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ABSTRACT 

By combining cyclic voltammetry and potentiostatic current transients with measurements of 

the potential dependence of gold’s reflectance at 520 nm, we provide unambiguous evidence 

that glycerol and gold oxidation compete for adsorbed OH, whereby the formation of gold 

oxide is retarded in the presence of glycerol and the formation of gold oxide inactivates the 

oxidation of glycerol. Potentiostatic current transients coupled with ATR-SEIRAS at potentials 

close to the onset of glycerol oxidation also suggest that the adsorption of carboxylates 

generated upon oxidation of glycerol leads to a progressive decrease of the electrocatalytic 

activity. However, both ATR-SEIRAS and experiments using a rotating-disk electrode suggest 

that the adsorption of these carboxylates is an equilibrium process. Therefore, using high flow 

rates should allow to keep the inhibition of the reaction at an acceptable level. These results 

are relevant for the design of fuel cells capable of generating electricity plus value-added 

chemicals from glycerol. 
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1. Introduction 
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An efficient use of renewable energy resources such as wind, solar and biomass is necessary 

to escape our reliance on non-renewable fossil fuel resources, such as petroleum, natural gas 

and coal, which results in emission of pollutants and global warming. Specifically, biofuels 

obtained from biomass are regarded as a promising alternative to fossil fuels, and using them 

as the fuel in a fuel cell, instead of an internal combustion energy, would make their conversion 

to energy more efficient [1,2]. 

The electrocatalysis of organic molecules like higher alcohols has long since attracted interest, 

largely because they have higher volume energy densities than gaseous fuels such as hydrogen 

and natural gas [3–6]. Glycerol is a largely available, inexpensive and inherently renewable 

compound, generated as a by-product from biofuel industries [1]. Total oxidation to CO2 

involves the exchange of 14 electrons and 14 protons, which, together with the need to activate 

two C-C bonds makes it a reaction with a complex mechanism which requires a significant 

overpotential [7,8]. Its partial oxidation to C2 or C3 products, however, is also appealing, 

because it can result in some products with higher economic value than glycerol, such as 

glyceric acid or glycolic acid, with applications in medicine, cosmetics and the textile industry 

[1,9], among others. An alternative to complete oxidation is therefore to use glycerol as a fuel 

in a fuel cell producing chemicals with a higher value-added at no energy cost or, in particularly 

favourable cases, coupled to the generation of energy, thereby obtaining a double benefit 

[8,10]. 

As with all alcohols, oxidation of glycerol is easier in alkaline media. As has been shown by 

Kwon et al. [11], this implies that the dissociation of the OH group is the first step and that the 

alkoxide alcoholate (R-O-), rather than the alcohol itself, is the active species. At pHs less than 

two units below the alcohol’s pKa, less than 1% of the alcohol will be in the active form, and 

oxidation currents are very small. In acidic media, gold shows no electrocatalytic activity 

towards glycerol oxidation and even typically very active catalysts like Pt show very little 



activity [12]. Evidence of total oxidation of glycerol to carbonate in alkaline media has been 

found using external reflectance IR spectroscopy on both Pt [13,14] and Au [14,15]. Detection 

of CO2 as a product of the oxidation of glycerol on gold in initially alkaline solutions has also 

been reported using external reflectance FTIR spectroscopy [15], but this was obviously due 

to a reaction-induced considerable decrease of the pH in the thin electrolyte layer trapped 

between the electrode and the window. External reflectance FTIR has been used by other 

authors in an attempt to identify reaction products [7,8], although this is not the most 

appropriate technique for that purpose, because of the lack of control of important experimental 

parameters like the pH, and because of the depletion of reactants and accumulation of products 

in the thin electrolyte layer trapped between the electrode and the window. The huge electrolyte 

resistance associated to the thin layer configuration also leads to a loss of control of the actual 

electrode potential, particularly when large currents are flowing. Surface-enhanced infrared 

absorption spectroscopy in the attenuated total reflection mode (ATR-SEIRAS) [16] allows to 

bypass these limitations but, although also able to detect final reaction products in favourable 

cases, this technique is better suited for the detection of adsorbed species (usually acting as 

either intermediates or catalytic poisons, these two options not being mutually exclusive). 

