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CHAPTER I

Introduction

1.1 Summary

This chapter gives an introduction to electrochemical synthesis as an alternative to

traditional thermochemical routes for chemical production. Previous researchers have

reported the use of noble metal catalysts in solid polymer electrolyte (SPE) reactors

for triglyceride hydrogenation, which resulted in products with superior selectivities as

compared to those produced in the thermochemical reactor. Electrochemical reactors,

however, are unlikely to be relevant on an industrial scale without less expensive

hydrogenation catalysts. Early transition metal carbides and carbide-supported metal

catalysts have been reported to have activities and selectivities comparable to those of

noble metals. These catalysts may provide an interesting alternative to noble metals

for triglyceride hydrogenation in the SPE reactor. This chapter concludes with the

overall goals and scope of the thesis, as well as an overview of subsequent chapters.

1.2 Electrochemical Synthesis

Electrochemical processes are often heterogeneous. Water electrolysis, for exam-

ple, is typically performed with two metal electrodes (anode and cathode) separated

by an aqueous electrolyte (Figure 1.1a). When a voltage is applied by an external
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(a) Electrolyzer (b) Fuel cell

Figure 1.1: Two schematics of electrochemical cells, which store (electrolyzers) and
release (fuel cells) electrical energy in the form of chemical bonds.

power supply, two complementary chemical reactions (H2 and O2 production) occur

at the interfaces between the electrodes and the liquid electrolyte. The fuel cell per-

forms the same reactions, although in the opposite direction (i.e., H2 and O2 are

consumed and H2O and electrical energy are produced) (Figure 1.1b). In this case,

however, the most common reactor design involves the use of a solid polymer elec-

trolyte (SPE) with the metal electrodes finely dispersed on a gas diffusion layer, since

the reactants in this case are gaseous. In both examples, these reactions happen at

the electrochemical interfaces, where they either release or store electrical energy in

the form of chemical bonds.

Aluminum production provides a good example of the advantages an electrochem-

ical reactor can offer over traditional thermochemical synthesis. Although it is the

earth’s most abundant metal (8.3% by weight) [1], aluminum is never found in its el-

emental form in nature. Initially metallic aluminum was produced thermochemically,
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using the Deville process invented in 1859 [2], and at such high cost that the metal

was more valuable than gold or silver [3]. Subsequently a process was invented in-

dependently by Charles Martin Hall [4] and Paul Héroult to reduce alumina (Al2O3)

to aluminum metal using electrolysis. This made the bulk production of aluminum

economically feasible for the production of, for example, aircrafts [3].

With proper reactor design, we can also enhance separation between reactants

and products, lower operating temperatures, and improve mass transfer [5]. The

potential to drive such processes using inexpensive, renewable electricity presents the

opportunity to decrease the environmental footprint of processes that have typically

relied on fossil fuel-derived energy. Because of these potential advantages, we believe

that there are significant opportunities for using electrochemical methods to drive

other reactions that are typically performed thermochemically, such as triglyceride

hydrogenation.

1.3 Triglyceride Hydrogenation

Industrial oil hydrogenation began with the bench top work performed by Sabatiér

in 1897 [6], and was later patented by Normann in 1903 [7]. Proctor and Gamble

purchased the US patent rights in 1909 and soon after began marketing Crisco, an

inexpensive vegetable oil-based product that provided an alternative to the expensive

animal shortenings on the market [8]. The batch and semi-batch thermochemical

reactor designs used today have not changed significantly since that time [9]. A

mixture of vegetable oil, hydrogen gas, and solid catalyst are pumped into the reactor

and heated to reaction temperature (e.g., 140-160 °C) and pressure (3-5 atm H2 gas).

The mixture is vigorously agitated to keep the hydrogen gas bubbles as small as

possible. Under these conditions, hydrogen adsorbs on the surface of the catalyst

and reduces double bonds in the oil to single bonds, which raises the melting point

of the oil and reduces the characteristic fishy odor [10]. Due to their low cost and

3



(a) Saturated fat selectivity (b) Trans fat selectivity

Figure 1.2: Schematics of two types of reaction selectivities for triglyceride hydro-
genation.

high activity, nickel catalysts are typically used for hydrogenation, but Pd and other

platinum group metals have also been demonstrated to be active [11].

The primary challenges associated with triglyceride hydrogenation deal with the

activities and selectivities of the hydrogenation catalyst [12] (Figure 1.2). Vegetable

oils typically contain a mixture of saturated, monounsaturated, and polyunsaturated

carbon chains. One measure of catalyst selectivity is the preference for partial hy-

drogenation of the polyunsaturated carbon chains, since it is desirable to avoid the

production of fully saturated chains. These fully saturated chains comprise the sat-

urated fats, which are associated with increased risks of cardiovascular disease [13].

Another measure of catalyst selectivity involves limiting the geometric isomerization

of the double bonds to the trans configuration. In the native oils, over 99% of the

double bonds are in the cis configuration. Under hydrogenation conditions, the glyc-

eride can be isomerized to the trans configuration. These trans fats are associated

4



with increased risks for coronary heart disease [14]. An ideal catalyst would produce

monounsaturated fats (glycerides with exactly one carbon-carbon double bond) from

feedstock, without producing trans or saturated fats.

In addition to catalyst type, the reactor operating parameters have been demon-

strated to affect product selectivities significantly [12]. For example, an increase in the

reactor temperature typically results in a decrease in the relative amounts of saturated

fat production [12]. On the other hand, an increase in the reactor hydrogen pressure

generally yields an increased saturated fat concentration. Previous researchers have

related these trends to the fact that the hydrogenation reaction proceeds under mass-

transfer limited conditions with respect to hydrogen in the stirred tank reactor [15].

The effect that these process parameters have on the product selectivities is therefore

related to diffusion of hydrogen to the surface and the resulting changes in the surface

coverage of hydrogen on the catalyst [12].

Triglyceride hydrogenation is believed to proceed via the Horiuti-Polanyi reac-

tion scheme [16–18], which involves two individual hydrogenation steps (Figure 1.3).

First, an adsorbed olefin reacts with an adsorbed hydrogen atom, producing a half-

hydrogenated intermediate. This transformation is reversible. If a second hydrogen

atom is available, the intermediate may react with it irreversibly to produce the fully

reduced single bond. If a second atom is not available due to low hydrogen surface

coverage, the intermediate may lose the original hydrogen atom and revert to the

unsaturated state. Due to the differing stabilities of the cis and trans isomers, the

trans configuration is thermodynamically favored at a 2 to 1 ratio [15].

The rates of hydrogenation and isomerization depend strongly on the surface

coverage of hydrogen. Under conditions where the delivery of hydrogen is facile (e.g.,

high pressure, high agitation rates), the hydrogen coverage will be correspondingly

high and the rates of isomerization will likely be low. Under conditions that result

in the rapid consumption of surface hydrogen (e.g., high temperature, where high

5



Figure 1.3: Horiuti-Polanyi reaction scheme for triglyceride hydrogenation.
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reaction rates result in rapid consumption of surface hydrogen), the production of

trans products will likely be higher [12]. The fact that reaction rates and reaction

selectivities are linked in this way is a necessary consideration in the design of the

thermochemical hydrogenation reactor. Since the hydrogen gas must dissolve and

diffuse through the vegetable oil in order to react on the catalyst surface, the reaction

rate will always be controlled by the solubility of hydrogen in the oil, which is usually

low [15, 19].

1.4 Electrochemical Hydrogenation

The transfer of reactants and products to and from the catalyst surface is an

important parameter in reactor design, because mass-transfer limitations can have

negative effects on rates and product selectivities. Electrochemical reactors have

potential advantages over thermochemical reactors, given a suitable electrolyte and

reactor design. Furthermore, the applied voltage presents an additional operating

parameter for controlling the reaction rates and selectivities. These advantages moti-

vate our investigation of the utility of electrochemical reactors for the hydrogenation

of triglycerides.

1.4.1 Electrochemical Reduction of Organics

Among the earliest reported work on electrochemical hydrogenation is that re-

ported by Pomilio in 1915 [20]. He investigated the reduction of oleic acid to stearic

acid, and suggested that the mass-transfer limitations in an aqueous electrolytic cell

posed one of the main challenges for reducing unsaturated organics. In a 1942 re-

view paper [21], Campbell et al. reported that a number of materials (Fe, Ni, Pt,

and Pd) had been found to be active for alkene reduction [22, 23]. Work in this

area developed in the 1960s with the systematic study of noble metal catalysts for

hydrogenation [24, 25]. Since then a number of researchers have looked at how noble

7



and base metal catalysts can hydrogenate ketones [26–28], aldehydes [28–31], nitro

compounds [28, 32, 33], nitriles [28], aromatics [32, 34], and alkenes [27, 28, 35]. One

of the key design challenges of research reported in these papers was managing the

mass-transfer of the unsaturated organic to the catalyst surfaces, since the research

was carried out in reactors that were mass-transfer limited with respect to the organic

reactant (Figure 1.4a).

The three-electrode cell consists of a reaction vessel with a catalytic working elec-

trode, a counter electrode, and a reference electrode. The organic substrate is typ-

ically bubbled through (e.g., ethylene [35]) or dissolved in (e.g., acetone [26]) the

electrolyte, which contains some source of protons (either H3O+ ions or H2O). The

solution may also be saturated with hydrogen gas, to provide another source of the

reducing agent. As current is passed between the working and counter electrode,

adsorbed hydrogen is formed on the catalyst surface, where it may react with the

adsorbed organic substrate. The reaction vessel is usually stirred during this process,

especially in cases where the reactants have poor solubilities in the electrolyte, since

the reaction rate is typically mass-transport controlled [36].

It has also been suggested that the hydrogenation mechanism in an electrochemi-

cal reactor may depend on the character of the molecule being reduced. A key report

in 1970 laid out a method for determining whether the rate determining step for

hydrogenation was thermocatalytic, with the organic being hydrogenated by surface

adsorbed hydrogen, or electrocatalytic, where the organic is protonated then reduced

[37]. This method involves measuring the current through a reactor over a range of ap-

plied potentials both in the presence and the absence of the organic. The mechanism

is determined by comparing the observed rates with those predicted by the ther-

mocatalytic and electrocatalytic mechanisms. In the same year, Takehara et al. [27]

tried this method with quinone and allyl alcohol, and found that the rate determining

step for quinone hydrogenation was electrocatalytic, while allyl alcohol hydrogena-
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(a) Aqueous electrolyte hydrogenation cell (b) SPE hydrogenation cell

Figure 1.4: Schematics of two electrochemical cell designs for the hydrogenation of
organics.

tion followed a combination of pathways with thermocatalytic and electrocatalytic

rate determining steps. The nature of the rate determining step is important, since

electrochemical cells may have limited use if the applied potential cannot be used to

affect the reaction rates and selectivities [36]. As such, it is necessary to explore the

nature of the hydrogenation mechanism, in the context of the electrochemical reactor,

in order to evaluate the utility of this approach for triglyceride hydrogenation.

1.4.2 Triglyceride Hydrogenation with a Solid Polymer Electrolyte Re-

actor

One type of electrochemical cell that potentially avoids the mass-transfer limita-

tions of the aqueous electrochemical cell is the solid polymer electrolyte (SPE) reactor,

which was first reported by Langer in 1963 [38, 39] (Figure 1.4b). Instead of trans-

porting protons to the catalyst surface through a liquid electrolyte, this cell transports
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them through a SPE to catalyst particles embedded in the polymer. Construction of

this cell is similar to that of fuel cells, where hydrogen gas is flowed on one side of the

SPE. Unlike a fuel cell, however, the unsaturated compound is flowed on the other

side of the electrolyte, instead of oxygen gas. Under the applied potential, hydrogen

dissociates to form protons and electrons. The protons are transported through the

SPE, while the electrons flow through the external circuit. Hydrogen may then react

with organics adsorbed on the cathode catalyst either as protons and electrons or as

adsorbed hydrogen atoms. The significant improvement of this reactor design over

the three-electrode cell is that the hydrogen is supplied separately from the organic

to the catalyst surface, which potentially eliminates mass-transfer limitations.

Since the 1960s this reactor design has been implemented for the catalytic hydro-

genation of a wide range of chemicals. Langer and coworkers extended their original

work, which dealt with the hydrogenation of ethylene, to include the reduction of

benzene [40], vinyl fluorides/chlorides [41], and nitric oxide [42–44], as well as the

chlorination and bromination of olefins [45]. They reported that the rates and selec-

tivities of the hydrogenation reaction are dependent on the applied potential and the

hydrogenation catalyst, which suggests that the rate determining step may be elec-

trocatalytic. Noble metal catalysts, such as Pt, Pd, and Ru, exhibited the highest

activities. They also suggested that less expensive catalysts need to be developed for

the technology to be industrially relevant. Lowrey and coworkers reported the use of

the SPE reactor for fluorine production [46], although they reported corrosion of the

Pt catalyst in those operating conditions. They suggested that catalysts need to be

developed that are stable in the SPE reactor. More recently other researchers have

reported the use of SPE reactors for hydrogen peroxide production [47], nitroben-

zene reduction [48], and the hydrogenation of organic alcohols and acids [49]. They

indicated that the rates for these reactions are also dependent on the applied poten-

tial, which again suggests that the rate determining step for these reactions may be

10



electrocatalytic.

Most recently Pintauro and coworkers demonstrated the electrocatalytic hydro-

genation of triglycerides using a SPE reactor [5, 50–53]. Previously they had reported

the electrocatalytic hydrogenation of soybean oil in an aqueous electrolyte hydrogena-

tion reactor (e.g., Figure 1.4a), but this required the use of a non-food grade alcohol

solvent (tert-butyl alcohol) to make the electrolyte and triglycerides miscible [54–56].

As an extension and improvement of this work, An et al. reported the use of a SPE

reactor for triglyceride hydrogenation, which eliminated the need for this non-food

grade solvent, since the hydrogenation reaction takes place at the interface of the SPE

and the liquid triglyceride [50].

The utility of this reactor design was investigated with respect to two key objec-

tives: 1) to decouple the delivery of reactants to the catalyst from the reaction rate,

and 2) to control the reaction rates and selectivities using the applied potential. With

respect to the first objective, they concluded that the delivery of hydrogen cannot be

mass-transfer limited due to the reactor design [50, 51]. That is, since the hydrogen is

delivered through the SPE, rather than co-fed with the oil (as in the thermochemical

reactor and the aqueous electrolyte cell), hydrogen delivery should be facile under

all conditions. The delivery of oil to the catalyst surface, however, was found to be

somewhat dependent on the oil flow rate through the cathode and the thickness of the

gas diffusion layer. An et al. reported that the hydrogenation rates were independent

of these parameters, but the saturated fat and trans fat selectivities were dependent

on the oil flow rate and gas diffusion layer (GDL) thickness. They determined that

higher flow rates and thinner GDLs resulted in lower contact times with the cata-

lyst surface, which in turn resulted in lower production of saturated and trans fats

[52]. This suggests that the hydrogenation reaction may be mass-transfer limited

with respect to the triglyceride in the SPE reactor under some operating conditions.

