contrast to the well-defined defect of the stepped 
surfaces). It is a highly reproducible method and could be 
potentially applied in other systems, not necessarily in electro-
chemistry. 

Then, with the aim of understanding the GEOR mechanisms 
on platinum at different degrees of surface order, moving from 
an ideally ordered to highly disordered surface and hence 
approaching the highly disordered real systems, we used the 
electrochemically generated disturbed surfaces to study the 
GEOR. Conventional techniques such as CV and FTIR were 
combined with DFT. The results showed that the disturbed 
surfaces are poorer catalysts than the well-ordered Pt(100) 
single crystal and appear to be connected with the stronger Pt-
CO bonding on the low-coordinated Pt atoms of disturbed 
surfaces. 

 

EXPERIMENTAL SECTION 

Electrochemical systems and spectroelectrochemical experi-

ments. 

All of the experiments were performed at room temperature 
(25 ± 1ºC) in a conventional three-electrode electrochemical 
cell. A high-area polycrystalline Pt sheet was used as a counter 
electrode. The reference electrode was a reversible hydrogen 
electrode (RHE). The working electrode was a 1-cm diameter 
Pt(100) disc acquired from MaTeck. 

In order to check the platinum surface order, cyclic voltam-
mograms (CVg) were obtained in the potential range between 
0.05 V and 0.80 V in a 0.5 M H2SO4 solution. The solution 
cleanliness was checked by the stability of the voltammetric 
features of Pt electrodes. The upper potential limit was set to 
avoid any Pt oxide formation, which generates irreversible 
surface disordering. 

The FTIR instrument was a Nicolet Nexus 670 spectrometer 
equipped with a liquid nitrogen-cooled MCT detector. In situ 
FTIR experiments were performed in a three-electrode spec-
tro-electrochemical cell with a planar CaF2 window attached 
to the bottom of the cell. Details concerning the cell are de-
scribed elsewhere 27. Briefly, a movable piston supports the 
working electrode. A Pt wire connected to the working elec-
trode passes through the piston and maintains the electrical 
contact. The CaF2 window functions as a transparent cell 
bottom and as a wall against the working electrode. It is 
pressed to obtain a thin film of electrolytic solution. In this 
way, the absorption of the infrared beam by the solution is 
minimized during the FTIR measurements. 

The FTIR spectra were computed from an average of 128 
interferograms. The spectral resolution was set to 4 cm−1. First, 
the working electrode was placed in the meniscus configura-
tion, and five consecutive CVg were obtained in a solution of 
0.2 M GlOH and 0.5 M of H2SO4. The potential was kept at 
0.12 V, and the electrode was dipped in the solution until it 
contacted the window. When the system became stable (the 
recorded spectra did not change with time at 0.12 V and were 
set as reference spectra) a linear potentiodynamic sweep was 
started at 0.002 Vs-1, and the scan was stopped every 0.005 V 
for enough time to obtain 128 interferograms (approximately 1 
minute). Thus, the first spectrum was obtained at 0.15 V, the 
next at 0.20 V, and so on until 0.95 V. The choice of this up-
per potential limit will be explained below. 

 

Working electrode surface preparation. 

To obtain perfectly ordered and clean surfaces, the working 
electrode was flame annealed in a butane–oxygen flame for 
one minute and cooled in a reductive H2 + Ar atmosphere for 
five minutes. The electrode surface was then protected with a 
water droplet saturated with cooling gases to prevent contami-
nation and reconstruction of the surfaces during the transfer to 
the electrochemical cell. 

To monitor the influence of the upper potential limit on the 
Pt(100) surface order degree, the potential limit was progres-
sively augmented from 0.80 V until 1.05 V. Through this 
experiment, we determined that: i) the Pt(100) surface cycled 
until 0.95 V remains unchanged and very well ordered (at least 
for some cycles) and ii) cycling up to 1.05 V progressively 
generates more and more disordered Pt(100) surfaces. This 
limit is low enough to permit surface order monitoring 
(through some characteristic voltammetric features that are 
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discussed later) and thus gives the possibility of stopping the 
experiments after obtaining a surface with the desired defect 
density. The incursion in higher potentials (above 1.05 V) can 
cause severe surface disordering even in the first cycle 28. 
After this experiment, the upper potential limit was set to 
0.80 V again to obtain a CVg of the modified Pt(100) surface 
(blank CVg) for direct comparison with the very well-ordered 
Pt(100) surface. 

