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ABSTRACT
The electrocatalytic oxidation of 1,2-propanediol to form lactic acid and pyruvic acid was
studied using Density Functional Theory (DFT). Previous studies have indicated that on a gold
surface with applied potential, 1,2-propanediol will selectively oxidize to lactic acid at low
potentials and pyruvic acid at high potentials. The study of this particular reaction mechanism can
serve as a model for converting biomass into industrially valuable chemicals. Also, understanding
the reaction mechanism can lead to improved catalyst formulation. It is difficult to experimentally
determine the reaction mechanism as the concentrations of the reactive intermediates cannot be
measured. Density Functional Theory, a computational quantum mechanical modeling method,
was used to determine the energies of all intermediate species to elucidate the mechanism. A
reaction energy diagram was formulated to determine the most energetically favorable path from
products to reactants. The results indicate that the preferred mechanism proceeds through
deprotonation of the terminal carbon to form a lactaldehyde intermediate which leads to the
formation of lactic acid. At low potentials, there is a high energy step between lactic and pyruvic
acid which is unfavorable and thus lactic acid is the dominant product. At high potentials, this
oxidation step is more favorable as pyruvic acid is a more stable product leading to pyruvic acid
being the dominant product.
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Chapter 1
Introduction
As non-renewable fuels are available in rapidly diminishing quantities, scientists and
researchers have sought alternative renewable energy sources. Among the options are ethanol
from polysaccharides, synthesis gas from wood gasification, and biodiesel from naturallyoccurring oils and fats.1,2,3 Biodiesel production involves a base-catalyzed transesterification
reaction in which the lipids from the oils and fats are reacted with an alcohol to produce fatty acid
methyl esters (biodiesel) and glycerol as an unavoidable byproduct.3
With the increasing production and viability of biodiesel, glycerol has become an
inexpensive and readily available chemical.4 This has sparked much interest as researchers search
for potential uses for the glycerol feedstock. One such proposed use is to selectively oxidize the
glycerol to produce industrially valuable chemicals and products. With its three hydroxyl groups,
glycerol can be used as a reactant to produce many different organic chemicals.4 Roughly 96% of
all organic chemicals are derived from petroleum and natural gas, and new sources for these
chemicals are needed as supplies are depleted.5
Previous experimental results have proven that glycerol can be selectively oxidized
through heterogeneous catalysis.6 This method allows control over selectivity, but it offers less
control of product distribution and it cannot harness the chemical energy converted in the reaction
as it is lost as heat.
A proposed alternative method begins by converting the glycerol to 1,2-propanediol
through selective reduction. Using 1,2-propanediol as a feedstock, experimental results from Li et
al. have indicated that selective oxidation to lactic acid and pyruvic acid can occur using a gold
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catalyst and applied potential7. Through control of the applied potential, the reaction can be
manipulated to produce varying desired products. Also, the electrodes used to apply the potential
can transfer the chemical energy converted in the reaction to produce an electrical current rather
than producing waste heat.
Given that varying the potential produces different products, knowledge of the
elementary reaction electrochemistry is desired. Changing the potential results in a varying
selectivity to the desired products of pyruvic and lactic acid, with mechanistic differences
therefore causing the oxidation of secondary or primary carbon atoms. Li et al. observed that at
low potentials, lactic acid was the dominant product, while at high potentials, pyruvic acid
formation dominates.7 A greater understanding of the mechanism of this reaction will help
determine why this trend is observed, as there are many possible intermediates involved in the
reaction over the course of numerous oxidation steps. These intermediates, including
hydroxyacetone, lactaldehyde, and pyruvaldehyde, also have industrial uses and the reaction can
be examined to determine if the electrocatalytic process can be altered to result in the production
of any of the intermediates.
Furthermore, understanding the electrochemistry and mechanism can lead to improved
catalyst formulation. Once reaction energetics on the gold catalyst are determined, the surface
composition can be altered to modify energetics toward selectivity and production of the desired
chemicals. The study of this particular reaction mechanism can also serve as a model for
converting biomass into industrially valuable chemicals. By discovering more industrial uses for
the waste glycerol from the biodiesel transesterification step, the glycerol will become more
economically valuable and provide more incentive for biodiesel production.
It is difficult, however, to determine the mechanism through standard experimental
procedures. The concentration of reaction intermediates cannot be measured; it is only possible to
measure the final concentrations of the products. Surface bound intermediates are difficult to
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characterize at the buried electrode interface due to the presence of electrolyte. Accurate
measurements of the relative concentrations of products are performed, but the steps through
which the mechanism proceeds are uncertain. Therefore, in order to determine the reaction
mechanism, a quantum mechanical approach is necessary.
Density Functional Theory (DFT) is a quantum mechanical modeling method through
which the electronic structure of matter can be determined through analyzing the electron density
of the structure. DFT allows for the energy of each intermediate step to be determined by
optimizing the electronic structure of all considered species in a given volume. Therefore, the
gold surface and any adsorbed species can be optimized as a system to determine the most
energetically stable conformations of any species interacting with the surface.
Herein, our objectives are to determine the electrocatalytic oxidation mechanism through
which 1,2-propanediol reacts to form lactic acid and pyruvic acid on the Au(1 1 1) surface. Also,
we will attempt to understand how the applied potential affects the reaction mechanism and leads
to different products.
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Chapter 2
Methods
Density functional theory calculations were performed using the Vienna Ab Initio
Simulation Package (VASP), a molecular dynamics and ab initio total energy program.8-10 The
projector augmented wave method was used with a plane wave basis set with a cut-off energy of
400 eV. The Perdew-Wang functional (PW91) form of the generalized gradient approximation
was used to determine the exchange and correlation energies.11 To optimize the structures, a 3 x 3
x 1 Monkhorst-Pack grid was used to create the k-points grid.12 Forces on the reactant atoms were
minimized to values lower than 0.05 eV Å-1. The Au(111) surface was modeled using a 3 x 3 unit
cell with 4 metal layers in a vacuum slab model with parameters 8.65 x 8.65 x 21.20 Å3.
To determine the energetics of each elementary electrochemical step in the oxidation
process, a method for evaluating relative energies was developed. A single oxidation step in a
surface reaction can generally be written as:
(1)