Pintauro and coworkers also found that hydrogenation rates increased with in-
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creased current density (i.e., increased applied potential) [5, 52]. For example, using

H2O as the source of hydrogen, the hydrogenation rate for a Pd catalyst increased

and then leveled off over the potential range 1.6 V to 2.3 V, while the rate for a

Pt catalyst increased steadily over that range. The cause of this behavior, however,

was not systematically studied. The authors attributed the changes to an imbalance

in rates between the hydrogenation reaction and the HER, which also occurs at the

cathode. No attempt was made to relate the reaction rates to any reaction mecha-

nism, other than simply asserting a thermochemical mechanism, which involves the

triglyceride being reduced by hydrogen adsorbed on catalyst surface sites (*) [51].

R-C=C-R’ + 2Hads → R-C-C-R’ + 2 * (1.1)

They also explored the rates and selectivities of a number of noble metal, base

metal, and bimetallic Pd/base metal catalysts [52]. The rates for the noble metal

catalysts (Pd, Pt, Rh, Ru, and Ir) tended to follow the same trends in activities

and selectivities as the thermocatalytic hydrogenation reactor [11]. The base metal

catalysts (Ni, Cd, Zr, Cr, Fe, Ag, Cu, and Co) were reported to have negligible

activities. When used in combination with Pd, the bimetallic formulations did alter

the observed rates and product selectivities. In general, the use of a bimetallic Pd-base

metal catalyst tended to lower the observed rates, but also substantially improved

the saturated and trans fat selectivities. In all cases, little effort was made to relate

the rates and selectivities of these catalyst formulations to intrinsic properties of the

materials, such as the electrochemical stabilities of the materials themselves.
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1.4.3 Carbides and Carbide-supported Catalysts

One class of catalyst materials that has recently received increased interest for elec-

trocatalytic applications are transition metal carbides and carbide-supported metals.

These materials have been shown to exhibit activities and selectivities for certain reac-

tions similar to those of platinum group metals [57], including CO hydrogenation [58]

and benzene hydrogenation [59]. For these reactions, carbides have been reported to

have activities similar to those of Pt and Ru. Since early transition metals are much

less expensive these noble metals, these materials could potentially be interesting in

a triglyceride electrochemical hydrogenation reactor.

Because they can be synthesized with high surface areas [60] and have high elec-

trical conductivities [61–63], carbides have also been investigated for use as catalyst

supports. Previous researchers have reported that their intrinsic activities present

the opportunity to tune the performance of the supported metals [64, 65]. Tungsten

carbide, in particular, has received increased interest especially in electrocatalytic

applications [66–68]. W2C was reported to improve the activity of a carbon sup-

ported Pt-Ru-W2C catalyst for hydrogen oxidation, as well as being stable in an

acidic environment [67, 68].

1.5 Research Goals and Organization of Text

The objective of research described in this thesis was to elucidate the fundamen-

tal electrochemical processes that occur during the electrocatalytic hydrogenation of

triglycerides in a SPE reactor. We will investigate the triglyceride hydrogenation

activities and selectivities of noble metal and base metal catalysts, since they have

good electrical conductivities and are broadly used throughout the electrochemical

literature [21, 24, 25, 52]. We will also investigate the utility of transition metal car-

bides and carbide-supported metals, since they have shown promise for other similar
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reactions [58, 59, 67, 68]. We probe the fundamental characteristics that cause these

materials to perform differently in the SPE reactor. We also demonstrate how to

predict from these fundamental experiments whether a given catalyst will be effective

as a hydrogenation electrocatalyst.

In order to accomplish these objectives, we employ a suite of thermochemical and

electrochemical synthesis and characterization techniques. Chapter Two of this thesis

gives a detailed description of the various experimental techniques that are employed,

as well as some of the advantages of using techniques employed in this work. Also, a

thorough description of catalyst synthesis and characterization is provided.

The effect of membrane acidity and applied potential on the electrochemical stabil-

ity of the catalyst materials is examined in Chapter Three. We show that for certain

materials the post-reaction catalyst loading is markedly decreased from the initial

catalyst loading, via thermogravimetric analysis of the spent membrane electrode as-

semblies. These results are correlated to direct catalyst stability measurements by

means of chronopotentiometry in a SPE electrochemical cell.

Chapter Four reports the activities and selectivities for the triglyceride hydro-

genation reaction over the noble metal, base metal, carbide, and carbide-supported

catalysts and compare them to available values from the literature. Previous studies

have focused on the effect of process variables like oil flow rate, temperature, and

turbulence on reaction rates under constant current operation. We discuss how vary-

ing the applied potential changes the rates and selectivities. Differences between the

activities and selectivities of different catalysts are also described in this chapter.

In Chapter Five, a discussion of parameters governing catalyst activity and se-

lectivity and the correlations between pure and mixed catalyst formulations is given,

specifically with respect to the hydrogenation mechanisms. A detailed description of

the mechanism for hydrogenation is discussed, with methyl linoleate, an 18 carbon

methyl ester containing two double bonds. Over 50% of the glycerides in soybean oil
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contain two double bonds. Methyl linoleate is used as a surrogate for the triglyceride

reactant for determining the nature of hydrogenation mechanism in the SPE reactor.

In Chapter Six, the major conclusions of this work are presented and discussed,

including an assessment of how these conclusions could impact the field of electro-

chemistry. A preliminary economic analysis is presented, which suggests that triglyc-

eride hydrogenation in a SPE reactor could provide an economically viable alternative

to the industrial thermochemical process. Finally, we give a detailed description of

possible future directions for this work.
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CHAPTER II

Experimental Methods

2.1 Introduction

The objective of research described in this dissertation was to understand the

structure and function of electrocatalysts used in a solid polymer electrolyte (SPE)-

type triglyceride hydrogenation reactor. To accomplish this objective, we have em-

ployed several thermochemical and electrochemical techniques to synthesize and char-

acterize the materials.

Noble metal and base metal catalysts were used as received from vendors. Tran-

sition metal carbides were synthesized using a temperature programmed reaction

(TPR) method from the transition metal oxide precursors. The carbide-supported

metal catalysts were prepared using a wet impregnation technique and the unpassi-

vated carbide surface. Techniques, such as X-ray diffraction (XRD), BET surface area

analysis, Inductively Coupled Plasma (ICP) elemental analysis, and thermogravimet-

ric analysis (TGA) were employed to characterize the structures and compositions of

the catalysts.

Electrocatalyst performance characterization was accomplished using a SPE-type

reactor, which circulated a mixture of triglycerides (i.e., soybean oil) on the cathode

side and H2 gas on the anode side. The reactor was operated isothermally for up to

72 hr, and product samples were taken periodically for analysis using gas chromatog-
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raphy (GC).

Various electrochemical techniques, including cyclic voltammetry (CV), linear

sweep voltammetry (LSV), and chronoamperometry, were used to characterize the

stabilities of the materials. In some cases these were also used to interrogate the

mechanisms of catalytic electrochemical reactions.

2.2 Catalyst Synthesis

2.2.1 Transition Metal Carbide Catalysts

Transition metal carbide catalysts were prepared via TPR of the respective oxide

precursors. This method produces relatively high surface area materials, as opposed

to reduction of the native metals [1, 2]. Prior to the development of the oxide TPR

procedure, typical surface areas for carbides prepared by carburization of metal pre-

cursors were in the range of < 2 m2 g−1 [3].

Oxide precursors were reduced in a quartz tube downflow reactor, supported on a

plug of quartz wool. The reactor was heated in a temperature programmed manner,

according to synthesis procedures described in the literature (see Table 2.1) [4, 5].

Reactants gases (15% CH4/H2) were continuously flowed through the reactor bed to

provide a carburizing atmosphere. This reactant gas mixture provides a balance be-

tween providing sufficient carbon to replace the interstitial oxygen atoms and forming

excess free carbon on the surface [2].

Upon completion of the temperature program, the reactor tube was quenched to

room temperature. Before exposing the carbide materials to ambient air, a 1% O2/He

mixture was flowed through the catalyst bed at a low flow rate (1.2 L h−1) to form

a passivation layer on the surface. The unpassivated carbides spontaneously undergo

bulk oxidation when exposed to the ambient air [1]. Previous researchers reported

that passivation prevents this bulk oxidation, by forming an oxygen-rich carbide-like
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surface [6–8].

2.2.2 Carbide-supported Metal Catalysts

Carbide-supported metal catalysts were prepared via wet impregnation of the car-

bide materials with metal precursors [7–9]. After completion of the carbide synthesis

temperature program, the reactor tube was quenched to room temperature. Without

exposure to ambient air or passivation gases, the catalyst was transferred to a flask

containing 70 mL of a deaerated solution of the metal salt. The concentration of the

salt solution was adjusted to give the desired catalyst weight loading. The solution

was continuously bubbled with Ar gas to prevent dissolved O2 from the atmosphere

from oxidizing the carbide material. After 4 hr of bubbling at room temperature, the

liquid was decanted and the wet catalyst was transferred to a new quartz tube reactor

under a blanket of Ar gas. The adsorbed metal salt complex was reduced in H2 gas as

the reactor was heated in a temperature programmed manner (see Table 2.1). Again

the reactor was quenched to room temperature and the catalyst was passivated in 1%

O2/He for 5 hr at room temperature.

2.3 Physical Characterization

2.3.1 X-ray Diffraction Analysis

XRD is a bulk characterization technique that uses X-ray radiation to interrogate

the long-range crystal structure of a material [10]. Diffraction occurs whenever a

wave passes through a regularly spaced object, and the wavelength is on the same

order of magnitude as the object spacing. X-ray diffraction patterns consist of a plot

of the relative intensity of diffracted X-rays versus the angle of diffraction. A typical

diffraction pattern for crystalline solids will contain a set of peaks over a range of

diffraction angles. These peaks correspond to different crystal planes in the material,
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and can be used to differentiate between materials with different crystal structures.

Bragg’s Law (Equation 2.1) relates the diffraction angle to the spacing between each

set of crystal planes, where n is an integer (1, 2, 3, ...), λ is the X-ray wavelength,

d is the characteristic spacing of each crystal plane, and θB is the angle between the

incident X-rays and the crystal planes.

nλ = 2d sin θB (2.1)

X-ray diffraction analysis can also provide information about the average crys-

tallite size of a crystalline material. For a perfect, infinitely large crystal, Bragg’s

law dictates that one angle (θB) will satisfy the equation for each d-spacing. For a

material that is polycrystalline with a small average crystallite size (less than approx-

imately 1 micron), other angles θ = θB± dθ will also diffract the rays incident on the

crystal. Therefore, for very large crystals, the diffraction peak will be very narrow,

while smaller crystals will have broader peaks. This relationship is expressed by the

Scherrer equation (Equation 2.2) [11], which relates the average crystallite size (t) to

the X-ray wavelength (λ), the peak width (usually approximated as the full width at

half the maximum peak intensity, B), and the Bragg angle (θB)

t =
0.9λ

B cos θB

(2.2)

For this work a Rigaku Miniflex X-ray diffractometer was used, with Cu Kα

radiation and a Ni filter (λ= 1.540 Å). The analysis was performed over the diffraction

angle range 10°< 2θ < 90°, with a 0.02 degree step size and a 5 degree min−1 scan

rate. Analysis of the XRD patterns was performed using the Jade Software v. 9.0

(Materials Data, Inc.) software package. Crystal phases were identified by comparison

with standard references from the ICDD (International Center for Diffraction Data)

PDF4 database (rev. 2009).
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2.3.2 BET Surface Area Analysis

BET surface area analysis was first described by Brunauer, Emmett, and Teller

(BET) in 1938 [12]. This theory generalizes the monolayer adsorption assumed by

the Langmuir isotherm to multilayer adsorption. A given sample is degassed un-

der vacuum at elevated temperatures (e.g., 100-400 °C) to remove any physisorbed

contaminants. Then the sample is cooled to 77 K with liquid N2 and covered with

multiple monolayers of physisorbed N2 molecules. BET derived an equation (Equa-

tion 2.3), which relates the volume of adsorbed gas on a sample, v, to the pressure,

p, where vm is the volume of gas adsorbed in one monolayer, p0 is the saturation

pressure of the gas, and c is a constant. This equation predicts the variation in gas

volume adsorbed with partial pressure. At low pressures (p << p0), the isotherm

is concave, which corresponds to sub-monolayer adsorption of gases on the material

surface. At high pressures (p → p0), the isotherm is convex, which corresponds to

the formation of multiple layers of adsorbed gas.

p

v(p0 − p)
=

1

vmc
+
c− 1

vmc

p

p0

(2.3)

A plot of p
v(p0−p) versus p/p0 is approximately linear for relative pressures between

0.05 and 0.20. By fitting a line through this region, the number of N2 atoms in one

monolayer of adsorbed gas (vm) can be calculated from the slope and y-intercept.

The surface area of the material can then be calculated by multiplying this number

by the area occupied by one N2 atom [13].

BET surface area measurements were performed using a Micromeritics ASAP 2000

BET analyzer. Approximately 0.1 g of material was degassed at 300 °C for 2 hr prior

to surface area measurements.
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2.3.3 ICP Elemental Analysis

The catalyst compositions were determined by Inductively Coupled Plasma - Op-

tical Emission Spectroscopy (ICP-OES) using a Varian 710-ES analyzer (Figure 2.1).

Catalyst samples were dissolved in 5% aqua regia (3 parts HCl-1 part HNO3 (Fisher

Scientific, certified ACS Plus)) in 30% H2O2 (Fisher Scientific, certified ACS) and

diluted with deionized H2O [14].

The samples and standards of known concentrations are sequentially introduced

to the ICP instrument using a peristaltic pump through a nebulizer, which entrains

atomized droplets in an Ar stream [15]. During analysis this mist flows to the ICP

torch, which consists of three concentric quartz tubes, situated inside an radio fre-

quency (RF) generator coil. The argon gas is ionized by the intense RF electromag-

netic field generated by the RF coil. Metals dissolved in the samples and standards

in the mist are likewise ionized. Electrons in the metals are rapidly lost and regained

by the metal atoms, which results in the emission of radiation at wavelengths that

are characteristic of the different elements.

The wavelengths and intensities of these emissions are detected by a CCD camera

and recorded by the computer software. The intensities of these emissions are propor-

tional to the concentrations of the dissolved metals. In order to quantify the various

catalyst compositions, the emission spectra of dissolved samples were compared to

those for a series of standard solutions of known concentrations (Inorganic Ventures).

2.3.4 Thermogravimetric Analysis

Catalyst performances were measured in a SPE electrochemical reactor, and the

catalyst materials were supported on GDLs incorporated in a membrane electrode

assembly (MEA). Thermogravimetric analysis was used to characterize the actual

MEA catalyst loadings before and after reaction in the SPE reactor. Characteriza-

tion of the post-reaction MEAs was performed using a TA Instruments SDT Q600
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Figure 2.1: Schematic of ICP elemental analysis instrumentation.

Figure 2.2: Thermogravimetric analysis of post-reaction MEA catalyst content in
0.05 L min−1 of 100% O2 ramped at 40 °C min−1 to 800 °C.
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thermogravimetric analyzer. A 1 cm2 cross-section was excised from the spent MEA.

Since the anode and cathode GDLs each contained ∼ 1 mg cm−2 of catalysts, the ex-

pected loading for this 1 cm2 cross-section was ∼2 mg. The temperature of the TGA

reaction chamber was ramped at 40 °C min−1 to 800 °C, and held for 5 min [16, 17].