In this work, five different disordered Pt(100) electrodes 
were obtained. In ascending order of defect density, they are 
as follows (the different electrode names PtX-Y will be ex-
plained later): i) Pt0-100 = Perfectly ordered surface; ii) Pt25-
75 = Surface obtained after 4 CVg up to 1.05 V; iii) Pt50-
50 = Surface obtained after 8 CVg up to 1.05 V; iv) Pt75-
25 = Surface obtained after 16 CVg up to 1.05 V; v) Pt100-
0 = Surface obtained after 25 CVg up to 1.05 V + 12 CVg up 
to 1.20 V. In this last case, the potential limit was changed to 
obtain a completely disordered Pt(100) surface. 

Once the desired surface was prepared, the platinum surface 
order was checked again performing CVg in the potential 
range between 0.05 V and 0.80 V in a 0.5 M H2SO4 solution. 
Then, it was protected with an electrochemical solution drop-
let and transferred to another identical electrochemical cell 
containing a 0.5 M H2SO4 and 0.2 M GlOH solution. The 
Pt(100) surface was placed in contact with the solution at 
0.12 V in all experiments. This potential was chosen to mini-
mize faradaic processes other than GlOH dissociative adsorp-
tion 29. 

 

Theoretical approach and Computational details. 

We investigated the structural and energetic properties of 
GlOH and carbon monoxide (CO) on the Pt(100) surface using 
DFT within the generalized gradient approximation proposed 
by Perdew-Burke-Ernzerhof (PBE) 30 for the exchange-
correlation (xc) energy functional. To solve the Konh-Sham 
equations, we employed the Vienna Ab-initio Simulation 
Package (VASP) 31,32 with the all-electron projected augment-
ed wave (PAW) method implemented 33,34 and the PAW pro-
jectors to describe the electron-ion interactions. For all of the 
total energy surface calculations, a plane-wave cutoff energy 
of 487 eV was used, whereas for the integration of the Bril-
louin zone (BZ), a 3×3×1 kpoint mesh was used. We obtained 
the equilibrium atomic positions once the atomic forces on 
each atom were smaller than 0.025 eV/Å with a total energy 
convergence of 10-5 eV. 

The unreconstructed Pt(100) surface was obtained using a 
periodic surface slab model of six layers’ thickness with a 
(4×4) surface unit cell (16 Pt atoms per plane) and a 20 Å 
vacuum region. The defected Pt(100) surface was modeled 
based on the unreconstructed Pt(100) surface model where 10 
surface atoms were removed and the remaining 6 atoms on the 
surface have lower coordination; thus, this surface has less 
coordinated sites and terraces (this surface will be termed 
Pt6/Pt(100) in our discussion to differentiate it from the elec-
trochemically prepared disordered surfaces). The molecules 
adsorbed only on one side of the slab. Only the bottom layer 
of the slab was frozen, while the other five layers along with 
the adsorbates were allowed to relax in all calculations. 

To study the complicated structure of the CO-GlOH mixture 
on the disordered Pt(100) surface, i.e., Pt6/Pt(100), we 
searched for the lowest energy configurations by performing 

the following steps. (i) Several initial configurations were 
presented with three CO molecules initially adsorbed at the 
different positions on the unreconstructed Pt(100) surface, i.e., 
top, bridge and hollow sites and their combinations, to identify 
the correct adsorption site on the clean Pt(100) surface. All of 
the configurations were optimized using the standard optimi-
zation procedure of VASP, in which the lowest energy config-
uration with the right adsorption site was selected and used in 
the next steps of the simulation. (ii) We then modeled the 
configurations in which CO molecules were located on the 
lower and higher coordinated sites of the Pt6/Pt(100) surface, 
i.e., terraces and islands, and their combination, (iii) We simu-
lated GlOH adsorption on our surfaces. It is important to note 
that in our previous work, we carefully investigated GlOH 
configurations on Pt(hkl) surfaces using ab initio molecular 
dynamics simulation and found the lowest energy configura-
tion for GlOH on Pt(100) 11. We revealed that GlOH binds 
with the Pt(100) surface with the adsorption energy of -
0.44 eV via the O atom, where the distance between the O and 
Pt atom is 2.45 Å, and the angle between the bonds of the edge 
C atoms and the surface normal is 79.46°. In this work, em-
ploying the GlOH structure on the previously obtained clean 
Pt(100) surface 11, we modeled different atomic configurations 
of GlOH on the Pt6/Pt(100) surface, where GlOH adsorbed on 
the lower coordinated sites and on the terraces. (iv) Complex 
systems consisting of three CO molecules and GlOH on the 
Pt6/Pt(100) surface were simulated using the lowest energy 
structure of GlOH on the Pt6/Pt(100) surface, in which CO 
molecules were bound on different positions of the surface, 
i.e., the lower coordinated sites and the terraces. All structures 
were optimized employing the standard VASP optimization 
procedure. 