Chromatographic techniques coupled to electrochemical cells are a much better option for the 

detection of the final products of glycerol oxidation. By combining cyclic voltammetry with 

high-performance liquid chromatography (HPLC), Kwon et al. [12,17] have detected glyceric 

acid, glycolic acid and formic acid as the main products of the oxidation of glycerol on gold. 

On Pt, tartronic acid was also detected as one of the products [12,17]. More recently, Li and 

co-workers [6,18] have detected the production of glycerate, glycolate, tartronate, mexoxalate, 

oxalate and glyoxylate, with co-generation of electricity, when glycerol is oxidised at the anode 

of a fuel cell using gold as the anode catalyst. We find it interesting that the detection of formate 

was not reported, as generation of C2 products like glycolate, glyoxylate and oxalate must 



necessarily result in the generation of C1 products at the same concentration. This can be 

considered therefore indirect evidence of complete oxidation of glycerol to carbonate. 

The role of adsorbed OH (OHad) in the oxidation of glycerol on Au electrodes was recognised 

36 years ago by Kahyaoglu et al. [19], who suggested that, after adsorbing on the electrode 

surface, glycerol reacts with OHad. In this work, we study the electro-oxidation of glycerol on 

polycrystalline Au in alkaline medium by combining cyclic voltammetry and potential step 

experiments with either ATR-SEIRAS or measurements of reflectance changes at 520 nm (this 

wavelength was chosen because it roughly coincides with the excitation of gold’s bulk 

plasmon, and the reflectance is therefore very sensitive to changes in the chemical state of the 

electrode surface). ATR-SEIRAS allows us to detect the adsorption of reaction products, while 

monitoring changes in the electrode reflectance at 520 nm allows a deeper insight into the roles 

of OHad and gold surface oxide in the reaction, as well as into the interplay between the glycerol 

and surface oxidation reactions. 

2. Materials and Methods 

Electrolytes were prepared by dissolving KOH (≥ 85%, Sigma-Aldrich) in either ultrapure 

water (Milli-Q) or D2O (99.9 atom %, Sigma-Aldrich) up to a concentration of 0.1 mol L-1 

(approximate pH 13). Solutions containing glycerol were prepared by adding glycerol (≥ 

99.5%, Sigma-Aldrich) to the desired concentration. All the experiments were performed using 

a flame-annealed Au wire (Alfa Aesar, 99.997% metals basis) as a counter electrode and a 

home-made Ag/AgCl(KClsat) electrode as reference. However, all the potentials in the text are 

referred to the reversible hydrogen electrode (RHE), unless otherwise stated. 

All the experiments were performed under N2 purging at room temperature. Due to the cell 

design, which favoured obtaining a good optical signal over efficient deoxygenation, some 

dissolved oxygen remained in the electrolyte during the visible reflectance experiments, as 

revealed, e.g., by the oxygen reduction wave around 0.77 V in the cyclic voltammogram of 



Fig. 1A. The working electrode for the cyclic voltammetry, current transients and reflectance 

experiments was a polycrystalline gold rod (Metrohm, 0.3 cm in diameter) embedded in teflon 

and attached to a Metrohm 628-10 rotating electrode. The rod’s exposed circular face was 

polished with MasterPolish (Buehler, Alumina + SiO2, 0.05 µm) and then sonicated in 

Ultrapure water before each experiment, immersed in the electrolyte and activated by 

continuous cycling between the hydrogen and oxygen evolution potential limits. The potential 

dependence of the electrode reflectance at 520 nm was monitored using a Teflon cell specially 

designed for this purpose and using a potentiostat (Metrohm Autolab, type III) to control the 

electrode potential and monitor the current (the cyclic voltammograms showing the effect of 

ohmic compensation in Fig. S1 were performed using a CHI600 potentiostat). The light from 

a Hg-Xe lamp (150 W) inside a Sciencetech Collimated Beam Lamp Housing was passed 

through a monochromator and focused on the electrode surface at normal incidence by making 

the beam pass through a lens and a beam splitter. The beam reflected from the electrode surface 

was directed to a photomultiplier tube (PMT, Hamamatsu R955) powered by a high-voltage 

power supply (Brandenburg, 475R). The photocurrent generated at the PMT was transformed 

to a voltage by a 1 kΩ resistor connected to the PMT’s output and fed into the auxiliary input 

of the potentiostat, which allowed simultaneous recording of the potential dependence of both 

current and reflectance (cyclic voltammogram and reflectogram, respectively) during a 

potential sweep, or their time evolution after a potential step. Reflectance experiments using 

an RDE at 1000 rpm (Fig. 1b and Fig. 4) were very noisy due to a small precession of the RDE 

which we could not cancel completely. The raw data were therefore smoothed using a 15-point 

adjacent-averaging signal processing tool. The original unfiltered figures can be found in the 