A 100% O2 gas (Cryogenic Gases, extra-dry grade) was flowed at 0.05 L min−1 to

provide an oxidizing atmosphere. The weight changes in the MEA were measured as

a function of time and temperature (Figure 2.2). The TGA data was analyzed using

the TA Instruments Universal Analysis 2000 v. 4.3A software to determine the actual

catalyst loadings.

2.4 Performance Characterization

2.4.1 SPE Reactor Operation

The triglyceride hydrogenation system consisted of a SPE fuel cell-type reactor

(Figure 2.3). On the anode side, a mass flow controller and a humidification system

provided humidified H2 gas to the anode side of the stack. A backpressure regulator

controlled the H2 pressure at 10 psig. A heater/stirrer and liquid pump controlled

the delivery of oil on the cathode side, which operated in a batch recycle manner.

Hydrogenation reactions were performed isothermally between 60-80 °C with 100 mL

oil circulated at 100 mL min−1 on the cathode, and 100 mL min−1 of H2 gas on the

anode. A Hewlett-Packard E3631A power supply controlled the current/potential

of the reactor, which was operated either in constant current (0.5 A) or constant

potential (0.25 - 1.0 V) modes. A Fuel Cell Test Station (Fuel Cell Technologies,

Inc.) recorded the cell potential throughout reactor operation.

Membrane electrode assemblies (MEA) were prepared by hand painting thin coats

of liquid catalyst suspension onto the GDL surfaces. Carbon GDLs used in this study

were cut to size (1 in2 or 6.45 cm2), and used as received from the vendors (E-tek
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cloth LT2500W ELAT© and Toray paper TGP-H-090). Liquid catalyst suspensions

for cathode GDLs were prepared by mixing 21.1 mg of catalyst material with 120.7 µL

of 5 wt% Nafion® perfluorinated resin solution (Sigma-Aldrich, density = 0.874 g/mL

at 25 °C), 200 µL of isopropanol, and 200 µL of deionized H2O. Liquid suspensions

for anode GDLs consisted of 132.3 mg of 20 wt% Pt/C catalyst with 1.009 mL of 5

wt% Nafion® perfluorinated resin solution (Sigma-Aldrich), 600 µL of isopropanol,

and 600 µL of deionized H2O.The relative amounts of catalyst and Nafion® solution

were calculated to give a dry composition of 80% catalyst and 20% Nafion® resin.

Target catalyst loadings for the anode and cathode GDLs were 1 mg cm−2. The

anode catalyst was 20% Pt/C (Alfa Aesar), while the cathode catalyst varied for

each experiment. The anode and cathode GDLs were assembled with a Nafion® 117

membrane via a hot pressing technique [18] at 135 °C and 700 psi for 5 min.

2.4.2 Product Composition Analysis

Liquid samples were taken periodically and characterized using standard methods

reported by the American Oil Chemists’ Society (AOCS) Methods Ce 1-62. Triglyc-

eride samples were transesterified by mixing 150 µL of each sample with 1.5 mL

hexane (Sigma-Alrich, ACS Reagent) and 80 µL 2N KOH (Sigma-Aldrich, 99.99%)

in CH3OH (Alfa Aesar, 99.8+% HPLC Grade) for one minute in a plastic centrifuge

tube (AOCS Method Ce 2-66). The sample tubes were centrifuged at 5000 rpm for 30

seconds. Then 40 µL of the supernatant was further diluted with 1.5 mL hexane in

a GC sample vial. The transesterification reaction separated the carbon chains from

the glycerol backbone, thus creating fatty acid methyl esters (FAMEs). The resulting

FAMEs were analyzed using GC using a Varian 450-GC instrument Gas Chromato-

graph - Flame Ionization Detector (GC-FID) equipped with a Varian CP 7487 column

operating at 192 °C (AOCS Method Ce 1-62). The resulting GC-FID traces were an-

alyzed using PeakSimple Chromatography Software v. 3.93 (SRI Instruments) to
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Figure 2.3: Schematic of a SPE triglyceride hydrogenation reactor.

determine the triglyceride composition. Product compositions for selected samples

were independently verfied by third-party analysis (Thionville Laboratories Inc).

The FAMEs from the fresh soybean oil were composed of approximately 10% 16-

carbon chains and 90% 18-carbon chains. The 16-carbon components (16 carbons

with zero double bonds, denoted as C16:0) are fully saturated, and do not participate

either as reactants or products in the hydrogenation reaction. They do, however,

provide a convenient internal standard for GC-FID calibration, since their concen-

tration does not change during the reaction. The 18-carbon FAMEs are comprised

of a mixture of 4% methyl stearate (C18:0), 23% C18:1, 55% C18:2, and 8% C18:3,

and hydrogenation results in reduction of selected double bonds. The electrochemical

current efficiency (CE%) characterizes the efficiency with which protons that travel

through the Nafion® SPE are involved in reducing double bonds, rather than recom-

bining and evolving as H2 gas or participating in other side reactions. Equation 2.4

characterizes this ratio of the change in the number of double bonds (as measured by

31



the change in composition of the triglyceride mixture) versus the integrated flux of

protons through the membrane (that is, the product of the applied current, I, and

the total time of the experiment, t)

CE % =

FM

[
2∆C18:1

MWC18:1
+ 4∆C18:2

MWC18:2
+ 6∆C18:3

MWC18:3

]
It

(2.4)

where ∆C18:1, ∆C18:2, and ∆C18:3 are the changes in the weight fractions of the FAME

components C18:1, C18:2, and C18:3, respectively; M is the mass (in grams) of

soybean oil, F is Faraday’s constant, and MW is the molecular weight of each FAME

component.

2.5 Electrochemical Characterization

Electrochemical techniques can be used to characterize the kinetics and energet-

ics of surface-electrolyte reactions [19]. Since these reactions involve the transfer of

electrons under an applied potential, we can measure their rates by measuring the

electron-transfer rates (i.e. current) as a function of potential.

CV is one method of characterizing these reactions via the linear variation of the

applied potential over a given range. When the applied potential reaches one end

of the potential region, the potential sweep is inverted. This cyclic potential sweep

is typically carried out several times during a given experiment, and the current is

measured as function of the applied potential. This can give information about the

types of surface reactions that are redox active over this potential range [19].

For example, two such surface reactions occur on a Pt electrode in 0.5 M H2SO4

over the potential range from 0.0 V to 1.4 V vs standard hydrogen electrode (SHE),

as illustrated in Figure 2.4. As the applied potential is linearly varied between 0.0 V

and 0.4 V vs SHE, surface adsorbed hydrogen atoms are oxidized or reduced (Equa-

tion 2.5a). PtO is formed over the potential range 0.4 V to 1.4 V vs SHE by the
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Figure 2.4: Cyclic voltammogram of Pt black supported on glassy carbon RDE at 0
rpm in 0.5 M H2SO4, initally bubbled with N2 for 30 min and then covered with a
N2 blanket, with a scan rate of 200 mV s−1.
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reaction of Pt sites (*) with oxygen from H2O [20] (Equation 2.5b). The oxidation of

surface Pt sites produces two electrons, which results in the anodic (positive) current

that is measured. On the reverse sweep, the PtO is reduced to Pt, which consumes

electrons and results in the cathodic (negative) current.

Hads � H+ + e− + ∗ Hydrogen Adsorption (2.5a)

H2O + ∗� Oads + 2H+ + 2e− Oxygen Adsorption (2.5b)

The peaks that are observed for the two surface reactions are a result of the

combination of the current-overpotential relationship and the limitations of mass-

transfer of reactants to the electrode surface. The relationship between the applied

potential and the observed current for a one-electron transfer reaction (O + e− � R)

is given by the Butler-Volmer equation (2.6), where i is the current density; i0 is

the exchange current density; Cs
O and Cb

O are the concentrations of species O at the

surface and in the bulk electrolyte, respectively; Cs
R and Cb

R are the concentrations of

species R at the surface and in the bulk electrolyte, respectively; α is the symmetry

factor (usually assumed to be 0.5); and f is the ratio of Faraday’s constant to the ideal

gas constant and the temperature. The difference between the applied potential (E)

and the equilibrium potential (E0) is called the overpotential (η), which is effectively

the driving force for the electrochemical reaction.

i = i0
[Cs

O

Cb
O

exp[−αfη]− Cs
R

Cb
R

exp[(1− α)fη]
]

(2.6)

The large peak associated with the reduction of Oads at approximately 0.7 V

vs SHE is the result of the interplay between the increasing driving force for Oads

reduction and the decreasing availability of that species. As the applied potential

is swept in the negative direction from 1.4 V past the equilibrium potential of 0.8
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V, the driving force for Oads reduction increases exponentially and the driving force

for Oads formation becomes insignificant. At large overpotentials, exp(−αfη) <<

exp((1− α)fη) and the Butler-Volmer equation simplifies to:

i = −i0
Cs

R

Cb
R

exp[(1− α)fη] (2.7)

If the supply of Oads and H+ were infinite, the current density i would go to the limit

of negative infinity as the overpotential increased. But the number of PtO sites is

finite, so the Oads reduction current density reaches a maximum at approximately

0.7 V vs SHE and subsequently decreases. This behavior is described in the Butler-

Volmer equation by the term Cs
R, which decreases over time as the finite supply of

Oads is consumed.

2.5.1 Electrochemical Stability Characterization

Chronoamperometry provides one way to measure electrocatalyst stabilities in

the SPE reactor. This method involves applying a constant potential across a cell

and measuring the resulting current density. In the SPE reactor, this current is

due to the HER, which is favored over the potential range used in this research

(-1.0 V to -0.25 V vs SHE) (Figure 2.6a). The stabilities of the electrocatalysts

were characterized using this chronoamperometry method in a solid-state SPE cell

(Figure 2.5) [21]. The catalysts were supported on a gold wire microelectrode (d = 0.1

mm) and placed in physical contact with a SPE membrane. A platinum flag was used

as the counter electrode, and a dynamic hydrogen electrode (DHE) was used as the

reference electrode. Measurements were performed using an Autolab PGSTAT302N

potentiostat (Metrohm AG).

A typical experiment consisted of physically abrading a small amount of catalyst

material into the gold metal, positioning the electrode in contact with the SPE mem-

brane (Nafion®), and applying a potential for up to 15 h. The potential applied in
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Figure 2.5: Schematic of a SPE cell for electrocatalyst stability characterization.

these experiments was -0.25 V vs SHE, which is the most oxidative of the potentials

applied in the electrochemical hydrogenation experiments. The current density as

a function of time was measured, and the stability of the catalyst was assessed by

means of this current/time behavior (chronoamperometry) (Figure 2.6).

Some materials (e.g., Pt black) reached a steady-state current after an initial ad-

justment period, which was significantly different than the current from the blank Au

microelectrode (Figure 2.6a). Other materials (e.g., Nano Fe) initially exhibited an

anodic current, and then decayed to a current that is comparable to that of the blank

microelectrode (Figure 2.6b). Using this method we directly characterized the elec-

trochemical stabilities of the different catalyst materials. Catalysts that qualitatively

retained their HER rates were concluded to be stable under the applied voltage. Cat-

alysts that exhibited oxidative currents under the applied voltage or did not retain

their HER rates were concluded to be unstable.
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(a) Pt black stability (b) Nano Fe stability

Figure 2.6: Chronoamperometry plots obtained for catalyst materials in SPE solid-
state electrochemical cell at -0.25 V vs SHE and ∼20 °C.

2.5.2 Electrochemical Mechanism Characterization

The electrochemical mechanisms for the HER and the hydrogenation reaction

were characterized over the various catalysts using a technique called linear sweep

voltammetry (LSV). LSV is similar to CV, in that it involves the linear variation

of the applied potential over a given potential range; but LSV differs from CV in

that the potential is varied only in one direction and typically at a lower rate. Previ-

ous researchers have demonstrated that LSV can be used to determine the reaction

mechanism for the HER in an electrochemical cell [22]. In this thesis, we describe

the use of this method to determine the HER mechanism for noble metal, W2C,

and W2C-supported Pd catalysts. We also extended this method to investigate the

hydrogenation mechanisms for these catalysts.

LSV experiments were performed using a three-electrode cell with a liquid elec-

trolyte (i.e. 0.5 M H2SO4 in H2O for the HER or 0.5 M H2SO4 in 96% CH3OH and

H2O for the hydrogenation reaction), along with a platinum wire counter electrode

and a saturated mercury sulfate reference electrode (SMSE). All glassware used for

electrochemical measurements was cleaned before use. The glassware was immersed

in a solution of potassium permanganate (2 tsp L−1) and concentrated sulfuric acid
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(10 mL L−1) overnight, and then rinsed with a solution of concentrated sulfuric acid

(20 mL L−1) and 30% hydrogen peroxide (20 mL L−1) [23]. Finally, the glassware was

rinsed with ultrapure H2O (18 MΩ cm) and dried in an oven at 80 °C. Liquid elec-

trolytes were likewise prepared using ultrapure H2O and deaerated with pre-purified

gases (i.e., N2 or H2) passed through a deoxygenating filter.

HER experiments were performed using a glassy carbon RDE. A small amount of

catalyst suspended in isopropanol and ultrapure H2O was pipetted onto the surface

of the inverted RDE, which was rotated at 100 rpm. The liquid was allowed to

dry for approximately 15 min. The catalyst was affixed to the RDE surface via a

small aliquot (approximately 5 µL) of 5 wt% Nafion® perfluorinated resin solution

(Sigma-Aldrich), which was pipetted onto the surface of the RDE and allowed to

dry for another 15 min. Before LSV experiments were performed, the catalyst was

electrochemically conditioned by performing CV between 0.0 V and 1.4 V vs SHE

for 100 scans at 0.2 V s−1 [24, 25]. Catalysts were concluded to be conditioned when

subsequent scans did not change.

Currents measured during LSV were normalized by the catalyst’s electrochemical

surface area, which was estimated by measuring the capacitance of the catalyst’s

electrochemical double layer. CVs were performed at several scan rates for each

catalyst over a potential range that was free of adsorption events (e.g., 0.4 V to 0.5

V vs SHE in Figure 2.4). The difference in current between the forward and reverse

passes over this potential range for each scan rate (in V s−1) was calculated, and

a plot of this difference vs scan rate was constructed. The slope of this plot has

units of Farads, and corresponds to the capacitance of the catalyst’s electrochemical

double layer. The electrochemical surface area (cm2) of the catalyst was estimated

by dividing this capacitance by an estimated specific capacitance of 10 µF cm−2 [26].
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2.5.2.1 HER Mechanism

A typical HER experiment consisted of suspending the electrode in an aqueous

electrolyte (0.5 M H2SO4 in H2O), and applying a linearly varying potential across the

cell while measuring the resulting current. Using methods described in the literature,

we analyzed this response to determine the rate determining step(s) for triglyceride

hydrogenation over the different materials [22].

The HER is generally reported to occur via two elementary steps. The first step

involves the reduction of a proton from the electrolyte to form an adsorbed hydrogen

atom (the Volmer reaction). The second step may follow one of two reaction pathways.

One of these (the Tafel reaction) involves the combination of two Hads to form H2.