To analyze the lowest energy structures, we computed ad-
sorption energies by applying the following formulas: Ead = 
Etot-system – (3*ECO + Eclean Pt) for 3 CO, Ead = Etot-system – (EGlOH + 
Eclean Pt) for GlOH and, Ead = Etot-system – (3*ECO + EGlOH + Eclean 

Pt) for the GlOH and 3CO mixture on Pt surface. Here, Etot-

system, ECO, EGlOH, and Eclean Pt are the total energies of the sys-
tem, CO and GlOH molecules in gas-phase, and the clean Pt 
surface, respectively. 

 

RESULTS AND DISCUSSIONS 

Pt(100) modified electrodes. 

TEM and STM are typical ex-situ characterization tech-
niques. The former is very useful for identifying the size and 
shape of nanomaterials, whereas STM could provide valuable 
information on our surfaces. However, these techniques are 
time consuming and expensive, and they provide only local 
information. Sometimes, even by taking images of an im-
portant quantity of different surface regions, it is impossible to 
extrapolate the results to the whole electrode surface. In this 
context, surface characterization techniques in the metal-
solution interface are well-established as the best tool to moni-
tor the different symmetry sites in this type of system, provid-
ing us an overall response of the surface in contact with the 
electrochemical solution. Thus, the so-called hydrogen adsorp-
tion/desorption region is very useful for qualitative characteri-
zation of the Pt surfaces 23,28,35-37. In this way, the CV profile 
for the platinum electrode is considered a fingerprint of the 
surface structure, giving us information about the symmetry 
and distribution of the surface sites, as well as the system’s 
general conditions and cleanliness. Therefore, our starting 
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point in this work was to analyze the electrode surface struc-
ture from the density current response displayed in the CVg 
recorded in only the sulfuric acid electrolyte. 

Figure 1 (black line) shows the blank CVg of a well-ordered 
Pt(100) electrode. The profile presented is consistent with 
other published results, characterized by a narrow peak at 
0.37 V with a symmetrical density current in the positive and 
negative scan 38. Any surface structure modification leads to a 
change in the CV profile. Specifically for Pt(100) electrodes, 
changes can be easily identified by (i) decreases in the charac-
teristic peak at 0.37 V, (ii) the appearance of a peak at 0.26 V -
 0.28 V and (iii) increases in the density current below 0.20 V, 
as seen in Figure 1A for the Pt25-75, Pt50-50, Pt75-25 and 
Pt100-0 electrodes. The current signals at 0.26 V – 0.28 V and 
below 0.20 V were previously assigned to hydrogen adsorp-
tion/desorption on border or step sites with the (110) and (111) 
orientations, respectively 35,38,39.  

The terminology PtX-Y refers to the intensity of the peak at 
0.26 - 0.28 V (X) and of the peak at 0.37 V (Y). Pt0-100 
stands for the perfectly ordered Pt(100) surface. The corre-
sponding CVg presents only the peak at 0.37 V (Y). Conse-
quently, for Pt0-100, X=0 and Y=100. Pt50-50 represents the 
surface presenting features at 0.26 - 0.28 V (X) and 0.37 V (Y) 
with approximately the same intensity. Pt100-0 represents the 
totally disordered Pt(100) surface, for which the corresponding 
CVg presents only the peak at 0.26-28 V. Pt25-75 and Pt75-25 
are electrodes presenting less and more defective surfaces than 
Pt50-50, respectively. 

To achieve systematically different surface electrode config-
urations and study the influence on GlOH oxidation, we ap-
plied successive cycles on the Pt0-100 electrode up to 1.05 V, 
keeping the lower potential at 0.05 V. Figure 1B shows the 
surface modification during 25 consecutive CVg. This 25 CVg 
are only applied to obtain the Pt100-0 surface. When a more 
ordered surface is desired, for instance, the Pt50-50, the cy-
cling until 1.05 V is stopped after the 4th cycle and the blank 
CVg is recorded again. Thus, the electrochemical features of 
the disturbed electrodes (blank CVg) after the surface modifi-
cation procedure are displayed in Figure 1A. (Figure S1 shows 
the complete cycling for the generation of Pt100-0). 