in which the asterisk denotes that the particular species is bound to the surface. The reaction
energy can then be modeled by comparing the energies of the products and reactants as in
Equation 2:
(2)
where ΔGrxn is the change in energy of the reaction in the forward direction and Gx represents the
energies of the individual species. While both GA and GAH can be measured using VASP DFT
calculations, the energy of the solvated proton cannot be calculated and the electron energy varies
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with potential. These energies can, however, be modeled by using the redox half-cell of the
Reversible Hydrogen Electrode (Equation 3). At zero on the Reversible Hydrogen Electrode
(RHE) scale, the energy of an electron is 0, which allows for the simplification in Equation 4 to
determine the free energy of the proton and electron13:
(3)

at 0 V-RHE

(4)

in which Gx represents the free energy of the species. By representing the energy of the proton
and electron pair as the free energy of ½ of an H2 molecule at the Reversible Hydrogen Electrode
equilibrium potential, the energies of the proton and electron can be accounted for as in Equation
5.
(5)

This equation holds true only at the equilibrium potential of the RHE. The rate of reaction
in an electrochemical reaction is a function of electrode potential, so Equation 5 should be written
as a function of applied potential. To do so, the energy of an electron must be accounted for,
which is done in (6). From the equation, it is evident that increasing the potential should increase
the favorability of an oxidation reaction, and thereby the rate.
(6)

In Equation 6, e- represents the charge of an electron and µRHE is the electrode potential in
V relative to the RHE equilibrium. This general equation must then be considered in terms of the
specific reaction steps considered in this paper, namely that of the oxidation of 1,2-propanediol to
the ultimate products of lactic and pyruvic acid. This sequence of reactions can be described
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using Equation 7, which is Equation 1 rewritten with 1,2-propanediol as the reactant to form any
intermediate or product.
(7)

In Equation 7, * denotes a surface site, x is the number of oxygen atoms, y is the number of
hydrogen atoms, and n is the number of electrons transferred. Applying Equation 6 to the reaction
formula in Equation 7, the energy of any elementary step in the reaction can be compared to the
energy of 1,2-propanediol, the Au(111) surface, and water to give a relative energy that can be
used to relate the energy between any two steps (Equation 8).
(8)

In this equation, C3OxHy* represents a surface-adsorbed species in the reaction, RE is the relative
energy in eV, and

is the energy of the bare Au(111) surface.