Supporting Information (Figs. S2 and S3). Excluding this, no further treatment of the 

reflectance data was performed. 



ATR-SEIRA spectra were recorded using a Nicolet iS50R FTIR spectrometer equipped with a 

liquid nitrogen-cooled MCT detector and a home-made ATR accessory, using unpolarized 

light. A new background spectrum at 0.265 V vs RHE was recorded before each spectral series. 

Differential spectra are reported in absorbance units, calculated as -log (
𝑅sample

Rreference
-), where 

Rreference and Rsample are the reference and sample spectra, respectively. Positive bands 

correspond to species present in the sample spectrum that were absent in the background 

spectrum, while negative bands correspond to species present in the background spectrum that 

are absent in the sample spectrum. Series of differential spectra after a potential-step were 

obtained in the kinetics mode by accumulating 200 interferograms per spectrum with a spectral 

resolution of 4 cm−1, which resulted in a time resolution of 40 s. The working electrode was an 

Au film deposited on the totally reflecting plane of a Si prism bevelled at 60o following a 

previously reported procedure [20]. The Si prism was attached to the spectroelectrochemical 

cell using an O-ring seal and electrical contact with the film was made by pressing onto it a 

circular gold wire. Before any IR measurements, the film was cycled in 0.1 mol L-1 H2SO4 then 

rinsed with deuterium-oxide before filling the cell with the glycerol-containing 0.1 mol L-1 

KOH solutions in D2O used for the experiments. Repetitive cycling in 0.1 mol L-1  KOH was 

avoided to prevent the film from peeling off the Si substrate. This also limited the potentials 

applied in the experiments to E < 0.9 V vs. RHE.  

3. Results and discussion 

Fig. 1(A) shows the cyclic voltammograms and the simultaneously recorded reflectograms ( 

= 520 nm) at 0.05 V s-1 of a Au electrode in 0.1 mol L-1 KOH in the presence (red lines) and 

absence (black lines) of glycerol (glycerol concentration 0.3 mol L-1). An excellent description 

of the reflection of UV-vis light by the surface of an electrode can be found in [21–23]. Detailed 

analysis of reflectance data requires the use of a three-layer model for which the complex 

dielectric constants of the electrolyte, the metal and the interface (the latter, unknown, is usually 



calculated using an efficient medium model [24–27]) are required. Luckily, such a complicated 

treatment is often not needed, and a simple visual inspection of the reflectance data renders 

sufficient and valuable information [28–33]. 

In the absence of glycerol, an approximately linear decrease of the reflectance of the gold 

electrode accompanies the positive-going sweep up to approximately 1.20 V, when the 

reflectance decreases precipitously coinciding with the onset of gold oxide formation. A linear 

increase of the electrode reflectance is seen to start in the negative-going sweep just below 1.00 

V, coinciding with the potential at which the gold oxide formed in the preceding positive scan 

has been completely reduced. This linear dependence of the surface reflectance on the potential 

is due to the electroreflectance of gold, a purely physical effect associated to a decrease in the 

density of free electrons in the metal surface with increasingly positive potential [34,35]. The 

electroreflectance of Au is maximum around 500 nm due to the excitation of the bulk plasmon 

[21]. The faster decrease in the reflectance in the positive-going sweep and the fast reflectance 

increase in the negative-going sweep above and below, respectively, 1.20 V, are obviously due 

to the formation of an oxide layer on the surface and its subsequent reduction. This signal is 

therefore ideal to monitor the formation of the surface oxide when the associated current is 

obscured by a larger one (e.g., by that corresponding to the oxidation of glycerol). 

