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Abstract
Organic chemicals are the building blocks for plastics, clothing, fertilizers,
pharmaceuticals and fuels. Nearly all these materials are manufactured at high temperatures, using
fossil fuels to heat the reactors. These processes are resultantly carbon intensive. This thesis
presents a technology, called an electrocatalytic palladium membrane reactor (ePMR), that can
reduce the carbon impact of chemical manufacturing by using only water and electricity to produce
hydrogenated chemicals. This reactor generates reactive hydrogen atoms from water electrolysis,
the hydrogen atoms then pass through a palladium membrane to react with an unsaturated
feedstock at the opposite surface of the metal. By using an electrochemical driving force, the ePMR
can perform hydrogenation without any fossil-derived inputs or high temperatures or pressures.
I first focused on the palladium electrode at the center of the ePMR. I investigated how the
spacing between palladium atoms influences the rate that hydrogen is produced during electrolysis,
and also the amount of hydrogen that absorbs into the palladium electrode. I designed an
electrochemical cell that applies mechanical strain to the palladium lattice and used
electrochemical measurements to show that tensile strain increases the hydrogen production rate,
and decreases the amount of hydrogen that absorbs into the lattice.
I then focused on increasing the rate of hydrogenation in an ePMR through electrochemical
flow cell design. I developed a flow reactor to enable up to 15-fold faster hydrogenation rates than
can be achieved in a conventional palladium membrane reactor. This flow cell also enabled me to
study how hydrogen in the membrane influences reaction rate and selectivity. Hydrogenation rate
is proportional to the hydrogen loading in the membrane, while selectivity for the alkene
intermediate is inversely proportional to hydrogen content.
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Finally, I show that hydrogenation reactivity can be influenced by depositing secondary
metals on the hydrogenation surface of the palladium membrane. This approach was designed to
increase reactivity for harder-to-reduce C=O functionalities. I found that thin films of iridium, gold
and platinum all increase hydrogenation rates for carbonyl groups, while only platinum increases
hydrogenation rates for C=C unsaturations. This work provides a new catalyst design strategy for
tailoring reactivity in the ePMR.
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Lay Summary
Many chemical building blocks used to produce biofuels, plastics, cosmetics,
pharmaceuticals and food are manufactured through a process called hydrogenation. This simple,
but ubiquitous chemical reaction adds hydrogen to a chemical feedstock to make useful products.
A key challenge with hydrogenation is that methods used today require high temperatures and
pressures, and use flammable H2 gas. The combustion and reforming of natural gas is required to
generate this heat and H2 and results in a large carbon footprint. This thesis presents an attractive
alternative – the “electrocatalytic palladium membrane reactor” produces the same useful
chemicals, but uses only water and electricity as inputs for the reaction. If paired to a renewable
electricity source, this device can drive carbon-neutral hydrogenation. Discoveries presented in
this work improve the understanding of this nascent technology, and provide strategies to enhance
the efficiency and versatility of this reactor.
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Chapter 1: Introduction
1.1

Motivation
Chemical manufacturing consumes 10% of the energy produced worldwide and is

responsible for 5.5% of all carbon emissions.1 This large carbon footprint arises because nearly all
chemicals are synthesized using thermal energy generated by fossil fuel combustion.2 To reduce
this footprint, chemical manufacturing methods must be developed that do not rely on fossilderived heat.2,3 The electrosynthesis of organic products is an attractive strategy to circumvent
carbon-intensive thermochemical methods by using electricity to drive the same chemistry, but at
ambient temperature.4–7 If coupled to a renewable electricity source, electrosynthesis provides a
pathway to decarbonize chemical manufacturing.2
Hydrogenation is an ideal electrosynthetic target.8 This reaction, in which hydrogen atoms
are added to an unsaturated organic feedstock, is used in 20% of all fine chemical syntheses,9 and
is widely used in pharmaceutical,10 food,11 and (bio)fuel production.12 The most common
commercial method, thermochemical hydrogenation, requires methane-derived hydrogen gas
(H2)13 and operation at high temperatures and pressures. Other common hydrogenation methods,
including transfer hydrogenation14 or chemical reduction,15,16 proceed at low temperatures but
generate stoichiometric amounts of chemical waste. A carbon-efficient hydrogenation method
must address both of these issues by mediating the reaction at low temperature without requiring
heat or H2(g), and must also avoid producing chemical waste.
This thesis presents the electrocatalytic palladium membrane reactor (ePMR) as a
disruptive technology capable of solving challenges with conventional hydrogenation methods.
ePMRs hydrogenate organic molecules in ambient conditions, without using H2(g) or generating
hazardous chemical waste.17,18 This device instead uses electricity and water as the only inputs to
1

hydrogenate the chemical feedstock.19–22 The ePMR is the only known reactor capable of using
hydrogen generated from water to hydrogenate organic compounds in an organic medium. Despite
these attributes, there are relatively few studies of ePMRs, and the full capabilities of this reactor
are largely unknown. The opportunity to develop this nascent technology toward carbon-neutral,
waste-free hydrogenation was the primary motivation for my work.
1.2