The second (the Heyrovský reaction) involves the combination of one Hads, one H+,

and one H− to form H2.

Hads + H+ + e− � H2 Heyrovský (2.8a)

2Hads � H2 Tafel (2.8b)

H+ + e− � Hads Volmer (2.8c)

2H+ + 2e− � H2 Overall HER (2.8d)

The rates of these reaction steps are related to each other, because the mass bal-

ance for each participant in these elementary reactions (H2, H+, Hads, e−) must match

the corresponding mass balance for the overall reaction. The reaction stoichiometry

for the elementary and overall reactions can be expressed in matrix form. The rate

of the overall reaction is the sum of the rates of the elementary steps multiplied by

the stoichiometry of each step. This relationship is expressed in Equation 2.9, where

ri is the rate of reaction i.
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=

H+ e− Hads H2

H
[

-1 -1 -1 1
]

T
[

0 0 -2 1
]

V
[

-1 -1 1 0
]

HER
[

-1 0 2 0
]

HrH + TrT + VrV = HERrHER (2.9)

We can express Equation 2.9 in terms of matrices, as well.

H+

e−

Hads

H2



−1 0 −1

−1 0 −1

−1 −2 1

1 1 0





rH

rT

rV


=



−rH − rV

−rH − rV

−rH − 2rT + rV

rH + rT


=



−2

−2

0

1



[
rHER

]

Using matrix multiplication, the following relationships can be calculated for each of

the reaction participants.

H+ : −rH − rV = −2rHER

e− : −rH − rV = −2rHER

Hads : −rH − 2rT + rV = 0

H2 : rH + rT = rHER

(2.10)
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It is convenient to rewrite these rates, which are mathematically equivalent, as current

densities (since i = nFrk, where n is the number of electrons, F is Faraday’s constant,

and rK is the rate of reaction k).

iVH : 0.5(iV + iH) = iHER

iTH : iT + iH = iHER

iVT : iV − iT = iHER

(2.11)

The reaction rate for each elementary step is the difference between the forward (i+)

and reverse (i−) reaction rates for each elementary step.

i+H = iH,0

(
csH2

cbH2

)(
1− θH

1− θeH

)
exp[αfη] (2.12a)

i−H = iH,0

(
cs

H+

cb
H+

)(
θH

θH,0

)
exp[−αfη] (2.12b)

i+T = iT,0

(
csH2

ceH2

)(
1− θH

1− θeH

)2

(2.13a)

i−T = iT,0

(
θH

θeH

)2

(2.13b)
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i+V = iV,0

(
θH

θeH

)
exp[αfη] (2.14a)

i−V = iV,0

(
cs

H+

cb
H+

)(
1− θH

1− θeH

)
exp[−αfη] (2.14b)

where iV,0, iT,0, iH,0 are the exchange current densities for the Volmer, Tafel, and

Heyrovský steps, respectively; θH and θeH are the H surface coverage and the H sur-

face coverage at equilibrium, respectively; csH2
and cbH2

are the concentrations of H2

dissolved in the electrolyte at the catalyst surface and in the bulk electrolyte, respec-

tively; and cs
H+ and cb

H+ are the concentrations of H+ in the electrolyte at the catalyst

surface and in the bulk electrolyte, respectively.

Under reaction conditions, the concentration of a reactant at the catalyst surface

may become depleted with respect to the concentration in the bulk, especially if the

reactant is poorly soluble in the electrolyte. For the purposes of this analysis, the

surface and bulk proton concentrations (cs
H+ and cb

H+) are assumed to be equal, since

the electrolyte is highly acidic. The concentration of H2 at the surface, however, is

likely to be depleted, since H2 is poorly soluble in the electrolyte.

The mass transfer of H2 from the bulk to the surface can be described by the

Nernst-Planck equation (2.15a), which indicates that the rate of H2 diffusion to the

electrode surface (νH2) is proportional to the H2 concentration gradient at the elec-

trode. Assuming a linear concentration gradient from the bulk to the surface across

a stagnation layer of thickness δ, the Nernst-Planck equation can be simplified to the

following form(2.15b).
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νH2 = −DH2

dCH2

dx
(2.15a)

νH2 = −DH2

Cb
H2
− Cs

H2

δ
(2.15b)

i

nF
= −DH2

Cb
H2
− Cs

H2

δ
(2.15c)

At steady-state, the transfer of H2 to the electrode surface can be related to the

observed current densities via the expression νH2 = i
nF

, where n is the number of

electrons and F is Faraday’s constant (Equation 2.15c). A limiting current densitiy

(iL) is reached when the concentration of H2 at the surface (Cs
H2

) goes to zero.

iL = −nFCb
H2

DH2

δ
(2.16)

This equation can be combined with Equation 2.15c to yield an expression relating

the concentration of protons at the surface to that in the bulk electrolyte.

Cs
H2

Cb
H2

= 1− i

iL
(2.17)

For a RDE, the limiting current is described by the Koutecky-Levich equation (2.18),

where DH2 is the diffusion rate of H2, ω is the rotation rate, ν is the kinematic

viscosity, and iK is the kinetic current density [19]. The kinetic current density is

that which would flow if there were no mass-transfer limitations in the system (Cs
H2

= Cb
H2

).

1

i
=

1

iK
+

1

iL
=

1

iK
+

1

0.62nFAD
2/3
H2
ω1/2ν−1/6Cb

H2

(2.18)

Three new mathematically equivalent descriptions of the HER current can be

formed by combining Equations 2.11, 2.12, 2.13, 2.14, and 2.17.
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iVH =
iV,0
[(

θH
θeH

)
eαfη −

(
1−θH
1−θeH

)
e−αfη

]
+ iH,0

[(
1−θH
1−θeH

)
eαfη −

(
θH
θeH

)
e−αfη

]
1
F

+
iH,0

jL

(
1−θH
1−θeH

)
eαfη

(2.19a)

iTH =
iT,0
[(

1−θH
1−θeH

)2 −
(
θH
θeH

)2]
+ iH,0

[(
1−θH
1−θeH

)
eαfη −

(
θH
θeH

)
e−αfη

]
1

2F
+

iT,0

jL

(
1−θH
1−θeH

)2
+

iH,0

jL

(
1−θH
1−θeH

)
eαfη

(2.19b)

iVT =
iV,0
[(

θH
θeH

)
eαfη −

(
1−θH
1−θeH

)
e−αfη

]
− iT,0

[(
1−θH
1−θeH

)2 −
(
θH
θeH

)2]
1

2F
− iT,0

jL

(
1−θH
1−θeH

)2 (2.19c)

Finally, in order to calculate current as a function of potential (Equation 2.21), it is

necessary to determine the hydrogen coverage as a function of potential. We evaluated

this coverage-potential dependence (Equation 2.22) by taking the difference of any

two of these three equations (2.19a, 2.19b, and 2.19c) and set it equal to zero. For

example, taking the equations for the VH and VT expressions:

iV,0
[(

θH
θeH

)
eαfη −

(
1−θH
1−θeH

)
e−αfη

]
+ iH,0

[(
1−θH
1−θeH

)
eαfη −

(
θH
θeH

)
e−αfη

]
1
F

+
iH,0

jL

(
1−θH
1−θeH

)
eαfη

−
iV,0
[(

θH
θeH

)
eαfη −

(
1−θH
1−θeH

)
e−αfη

]
− iT,0

[(
1−θH
1−θeH

)2 −
(
θH
θeH

)2]
1

2F
− iT,0

jL

(
1−θH
1−θeH

)2 = 0 (2.20)

The process of fitting this model to a data set is iterative (Figure 2.7), since

evaluating the dependence of the current on the potential (Equation 2.21) requires

knowing the dependence of the coverage on the potential (Equation 2.22).

j =j(η, θe, iH,0, iT,0, iV,0) (2.21)

θ =θ(η, θe, iH,0, iT,0, iV,0) (2.22)

The fitting algorithm involves the input of an initial guess for the adjustable pa-
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Figure 2.7: Protocol for fitting the Volmer-Heyrovský-Tafel model to LSV data for hy-
drogen evolution reaction. This scheme fits the VHT model by iteratively calculating
j=j(η) and θ = θ(η) (Equations 2.21 and 2.22) until the data and model converge.

rameters, and solving Equation 2.20 to get an expression for θ = θ(η). Using this

expression along with the initial guess, the model is fit to the data set using nonlinear

regression and allowing the adjustable parameters to vary. These new values pro-

vide the input for determining the expression for θ = θ(η). This process is repeated

until the fit from the nonlinear regression ceases to improve during each successive

iteration.

2.5.2.2 Hydrogenation Reaction Mechanism

During operation of the SPE hydrogenation reactor, both the HER and triglyc-

eride hydrogenation reactions occur on the surface of the cathode catalyst. By extend-

ing the strategy employed in the previous section, previous researchers have demon-

strated that it is possible to determine which mechanisms are prevalent for each of

these reactions [27]. A typical hydrogenation reaction experiment consisted of sus-

pending the electrode in the aqueous electrolyte (0.5 M H2SO4 in 96% CH3OH and

H2O), and applying a linearly varying potential across the cell while measuring the

resulting current. Methyl linoleate, which is the methyl ester of the 18 carbon glyc-

eride containing two double bonds, was used as a surrogate for the triglyceride. In

soybean oil, over 50% of the glycerides have two double bonds, so ML is a reasonable
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approximation for esters from the triglyceride. The concentration of ML was varied

over subsequent LSVs between 0 M and 3.86 x 10−3 M and the effect of ML on the

current-voltage curve was measured. CH3OH was added to the electrolyte to make it

miscible with ML.

In addition to the equations from the previous section, two additional equations

describe the adsorption and reaction of organics (e.g., methyl linoleate (ML)) on the

surface of the catalyst. The surface coverage of ML is related to its bulk concentration

in solution via a Langmuir adsorption isotherm:

θML

1− θML

= ΓMLCML Langmuir Isotherm (2.23)

Previous researchers have proposed that, in an electrochemical cell, the rate deter-

mining step for hydrogenation can be either thermochemical (Equation 2.24a) or

electrochemical (Equation 2.24b) [28, 29], where kHyd is the reaction rate constant,

θML is the surface coverage of ML, θH is the surface coverage of hydrogen, a and b are

the reaction rate orders for the organic and hydrogen, respectively, α is the symmetry

factor, f is the ratio of Faraday’s constant to the ideal gas constant and temperature,

and η is the overpotential.

rHyd = kHydθ
a
MLθ

b
H (2.24a)

rHyd = kHydθ
a
MLθ

b
H exp(αfη) (2.24b)

These expressions are used to modify the equations from the previous section to

account for the effect of ML on curve from LSV.
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Figure 2.8: Protocol for fitting the Volmer-Heyrovský-Tafel hydrogenation model
to LSV data for the hydrogen evolution and hydrogenation reactions. This scheme
fits the VHT model by iteratively calculating j=j(η) and θ = θ(η) (Equations 2.21
and 2.22) until the data and model converge.

iVH =
iV,0
[(

θH
θeH

)
eαfη −

(1−θeH−θML

1−θe
)
e−αfη

]
+ iH,0

[(1−θeH−θML

1−θe
)
eαfη −

(
θH
θeH

)
e−αfη

]
1
F

+
iH,0

jL

(1−θeH−θML

1−θe
)
eαfη

− FrHyd

(2.25a)

iTH =
iT,0
[(1−θeH−θML

1−θe
)2 −

(
θH
θeH

)2]
+ iH,0

[(1−θeH−θML

1−θe
)
eαfη −

(
θH
θeH

)
e−αfη

]
1

2F
+

iT,0

jL

(1−θeH−θML

1−θe
)2

+
iH,0

jL

(1−θeH−θML

1−θe
)
eαfη

− FrHyd

(2.25b)

iVT =
iV,0
[(

θH
θeH

)
eαfη −

(1−θeH−θML

1−θe
)
e−αfη

]
− iT,0

[(1−θeH−θML

1−θe
)2 −

(
θH
θeH

)2]
1

2F
− iT,0

jL

(1−θeH−θML

1−θe
)2 − FrHyd

(2.25c)

iV,0
[(

θH
θeH

)
eαfη −

(1−θeH−θML

1−θe
)
e−αfη

]
+ iH,0

[(1−θeH−θML

1−θe
)
eαfη −

(
θH
θeH

)
e−αfη

]
1
F

+
iH,0

jL

(1−θeH−θML

1−θe
)
eαfη

−
iV,0
[(

θH
θeH

)
eαfη −

(1−θeH−θML

1−θe
)
e−αfη

]
− iT,0

[(1−θeH−θML

1−θe
)2 −

(
θH
θeH

)2]
1

2F
− iT,0

jL

(1−θeH−θML

1−θe
)2 = 0 (2.26)

The process of fitting this new model to the data is iterative as well, but follows

a slightly different procedure (Figure 2.8). First, the model is fit to the data for
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the solution without ML (same procedure as Figure 2.7); this current-voltage data

only involves the HER, so the two new parameters (ΓML and kHyd) do not apply.

For subsequent data sets that involve increasing concentrations of ML, the exchange

current densities for the three elementary steps (vH,0, vT,0, and vV,0) are held constant.

Only the equilibrium surface coverage (θe), and the hydrogenation parameters (ΓML

and kHyd) are varied during nonlinear regression. The form of the rate expression

assumed to be correct is the one that provides the best fit for the data over the whole

range of potentials and ML concentrations.
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CHAPTER III

Electrocatalyst Stabilities in a SPE Reactor

3.1 Introduction

The catalytically active portion of the SPE reactor is the MEA, which consists

of catalyst layers, GDLs, and a Nafion® 117 SPE. Liquid catalyst suspensions,

consisting of catalyst, isopropanol, H2O, and a Nafion® resin, were applied to the

GDLs using a hand painting technique that involves repeated applications, drying,

and weighing to attain a specified weight loading. After a final drying of the painted

GDL to remove the suspension solvents, the prepared GDLs are hot-pressed into the

SPE.

While the catalyst loading is known before the reaction, the different electro-

chemical stabilities of the catalyst materials in the context of the acidic Nafion®

membrane may reduce catalyst loading during reactor operation. In this chapter, the

stabilities of noble metal, base metal, carbide, and carbide-supported metal catalysts

were characterized using two methods. First, we fabricated MEAs with noble metal,

base metal, carbide, and carbide-supported Pd catalysts and used them in a SPE

reactor. We determined the post-reaction catalyst weights of the MEAs using TGA

to ascertain any differences between the pre- and post-reaction loadings. Second, we

used in-situ chronopotentiometry measurements in a Nafion®-based solid-state cell

under conditions similar to those in the SPE cell, to measure the electrochemical
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stabilities of the catalysts.

3.2 Experimental

3.2.1 Thermogravimetric Analysis

A TA Instruments SDT Q600 TGA was used to characterize the post-reaction

catalyst loadings of the SPE reactor MEAs. The TGA temperature was increased at

40 °C min−1 to 800 °C, and held there for 5 min [1, 2], while 0.05 L min−1 of 100%

O2 gas was flowed through the TGA to provide an oxidizing atmosphere. Changes

in the MEA weight were measured as a function of time and temperature. The final

weight of the remaining catalyst material was recorded using the TA Instruments

Universal Analysis 2000 v. 4.3A software. Each catalyst was tested twice, and the

MEA catalyst content was reported as the average of those two replicates.