In the determination of the reaction mechanism, many structures were studied. In order to
maintain organization amongst the various species, a simple alphanumeric nomenclature was
adopted. Each structure has a two-part identification system, including a number followed by a
letter. The number represents which oxidation step the species occurs with the initial 1,2propanediol structure given the number 0 and increases by one with each electron transferred in
the reaction. The letter is simply an arbitrary way to denote a unique structure for an individual
oxidation step. This nomenclature method is defined in Table 1 in the Appendix where each
species label is shown pictorially.
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Chapter 3
Results and Discussion
The multi-step electrocatalytic oxidation of 1,2-propanediol over a gold FCC crystal
structure was studied at varied potentials. To determine the likely conformations of all products,
reactants, and intermediates involved in the reaction, gas-phase calculations were conducted. All
possible conformations of the species were optimized on the Au(1 1 1) surface and Gibbs free
energies were compared to provide an initial idea as to the preferred structures during the
reaction.

Structures
All possible structures and intermediates were then optimized on the gold catalyst and
their relative energies compared to the gas-phase 1,2-propanediol, gold FCC crystal structure, and
free water molecules were measured according to Equation 8. The results for all considered
molecules are provided in Table 1 in the Appendix.
Several trends regarding the most stable structures were observed. Structures that would
form a stable gas phase molecule if desorbed were more energetically favorable for a particular
oxidation step than structures that would form a radical. These stable structures interacted very
weakly with the Au(1 1 1) surface as they did not formally bind to the surface. This is evident in
structures such as lactaldehyde (2P), hydroxyacetone (2H), and lactic acid (4I).
For the oxidation states in which there were no possible gaseous stable structures
(oxidation states 1, 3, and 5 would represent radicals if desorbed), structures in which an
unsaturated oxygen was oriented toward the surface tended to be lower in energy. This is because
these structures allowed the oxygen to bond to the Au(1 1 1) surface. However, if it was possible
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to form an unsaturated carbon, the carbon atom would closely interact with the catalyst at an atop
site and result in structures with lower relative energies. This is seen in structure 3P which has a
C-Au bond length of 2.14 Å and structure 5G with a C-Au interaction length of 2.29 Å.
Another evident trend was that the more stable structures had the methyl group (R-CH3)
rotated so that it did not interfere with interactions with the surface. The methyl group could
sterically hinder interactions of an unsaturated oxygen or carbon and thus weaken any stabilizing
interactions with the catalyst. Depending on the ability to rotate bonds, sometimes it is impossible
to rotate the methyl group away from the surface and the most stable structure is one that,
ultimately, weakly interacts with the surface regardless of potential interactions with unsaturated
atoms.

Reaction Energy Diagrams
To determine which binding site on the gold surface was preferred, the terminal hydroxyl
and secondary hydroxyl groups of 1,2-propanediol were deprotonated and optimized with the
unsaturated oxygen atom in each of the three high symmetry binding sites of a gold FCC crystal
structure. For both the terminal oxygen deprotonation and the secondary oxygen deprotonation,
the favored binding site was the conformation in which the oxygen was positioned in a 3-fold
hollow site.
In order to visualize the reaction mechanism, reaction energy diagrams were created at
various potentials, two of which are pictured in Figure 3-1. Each diagram depicts the preferred
paths for each oxygen binding mechanism, through initial deprotonation at either the terminal
oxygen (O1) or the secondary oxygen (O2), and the most favorable path is highlighted. Only the
surface bound intermediate conformations with the lowest relative energies at each oxidation step
are included in the figure.

a)
9

b)