Electrocatalytic palladium membrane reactors
At the core of the ePMR is a hydrogen-permeable palladium membrane that physically

separates an electrochemical reaction from a hydrogenation reaction (Figure 1.1a). Hydrogen is
supplied to the reaction from water electrolysis in an electrochemical compartment. The protons
formed at the anode (eq. 1.1) are reduced at the surface of the cathodic palladium foil (eq. 1.2).
These H atoms then absorb into the palladium foil (eq. 1.3) and diffuse through octahedral (and to
a lesser extent, tetrahedral) interstices in the metal lattice (Figure 1.1b).23 H atoms transition from
the bulk to (sub)surface at the opposite face of the membrane and react with an unsaturated
substrate in the hydrogenation compartment (eq.1.4).17,18,24 This architecture enables the
electrolysis to proceed in aqueous electrolyte while hydrogenation is mediated in organic solvent.
Anode:

H2O(l) → 2H+(aq) + ½O2(g) + 2e-

(eq.1.1)

Cathode:

2H+(aq) + 2e- → 2Hads

(eq. 1.2)

Absorption:

2Hads → 2Habsorbed

(eq. 1.3)

Hydrogenation:

C=X + 2Hads → HC–XH

(eq. 1.4)
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Figure 1.1 a) Simplified illustration of an electrocatalytic palladium membrane reactor b) Illustration
showing proton reduction, H absorption and permeation occurring in a palladium membrane during ePMR
operation.

The first iteration of ePMR was reported in 1996,18 but the Berlinguette group’s studies of
the palladium-hydrogen system25 led Sherbo et. al. to independently develop this technology in
2018.17 To date, there are roughly 30 studies17–22,26–49 focused on this device showing that a variety
of functionalities can be hydrogenated (or deuterated21), including: alkynes;17,19,26,27,32 alkenes;27
aldehydes;39 imines21 and ketones;42 quinones;43 aromatic rings;45 and CO2.49 These capabilities
suggest that this device may eventually be used for chemical manufacturing across diverse
industries. However, to compete with well-optimized thermochemical methods, high performing
ePMRs must be developed that can operate at high current densities and energy efficiencies, and
are capable of hydrogenating a broad scope of unsaturated feedstocks.6
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1.3

Structure of the thesis
The discoveries presented in this thesis seek to advance our understanding of the ePMR

and also provide strategies to improve the efficiency and versatility of this reactor. Chapter 2
provides a literature review of the palladium-hydrogen system, hydrogenation reactions, and
describes the advantages of the ePMR compared to established thermo- and electro- chemical
methods. Chapters 3-5 are based on published or submitted studies I authored on the palladiumhydrogen system and the ePMR.22,50 Chapter 6 concludes the thesis by providing a development
roadmap for this technology. The primary research findings are summarized in Figure 1.2.

Figure 1.2 Graphical summary of research contributions presented in this thesis.

Chapter 3 focuses on understanding palladium-hydrogen interactions under reductive
electrolysis. In this work, I analyzed how the spacing between palladium atoms influences the rate
of the hydrogen evolution reaction (eq. 1.2) and hydrogen absorption (e.q., 1.3) at a palladium thin
4