3.2.2 Chronoamperometry in Solid Polymer Electrolyte Cell

Direct electrocatalyst stability measurements were performed with a SPE three-

electrode cell, which was similar in construction to that used for triglyceride hy-

drogenation reactions (Figure 2.5) [3]. The cell consisted of a Nafion® membrane

sandwiched between two Kel-F plates. A gold microelectrode was used as the work-

ing electrode with the electrocatalysts being physically abraded into the embedded

gold metal wire. A 1 cm2 platinum flag was used as the counter electrode, and a

DHE, consisting of two 1 cm2 platinum flags, was used as the reference electrode. A

potential of -0.25 V vs SHE was applied and the corresponding current was measured

for up to 10 hr, in order to simulate the potential of the SPE-hydrogenation reactor

during operation.
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3.3 Results and Discussion

3.3.1 Thermogravimetric Analysis of Spent MEAs

After measuring the triglyceride hydrogenation activities and selectivities of the

different catalyst materials in the SPE reactor, the MEAs were tested to determine

their post-reaction catalyst contents. Figure 3.1 shows the TGA of Pt black and

Nano Fe MEAs, which illustrates oxidation of the Nafion® membrane and carbon

GDL supporting material as a function of time. The difference in initial weights was

due to differing amounts of residual soybean oil in the MEA from reactor operation,

which was combusted along with the SPE and GDL materials. The Pt black MEA

had a final weight loading of 2.0 ± 0.1 mg cm−2, while the Nano Fe MEA had a final

loading of 1.0 ± 0.1 mg cm−2. Presumably the remaining material from the Nano Fe

MEA is the 1 mg cm−2 Pt from the anode, while the Pt black MEA retained both

the 1 mg cm−2 from the anode as well as the 1 mg cm−2 from the cathode. The GDL

and SPE materials were tested separately using TGA; they completely combusted

and did not have any residual weight.

The final weight loadings of the noble metal, base metal, carbide and carbide-

supported metal catalysts are listed in Table 3.1. The noble metal catalysts and

some of the base metal catalysts (i.e. Nano Ag and Nano Cu) have weight loadings

close to the initial value of 2.0 mg cm−2, which suggests that they were stable. The

rest of the base metal catalysts had loadings close to 1.0 mg cm−2, which indicates

that they were not stable (i.e., formed products that were removed from the MEA).

The carbide and carbide-supported metal catalysts have loadings between 1 and 2

mg cm−2, so it is unclear from the TGA results whether they were stable [4].
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Figure 3.1: Thermogravimetric oxidation of post-reaction Pt black and Nano Fe
MEAs in 0.05 L min−1 of 100% O2 ramped at 40 °C min−1 to 800 °C.
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Table 3.1: Noble metal, base metal, carbide and W2C-supported Pd catalyst post-
reaction MEA loadings and predicted stabilities from Pourbaix diagrams.

Catalyst Post-TGA Weight (mg cm−2) Predicted Stabilitiesa

Pt black 2.0 ± 0.1 Stable

Rh black 1.6 ± 0.2 Stable

Ru black 1.8 ± 0.1 Stable

Ir black 1.7 ± 0.1 Stable

Nano Pd 2.3 ± 0.2 Stable

Nano Fe 1.0 ± 0.1 Unstable

Nano Cu 1.4 ± 0.1 Stable

Nano Co 1.19 ± 0.1 Unstable

Nano Ni 0.92 ± 0.09 Unstable

Nano Ag 1.4 ± 0.1 Stable

VC 1.7 ± 0.1 Unstable

Mo2C 1.8 ± 0.1 Unstable

NbC 1.3 ± 0.1 Unstable

W2C 1.73 ± 0.04 Unstable

3% Pd/W2C 1.82 ± 0.04 Stable

6% Pd/W2C 1.7 ± 0.4 Stable

aStabilities as predicted from the Pourbaix diagram at pH = 0 and E = -0.25 V. [5]
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Figure 3.2: Chronoamperometry stability measurements of Pd, Rh, and Ir catalysts
in a SPE-cell at -0.25 V vs SHE.

3.3.2 Electrochemical Stability Measurements

The noble metal, base metal, carbide, and carbide-supported metal catalyst sta-

bilities were directly characterized in a SPE-type three-electrode cell. In Figure 3.2,

the measured currents for HER for the noble metal catalysts are shown over a 10 h

period at -0.25 V vs SHE. These materials exhibited HER currents that were rela-

tively stable. The variations in current that many of the catalysts initially exhibited

was likely due to oxidation of surface impurities, since the catalysts were not electro-

chemically cleaned. Typically catalysts were cycled at high scan rate (e.g., 0.2 to 0.5

V s−1) for up to 100 scans, in order to remove any adsorbed species [6, 7]. Thus the

catalyst activities had temporary excursions from their long-term stable current due

to this surface oxidation. The currents for certain base metal (Cu and Ag) catalysts

(W2C and 6% Pd/W2C) are shown in Figure 3.4, which were also stable over the 10

hr measurements.

Other base metals (e.g., Fe, Co, and Ni) and carbide catalysts (e.g., VC, NbC, and

Mo2C) exhibited some evidence of corrosion or electrochemical transformation. The

base metals initially had anodic (positive) currents over a period of a few hours, and
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Figure 3.3: Chronoamperometry stability measurements of Pt and Ru catalysts in a
SPE-cell at -0.25 V vs SHE.

Figure 3.4: Chronoamperometry stability measurements of Cu and Ag base metal
catalysts in a SPE-cell at -0.25 V vs SHE.
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Figure 3.5: Chronoamperometry stability measurements of Fe, Co, and Ni catalysts
in a SPE-cell at -0.25 V vs SHE.

subsequently changed to cathodic (negative) currents that were similar to the current

exhibited by the underlying Au microelectrode. This behavior could be explained by

the materials corroding and leaving the gold microelectrode underneath exposed. The

current for these carbide catalysts decreased over time, which could be associated with

a corrosion reaction or by a surface-reaction that results in a less active catalyst for

the HER. The W2C and W2C-supported Pd catalysts, however, maintained relatively

stable currents over the 10 hr measurements, which suggests that these materials are

stable in the SPE cell.

One way to predict the stabilities of a material in an electrochemical cell is based

on information in the Pourbaix diagram [5]. These diagrams depict the regions of

electrochemical immunity, passivation, and corrosion for a given element over a range

of applied potentials and pH. Platinum, for example, is predicted to be stable over the

pH (∼ 0) and potential region (-1.0 to -0.25 V vs SHE) of the cathode during operation
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Figure 3.6: Chronoamperometry stability measurements of carbide and W2C-
supported Pd catalysts in a SPE-cell at -0.25 V vs SHE.

of the SPE reactor(Figure 3.7a). Iron, however, is predicted to be thermodynamically

unstable and undergoes corrosion at low pH and potentials higher than -0.6 V vs SHE.

Predicted stabilities for the catalysts used in this thesis are listed in Table 3.1.

Noble metal catalysts and selected base metal catalysts were demonstrated to

be electrochemically stable, based on both TGA and SPE-cell measurements. The

other base metals (i.e. Fe, Co, and Ni) were found to be unstable, ostensibly due to

corrosion. These results are consistent with the predicted stabilities of these materials

at -0.25 V vs SHE in an acidic environment. This suggests that in the future the

Pourbaix diagrams provide a good indication of what materials might be stable in an

SPE-cell for base and noble metals.

Pourbaix diagrams for the transition metal carbide catalysts have not been de-

veloped. The electrochemical stabilities predicted by the Pourbaix diagrams of their

corresponding metals/metal oxides were not in all cases consistent with the stabilities
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(a) Pourbaix diagram for Platinum (b) Pourbaix diagram for Iron

Figure 3.7: Pourbaix diagrams for selected elements [5]. Area marked with dashed
line indicates approximate pH and potential region during operation of SPE reactor.

measured for the transition metal carbides. For example, Nb/NbO is predicted by

the Pourbaix diagram to be stable, but TGA and SPE-cell measurements demon-

strated that NbC is not. V/VO and Mo/MoO are predicted to be unstable, and VC

and Mo2C were unstable based on the reduction in HER current that was observed

over a 10 hr period (Figure 3.6). W/WO is predicted to be stable, and experiments

demonstrated that W2C was in fact stable. While the stabilities of noble and base

metal materials were consistent with those predicted by their Pourbaix diagrams,

this is apparently not always the case for carbide materials. This suggests that new

Pourbaix diagrams should be developed specifically for transition metal carbides [8].

3.4 Conclusions

We demonstrated through the use of TGA and SPE-cell measurements that noble

metals, W2C, W2C-supported Pd, and some base metals (i.e., Cu and Ag) were stable

in the pH and potential environment experienced in the triglyceride hydrogenation
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reactor. Other base metals and carbide catalysts were shown to be unstable. These

observations suggest that the low rates of these materials for triglyceride hydrogena-

tion may be related to their electrochemical instabilities in the SPE reactor.
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CHAPTER IV

Electrocatalyst Performance in a SPE Reactor

4.1 Introduction

Solid polymer electrolyte reactors are attractive for use in carrying out a number of

reactions that are typically performed using thermochemical reactors [1–10]. Pintauro

and coworkers [6] demonstrated high activities and selectivities for the hydrogenation

of triglycerides using a Pd catalyst in a SPE reactor. Central to this performance is

the facile transport of hydrogen to the catalyst surface, which is diffusion-controlled

under most conditions in thermochemical reactors [11]. The hydrogenation rate is

influenced by the solubility of hydrogen gas in the triglyceride, which is a function

of thermochemical operating variables (e.g., reactor temperature, pressure, agitation

rate). In contrast, in the SPE reactor, protons are delivered to the cathode catalyst

by means of the Nafion® membrane, which is primarily controlled by the applied

potential and current (and to a lesser extent reactor temperature, anode gas pressure,

and membrane hydration).

Similarly, Lux et al. [10] reported the use of an electrochemical reactor to selec-

tively produce lactic acid from glycerol at moderate temperatures and pressures. In

an electrochemical reactor, however, the driving force for the reaction is the applied

potential rather than high temperatures and pressures. The electrocatalysts have typ-

ically been noble metals, either in bulk or on supports, which contribute significantly
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to the overall capital cost of the reactor system. As such, there exists a motivation to

develop highly active and selective electrocatalysts from relatively low cost materials.

Transition metal carbides have recently received a good deal of interest in this

respect, because they are relatively inexpensive and have been demonstrated to have

properties similar to those of noble metals [12]. These materials are electrically con-

ductive [13–15], can be synthesized with high surface areas [16–18], and are catalyti-

cally active for a varietry of reactions, including benzene hydrogenation [19]. Among

these materials, tungsten carbide has received the most attention and has been used

as a support for various metals [20–23].

In this chapter, characterization of the activities and selectivities of a number of

noble metal, base metal, carbide and carbide-supported metal catalysts for triglyc-

eride hydrogenation in an electrochemical reactor is described. We demonstrate that

the performance varies significantly with the type of material. Furthermore, we show

that the hydrogenation rates and product selectivities are dependent on the applied

potential, which may indicate that the rate determining step for the reaction is elec-

trochemical in nature. We also used results from various characterization techniques,

including XRD, BET surface area analysis, and ICP elemental analysis to support

our conclusions.

4.2 Experimental

4.2.1 Electrocatalyst Synthesis and Characterization

4.2.1.1 Catalyst Synthesis

Noble metal (Pd, Pt, Rh, Ru, Ir, Au, and Ag) and base metal (Fe, Co, Ni,

and Cu) catalysts were used as received from vendors (see Table 4.1). Transition

metal carbide (VC, NbC, Mo2C, and W2C) catalysts were prepared via TPR of their

respective oxides with 15% CH4/H2 (Table 2.1), according to methods described
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in the literature [17, 18]. Carbide-supported Pd catalysts were synthesized using a

wet impregnation method involving the dissolved metal salt (Pd(NH3)4(NO3)2) and

unpassivated tungsten carbide [24].

4.2.1.2 BET Surface Area Analysis

Catalyst surface areas were measured via BET surface area analysis using a Mi-

cromeritics ASAP 2010 instrument for N2 physisorption. Prior to these measure-

ments, the catalysts were degassed at 300 °C for 4 hr.

4.2.1.3 X-ray Diffraction Analysis

XRD was performed using a Rigaku Miniflex Diffractometer with Cu Kα radiation

and a Ni filter (λ = 1.540 Å). The diffraction angle range (10°< 2θ < 90°) was

scanned at a rate of 5 degrees min−1 with a 0.02 degree step size. The catalyst crystal

structures and average crystallite sizes were determined from their XRD patterns

using the Jade Software v. 9.0 (Materials Data, Inc.) package linked to the ICDD

(International Center for Diffraction Data) PDF4 database (rev. 2009).

4.2.1.4 ICP Elemental Analysis

The elemental compositions of the carbide-supported metal catalysts were deter-

mined using a ICP-OES with a Varian 710-ES analyzer. Catalysts were dissolved in

5% aqua regia (3 parts HCl-1 part HNO3 (Fisher Scientific, certified ACS Plus)) in

30% H2O2 (Fisher Scientific, certified ACS), and the emission spectra of dissolved

species were compared to those for a series of standard solutions of known concentra-

tions (Inorganic Ventures).
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4.2.2 Electrocatalyst Performance Measurements

4.2.2.1 Membrane Electrode Assembly Fabrication

The MEAs used in the SPE reactor were prepared from two catalyst layers sup-

ported on carbon GDLs (E-tek cloth LT2500W ELAT© for constant current measure-

ments or Toray paper TGP-H-090 for constant potential measurements) separated by

a Nafion RO 117 membrane (Ion Power, Inc.). Anode and cathode GDLs were prepared

using a hand painting technique with a liquid catalyst suspension containing the cat-

alyst and a 5 wt% Nafion® perfluorinated resin solution (Sigma-Aldrich). The target

anode loading was 5 mg cm−2 of 20% Pt/C, and the target cathode loading was 1

mg cm−2 of the particular catalyst being characterized. MEAs were assembled and

hot pressed at 800 psi for 5 min at 135 °C. During assembly of the reactor stack,

the bolts were tightened to 50 foot-pounds of torque. Subsequently, the MEA was

rehydrated overnight at 40 °C with 50 mL min−1 humidified H2 gas (Cryogenic Gases,

pre-purified) to restore moisture lost during the hot-press treatment.

4.2.2.2 SPE-Reactor Operation

Electrocatalytic activity measurements were performed using a SPE reactor, sim-

ilar to that described by Pintauro et al. [6]. This reactor is similar in construction

to a PEM fuel cell reactor, in that it includes anode and cathode graphite blocks

separated by a Nafion®-based MEA (see Figure 2.3). Humidified hydrogen gas is

circulated on the anode, while triglycerides (in this case, soybean oil) is circulated on

the cathode side in a batch recycle manner. An external power supply exerts a poten-

tial across the cell stack via two copper current collectors. Hydrogen gas dissociates

on the anode under the applied potential (Equation 4.1a).
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H2 � 2(H+ + e−) (4.1a)

R− C = C −R′
+ 2
(
H+ + e−

)
� R− C − C −R′

(4.1b)

2(H+ + e−) � H2 (4.1c)

The resulting protons and electrons travel through the MEA and external cir-

cuit, respectively. On the cathode catalyst, hydrogen either reacts with absorbed

triglycerides (Equation 4.1b) or bubbles off as H2 gas (Equation 4.1c). Reactions

were run under constant current (0.5 A) and constant potential (0.25 V, 0.50 V, 0.75

V, and 1.00 V) conditions. The reactor temperature was maintained at 70 °C via a

PID temperature controller, as were the H2 and triglyceride reactants. The H2 and

triglyceride flow rates were 100 mL min−1, and the H2 backpressure was 10 psig.