 
Figure 1. (A) Voltammograms obtained in 0.5 M H2SO4 solution 
for the different defect density Pt(100) surfaces. The black CVg 
shows the typical electrochemical features of an ordered Pt(100) 
surface, and the light blue CVg corresponds to a highly and ran-
domly disordered surface. (B) Generation of disordered electrode 
by cycling up to 1.05 V. v = 0.05 Vs-1. 

 

It is well known that the excursion into the oxygen adsorp-
tion region causes intense surface structural modification 40. In 
Figure 1B, the evolution of the continuous cycling is charac-
terized by changes in the hydrogen adsorption/desorption 
region (E< 0.4 V) and the appearance of a redox response at 
potentials above 0.80 V. The formation of a submonolayer 
oxide film, recognized as OH and O electrosorption 41, leads to 
a progressive and irreversible transformation of a well-defined 
2-D surface to one in which the local order is continuously 
changed by covering the surface with defects. Such defects 
can be assigned as single ad-atoms, small islands, pits or other 
collections of defects, as described by Björling and Feliu 42 for 
a series of experiments in the study of oxide formation on Pt 
stepped surfaces. In addition to the changes in the hydrogen 
adsorption region, the appearance of defects sites/domains on 
the surface leads to hysteresis in the current response during 
the anodic oxygen adsorption and cathodic reduction of the 
oxide film. 

The CVg of the electrochemically disordered Pt100-0 elec-
trode indicates that the surface retains the symmetry of the 
(100) sites, but with a depletion of the large domains with the 
increase of the cycles into the oxygen adsorption region. The 
quantification of the actual (100) terrace sites at every modi-
fied electrode is not a simple assignment determined solely by 
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the analysis of the blank CVg. Solla-Gullón et al.43 proposed a 
quantitative method for the estimation of surface sites on Pt 
samples using specific site-probe reactions. However, in this 
work, we achieved the presence of the (100) domains and the 
surface defects’ influence on GEOR without a quantitative 
estimation of the specific surface orientation. On the other 
hand, the “soft” damage caused by cycling into the early stag-
es of oxygen adsorption potentials showed that we can pro-
duce a surface with a systematic decrease of large terrace 
domains. 

At this point in the work, it is interesting to clarify the dif-
ferences in surface structures presented in a model single 
crystal electrode produced with systematic density defects 
(stepped surfaces) and the ones produced in this work. Alt-
hough the CV profiles of Pt stepped surfaces are highly similar 
to the ones displayed here, the assignment of the specific kind 
of defect (kinks and steps), as well as the terrace width distri-
bution, on Pt(100) modified electrodes is not straightforward 
without their characterization by additional  techniques42,44 and 
experiments. 

GlOH electrooxidation on Pt(100) surfaces. 

Figures 2A and 2B show five consecutives CVg for Pt0-100 
and Pt100-0, respectively. The CV features for GEOR change 
progressively from the well-ordered surface, Pt0-100, to the 
totally disturbed one, Pt100-0. Thus, for the sake of clarity, we 
decided to present the two limit behaviors (Figure S2 shows 
the Pt50-50 behavior). 

In general, the first CVg for GEOR on Pt0-100 and Pt100-0 
presents current signals at 0.20 V - 0.70 V and a sharp oxida-
tion peak close to 0.80 V – 0.85 V in the positive-going poten-
tial scan and a reactivation wave between 0.95 V and 0.4 V in 
the negative-going potential scan. Remarkably, as the density 
of defects increases, the sharp oxidation peak in the positive 
scan becomes thinner. The current signals at 0.20 V – 0.70 V 
vanish from the first to the second CVg for both electrodes. 
From the second to the fifth CVg, the changes are not signifi-
cant, especially for Pt0-100. After the fifth potential cycle, the 
changes in the CV profile for both electrodes become negligi-
ble. 

As mentioned above, the main difference between the first 
and the subsequent CVg is the presence of current signals 
between 0.20 V and 0.70 V, which are present only at the first 
potential cycle. These current signals are related (at least in 
part) to GlOH and hydrogen/anion co-adsorption, as seen in 
the insets in Figures 2A and 2B, and the lack of them from the 
second potential cycle on demonstrates that the adsorption 
layer formed at 0.12 V when the electrode is put in contact 
with the solution is clearly distinct from the adsorption layer 
formed at the beginning of the second CVg after the excursion 
to higher potentials. In particular, the absence of any current 
signal between 0.20 V and 0.70 V indicates that the surfaces 
are completely blocked by the adsorption of GlOH or its de-
rivatives in this potential region. 