Depending on the crystallographic orientation of the surface, OH adsorption on gold can occur 

at potentials as low as 0.15 V vs. RHE (corresponding to adsorption on Au(110) sites) and an 

OH adlayer on gold is completed between approximately 0.80 and 1.20 V [36]. The 

reflectogram in Fig. 1A shows that the reflectance of the Au surface at 520 nm is insensitive to 

this process.  

It has been suggested that the OH adlayer facilitates the oxidation of glycerol by acting as a 

coupler between it and the Au surface [37]. Our results clearly show that the role of OHad goes 

well beyond that: OHad is the surface reactive species which successively oxidises glycerol in 



a series of Langmuir-Hinshelwood steps. This is clear from the fact that the formation of the 

surface gold oxide layer, as detected by the sharp decrease in the surface reflectance, is delayed 

in the presence of glycerol (compared red and black lines in Fig. 1) and is in agreement with 

Kwon et al. [11], who, based on their own results and on previous DFT calculations [38] 

suggesting that OHad on gold lowers the barrier for β-elimination significantly, proposed that 

there must be some interaction between the alkoxide and the OHad-covered gold surface. This 

implies that (i) glycerol is oxidised by OHad in a purely chemical step, whose rate constant, 

kchem, is therefore potential independent (please note that the rate of glycerol oxidation will still 

increase with potential because so does the coverage by OHad) and (ii) OHad is also the 

necessary precursor for the formation of a surface gold oxide layer. Initially, the reaction of 

adsorbed intermediates with OHad is faster than the formation of the surface oxide, which is 

therefore inhibited. However, as the rate constant of the oxidation of gold must increase 

exponentially with potential because it involves an electron transfer, the rate of this process 

will eventually overcome that of the reaction of OHad with adsorbed intermediates, leading to 

the sharp decrease in both surface reflectance and oxidation current. Increasing the 

concentration of glycerol or the transport rate of glycerol to the surface by, e.g., using a 

rotating-disk electrode (RDE), expectedly leads to a larger positive shift of the potential 

required to form the surface oxide layer, as shown in Fig. 1B. It is evident that, by increasing 

the transport rate of glycerol to the surface, the onset of surface oxidation is delayed. Although 

a significant contribution of the uncompensated electrolyte resistance to the positive shift of 

the onset of surface oxidation is evident in Fig. 1B (the Metrohm Autolab type III potentiostat 

used in these experiments cannot correct for the IR drop) a separate experiment using the same 

glycerol concentration and the same rotation and scan rates demonstrates that the major 

contribution to the shift is by large that due to the increased concentration of glycerol at the 



electrode-electrolyte interface when the electrode is rotated (see Fig. S1 in the Supporting 

Information). 

 

Figure 1. Reflectograms at λ = 520 nm (top panel) and cyclic voltammograms (lower panel) at 0.05 V s-1 of (A) 

a polycrystalline Au electrode in 0.1 mol L -1 KOH (black lines) and in 0.1 mol L -1 KOH also containing 0.3 mol 

L -1 glycerol (red lines) and (B) a polycrystalline Au RDE in 0.1 mol L -1 KOH also containing 0.05 mol L -1 

glycerol at 0 (black lines) and 1000 rpm (red lines). The reflectogram at 1000 rpm was smoothed using an 

adjacent-averaging method to reduce the noise caused by the small precision of the electrode. See Fig. S2 in the 

Supporting Information for the unfiltered data. The dashed black and red vertical lines mark the onset of the faster 

decrease of the electrode reflectance due to the formation of a gold oxide layer in either the absence and presence 

of glycerol (A) or at 0 and 3000 rpm (B), respectively. 

While formation of OHads is necessary for the oxidation of glycerol, formation of a gold oxide 

layer deactivates the surface, as deduced from the perfect coincidence between the sharp 

decrease in the anodic current and that of the electrode reflectance in Fig. 1. Similarly, the 

reactivation of the surface in the negative-going sweep coincides with a very sharp increase in 

the electrode reflectance, i.e., with the stripping of the surface oxide layer. Please note that, in 

the negative-going sweep, the reflectance increases faster in the presence than in the absence 

of glycerol, which, although slightly exaggerated by the effect of the electrolyte’s 

uncompensated resistance, is additional evidence that both oxidation of glycerol and of the 

gold surface require the previous formation of OHads and compete for it.  