film surface. I designed and constructed a unique electrochemical cell that can apply measured
amounts of mechanical strain to a flexible palladium electrode during electrolysis. This work
demonstrates that tensile strain increases HER activity, and decreases the amount of hydrogen that
absorbs into the metal.
Chapter 4 describes an ePMR flow cell that enables faster, more selective, and more
energy efficient hydrogenation. All previous studies of ePMRs were conducted in a common
electrochemical cell architecture called an “H-cell”. While H-cells are convenient for proof-ofconcept research, this architecture is not scalable and is hindered by poor reaction rates and low
energy efficiencies. I show that cell design considerations alone (improving mass transport of the
organic feedstock to the palladium surface, and increasing the maximum electrolysis current
density) enables up to 15-fold faster hydrogenation rates compared to reaction rates in H-cells. I
also used this flow cell as an analytical tool to relate the amount of hydrogen absorbed in the
membrane to hydrogenation performance.
Chapter 5 discusses how secondary catalysts can be deposited on the surface of a
palladium membrane to tailor reactivity for C=C and C=O bonds in an ePMR. Research to date on
this device has largely focused on the reduction of C–C unsaturated bonds to alkenes and alkanes.
While these reactions are required to make a multitude of industrial chemicals (e.g., vitamin and
fragrance precursors, hydrogenated fats, ethylene, among many others), there are many
applications in the pharmaceutical and specialty chemical applications that require the
hydrogenation of C=O bonds.10 To enable C=O hydrogenation in an ePMR, we deposited a thin
film of a secondary metal (i.e., Pt, Ir and Au) on the hydrogenation face of the palladium membrane
and found that the thin co-catalytic films increased C=O hydrogenation rates, and decreased rates
for C=C hydrogenation.
5

Chapter 6 concludes the thesis and provides a roadmap for future ePMR development. I
envision this technology may eventually be a cost-competitive, and low-carbon alternative to
conventional thermochemical hydrogenation methods. However, there remains important
advances to be made before this device can be used to efficiently produce hydrogenated chemicals.
This chapter highlights the importance of broadening the types of molecules that can be
hydrogenated in this device, decreasing the amount of palladium used in the membrane, and
decreasing the electrical voltages required to drive the reaction. The development goals I present
within this chapter serve to inform the continued development of this useful technology.
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Chapter 2: Literature review
This chapter reviews the role of hydrogenation in chemical synthesis, and introduces the
electrocatalytic palladium membrane reactor (ePMR) as an enabling technology to decarbonize
this chemical manufacturing process. I describe how the ePMR can address challenges with
competing hydrogenation methods (Section 2.1). The reactions occurring at the centrally-located
palladium are reviewed in Section 2.2. Finally, I detail how hydrogenation reactions are carried
out in this device and the current state of understanding of ePMRs (Sections 2.3 to 2.5).
2.1

The case for using electricity as a reagent in chemical synthesis
Electrons have been used as a reagent in chemical synthesis since at least the late 1880s

with the high temperature electrolysis of aluminum ores.8,51 Reactions such as the chloralkali
process and Kolbe electrolysis52 have been used at large scale since the 20th century. Readilyavailable fossil energy stagnated the development of large-scale electrosynthesis methods for
nearly 100 years, but environmental concerns have reignited interest in electrosynthesis since the
2000s.53 In addition to the opportunity to reduce CO2 emissions, there are also a number of other
benefits to using electricity to drive a chemical reaction. Safety is increased by avoiding
stoichiometric reducing and oxidizing and agents, and waste generated during the reaction can be
decreased by electrochemically generating the reactant in situ.4
A primary challenge of using electricity to manufacture chemicals lies in developing
electrosynthesis technologies that are cost competitive with thermochemical methods.3,6,8 This
challenge is complicated by two major factors: i) the low price of hydrocarbon-derived thermal
energy ($0.011/kWh)54 in comparison to electricity ($0.067/kWh)55 and; ii) the high operational
costs of existing organic electrosynthesis platforms, stemming from high cell voltages, low cell
currents, and costly separation of product from an electrolyte.56,57 The cost of renewable electricity
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has dropped precipitously — $0.068/kWh in the U.S. in 2019 compared to $0.380/kWh in the U.S.
in 2010,58 and solar energy prices have recently been reported as low as $0.013/kWh.59 However,
reduced operational costs must be realized for organic electrosynthesis to gain industrial relevance
and supplant large-scale thermochemical processes.
The electrification of hydrogenation reactions present an attractive opportunity to decrease
CO2 emissions because this reaction is used across diverse industries at large scale.8,60–63 The use
of renewable hydrogen in chemical manufacturing has the potential to reduce carbon emissions
from this industry by 1.4 Gt.1 Electrosynthetic hydrogenation provides a pathway to realize these
carbon emissions by eliminating two significant sources of CO2 in this process: i) thermally
derived heat, and ii) fossil-derived H2 gas. More than 96% of all heat generated for manufacturing
(6879 TBtu out of a total of 7204 TBtu),64 and 95% of H2 produced worldwide is produced from
non-renewable sources.13 It is against this backdrop that I investigated the use of the ePMR for
efficient, electrically-driven hydrogenation reactions.
2.2