Detailed analysis of the first CVg (Figures 2A and B) re-
veals important differences between the GEOR on Pt0-100 
and Pt100-0. In the positive-going potential scan, while the 
perfectly ordered surface shows a small peak in the co-
adsorption region and a pre-wave before the main oxidation 
peak, the totally disturbed surface presents important oxidation 
peaks from 0.2 V to 0.95 V. Therefore, the defects favor the 
oxidation of the GlOH residues at low potentials in the first 
positive-going potential scan. Interestingly, in the next scans, 

when the surfaces are completely blocked at lower potentials, 
the defects act in a contrary manner, increasing the potential 
needed to oxidize the GlOH molecules and/or their deriva-
tives, as seen by the potential of the sharp peak, which is high-
er for Pt100-0 than for Pt0-100. These results show that the 
defects strongly influence the surface responses in the posi-
tive-going potential scan. 

In addition, in the negative-going potential scan, the CV 
profile of the reactivation wave also depends on the density of 
the surface defects. For Pt100-0, this signal shows at least two 
different contributions. The first peak is centered at approxi-
mately 0.70 V and the second one at approximately 0.50 V. 
The peak at 0.70 V coincides with the one for Pt0-100. This 
result suggests that this contribution is connected to extended 
well-ordered surfaces and the one located at lower potentials 
appears to be connected with the reactivation of the disordered 
domains. 

 

 
Figure 2. CVg obtained in 0.2 M GlOH and 0.5 M H2SO4 solution 
with Pt0-100 (A) and Pt100-0 (B). v = 0.05 Vs-1. 

 

To further evaluate the impact of the surface defects on 
GEOR over modified Pt(100), the onset potential and the 
potential of the sharp peak were extracted from the fifth posi-
tive-going potential scans (shown in Figure 2A and B) and 
plotted as a function of the density of surface defects. These 

Page 5 of 11

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

data are presented in Figures 3A and 3B. Figure S3 shows the 
process used to calculate the onset potential for every elec-
trode. 

Figure 3A shows a continuous displacement of the onset po-
tential towards more positive potentials with increasing densi-
ty of surface defects. In particular, from the perfectly ordered 
surface to the totally disordered one, the onset potential shifts 
by approximately 100 mV (Figure 3A), which is a significant 
change in terms of energy. The potential of the sharp peak 
follows the same trend as a function of the density of surface 
defects (Figure 3B), although it is less sensitive to the pres-
ence of defective sites than the onset potential. Therefore, 
these results clearly demonstrate that in steady-state conditions 
(at the fifth CVg), as the density of surface defects increases, 
more energy is necessary to oxidize GlOH and its derivatives. 

 

 
Figure 3. Changes in the onset potential (A) and in peak potential 
(B) of the GEOR as a function of the degree of electrode defects. 

 

Returning to Figure 1B, we see that the continuous defect 
generation produces a displacement of the oxide formation 
domain to lower potentials. It is generally accepted that the 
onset potential of the oxidation of small organic molecules is 
connected to the Pt-OH formation. Thus, the Pt-OH species 
react with the pre-adsorbed molecules (generally through a 
Langmuir-Hinshelwood mechanism), producing several prod-
ucts and thus generating positive currents. As we previously 
showed, our results are not consistent with this idea, as we 
observed an increase in onset potential for electrodes that form 
Pt-OH at lower potentials. Clearly, this description is an over-
simplification of a very complicated system, where water, 
anions, cations and organic molecules compete at different 
potentials, sometimes for a myriad of diverse Pt adsorption 

sites (where diverse adsorption sites imply different sites con-
figurations and adsorption energies). 

FTIR in situ experiments. 

Figure 4 shows some selected spectra obtained with Pt0-100 
and Pt100-0. In Table S1, the main band assignments can be 
observed. A band centered at 2343 cm-1 corresponding to the 
asymmetric stretching of CO2 is present for both surfaces. 
Additionally, a band centered at 2040 cm-1, whose frequency 
varies with the working electrode (frequency variation is 
shown in Figure S4), is attributed to the on-top bonded CO 
and is also present for both surfaces. Another very important 
feature at approximately 1740 cm-1 corresponding to carbonyl 
containing compounds (C=O) can be observed in Figure 4, and 
a detailed inspection of this band shows that it consists of at 
least two superimposed signals (see Figure S5). Again, this 
signal is also present for both surfaces. Lastly, at least three 
bands between 1100-1300 cm-1 can be observed. Briefly, they 
correspond to the generation of carboxylic acids, the consump-
tion of GlOH and the entrance of SO4

-2 and HSO4
-1 ions in the 

thin layer during the potential scan. Unfortunately, the signal 
of the anions (both in the solution and bound to Pt) is too 
strong to permit a clear observation of other interesting signals 
present in the same wavenumber domain. The same general 
features were previously observed by Gomes et al. 13.  