Current transients measured after a potential step into the region just above the onset of glycerol 

oxidation show a relatively fast current decay over the first tens of seconds followed by a lower 

but continued decrease of the anodic current (Fig. 2). This current decay cannot be due to an 

inactivation of the electrode surface due to formation of an oxide layer, because it occurs at 

potentials at which formation of such layer does not occur even in the absence of glycerol (Fig. 

1). There is also a slight increase of the current at t = 0 when the electrode is rotated at 500 rpm 

(Fig. 2B), as compared with a static electrode (Fig. 2A), even at the most negative potential of 

0.615 V, although in this potential region the rate of the reaction must be completely controlled 

by kinetics and the effect of transport should be negligible (compare the currents in this 

potential region at 0 and 1000 rpm in Fig. 1B). This is confirmed by the fact that no further 

increase of the current is observed when the rotation rate is increased to 1000 rpm (Fig. 2C). 

The observed current decay must consequently be due to the adsorption on the surface of one 

or several reaction products, which accumulate at the interface as the reaction proceeds. The 

higher initial currents, as well as the slower initial faster current decay when the electrode is 

rotated, imply that transporting the products of the reaction away from the interface results in 

a decrease of their coverage, this is, that adsorption of these products must be reversible. This 

is in agreement with recent results published by Melle et al. [39] reporting galvanostatic 

potential oscillations during the oxidation of glycerol on Pt in acidic medium. However, they 

suggest that glyceraldehyde is the intermediate whose adsorption inhibits the process, while, 

as we will show below, our ATR-SEIRAS results suggest that one or several bridge-bonded 

adsorbed carboxylates are more likely candidates as the species responsible for the inhibition. 

Please note that the transients in Fig. 2 were measured sequentially, and therefore the 

concentration of the products in the bulk of the solution increased as the experiment proceeded. 

This explains why the initial current at 1000 rpm is slightly lower than at 500 rpm. 



 

Figure 2. Current transients recorded with a polycrystalline Au RDE in 0.1 mol L -1 KOH containing 0.1 mol L -

1 glycerol after a potential step from 0.265 V vs. RHE to 0.615 (red lines), 0.715 (black lines) and 0.965 (blue 

lines) V at 0 (A), 500 (B) and 1000 (C) rpm. 

Although very sensitive to the formation of an oxide layer on the electrode surface, visible 

reflectance measurements at normal incidence are not sensitive to adsorbed intermediates or 

products formed during the reaction, for which ATR-SEIRAS is much better suited. As 

carboxylates are the main (if not the only) expected products of glycerol oxidation 

[7,8,14,15,40], ATR-SEIRAS monitoring of species at the interface after a potential step was 

done using D2O as solvent, to avoid masking of the asymmetric stretching of carboxylates by 

the δH-O-H, band of H2O. 

Fig. 3(B) shows ATR-SEIRA spectra of a Au film electrode deposited on Si in 0.1 mol L -1 

KOH (D2O) containing 0.5 mol L -1 glycerol, collected at 40 s intervals after a potential step 

from 0.265 V to 0.465, 0.565, 0.665, 0.765 and 0.865 V. A spectrum collected at 0.265 V 

before each potential step was used as background. The simultaneously recorded current 

transients are shown in Fig. 3(A). 

At 0.465 V, before any measurable anodic current can be detected, only small bands around 

1431 and 1330 cm-1 can be seen. This bands are present in the ATR spectrum of glycerol (see 

Supporting Information, Fig. S4), and correspond to glycerol’s CH2 and CH stretching, CH2-

bending and C-H bending modes, respectively [41,42]. This suggests the adsorption of glycerol 



after a positive potential step, which is in agreement with the fact that, as discussed above, 

deprotonated glycerol must be the reacting species. Assignment of these bands to adsorbed 

deprotonated glycerol is supported by their absence at more positive potentials, beyond the 

onset of glycerol oxidation, where the reaction should result in a decreased coverage by this 

species. Please note that the experiments in Fig. 3 were done in the potential region where the 

reaction rate is controlled by the kinetics of the reaction, and the concentration of glycerol will 

remain equal or very close to that in the bulk. In good agreement with this, no negative bands 

suggesting a decrease in the concentration of glycerol at the interface can be observed in the 

spectra. 