4.2.3 SPE-Reactor Product Characterization

Triglyceride samples were taken at the beginning of and periodically throughout

each hydrogenation run at approximately 5 hr intervals. These samples were char-

acterized according to standard methods from the American Oil Chemists’ Society.

First, the samples were transesterified to form FAMEs (AOCS Method Ce 2-66), and

then these FAMEs were analyzed using GC a Varian GC-FID with a Varian CP 7487

column operating at 192 °C (AOCS Method Ce 1-62). The relative amounts of each

FAME was calculated from the GC trace using PeakSimple Chromatography Soft-

ware v. 3.93 (SRI Instruments). The FAME composition of the fresh soybean oil was

measured to be approximately 4% methyl stearate (C18:0), 23% C18:1, 55% C18:2,

and 8% C18:3.

The electrochemical current efficiency (CE%) represents the fraction of protons

that are incorporated into reducing double bonds, as opposed to bubbling off as H2
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gas. By taking the difference between the compositions of the fresh and hydrogenated

soybean oil samples, the number of reduced double bonds can be calculated. Equa-

tion 4.2 illustrates the current efficiency which is derived by dividing the number of

reduced double bonds by the integrated flux of protons through the membrane (that

is, the product of the applied current, I, and the total time of the experiment, t). The

other terms in this equation are ∆C18:1, ∆C18:2, and ∆C18:3, which are the changes in

the weight fractions of the glycerides C18:1, C18:2, and C18:3, respectively; M is the

mass (in grams) of soybean oil, F is Faraday’s constant, and MW is the molecular

weight of each FAME component. The specific hydrogenation rates can also be cal-

culated by dividing the moles of reduced double bonds by the reaction time and the

catalyst BET surface area.

CE % =

FM

[
2∆C18:1

MWC18:1
+ 4∆C18:2

MWC18:2
+ 6∆C18:3

MWC18:3

]
It

(4.2)

4.3 Results and Discussion

4.3.1 Electrocatalyst Synthesis and Characterization

XRD analysis of the catalyst materials (as-received or as-prepared) indicated that

most of the materials were phase pure. XRD patterns of the carbides and carbide-

supported Pd catalysts did not contain peaks associated with the oxide precursors,

indicating that the carburization was complete. Previous researchers have reported

that Mo2C catalysts synthesized according to the method described in Table 2.1 [17,

25] produce a high surface area polyphasic material. The results of XRD analysis of

the Mo2C catalyst synthesized in this work are consistent with those findings. Average

crystallite sizes were estimated using the Scherrer equation (Equation 4.3). The

crystal structures, average crystallite sizes, BET surface areas and, for the carbide-
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(a) Noble metal and W2C-supported Pd cat-
alysts

(b) Base metal and carbide catalysts

Figure 4.1: Electrochemical efficiencies of noble metal, base metal, and carbide elec-
trocatalysts at 70 °C and 0.5 A constant current.

supported metal catalysts, elemental compositions are listed in Table 4.1.

dc =
Kλ

B cos θ
(4.3)

Pd/W2C catalysts were synthesized at two nominal weight loadings: 10% and 30%

Pd/W2C. ICP analysis of the synthesized catalysts indicated that their actual loadings

were 2.8% ± 0.2% and 6.4% ± 0.5%, respectively. Throughout this dissertation, these

catalysts will be referred to be their approximate actual loadings of 3% Pd/W2C and

6% Pd/W2C.

4.3.2 Catalyst Performance Measurements

4.3.2.1 Constant Current Triglyceride Hydrogenation

The noble metal, base metal, carbide and carbide-supported Pd catalysts were

tested in the electrochemical hydrogenation reactor. The electrochemical current ef-

ficiencies for these materials at 70 °C and 0.5 A constant current are illustrated in

Figure 4.1a. The noble metal and W2C-supported Pd catalysts exhibited relatively

high efficiencies, while the base metal and carbide catalysts (Figure 4.1b) had effi-

ciencies less than 5%.
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Table 4.1: Results of XRD, BET, and ICP analysis of as-received and as-prepared
catalysts.

Catalyst Crystal Phase Crystallite Size (nm) BET (m2 g−1)

Pt blacka fcc 7 ± 1 16

Rh blacka fcc 5 ± 1 43

Ru blacka hcp 15 ± 2 25

Ir blacka fcc 10 ± 2 17

Nano Pdb fcc 4 ± 2 63

Nano Feb bcc 39 ± 15 21

Nano Cub fcc 36 ± 3 21

Nano Cob unknownc unknownc 38

Nano Nib fcc 3 ± 1 36

Nano Agb fcc 14 ± 2 11

VC fcc 77 ± 9 4

Mo2C hcp & fcc 4 ± 2 82

NbC fcc 43 ± 3 7

W2C fcc 7 ± 2 31

3% Pd/W2C hcp 6 ± 2 9

6% Pd/W2C hcp & fcc 7 ± 2 31

aPurchased from Alfa Aesar
bPurchased from Quantum Sphere
cCobalt compounds cannot be characterized using Cu Kα radiation [26]
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We show the trans fat and saturated fat selectivities in Figures 4.1b and 4.1b. One

measure of selectivity is the ratio of trans fat or saturated fat produced to the extent

of conversion (Equations 4.4 and 4.5). Since trans and saturated fats are undesired

products, a lower number is preferred with this metric.

Trans Selectivity =
∆
(
% trans fat

)
∆
(
% conversion

) (4.4)

Saturated Selectivity =
∆
(
% saturated fat

)
∆
(
% conversion

) (4.5)

As a group, the noble metal and W2C-supported Pd catalysts produced more

saturated fat per unit conversion than the base metal and carbide catalysts. Noble

metal, base metal, and W2C-supported Pd catalysts all exhibited comparable selec-

tivities toward trans fat production. Previous researchers reported the same trend for

triglyceride hydrogenation in the thermochemical hydrogenation environment [27, 28],

where the materials with the highest hydrogenation rates also contributed the highest

production of trans fats. The base metal and carbide, which had comparatively lower

rates for hydrogenation, also produced comparable amounts of trans fats.

With regard to saturated fat selectivity, the noble and base metals tended to make

more saturated fat than the carbide catalysts (Figures 4.2a and 4.2b). Pt and Ru,

specifically, produced high amounts of C18:0, while Pd, Rh, and Ir produced slightly

less C18:0. Previous researchers also noted that Ru and Pt had high selectivities

toward saturated fats than Pd and Rh [27]. The carbide-supported Pd catalysts had

saturated fat selectivities that were lower than those of Pd, but higher than that of

the tungsten carbide support alone.
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(a) Noble metal and W2C-supported Pd cat-
alysts

(b) Base metal and carbide catalysts

Figure 4.2: Saturated fat selectivities of noble metal, base metal, and carbide elec-
trocatalysts at 70 °C and 0.5 A constant current. Since saturated fat is an undesired
product, a lower number is preferred.

(a) Noble metal and W2C-supported Pd cat-
alysts

(b) Base metal and carbide catalysts

Figure 4.3: Trans fat selectivities of noble metal, base metal, and carbide electrocat-
alysts at 70 °C and 0.5 A constant current. Since trans fat is an undesired product,
a lower number is preferred.
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Figure 4.4: Electrochemical hydrogenation rates for noble metal catalysts at 70 °C
and constant potentials from 0.25 V to 1.0 V.

4.3.2.2 Constant Potential Hydrogenation

We also performed triglyceride hydrogenation using the electrochemical reactor

over the potential range 0.25 V to 1.0 V, in order to investigate the effect of applied

potential on hydrogenation rates and selectivities. The areal hydrogenation rates for

noble metal catalysts (Figure 4.4) was observed to vary with voltage between 0.25

V to 1.0 V. Initially the rate increased from 0.25 V to 0.5 V, but it subsequently

decreased for 0.75 V and 1.0 V. This trend persisted for all the noble metal catalysts

tested. The hydrogenation rates of the base metal, Mo2C, NbC, and VC catalysts were

too low for any trend to be observed. The hydrogenation rates of W2C varied with

applied voltage. This is consistent with the literature, which reports that carbides

have similar overpotentials for the HER as noble metals [29]. Carbide-supported Pd

catalysts behaved similarly, with areal rates that were comparable to the bulk noble

metal catalysts (Figure 4.5).

The activity trends for the noble metal electrocatalysts follow approximately the
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Figure 4.5: Electrochemical hydrogenation rates for W2C and W2C-supported Pd
catalysts at 70 °C and constant potentials from 0.25 V to 1.0 V.

trends in activity of those metals in the thermochemical reactor. Rylander reported

that, while activity sequences depended on the reaction conditions and the type of

catalyst support used, generally speaking the thermochemical hydrogenation activity

could be written:

Pd > Rh > Pt >> Ir > Ru

The areal hydrogenation rates for the electrocatalytic reactor followed a similar se-

quence, although in this case the Pt catalyst had an activity 3-4 times higher than

the other noble metal catalysts.

Pt >> Rh > Pd >> Ir > Ru

One clear distinction, however, between the thermochemical and electrochemical

hydrogenation rates, is the difference in rates for base metal catalysts such as Fe,
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Co, Ni, and Cu, which have been shown to be active for hydrogenation [30–34].

The relative inactivity of these catalysts is perhaps related to reduced stability in the

electrochemical system, or a different hydrogenation mechanism in the electrochemical

environment.

4.4 Conclusions

We have used an electrochemical hydrogenation reactor to test the activities and

selectivities of noble metal, base metal, carbide and carbide-supported Pd catalysts.

We measured these in both constant current and constant potential operation modes.

We demonstrated that noble metals and carbide-supported Pd catalysts had the high-

est efficiencies for hydrogenation. We also showed that hydrogenation rates are depen-

dent on the applied potential. We conclude by noting that electrochemical stabilities

and the electrochemical mechanism are likely causes of the differences in material

performances.
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CHAPTER V

SPE Reaction Mechanisms

5.1 Introduction

In Chapter IV we demonstrated the hydrogenation of triglycerides in a SPE reac-

tor. We reported the activities and selectivities for noble metal, base metal, carbide,

and carbide-supported catalysts, and we noted that the rates for hydrogenation vary

widely over the various materials. We also demonstrated that some of this variation

can be explained through the varying electrochemical stabilities of the different ma-

terials. Some base metals, such as Fe, Co, and Ni, and carbides, such as VC, NbC,

and Mo2C, are not stable at the pH and potential environments of the SPE reactor.

These instabilities are reflected in their low rates for hydrogenation.

The materials that have been demonstrated to be stable in the SPE-reactor exhib-

ited a wide range of rates for triglyceride hydrogenation. In this chapter we elucidate

the mechanisms for the cathodic reactions that occur during operation of the SPE-

reactor: the HER and the triglyceride hydrogenation reaction. We compare the rates

for the individual reaction steps to the hydrogenation rates of the different materials.

5.1.1 Hydrogen Evolution Reaction Mechanism

The HER is generally accepted to occur via two elementary steps [1, 2]. The first

step involves the reduction of a proton from the electrolyte to a hydrogen atom ad-

78



sorbed on the electrode surface. This proton discharge step is called the Volmer reac-

tion (Equation 5.1a). The second HER step involves the generation of H2 gas via two

pathways. In the Tafel pathway, two adsorbed hydrogens combine to form H2 (Equa-

tion 5.1b). In the Heyrovský pathway, one adsorbed hydrogen is electrochemically

desorbed along with an electron and a proton from the electrolyte (Equation 5.1c).

H+ + e− � Hads Volmer (5.1a)

2Hads � H2 Tafel (5.1b)

Hads + H+ + e− � H2 Heyrovský (5.1c)

The rates for each of these elementary steps have been found to depend on a number

of factors, including temperature, pH, metal type, as well as the cleanliness and

nanostructure of the material surface [3].

A great deal of effort has been expended to determine which of the two pathways

(Volmer-Tafel or Volmer-Heyrovský) may dominate under different conditions [1, 4–

12]. Much of this effort has involved measuring the current-voltage response of a

given system, and comparing its behavior to that of a given theoretical model for the

pathways [12]. It was demonstrated by Butler [4] and Volmer [5] that for a reversible,

one-electron transfer reaction at equilibrium, the current-voltage relationship can be

modeled using the following equation:

i = i0

(
exp

[
αFη

RT

]
− exp

[
(1− α)Fη

RT

])
Butler-Volmer Eqn (5.2)

where i is the current density (A cm−2), i0 is the exchange current density (A cm−2),

F is Faraday’s constant (C mol−1), R is the ideal gas constant (J mol−1 K−1), T is

the temperature (K), α is the transfer coefficient, and η is the voltage (V). Previous
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Table 5.1: Tafel slope method for determining the rate limiting step of the HER.

Rate Determining Step (RDS) αa = np + 1
2
nq + nr Slope (mV decade−1)b

Volmer α = 0 + 1
2
(1) + 0 = 1

2
120

Tafel α = 2 + 1
2
(0) + 0 = 2 30

Heyrovský α = 1 + 1
2
(1) + 0 = 3

2
40

aTransfer coefficient is the sum of electrons transferred before (np) and after (nr) the RDS, and
one-half of electrons transferred during (nq) the RDS.

bTafel slope at 25 °C.

research [12] has demonstrated that at large overpotentials (η → ∞), the Butler-

Volmer equation simplifies to:

log[i] = log[i0]− αFη

2.303RT
Butler-Volmer Eqn as η →∞ (5.3)

where the transfer coefficient α is equal to the sum of the electrons transferred before

(np) and after (nq) the rate determining step, plus one-half the electrons transferred

during the rate-determining step (nr) [12]. A plot of the potential versus the logarithm

of the current (i.e. a Tafel plot), in the absence of mass-transfer limitations, yields a

straight line. The slope of this line is indicative of which elementary step (Volmer,

Tafel, or Heyrovský) is the rate-determining step for the HER.

Despite decades of research, however, it is still unclear which mechanism prevails

under different conditions, even on a well-studied material like Pt [2]. For example,

some research has concluded, using the Tafel slope method, that the Volmer-Tafel

mechanism prevails for Pt in acidic electrolytes [6, 7, 11], with the Tafel step being

rate determining. Other research using theoretical and kinetic models have begun to

question whether these conclusions are accurate, and have proposed that the mech-

anism may actually be Volmer-Heyrovský [13, 14]. The challenge with determining

the HER mechanism using the Tafel slope method lies in the necessity to measure
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changes in the HER rate over several orders of magnitude in current without influ-

ence from ohmic distortion, mass-transfer limitations, or background currents from

other surface reactions [12]. Early research recognized the difficulty of meeting these

requirements and described the need for more sophisticated methods of determining

the prevailing reaction mechanisms [6, 15].