Figure 5 reveals details of the bands in the wavenumber re-
gion between 2100 cm-1 and 1800 cm-1. For Pt0-100, a positive 
band located at approximately 1870 cm-1 corresponding to 
bridge-bonded CO is seen from 0.30 V on. In contrast, for 
Pt100-0 a negative band at approximately 1840 cm-1 with a 
very low intensity also corresponding to bridge-bonded CO 
can be seen. These results clearly indicate that bridge-bonded 
CO was already present at the beginning of the experiment at 
0.12 V for Pt0-100 but not for Pt100-0. 
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Figure 4. Selected FTIR spectra obtained at different working 
electrode potentials in 0.2 M GlOH + 0.5 M H2SO4. Spectra 
obtained at lower potentials do not show any important difference 
with respect to the background spectra obtained at 0.12 V. 

 

  
Figure 5. This picture shows an enlarged view of the rectangular 
region of Figure 4 drawn with dashed lines. Both surfaces show 
signals attributed to on-top and bridge-bonded CO. 

 

The behavior of the bands corresponding to on-top bonded 
CO, CO2 and C=O formation (shown in Figure 4) as a function 
of the electrode potential is further evaluated in Figure 6. To 
construct this figure, CO and CO2 bands were integrated along 
the potentiodynamic sweep. As the C=O band superimposes 
with a broad positive band at 1630 cm-1 due to the continuous 
exit of water from the thin layer, the C=O band area is not 
clearly defined and for this reason could not be integrated. To 
quantify the production of C=O containing compounds, we 

measured the variations in peak intensity with respect to a 
baseline passing through the left queue of the C=O band, at the 
opposite side of the water band (Figure S6). 

 

 
Figure 6. Intensities of C=O and absorbances of on-top bonded 
CO and CO2. Both intensities and absorbances were divided by 
the corresponding maximum CO2 band absorbance, i.e., the CO2 
band integration value obtained at 0.95 V. Figure S7 shows the 
crude results for two independent measurements. 

 

As seen in Figure 6, CO is formed on Pt0-100 and Pt100-0 at 
low potentials (the first discernible signal appears at 0.30 V), 
and its production increases continuously until attaining a 
maximum at approximately 0.60 V, when it suddenly decreas-
es. This abrupt decrease occurs in the same potential domain 
where the CO2 formation increases quickly. It is reasoned to 
be a consequence of the oxidation of GlOH to CO2, with CO 
as a reaction intermediate. Interestingly, the amount of on-top 
bonded CO with respect to CO2 is fairly different for Pt0-100 
and Pt100-0, being higher for the disordered surface, suggest-
ing that Pt100-0 exhibits greater ability in C-C bond breaking 
and converting CO into CO2. On the other hand, for Pt0-100, 
CO2 may be formed in part through a pathway that does not 
involve CO as an intermediate. The behavior of the on-top 
bonded CO and CO2 formation is very similar to the behavior 
found by our group in previous works 8. The development of 
these species on the Pt100-0 surface is shown in this work for 
the first time. 

A very interesting result is that C=O formation was observed 
from 0.70 V on both surfaces, that is, 0.10 V after beginning 
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the CO oxidation. This result suggests that GlOH and CO 
compete for catalytic sites, with CO being the main adsorbate 
at low potentials, whereas GlOH can massively adsorb at 
relatively high potentials to produce CO2 through a direct 
pathway or be oxidized to form C=O with or without C-C 
bond breaking (the main C=O signals observed for polycrys-
talline Pt in the same potential domain used in this work come 
from glyceraldehyde and glyceric acid 7).  

By comparing the ratio between C=O and CO2 produced on 
Pt0-100 and Pt100-0, a very important observation arises from 
both the basic and applied perspectives. On the disturbed 
surface, the formation of carbonyl containing compounds 
increases rapidly and continuously along the potential scan, 
whereas on the well-ordered surface, the signal changes only 
slightly between 0.80 - 0.95 V. To exemplify, at 0.95 V, the 
ratio between C=O and CO2 formed on the disturbed surface is 
approximately 6 times higher than on the well-ordered surface. 
This difference is important and might be useful from a tech-
nological perspective. This type of experiment may serve as a 
starting point for the selective production of C=O GlOH de-
rivatives, assisting in the choice of an appropriate real catalyst 
(e.g., nanomaterials) with a suitable shape for the production 
of GlOH derivatives with added value 45,46. 