 



 

Figure 3. ATR-SEIRA spectra of the Au-electrolyte interface in 0.1 mol L-1 KOH containing 0.5 mol L-1 

glycerol in D2O, collected during the first 250 s after a potential step from 0.265 V vs. RHE to 0.465, 0.565, 

0.665, 0.765 and 0.865 V (B). Spectral resolution is 4 cm-1. Each spectrum consists of 200 interferograms, 

which resulted in a time interval between spectra of 40 s, which allowed for sufficient accumulation of reaction 

products. The simultaneously measured current transients are shown in (A). The reference spectrum was taken 

at 0.265 V. 

The bands described above are also visible at 0.565 V, but a new band around 1540 cm-1, right 

in the middle of the spectral region characteristic for the anti-symmetric stretching mode of 

carboxylate groups [8,15,43], appears at this potential, the intensity of which increases during 

the first 80 s at all the potentials. At 0.765 V it becomes evident that this band is accompanied 

by two weaker bands around 1400 cm-1 and at 1332 cm-1, and a two-dimensional analysis of 

the spectra at this potential (see Supporting Information, Fig. S5) confirms that these three 

bands grow synchronously. They must therefore correspond to either the same species or to 



two species in equilibrium with each other. The carboxylate responsible for the antisymmetric 

O-C-O stretching band around 1540 cm-1 cannot be directly adsorbed on the electrode surface, 

as this mode is prohibited by the surface selection rule [16]. This band must therefore 

correspond either to a carboxylate in the solution or to the carboxylate group facing the solution 

of an adsorbed C3 dicarboxylate (note that the dynamic dipole moment of the asymmetric O-

C-O stretching of the carboxylate group facing the solution of the only possible C2 carboxylate, 

oxalate, would be parallel to the electrode surface, and would therefore also be prohibited by 

the surface selection rule of ATR-SEIRAS). We attribute the band around 1400 cm-1 to the 

corresponding symmetric carboxylate stretching. The band at 1332 cm-1 must correspond to 

the symmetric stretching of a bidentate adsorbed carboxylate [44–47]. In all the spectra shown, 

the intensity of these three bands increases between the first and the second spectra 

(accumulated during the first 40 s and between 40 and 80 s after the potential step), and remains 

roughly constant afterwards, which is consistent with the simultaneously recorded current 

transients, in which the largest current decay occurs during the first 50 s after the potential step.  

In acidic media, adsorbed bidentate formate, acetate, oxalate, malonate and succinate adsorbed 

on Au appear around 1330 cm-1,[44] 1400 cm-1,[45] 1300 cm-1,[46] 1380 cm-1 [47] and 1390 

cm-1 [47], respectively. At first sight, adsorbed bidentate formate might appear the most likely 

candidate for the band observed at 1332 cm-1. However, it must be recalled that the frequency 

of adsorbed species typically decreases with increasingly negative potential and that, in a pH-

independent reference scale, the potential window in alkaline solutions is considerably more 

negative than that in acidic solutions. Consequently, any of the other carboxylates detected in 

previous work using HPLC, like, e.g., glycoxylate or glycerate, may also be responsible for 

this band. In any case, it is not the aim of this work to identify the products of the reaction, for 

which other techniques like HPLC are better suited than ATR-SEIRAS and which has been 

reported before. Our goal is rather to show that the carboxylates produced do adsorb on the 



surface and are responsible for inhibiting the reaction, and the results reported in Fig. 3 provide 

strong evidence for this. 

At 0.865 V, the band around 1330 cm-1 is negative, suggesting the corresponding carboxylate 

product was already adsorbed at the background potential (0.265 V) and has partially desorbed 

at 0.865 V. Please note that the spectral series in Fig. 3 were recorded sequentially and a non-

negligible concentration of reaction products must already be present in the solution by the 

time the series at 0.865 V was started. Therefore, the presence of an adsorbed bidentate 

carboxylate on the surface at 0.265 V, despite no reaction happening at this potential, is not 

surprising. Its desorption at 0.865 V suggests that OH- and the carboxylate product(s) compete 

for the adsorption sites on the surface, as would be expected because both are specifically 

adsorbing anions. 