More recent research has developed methods that rely on fitting the current-

voltage data to kinetic and theoretical models using nonlinear regression software. For

example, Quaino et al. developed a kinetic method that describes the relationship

between each of the three equations over the whole range of potentials [1, 8–10].

This model also has the added benefit of incorporating the diffusion limitation of H2

through the electrolyte.

5.1.2 Hydrogenation Reaction Mechanism

Electrochemical hydrogenation of unsaturated compounds (A + 2H � AH2) in

general can occur via three types of mechanisms [16]:

1. Direct electron transfer

A + e− � A− + 2H+ + e− � AH2 (5.4)

2. Catalytic hydrogenation

A + 2Hads � AH2 (5.5)

3. Electrocatalytic hydrogenation

A + 2H+ + 2e− � AH2 (5.6)

The direct electron transfer mechanism (Equation 5.4) is generally believed to
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occur over materials with high HER overpotentials, such as Hg, Bi, Sn and Cd [17].

These materials have very low surface coverages of hydrogen, so reduction of unsat-

urated compounds occurs via the production of a radical cation intermediate, which

is subsequently reacted to form the saturated organic [18].

The catalytic and electrocatalytic hydrogenation mechanisms involve the reaction

of adsorbed unsaturated compounds with either adsorbed hydrogen atoms (Equa-

tion 5.5) or protons (Equation 5.6), respectively. One difference between these two

reaction pathways is the effect that the electron transfer in Equation 5.6 has on the

characteristic rate equation [18]. While the catalytic hydrogenation rate expression

involves the surface coverages of the organic (θOrg) and hydrogen (θH) reactants:

Rate = kθaOrgθ
b
H (5.7)

the rate expression for the electrocatalytic pathway incorporates an exponential term

to account for the potential dependence of the electron transfer [19]:

Rate = kθaOrgθ
b
H exp

(αFV
RT

)
(5.8)

where V is the applied potential, k is the reaction rate constant, and a and b are

the orders of reaction. The implication from the electrochemical pathway is that an

applied potential will have the effect of increasing the reaction rate. Nevertheless, the

chemisorption of the organic and hydrogen reactants may also depend on the applied

potential, which will likewise affect the rate [20].

Previous research has investigated the hydrogenation of unsaturated compounds,

and has postulated both the catalytic hydrogenation [21–24] and electrocatalytic hy-

drogenation [18, 25–27] mechanisms. The fact that a proton is electrochemically gen-

erated under the applied potential in the SPE reactor employed in this work means

that the hydrogenation reaction may proceed by either mechanism. This work gener-
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ally asserted the given mechanism rather than employing any systematic experimental

effort to determine whether the mechanism was catalytic or electrocatalytic.

In 1970, Wagner proposed a method by which the particular mechanism, thermo-

catalytic or electrocatalytic, may be elucidated [28]. He proposed that these mecha-

nisms should govern the current-voltage response for a catalytic system in the pres-

ence and absence of the organic in different ways. By polarizing the cell across a

range of voltages and measuring the current, both with and without the organic, the

mechanism can be determined. For example, Takehara reported the hydrogenation of

quinone, allyl alcohol, and vinyl alcohol in an electrochemical cell over Pt and Pt-Ag

catalysts [29]. Using the method proposed by Wagner, they concluded that quinone

hydrogenation followed an electrochemical mechanism, while allyl alcohol and vinyl

alcohol hydrogenation followed a combination of catalytic and electrocatalytic mech-

anisms. They were unable to explain, however, the increase in hydrogenation rates

at increasingly negative potentials. Subsequent research has demonstrated that the

surface coverage of hydrogen species increases with more negative potentials [10].

By building on the methods reported by these researchers, this thesis develops a

kinetic method to determine the hydrogenation mechanism using a nonlinear regres-

sion technique similar to that used to determine the HER mechanism.

5.2 Experimental

The mechanisms for HER and triglyceride hydrogenation, the cathodic reactions

that occur in the SPE reactor, were investigated for various catalysts in an aqueous

three-electrode cell at room temperature (25 °C).

For the HER, the catalyst materials were supported on a polished glassy carbon

RDE [30]. The glassy carbon disk (d = 0.5 cm) was polished using 15 micron pol-

ishing paper (Fiber Instrument Sales, Inc.) and thoroughly rinsed with ultrapure

H2O (Millipore-Q system, 18 MΩ cm). A catalyst ink was prepared by mixing 10
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mg catalyst with 0.5 mL ultrapure H2O and 0.5 mL isopropanol (Aldrich, 99.5+%).

An small aliquot (10 µL) of the catalyst suspension was deposited on the electrode

and dried at room temperature in air, while rotating at 100 rpm to ensure a smooth

catalyst film covered the entire electrode. Subsequently, ∼5 µL of a 5 wt% Nafion

ionomer solution was deposited on the film and dried. A platinum wire was used as a

counter electrode. Cell potentials were measured with respect to a SMSE (Bioanalyt-

ical Systems, Inc.). Analytical grade sulfuric acid (Aldrich, 99.999% purity) was used

to prepare the supporting electrolyte solution. The glassy carbon RDE was attached

to a MSR Analytical Rotator (Pine Instrument Company), and the three-electrode

circuit was controlled by an Autolab PGSTAT302N potentiostat (Metrohm USA).

In order to characterize the triglyceride hydrogenation rates, methyl linoleate was

used as a surrogate for triglycerides, since it is soluble in CH3OH and is the methyl

ester of the most abundant glycerides found in soybean oil. Measurements for the

methyl linoleate hydrogenation reaction were performed with the catalyst materials

abraded on a gold microelectrode. The electrolyte was composed of 0.5 M H2SO4 in

96% CH3OH in ultrapure H2O.

5.3 Results and Discussion

5.3.1 Hydrogen Evolution Reaction

To elucidate the mechanisms for the cathodic reactions that occur in the SPE-

reactor, we characterized the various electrochemically stable catalysts using a number

of electrochemical techniques. H2 gas was bubbled through the electrolyte until it

was saturated with H2 at a rotation of 5000 rpm. We determined that the solution

was saturated when the open circuit voltage (OCV) stopped changing, which was

typically after about 30 min. Once saturation was achieved, we performed LSV in

the region surrounding the OCV (Figure 5.1). The overall shape of the HER curve is

84



Figure 5.1: HER data for Pt black on a glassy carbon RDE rotating at 3600, 4900,
6400, and 8100 rpm in H2 saturated 0.5 M H2SO4. Scan rate was 1 mV s−1.

determined by the relative magnitudes of the Volmer, Heyrovský, and Tafel exchange

current densities (iV,0, iH,0, and iT,0, respectively). The current reaches a plateau at

increasingly positive potentials due to mass-transfer limitations of H2 to the surface.

We used nonlinear regression to fit HER LSV curves for noble metal, base metal,

W2C, and W2C-supported Pd catalysts to the HER model (Section 2.5.2.1), as re-

ported in the literature [10] and described in Section 2.5.2.1. This analysis was used

to determine the exchange current densities for the three elementary reaction steps

(Volmer, Tafel, and Heyrovský), the hydrogen coverage at OCV, and the limiting

current (Table 5.2). The mass-transfer limitation associated with H2 was character-

ized by the Koutecky-Levich equation, which relates the electrode area and rotation

rate to the limiting current. The effect of rotation rate between 3600 to 8100 rpm

on the limiting current was measured (Figure 5.2) for Pt black on a glassy carbon

RDE. Since the limiting current is independent of the catalyst being tested, dur-

ing nonlinear regression we fixed the value of the limiting currents for the different
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Figure 5.2: Koutecky-Levich plot for limiting currents from Table 5.2. Data is from
HER of Pt black on a glassy carbon RDE rotating at 3600, 4900, 6400 and 8100 rpm
in H2 saturated 0.5 M H2SO4.

Table 5.2: HER data and best fit line from HER model for Pt black on a glassy carbon
RDE rotating at 3600, 4900, 6400, and 8100 rpm in H2 saturated 0.5 M H2SO4. Scan
rate was 1 mV s−1.

Parameter Rotation Rate (rpm) Average Error

3600 4900 6400 8100

iL x 102 (A m−2) 8.9 9.5 9.9 10.5 N/A N/A

θeH 0.1726 0.1729 0.1724 0.1729 0.1727 0.0002

iH,0 x 1010 (A m−2) 5.8 6.8 6.8 7.0 6.6 0.6

iT,0 x 108 (A m−2) 5.4 5.5 5.7 5.9 5.6 0.2

iV,0 x 108 (A m−2) 38.4 36.0 37.1 37.4 37 1
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Table 5.3: HER kinetic parameters from nonlinear regression of LSV data for Pt
black, Rh black, Pd black, and Ru black on a glassy carbon RDE rotating between
2000 to 8000 rpm in H2 saturated 0.5 M H2SO4 with a 1 mV s−1 scan rate.

Parameters Pt Rh Pd Ru

θeH 0.1727 ± 0.002 0.1631 ± 0.0005 0.22 ± 0.04 0.16 ± 0.01

iH,0 x 1011 (A m−2) 6.6 ± 0.6 6.73 ± 0.02 2.7 ± 0.3 6.0 ± 0.7

iT,0 x 107 (A m−2) 5.6 ± 0.2 6.4 ± 0.2 8 ± 2 6.2 ± 0.2

iV,0 x 107 (A m−2) 37 ± 1 81 ± 3 120 ± 40 79 ± 1

Table 5.4: HER kinetic parameters from nonlinear regression of LSV data for Ir, Ag,
W2C, and 6% Pd/W2C on a glassy carbon RDE rotating between 2000 to 8000 rpm
in H2 saturated 0.5 M H2SO4 with a 1 mV s−1 scan rate.

Parameters Ir Ag W2C 6% Pd/W2C

θeH 0.163 ± 0.003 0.169 ± 0.008 0.17 ± 0.02 0.22 ± 0.01

iH,0 x 1010 (A m−2) 9.7 ± 1.4 5.2 ± 0.9 5.9 ± 0.6 23 ± 23

iT,0 x 107 (A m−2) 4.3 ± 0.9 0.7 ± 0.1 0.2 ± 0.1 7.6 ± 0.7

iV,0 x 106 (A m−2) 24 ± 2 3 ± 2 1 ± 2 100 ± 1

rotation rates for subsequent analyses for all catalysts. The results of this analysis

are listed in Table2 5.3 and 5.4. These results indicated that the HER follows the

Volmer-Tafel pathway for all these materials, since the exchange current densities for

the Heyrovský step were essentially zero. This result is consistent with the conclusions

of other researchers (e.g., Pt [13, 14, 31], Pd [32], Ru [33–35], Ir [36, 37], and W2C

[38–40]), although some research has concluded that the HER pathway for certain

materials follows the Volmer-Heyrovský pathway [13, 14]. We also observed that the

exchange current density for the Tafel step for HER correlated approximately with

the triglyceride hydrogenation rates from the SPE reactor (Figure 5.3).
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Figure 5.3: Trend of Tafel exchange current densities versus rate from SPE reactor.

5.3.2 Triglyceride Hydrogenation Reaction

In order to interrogate the mechanism for triglyceride hydrogenation, we again

employed a LSV technique. Each catalyst was tested in 15 mL of an electrolyte

composed of H2 saturated 0.5 M H2SO4 in 96% CH3OH and 4% H2O. The CH3OH

was added to the electrolyte in order to make it miscible with methyl linoleate, the

methyl ester of the glyceride with two unsaturated carbon-carbon bonds. This methyl

ester is used as a surrogate molecule to study the hydrogenation activities of the

catalyst materials for triglyceride hydrogenation. The catalysts were supported on a

gold microelectrode, while a Pt wire was used as the counter electrode and potentials

were measured with respect to a SMSE.
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Thermochemical Hydrogenation Mechanism

R-CH=CH-R’aq � R-CH=CH-R’ad (5.9a)

H2,ad � 2Had (5.9b)

R-CH=CH-R’ad + Had � R-CH-C-R’ad (5.9c)

R-CH-C-R’aq + Had � R-CH-CH-R’ad (5.9d)

R-CH-CH-R’ad � R-CH-CH-R’aq (5.9e)

Electrochemical Hydrogenation Mechanism

R-C=C-R’aq � R-C=C-R’ad (5.10a)

R-C=C-R’ad + H+
aq � R-CH+-C-R’ad (5.10b)

R-CH+-C-R’ad + e− � R-CH-C-R’ad (5.10c)

R-CH-C-R’ad + H+
aq � R-CH-CH+-R’ad (5.10d)

R-CH-CH+-R’ad + e− � R-CH-CH-R’ad (5.10e)

R-CH-CH-R’ad � R-CH-CH-R’aq (5.10f)

As described previously, the rate determining step for hydrogenation of methyl

linoleate is assumed to occur by either thermochemical or electrochemical hydro-

genation on the catalyst surface (i.e., not direct electron transfer to unadsorbed or-

ganic in the electrolyte) [28, 29, 41]. The thermochemical mechanism (also known

as the Horiuti-Polanyi mechanism [42–44]), involves two hydrogenation steps where

the adsorbed organic reacts with adsorbed hydrogen atoms (Equation 5.9). The elec-

trochemical mechanism also involves two hydrogenation steps where the adsorbed

organic reacts with protons in the electrolyte and is subsequently reduced by an
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electron (Equation 5.10).

Since both mechanisms involves an adsorbed organic, the rate expression should be

proportional to the coverage of methyl linoleate (θML). Previous research has related

the surface coverage of an organic to its bulk electrolyte concentration using a Lang-

muir isotherm [45] (Equation 5.11), where θML is the ML coverage, CML is the bulk

concentration of ML in the electrolyte, and ΓML is the Langmuir adsorption constant

for ML. If hydrogenation proceeds via the electrochemical route, the rate expression

should include an exponential term involving the applied potential (exp[αfη], where

η is the applied potential); if the mechanism is thermochemical, the rate expression

would not contain this term. Finally, if the mechanism is thermochemical, it should

contain a term involving the hydrogen coverage.

θML =
ΓMLCML

1 + ΓMLCML

(5.11)

The effect of adding the unsaturated organic to the electrolyte is illustrated in

Figure 5.4. As the concentration of methyl linoleate in the electrolyte is increased,

the limiting current decreased and the OCV shifted to the right. Using nonlinear

regression (Section 2.5.2.2), we fit rate expressions for both catalytic (Equation 5.7)

or electrolytic (Equation 5.8) hydrogenation rate limiting step mechanisms to the data

(Table 5.5). By comparing the goodness of fit for each rate expression, we determined

that the hydrogenation reaction followed the electrolytic mechanism (Figure 5.5). The

best fit values for the parameters ΓML and kHyd for each catalyst material are listed

in Tables 5.6 and 5.7.

Finally, we consider the effect of applied potential on the measured hydrogenation

rates. As observed earlier, hydrogenation rates varied with applied potential (Fig-

ure 5.6a). The initial increase may have been caused by the effect of potential on

the hydrogenation reaction, which has been shown to proceed via an electrochemical

mechanism. We propose that the subsequent plateau and decrease may be related
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Figure 5.4: HER and ML hydrogenation data and best fit lines from
HER/hydrogenation model for Pt black on a Au microelectrode in 15 mL of H2

saturated 0.5 M H2SO4 in 96% CH3OH in H2O with 0, 1 µL, 10 µL, and 100 µL
methyl linoleate.