 

Density Functional Theory Calculations. 

To gain further insight on GEOR, we performed computa-
tional calculations including modeled well-ordered and disor-
dered Pt(100) surfaces. In addition, the stability of these sys-
tems in the presence of CO, GlOH and CO+GlOH was care-
fully studied. 

Structural and adsorption properties. The lowest energy con-
figurations for 3CO, GlOH and the 3CO+GlOH mixture on the 
Pt(100) and Pt6/Pt(100) surfaces are shown on Figure 7. High-
energy isomers are shown in the supporting information (S8-
S11). We found that CO molecules bind to the Pt(100) surface 
via C atoms on the bridge sites and that moving one of the CO 
molecules to the top site of Pt(100) increases the total energy 
of the system by 0.25 eV (Figure S8). On the Pt6/Pt(100) sur-
face, we observed that all of the CO molecules prefer binding 
on the low coordinated Pt6 atoms (Figure 7). We expected 
from the CO/Pt(100) calculations that all of the CO molecules 
would be located on the bridge sites; however, we found that 
only 2 molecules are located on the bridge sites of the low 
coordinated Pt6 atoms, whereas one CO adsorbs on-top of the 
edge low coordinated Pt6 atom due to the release of the strain 
from the molecular repulsion. The configuration in which all 
CO molecules bind on bridge sites of Pt6 is only 0.16 eV high-
er in energy than the lower energy configuration, which means 
that this configuration might exist under certain experimental 
conditions, e.g., in high-temperature experiments. Surprising-
ly, the adsorption of CO is slightly stronger on Pt(100) than on 
the Pt6/Pt(100) surface (by 0.07 eV), considering the presence 
of the low coordinated atoms on the Pt6/Pt(100). The given 
quantity of CO molecules (i.e. three molecules) was chosen by 
us for our DFT calculations in order to take into account the 
intermolecular interaction and binding of CO molecules on 
different surface adsorption sites. In our lowest energy struc-
tures CO bind at both top and bridge sites, as supported by our 
spectroelectrochemical experiments, which implies that the 
quantity of CO molecules chosen for our DFT calculations is 
feasible, taking into account the size of the unit cell. 

 

In the lowest energy structure of GlOH on Pt(100) obtained 
in our previous work 11, we revealed that GlOH binds with the 
Pt(100) surface with the adsorption energy of -0.44 eV via the 
O atom, where the distance between the O and Pt atom is 
2.45 Å, and the angle between the bonds of the edge C atoms 
and the surface normal is 79.46°. In the lowest-energy atomic 
structure of GlOH on the Pt6/Pt(100) surface, the GlOH mole-
cule favors binding on the triangle low coordinated Pt6 edge 
atom, whereas its total energy is 0.32–0.54 eV higher in the 
terraces (see the configurations E – G in the Figure S10). The 
lowest energy structure of GlOH on Pt6/Pt(100) is modified by 
comparison with GlOH on Pt(100) 11, i.e., the O-Pt bond 
lengths are 2.32 Å and 2.21 Å, and the angles of between the 
C-C bond and the normal to the surface are 78.55° and 90.39° 
on the Pt(100) and Pt6/Pt(100) surfaces, respectively, implying 
stronger binding with the low coordinated Pt6 atoms, which is 
reflected in the adsorption energies, i.e. -0.45 eV and -0.79 eV, 
respectively. 

The structure of the mixture of 3CO and GlOH molecules on 
Pt6/Pt(100) (Figures 7 and S11) presents all of the molecules 
located on the low coordination atoms Pt6, in which GlOH 
geometry is modified only slightly on the surface compared 
with GlOH/Pt6/Pt(100), i.e., binding to the edge Pt atom with 
O-Pt bond length of 2.19 Å and C-C-normal angle of 89.45°. 
Here, all of the CO molecules bind to the on-top sites of Pt6, a 
preference that can be explained by the intermolecular repul-
sion. Moving CO molecules to the terraces of Pt(100) increas-
es the total energy of the system (see B, C and D configura-
tions with their relative total energies of 0.07 eV, 0.22 eV, and 
0.92 eV, respectively, in Figure S9). The adsorption energy for 
3CO+GlOH/Pt6/Pt(100) is slightly smaller (-7.07 eV) than if 
we sum up the separate systems, i.e., (-6.43+-0.79 = -7.22 eV), 
which implies intermolecular interaction. 