A second band appears at 0.865 V in the spectral region characteristic for the symmetric 

stretching of carboxylates. This is consistent with the multiplicity of carboxylates detected as 

reaction products in previous work using HPLC [6,12,17,18]. There is also an increased 

absorption intensity in the region between 1300 and 1450 cm-1, which could be due to 

additional carboxylate symmetric stretching bands (both bidentate adsorbed and in solution or 

adsorbed but facing the solution). However, they are too week for a deeper analysis. No 

evidence of formation of carbonate due to the complete oxidation of glycerol can be found in 

the spectra within the potential region explored, although the carbonate band could well be 

buried within the intensity in the region around 1400 cm-1. 

The competition between the caboxylate products and OH- for the adsorption sites on the 

electrode surface implies that the inhibiting effect of the adsorbed carboxylate(s) is double, as 

it will prevent the adsorption on the surface of the two reactive species needed, namely, 

deprotonated glycerol and OHad. A third effect occurs at potentials positive enough to oxidise 



the surface. Under these conditions, adsorption of the reaction products will decrease the rate 

at which OHad is removed by reacting with glycerol, eventually leading to the oxidation of the 

surface happening faster than that of glycerol, to the formation of an oxide layer and, 

consequently, to a complete inhibition of the reaction. Such behaviour is illustrated in Fig. 4, 

showing potentiostatic reflectance transients at l = 520 nm of a Au RDE in glycerol-containing 

0.1 mol L -1 KOH alongside simultaneously recorded current transients after a potential step to 

1.415 V (well into the oxide region) at different rotation rates. The first interesting observation 

in Fig.4 is that the initial current is the same in all the transients, suggesting that, at this very 

positive potential, at which a complete OH adlayer must form instantaneously, the rate of the 

reaction is determined by the sites available on the surface for the adsorption of deprotonated 

glycerol. This confirms our statement above that the oxidation of glycerol happens via one or 

several Langmuir-Hinshelwood steps involving, on one side, deprotonated glycerol and other 

reaction intermediates and, on the other, OHad. 

 



 

Figure 4. Potentiostatic reflectance (top) and current (bottom) transients recorded with a Au RDE in 0.1 mol L -1 

KOH containing 0.05 mol L -1 glycerol after a potential step from 0.265 to 1.415 V vs. RHE.  = 520 nm. Rotation 

rate: 0 (black), 1000 (red), 2000 (green) and 3000 (blue) rpm. The reflectogram at 1000 rpm was smoothed using 

an adjacent-averaging method to reduce the noise caused by the small precision of the electrode. See Fig. S3 in 

the Supporting Information for the unfiltered data. 

All the current transients in Fig. 4 show a sudden and nearly complete deactivation of the 

surface after a time which depends on the rotation rate. The concomitant decrease of the 

electrode reflectance is clear evidence that this deactivation is due to a sudden oxidation of the 

surface. However, this is only possible if the rate of oxidation of glycerol has previously 

decreased to a point at which further oxidation of OHad to gold oxide is faster than its removal 

by glycerol. This decrease of the reaction rate has to be due to the adsorption of the carboxylate 

products of the reaction because (i) its accompanied by a negligible (1000, 2000 and 3000 rpm) 



or comparatively small (0 rpm) decrease of the surface reflectance and (ii) the decay of the 

reaction rate is very fast when the transport of products away from the electrode surface is 

accelerated by rotating the electrode, which also results in a delay of the complete deactivation 

of the surface to longer times. Somehow counterintuitively, the reflection and current transients 

at the two highest rotation rates of 2000 and 3000 rpm show that the oxidation and consequent 

deactivation of the electrode surface occur at shorter times than with a rotation rate of 1000 

rpm. As in the experiments above, these transients were measured sequentially, which resulted 

in a gradual accumulation of reaction products in the solution. As a consequence, at the two 

higher rotation rates the concentration of reaction products at the interface must be higher than 

at 1000 rpm. Actually, this result is additional evidence that the carboxylates produced upon 

oxidation of glycerol adsorb reversibly on the surface. To prove our point, potential steps at 

the same rotating rates but using a fresh solution and a pristine gold electrode for each rotating 

rate are shown in the Supporting Information (Fig. S6). Under these conditions, higher rotating 

rates lead to longer times needed for the formation of gold oxide.  