Figure 3-1. 1,2-Propanediol electrocatalytic oxidation reaction energy diagram at a) 0.35 V-RHE where
lactic acid would be the dominant product and b) 0.75 V-RHE where pyruvic acid would be the
dominant product.
A relative
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0 V represents
energypotential,
sum of a the
gasoxidation
phase 1,2-propanediol
From
Figure 3-1,
it is of
apparent
that with the
increasing
of 1,2species, the bare Au(1 1 1) surface, and a water molecule. Species relative energies are defined in
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initial deprotonation
the terminal
alcohol
group and a ■ for initial deprotonation of a secondary alcohol group. Each step to the right represents a
1 e- reaction, with the x-axis label showing the number of e- required to oxidize from 1,2-propanediol to a
given species. Dotted lines show connection between states in which an elementary reaction step can
convert between connected species.
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correlate with reaction energies, more rapid. There are two particular mechanisms through which
the oxidation can occur depending on which oxygen is initially bound to the surface. If initially
bound through O2, the secondary oxygen, an alkoxy is formed after the first deprotonation before
breaking a C-H bond to form the stable intermediate, hydroxyacetone. From hydroxyacetone
formation, several oxidation steps then lead to the formation of pyruvaldehyde followed by a
hydride shift that would allow for formation of either lactic or pyruvic acid.
Binding initially through O1, the terminal oxygen atom, lactaldehyde is formed by
breaking a primary C-H bond from the alkoxy stage. The lactaldehyde oxidation step is slightly
uphill at 0.35 V-RHE in energy followed by a sharp decrease in relative energy upon the
formation of the stable molecule, lactic acid. To form pyruvic acid from lactic acid, a large uphill
energy is required to form the intermediate due to the breaking of a C-H bond.
Given the two potential mechanisms, it is unlikely that oxidation would occur through
initial O2 binding as hydroxyacetone oxidation requires the formation of an unstable intermediate
and therefore large activation overpotential. At both 0.35 and 0.7 V-RHE, hydroxyacetone would
be a dead end product. As significant hydroxyacetone formation is not observed experimentally,
it is likely the activation barrier for the initial secondary C-H breaking step is higher. The
oxidation mechanism through O1 binding is feasible as the reaction displays an energetically
favorable trend with minimal activation overpotentials at both 0.35 and 0.7 V-RHE. At very low
potentials, however, it is unlikely that there will be any significant conversion, due to either a
relatively large amount of energy required to first deprotonate the 1,2-propanediol, or the uphill
energy step for oxidation at lactaldehyde. Determination of the extent of favorability of the initial
alcohol deprotonation step is challenging, as we did not consider the relative solvation of solution
phase 1,2-propanediol and the surface bound species. Comparisons between surface bound
species are more accurate due to better cancellation of errors introduced by neglecting solvation
or interactions of surface species with interfacial electric fields.
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From Figure 3-1, it is also important to note that oxidation steps that result in the
formation of stable (even electron numbers) structures tend to have much lower activation
energies and are generally favorable steps. As the Au(1 1 1) surface is relatively inert compared
to more active Pt electrodes, for example, all stable products are susceptible to competition
between desorption and further oxidation.

Figure 3-2. Equilibrium structures and reaction energetics for 1,2-propanediol
electrocatalytic oxidation along the most preferable path to pyruvic acid at 0.75 V-RHE.
Each elementary step represents a 1 e- oxidation reaction. The relative energy, defined in
Equation 8, is given below each species and the reaction energies (product and reactant
difference in relative energies) for each step are given adjacent to reaction arrows. Au
atoms are shown in space filling representations. Carbon (grey), oxygen (red), and
hydrogen (white) atoms are shown in ball and stick format.
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The reaction mechanism with structural images for preferential binding through O1 is
given in Figure 3-2 with relative energes given at 0.75 V-RHE. In the figure, the difference in
relative energies between oxidation steps (at 0.75 V-RHE) is given above the reaction arrow and
the overall relative energy is given below each structure.

Selectivity vs. Potential
With increasing potential, the reaction energy (and activation energy) for each oxidation
step decreases. Thus, as potential increases, oxidation is more energetically favorable. At low
potentials (Figure 3-1a), there is a high energy step to form the intermediate between lactic and
pyruvic acid. Due to this step, at low potentials, it is unlikely that the reaction would proceed
further than the lactic acid step and therefore lactic acid will be the dominant product. With
increasing potential (Figure 3-1b), the energy of this intermediate decreases and the formation of
pyruvic acid becomes much more favorable. Thus, the selectivity to pyruvic acid should increase
as the potential of the cell increases.