To obtain a better understanding of the binding mechanism 
between the molecules and the defected Pt6/Pt(100) surface, 
we calculated the following properties of the systems: local 
density of states, the changes in the substrate work function, 
which reflects electron density rearrangement on the surfaces 
upon the adsorption of molecules, and an effective charge of 
every atom on the systems using Bader charge analysis. All 
these properties are discussed in the Supporting Information 
section. 
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Figure 7. The lowest energy configurations for all of the systems and their adsorption energies. 

 

DFT calculations, and electrochemical and spectroelectro-

chemical experiments. 

We have shown in Figure 3 that the GEOR onset potential 
displaces towards positive potentials as the density of surface 
defects increases. We noted that this result does not agree with 
the fact that disturbed electrodes form Pt-OH species at lower 
potentials than Pt(100), which would permit Pt-OH and Pt-
GlOH* (GlOH* = GlOH or GlOH residues) combination at 
lower potentials. On the other hand, the DFT calculations 
show that both CO and GlOH bind more strongly to the low 
coordinated Pt sites on the surface with defects. Therefore, the 
increase of the GEOR onset with increasing density of surface 
defects is probably because GlOH (and CO, which remains the 
only detected intermediate, although the presence of other 
species is probable, as noted during the discussion of Fig. 2) 
binds more strongly on these surfaces, indicating that the 
residues detachment is the rate determining step of the GEOR. 

Interestingly, FTIR data showed that the presence of superfi-
cial defects on Pt favors GlOH C-C bond breaking, which 
seems to be connected (among other factors) with the surface 
ability to attach GlOH through at least two oxygen (or carbon) 
atoms. Correspondingly, DFT shows that GlOH attaches to a 
well ordered Pt(100) surface and to a disordered one at angles 
of approximately 21o and 10o, respectively, with respect to the 
surface. Most likely, the lower angle between the GlOH and 
the disturbed surface favors the molecule’s attachment through 
multiple atoms, facilitating C-C bond breaking. 

Figure 6 shows that on both surfaces, GlOH adsorption and 
oxidation occurs (or is detected) after the beginning of the on-
top CO oxidation. The DFT results show that the CO-Pt bonds 
(on bridge and on-top positions) are much stronger than on-top 
GlOH-Pt for both surfaces, that is, in highly as well as in low 
coordinated Pt atoms. As a consequence, regardless of the 
exact nature of the early adsorbate, the generation of CO 
through the GlOH dissociative adsorption at low potentials 
does not permit detectable GlOH adsorption and further oxida-
tion. In other words, the Pt-GlOH interaction is not strong 
enough to withdraw CO from the surface. This fact again 
suggests that the GEOR is mainly determined by the strength 
of the GlOH*-Pt bonds. 

Finally, at high potentials (>0.80 V), where the GlOH mole-
cule is easily oxidized, we showed that the C=O production is 
high on Pt100-0 and negligible on Pt0-100. Although more 
DFT calculations are needed, the computational simulations 

showed that the GlOH-Pt bond strength is larger for the low 
coordination Pt atoms. Perhaps in this potential domain the 
GEOR to C=O is determined by the GlOH surface attachment 
rate, and this reaction step depends on the Pt-GlOH bond 
energy. 

 

CONCLUSION 

The generation of defects on Pt single crystals seems to be 
an interesting approach to studying the influence of defects on 
a given reaction. It is a new way of linking models with highly 
disturbed surfaces and could be used to determine the influ-
ence of defects in different chemical and electrochemical 
reactions. 

The electrochemical behavior in acidic media of GlOH oxi-
dation on Pt surfaces exhibits dependence on the surface order. 
The FTIR spectra elucidate this influence, revealing a poten-
tial dependence of the adsorbates coverage and products 
formed. The highly ordered surface Pt0-100 can oxidize GlOH 
at lower potentials than the highly disordered surface, Pt100-0. 

DFT calculations show that both CO and GlOH bind more 
strongly to low coordinated Pt sites than when the surface is 
absent of defects. These results, together with electrochemical 
and spectroelectrochemical data, suggest that the Pt-CO bond 
breaking may be the GEOR rate determining step, primarily 
responsible for the relationship between GEOR onset and 
defect density. 
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SYNOPSIS TOC. Surfaces with a controlled density of defects with non-defined symmetries were electrochemically gener-
ated and characterized. Electrochemical and spectroelectrochemical experiments showed that the surfaces’ catalytic perfor-
mance diminished as the density of defects increased. 
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