4. Conclusions 

By combining cyclic voltammetry and potentiostatic current transients with in situ ATR-

SEIRAS and visible reflectance measurements, we have obtained important insight into the 

electrocatalytic oxidation of glycerol on gold electrodes. 

Our results show that the oxidation of glycerol involves one or (most likely) several Langmuir-

Hinshelwood steps in which adsorbed deprotonated glycerol and other intermediates react with 

OHad. However, further oxidation of the surface to form an oxide layer results in a complete 

deactivation for the oxidation of glycerol. Glycerol oxidation and the formation of a surface 

oxide layer compete for OHad, which retards the oxidation of the gold surface in the presence 

of glycerol. A similar conclusion was reached for several alcohols and platinum by Santiago et 



al. [48], suggesting that this reaction mechanism might be general for all metals and all 

alcohols, with the exception of methanol at least in the case of Pt [48]. 

We have also shown that the carboxylates resulting from the oxidation of glycerol adsorb on 

the surface and have an inhibiting effect on the reaction rate. However, this is not a major 

drawback, as the adsorption is reversible and the surface coverage by adsorbed products can 

be decreased (thereby maintaining a high activity) if they are transported away from the 

interface. 

Our results are relevant for the design of fuel cells capable of generating electricity plus value-

added chemicals (carboxylic acids resulting from the oxidation of glycerol). As the reaction 

requires OHad, materials on whose surface this species can be formed as negative as possible 

should be used. However, care must be taken because these materials will also form an oxide 

layer at relatively negative potentials which, as we have demonstrated here, may result in the 

deactivation of the surface. The flow rate of the fuel feed into the cell must also be carefully 

designed to maintain a low concentration of products at the interface while at the same time 

allowing for a high conversion of the reactant. 
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SUPPLEMENTARY FIGURES 

 

Figure S1. Cyclic voltammograms at 0.05 Vs-1 of a polycrystalline Au RDE in 0.1 M KOH also containg 0.05 

mol L-1 glycerol at 0 (black lines) and 1000 rpm (red lines). The botom panel corresponds to experiments without 

ohmic compensation, while the cyclic voltammograms in the top panel have been corrected for the electrolyte 

resistance (Ru = 6.3 ). 
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Figure S2. Unfiltered reflectograms at λ = 520 nm (top panel) and cyclic voltammograms (lower panel) at 0.05 

V s-1 of (A) a polycrystalline Au electrode in 0.1 mol L -1 KOH (black lines) and in 0.1 mol L -1 KOH also 

containing 0.3 mol L -1 glycerol (red lines) and (B) a polycrystalline Au RDE in 0.1 mol L -1 KOH also containing 

0.05 mol L -1 glycerol at 0 (black lines) and 1000 rpm (red lines). The dashed black and red vertical lines mark 

the onset of the faster decrease of the electrode reflectance due to the formation of a gold oxide layer in either the 

absence and presence of glycerol (A) or at 0 and 3000 rpm (B), respectively.  

 

 

Figure S3. Original unfiltered: Potentiostatic reflectance (top) and current (bottom) transients recorded with a Au 

RDE in 0.1 mol L -1 KOH containing 0.05 mol L -1 glycerol after apotential stpe from 0.265 to 1.415 V vs. RHE. 

λ = 520 nm. Rotation rate: 0 (black), 1000 (red), 2000 (green) and 3000 (blue) rpm.  



 

Figure S4. Transmission spectrum recorded in the ATR mode of pure glycerol on a silicon prism. The reference 

spectrum was the bare silicon prism.  

 

Figure S5. Synchronous 2D IR correlation plots from a series of ATR-SEIRA spectra recorded at 0.765 V during 

250 in 0.1 M KOH + 0.5 M glycerol. Cross peaks connecting two bands at different frequencies imply that these 

two bands grow synchronously. Calculated with 2Dshige version 1.3 program [1] with permission. 

 



 

Figure S6. Current transients recorded with a Au RDE in 0.1 mol L -1 KOH containing 0.1 mol L -1 glycerol after 

a potential step from 0.265 to 1.515 V vs. RHE. Rotation rate: 0 (black), 500 (red), 2000 (green) and 2500 (blue) 

rpm. Fresh solutions and npristine working electrodes were used in each experiment.  
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