Table 5.5: Rate expressions for thermochemical and electrochemical hydrogenation
mechanisms.

Thermochemical Electrochemical

θ0
H rHyd = kHydθML rHyd = kHydθML exp(αfη)

θ1
H rHyd = kHydθMLθH rHyd = kHydθMLθH exp(αfη)

θ2
H rHyd = kHydθMLθ

2
H rHyd = kHydθMLθ

2
H exp(αfη)
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(a) Thermochemical rate determining steps (b) Electrochemical rate determining steps

Figure 5.5: HER and ML hydrogenation data and best fit lines from thermochemical
and electrochemical rate laws for Pt black on a Au microelectrode in H2 saturated
0.5 M H2SO4 in 96% CH3OH in H2O.

Table 5.6: Hydrogenation kinetic parameters from nonlinear regression of LSV data
for Pt black, Rh black, Pd black, and Ru black in 15 mL of H2 saturated 0.5 M H2SO4

in 96% CH3OH in H2O with 0, 3.86 x 10−5 M, 3.86 x 10−4 M, and 3.86 x 10−3 M
methyl linoleate with a 1 mV s−1 scan rate.

Parameters Pt Rh Pd Ru

veH x 1010 (A m−2) 0.07 0.09 0.07 0.06

veV x 107 (A m−2) 15.8 4.69 106 0.42

veT x 107 (A m−2) 31.7 30.0 3,100 5.4

ΓML x 102 4.3 ± 0.7 5 ± 2 6 ± 2 1.2 ± 0.2

kHyd x 107 5 ± 4 5 ± 1 8 ± 10 0.11 ± 0.05

Table 5.7: Hydrogenation kinetic parameters from nonlinear regression of LSV data
for Ir, Ag, W2C, and 6% Pd/W2C in 15 mL of H2 saturated 0.5 M H2SO4 in 96%
CH3OH in H2O with 0, 3.86 x 10−5 M, 3.86 x 10−4 M, and 3.86 x 10−3 M methyl
linoleate with a 1 mV s−1 scan rate.

Parameters Ir Ag W2C 6% Pd/W2C

veH x 1010 (A m−2) 0.01 0.01 100 1.6

veV x 107 (A m−2) 2.77 0.67 4.8 77

veT x 107 (A m−2) 64.4 22.1 6.8 47

ΓML x 102 3 ± 1 6 ± 3 8 ± 2 10 ± 15

kHyd x 107 4.7 ± 0.9 3 ± 1 80 ± 100 7 ± 3
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(a) Triglyceride hydrogenation rates for Pt
black in a SPE reactor at 70 °C for constant
potentials from 0.25 V to 1.0 V.

(b) Schematic of the effect of applied poten-
tial on triglyceride coverage and hydrogena-
tion rates

Figure 5.6: Effect of applied potential on triglyceride coverage and hydrogenation
rates.

to mass-transfer limitations of the triglyceride to the catalyst surface. Pintauro and

coworkers observed that an increase in oil flow rate and a decrease in the thickness

of the GDL resulted in an increase of the hydrogenation rate [46]. This mass-transfer

limitation is likely caused by the present hydrogen gas, which is produced in greater

amounts at higher applied potentials.

5.4 Conclusions

We measured rates for the HER and hydrogenation reactions over the potential

range 0.25 V to 1.0 V. We observed that the mechanism for the HER was Volmer-

Tafel, which agrees with the literature for those materials. We also observed that the

rate determining step for methyl linoleate hydrogenation was electrocatalytic. The

rates for hydrogenation in the SPE reactor correlated with those from the aqueous

hydrogenation of methyl linoleate. The rates also correlated with those for the Tafel

step of the HER.
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CHAPTER VI

Conclusions and Future Work

6.1 General Conclusions

Electrochemical reactors have recently received an increase in attention due to the

possibility of influencing the activities and selectivities of chemical reactions via the

applied potential. The work described in this thesis has explored the utility of this

approach in the context of triglyceride hydrogenation. A range of catalyst materials

have been evaluated in therms of their activities and selectivities for the triglyceride

hydrogenation reaction, including noble metals, base metals, early transition metal

carbides, and carbide-supported metals. The conclusions derived from these investi-

gations have broad application in the context of other reactions and electrochemical

reactor configurations. A brief summary of these conclusions include:

� We found that certain catalysts had high activities for triglyceride hydrogena-

tion, such as the noble metals (Pt, Rh, Pd, Ru and Ir). Other catalysts, such as

the base metals (Fe, Co, and Ni) as well as Mo2C, VC, and NbC had low or neg-

ligible activities. The best catalysts, in terms of high activities and high selec-

tivities in terms of trans and saturated fat production, were the W2C-supported

Pd catalysts. The high surface areas and high electrical conductivities of the

carbide materials make them attractive for use as catalyst supports. The devel-
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opment of these carbide-supported metal catalysts will likely be an important

area of research for the development of electrocatalytic reactor systems.

� We demonstrated that the catalyst stabilities of the materials we tested were

an important factor in determining their utility for triglyceride hydrogenation.

We characterized the spent membrane electrode assemblies for the catalysts

tested, and found that the low rates observed for the base metals and certain of

the carbides were likely due to their instability in the potential and pH ranges

used. We further characterized their stabilities in a SPE three-electrode cell,

and found that corrosion rates for the different materials were on the order of

hours to days. These observations are particularly relevant when considering the

different properties necessary for thermochemical and electrochemical catalysts.

For example, a Ni/SiO2 catalyst is used in the thermochemical triglyceride

hydrogenation reactor in industry. But a similar catalyst would be unsuitable

for use in electrochemical hydrogenation, since the support is nonconductive

and the Ni is unstable.

� We observed that the hydrogenation rates for the catalysts tested varied with ap-

plied potential. Detailed electrochemical experiments in aqueous three-electrode

cells demonstrated that this dependence is due to the electrochemical mecha-

nisms for the cathode reactions (i.e., HER and hydrogenation). These reactions

involve the transfer of an electron, and as such their rate expressions are de-

pendent on the applied potential. This has important ramifications on the

operating parameters chosen for the reactor operation. Since higher potentials

result in higher hydrogenation rates as well as higher HER rates, it is important

to balance these to make best use of the electricity.

� We further observed that the hydrogenation rates decreased at very high poten-

tials (up to 1 V), and we propose that this is due to mass transfer limitations
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Figure 6.1: Triglyceride hydrogenation rates at 70 °C and 0.5 V normalized by mate-
rial costs for noble metal, base metal, W2C, and W2C-supported Pd catalysts.

with respect to the triglyceride. This is a marked departure from the opera-

tion of the thermochemical reactor, which is mass transfer limited with respect

to hydrogen gas. The high conductivity of the ion conducting membrane pro-

vides facile transport of hydrogen to the catalyst surface, and at high potential

this creates an excess of hydrogen on the surface of the cathode catalyst. This

excess limits the effective concentration of oil near the surface and effectively

decreases the rate. Future reactor designs should incorporate strategies for mit-

igating the evolution of hydrogen gas and facilitating the transfer of triglyceride

to the catalyst surface.

6.2 Economics of Triglyceride Hydrogenation

Finally, in Figure 6.1, we compare the activities of the different electrocatalysts

against their cost (as of 3/18/2011) [1]. The cost for W2C was assumed to be the
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Figure 6.2: Schematic of a thermochemical triglyceride hydrogenation plant.

same as that of W metal, and the costs for the W2C-supported Pd catalysts were

estimated to be the weighted average of the costs for W and Pd. We note that

although Pd, Rh, and Pt exhibited the highest rates for triglyceride hydrogenation,

these materials have the highest material cost. W2C-supported Pd catalysts had the

highest hydrogenation rates when normalized by material cost. This suggests that

these materials may be interesting for use in an industrial setting.

Using Capcost, a software package for capital cost estimation and financial analy-

sis, we have investigated the viability of an electrochemical hydrogenation plant and

compared it to that of a thermochemical plant [2]. We based the designs for these

plants on that of a typical oil hydrogenation plant described in the literature [3]. Both

plants process 25 metric tons of soybean oil a day using hydrogen gas, and produce

margarine. All equipment are made of stainless steel. While an real plant would

make use of heat integration to reduce utility costs, this was not taken into account

for simplicity. Reactants are heated with natural gas and products are cooled with

chilled water.

The thermochemical plant uses a Ni/SiO2 catalyst (0.02% catalyst/oil) in a stirred

tank reactor at 140 °C and 3 atm (Figure 6.2 and Table 6.1). The catalyst is separated

from the product in a separate decanting tank and recycled back to the reactor. The

product is subsequently cooled and stored in an intermediate holding tank. It is

assumed that the catalyst loading is replaced once per year. The net present value of
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Table 6.1: Capital cost and utilities usage of an thermochemical triglyceride hydro-
genation planta.

Equipment Bare Module Cost ($) Utilities Annual Cost ($)

V1 - Reactorb $160,000 N/A -

V2 - Decanterb $160,000 N/A -

V3 - Storageb $160,000 N/A -

Pump 1c $36,500 Electricity $592

Pump 2c $36,500 Electricity $592

Pump 3c $36,500 Electricity $592

Pump 4c $36,500 Electricity $592

Heat Exchanger 1d $13,200 Natural Gas $13,900

Heat Exchanger 2d $13,200 Chilled Water $740

aAssumes 2 yr construction period and a 10 yr project life after construction; taxation rate is
42% and annual interest rate is 10%. Labor cost is $600,000 per year. Cost of raw materials and
products (soybean oil - $0.69 kg−1 [4]; hydrogen - $2.00 kg−1 [5]; margarine - $2.53 kg−1 [6]) are
estimated from literature.

bReactor and storage vessels are sized to accommodate up to 10 metric tons of oil, are made of
stainless steel, and are rated to a maximum pressure of 4 barg.

cPumps are centrifugal type, stainless steel pumps operating at 1 kW with 85% efficiency; Pumps
1, 2, and 3 have an outlet pressure of 3 barg, while Pump 4 has an outlet pressure of 1 barg. Bare
module costs also includes cost of 2 spare pumps on hand. Cost of electricity is estimated to be
$16.67 GJ−1.

dHeat exchangers are 1 m2 double pipe type exchangers constructed of stainless steel, which are
rated for a tube pressure of 4 barg. Heating cost is estimated to be $6 GJ−1 (from natural gas),
while cooling cost is estimated to be $0.35 GJ−1 (from chilled water).
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Table 6.2: Capital cost and utilities usage of an electrochemical triglyceride hydro-
genation planta.

Equipment Bare Module Cost ($) Utilities Annual Cost ($)

V1 - Reactorb $113,000 Electricity $119,190

V3 - Storageb $113,000 N/A -

Pump 1c $36,500 Electricity $592

Pump 2c $36,500 Electricity $592

Pump 4c $36,500 Electricity $592

Heat Exchanger 1d $13,200 Natural Gas $5,600

Heat Exchanger 2d $13,200 Chilled Water $290

aAssumes 2 yr construction period and a 10 yr project life after construction; taxation rate is
42% and annual interest rate is 10%. Labor cost is $600,000 per year. Cost of raw materials and
products (soybean oil - $0.69 kg−1 [4]; hydrogen - $2.00 kg−1 [5]; margarine - $2.53 kg−1 [6]) are
estimated from literature.

bCost and structure of the electrochemical reactor vessel is assumed to be of similar cost to a
thermochemical reactor of a similar size. Reactor and storage vessels are sized to accommodate up
to 10 metric tons of oil, are made of stainless steel, and are rated to a maximum pressure of 1 barg.
The electrochemical reactor is assumed to operate at 0.5 V and 0.3 A cm−2. Catalyst loading is
assumed to be 1 mg cm−2 of 6% Pd/W2C, and will require approximately 1,600 m2 of active surface
area.

cPumps are centrifugal type, stainless steel pumps operating at 1 kW with 85% efficiency; Pumps
1, 2, and 4 have an outlet pressure of 1 barg, while Pump 3 (from Figure 6.2) is unnecessary since
the catalyst does not need to be separated recycled in this plant). Bare module costs also includes
cost of 2 spare pumps on hand. Cost of electricity is estimated to be $16.67 GJ−1.

dHeat exchangers are 1 m2 double pipe type exchangers constructed of stainless steel, which are
rated for a tube pressure of 1 barg. Heating cost is estimated to be $6 GJ−1 (from natural gas),
while cooling cost is estimated to be $0.35 GJ−1 (from chilled H2O).

the thermochemical plant for 10 yr of operation is $16.43 million.

The electrochemical plant takes advantage of the improved catalyst-product sep-

aration available due to the SPE-reactor design; since the catalyst remains fixed in

the membrane, a separate decanting vessel is not required (Figure 6.3). Furthermore,

since the hydrogen for reducing the triglycerides is supplied to the catalyst surface

by the applied potential, the reactor operates at a lower temperature (70 °C) and

pressure (1 atm). This reduces the capital cost associated with having a high system

pressure (Table 6.2). The electrochemical reactor uses a 6 wt% Pd/W2C catalyst with
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Figure 6.3: Schematic of an electrochemical triglyceride hydrogenation plant.

the same activity measured in this work. It is similarly assumed that the catalyst

loading is replaced once per year. The net present value of the electrochemical plant

for 10 yr of operation is $16.38 million. The cumulative cash flow (discounted) for the

two plants is illustrated in Figure 6.4, which demonstrates how the electrochemical

system approximately equal to the thermochemical system in profitability. Another

scenario is also illustrated, which shows the projected profitability of a plant with a

product that sells for 5% more, due to its more desirable product selectivity (lower

concentrations of saturated and trans fat contents), with a net present value of $18.9

million after 10 yr. In this case, the electrochemical plant is slightly more profitable

than the thermochemical plant. While the accuracy of this analysis is likely limited

to an order of magnitude, these results suggest that an SPE industrial triglyceride

hydrogenation reactor is at least possible.

6.3 Future Research Directions

Throughout this thesis we have looked at the intersection between catalysis and

electrochemistry in the context of an electrochemical reactor. The hydrogenation of

triglycerides has provided a unique platform for this reaction, since the chemistry

involved is rather complex. While the majority of the detailed mechanistic work in

this thesis has focused on elucidating the activity trends for different electrocatalysts,
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Figure 6.4: Comparison of discounted cumulative cash flows for thermochemical and
electrochemical triglyceride hydrogenation plants.

the selectivities of these catalysts need to be further studied.

For example, the trans fat and saturated fat selectivities of a Pt catalyst in the

triglyceride hydrogenation reactor were found to be a function of the applied poten-

tial. This behavior could be related to different coverages of the cis and trans isomers

being present under a given potential. Or it could be dependent on different reactiv-

ities of these species under reaction conditions. It is important for the operation of

electrochemical reactors to understand how these processes work, so this area should

be investigated further.

Another logical extension of this thesis would be to investigate the activities of

other W2C-supported metal catalysts. Pd/W2C catalysts were found to have high

activities and selectivities. Other catalysts comprised of other noble metals (e.g., Pt,

Rh, Ru, Ir, and Au) supported on W2C may likewise exhibit interesting performance.
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