Comparison with Experimental Results
Our computational results are consistent with prior experimental results. The results from
Li et al. indicate that pyruvic acid yield increases with increasing applied potential.7 At a potential
of 0.35 V-RHE, the final product is roughly 50% lactic acid and 20% pyruvic acid. When the
potential is raised to 0.75 V-RHE, the product is about 35% lactic acid and 55% pyruvic acid.
This is a significant increase in pyruvic acid production and is consistent with our preferred path
suggesting pyruvic acid is formed from lactic acid and becomes favorable at higher potentials.
Also, from Li, et al.’s results, it is noted that with increasing potential comes a very large
increase in conversion as the final concentration of pyruvate increases forty times as a result of
increasing the applied potential from 0.35 V to 0.75 V.7 This also validates our energetics that
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suggest there would be insignificant conversion at low potentials due to the high energy step from
the deprotonation of the 1,2-propanediol.
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Chapter 4
Conclusions and Future Work
The electrocatalytic oxidation of 1,2-propanediol to produce lactic acid and pyruvic acid
over a Au(1 1 1) surface was studied using density functional theory. Energies of intermediate
states were compared to a single gas phase 1,2-propanediol molecule, the gold surface, and water
molecules using a derived equation to evaluate relative energies. Reaction energy diagrams were
developed at varying potentials to determine the likely reaction mechanism. Hydroxyacetone was
determined to be a dead end product in the reaction as it formed a stable intermediate of which
further oxidation was highly unfavorable. Therefore, any production of lactic acid or pyruvic acid
would have to proceed through an alternative mechanism that avoids hydroxyacetone production.
Formation through a lactaldehyde intermediate is the likely alternative, although lactaldehyde is
less energetically stable than hydroxyacetone. The lack of hydroxyacetone formation may be due
to kinetic barriers, explaining why hydroxyacetone is not seen experimentally in Li et al.’s
results.7
The high energy elementary step between lactic and pyruvic acid explains why increasing
amounts of pyruvic acid are observed with increasing potential in experiment. At low potentials,
lactic acid would be the dominant product and at high potentials, pyruvic acid formation is more
favorable. Also, paths to lactic acid and pyruvic acid through pyruvaldehyde are unlikely as they
require a significant overpotential. There are several high energy steps along the pyruvaldehyde
intermediate mechanism that make it energetically unfavorable.
The most energetically favorable mechanism occurs through deprotonation of the carbon
bound to the terminal oxygen (O1) followed by oxidation to lactaldehyde. Further deprotonation
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of the carbon bound to O1 yields a structure in which the terminal carbon atom binds with the
Au(1 1 1) surface. Oxidation of this structure yields lactic acid which further oxidizes to pyruvic
acid at high potentials.
To further our study in this area, there are several logical next steps. The first would be to
improve our kinetic study by locating transition states and computing activation barriers. This
would allow for a clearer picture of the reaction mechanism. We should also investigate C-C
bond breaking steps as a small portion of oxidation products experimentally observed on the Au
electrode have fewer than three carbons, indicating that some C-C bonds are broken in the
process. High index Au facets should be considered, as the low index (1 1 1) facet may not be
fully representative of polycrystalline Au electrodes as less coordinated sites may be active for
bond dissociation steps. Comparisons should be made with Pt electrodes to further corroborate
our DFT results by developing energetics consistent with experimentally observed electrokinetic
behavior. With Au and Pt behavior explained, we could then consider bimetallic catalyst design
toward optimizing conversion and selectivity.
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Appendix A
Optimized intermediate structures and relative energies (Equation 8) along
the path of 1,2-propanediol oxidation on the Au(1 1 1) surface.
Table A-1. Optimized intermediate structures and relative energies (Equation 8) along the
path of 1,2-propanediol oxidation on the Au(1 1 1) surface. Most favorable structures of a
given intermediate are in bold.
Step Number

Structure Name

Structure

Relative Energy at 0.5 V* (eV)

0

0A

0

0

0B

0

1

1A

0.868

1

1B

0.791

17

1

1C

0.820

1

1D

0.850

2

2A

1.905

2

2D

-0.503

2

2E

-0.430

2

2F

-0.522

2

2G

-0.536

18

2

2H

-0.544

2

2I

1.035

2

2J

1.023

2

2K

-0.089

2

2L

-0.252

2

2M

-0.107

2

2N

-0.124

19

2

2O

-0.134

2

2P

-0.299

2

2Q

-0.430

2

2R

-0.515

3

3A

0.946

3

3B

0.919

3

3C

0.957

20

3

3D

0.738

3

3E

0.706

3

3F

0.281

3

3G

0.305

3

3H

0.314

3

3I

0.298

3

3J

0.518

21

3

3K

0.645

3

3L

0.652

3

3M

0.464

3

3N

1.184

3

3O

1.234

3

3P

-0.126

3

3Q

-0.069

22

3

3R

-0.125

3

3S

0.033

4

4A

-0.071

4

4B

-0.140

4

4C

0.026

4

4D

0.563

4

4E

0.450

23

4

4F

-1.267

4

4G

-1.269

4

4H

-1.314

4

4I

-1.336

4

4J

-1.268

4

4K

-1.209

4

4O

-0.735

24

5

5A

0.892

5

5B

0.897

5

5C

0.898

5

5D

0.966

5

5E

-0.551

5

5F

-0.548

5

5G

-0.644

25

5

5H

-0.398

5

5I

-0.623

5

5J

-0.260

5

5K

-0.328

5

5L

0.072

5

5M

-0.163

5

5N

-0.112

26

5

5O

-0.084

5

5P

0.425

5

5Q

0.434

6

6A

-1.341

6

6B

-1.344

6

6C

-1.184

27
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