Hydrogenation in chemical manufacturing
Hydrogenation changes the reactivity, viscosity and energy density of the chemical

feedstock. This reaction is deployed at large scale in three industries; i) food production, ii)
(bio)fuel refining, and iii) specialty chemical synthesis and plays a unique role in each case.65
Vegetable and animal fats are hydrogenated to increase the viscosity of the oil to produce a solid
fats for use primarily in packaged foods.66 These products are made by hydrogenating the cisalkenes of a triglyceride. (Bio)fuel production accounts for the largest use of hydrogen gas
worldwide,65 and requires hydrogenation steps or analogues including hydrodesulfurization and
hydrodeoxygenation to remove impurities from fossil- and biomass- derived feedstocks,
respectively.67 Specialty chemicals used in the production of pharmaceuticals, agrichemicals, dyes
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and additives are a diverse set of comparatively high value, low volume products. Hydrogenation
steps are used in the production of 10-20% of these chemicals and span diverse functionalities
(olefins, carbonyls, aromatics, and a host of N-containing unsaturations) requiring high site
selectivities and high functional group tolerance.9 The functional groups most relevant to each
industry are summarized below (Figure 2.1)

Figure 2.1 Substrates are ranked from least to most challenging to reduce on a Pd catalyst surface. The
substrate structure, solvent and use of co-catalysts affect the sequence of hydrogenation difficulty. This figure
is a qualitative guide based on published reduction tables.68

2.2.1

Thermochemical hydrogenation
Thermochemical hydrogenation (TCH) is used for the majority of all industrial

hydrogenation processes.60 For TCH, reactive hydrogen sourced from pressurized H2 gas and the
reactant are delivered to a metal catalyst. The H2 is homolytically cleaved at the catalyst surface
to form adsorbed H atoms, which react with the gaseous, liquid, or dissolved substrate (Figure
2.2a).69 The advantages of TCH are a low cost of fossil fuel combustion for the input energy, the
amenability to high throughput reactors, and the established methods of product purification.
Heterogeneous hydrogenation can be carried out in batch-type or flow-type reactors, with the latter
dominating large-scale industrial processes.70 Control over the hydrogenation reaction is enabled
9

by modifying the catalyst, pressure and temperature of the reaction.71 The primary motivation for
replacing TCH arises because this method relies on fossil fuel combustion to heat the reactor and
feedstock (up to 350 oC),71 and natural gas reforming for H2 production.13 This method also
requires capital intensive infrastructure for safely managing high temperature and pressure H2
gas.72
2.2.2

Chemical reduction
Transfer hydrogenation and reducing agents are alternatives to TCH that use stoichiometric

reagents to reduce the unsaturated substrate (Figure 2.2b).14,68 An advantage these chemical
reduction (CR) methods is that these reactions proceed at substantially lower temperatures than
TCH, and can therefore be used with temperature-sensitive reagents, or catalysts. Transfer
hydrogenation sources hydrogen from alcohols (e.g., isopropanol) to produce the corresponding
aldehyde or ketone as a reaction byproduct.14 This method can be paired with a homogeneous
catalyst to mediate asymmetric hydrogenation, a type of transformation particularly important in
the pharmaceutical industry.62,73 Metal hydrides share the advantage of low temperature reaction
conditions with transfer hydrogenation, but generally do not enable enantioselective
transformations.63 These reagents are mainly used to reduce heteroatom-containing unsaturations
(e.g., C=O, and C=N bonds).68 Metal hydrides are not used at large scale due to high costs.63 The
cost per mole of H derived from: NaBH4 is 11.9 USD/mol H; LiAlH4 is 37.7 USD/mol H while
the cost of H2 is only 0.01 USD/mol H, representing a >100-fold cost decrease by using H2(g)
rather than these common reducing agents.
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2.2.3

Electrochemical hydrogenation
Electrochemical hydrogenation (ECH) is an alternative approach to TCH and CR that uses

electricity, instead of heat or stoichiometric reagents, to drive hydrogenation. In ECH, electrolysis
and hydrogenation are coupled to circumvent the use of H2 gas (Figure 2.2c). An oxidation reaction
at the anode produces H+ equivalents that are subsequently reduced at the cathode to produce
reactive H atoms. Harsh reaction conditions, and flammable reagents are not required for ECH,
eliminating the need for much of the safety infrastructure used in TCH or CR setups. The reactive
hydride is produced continuously in situ and benign oxygen gas, or an oxidized organic substrate
is the only waste product of the reaction.
In ECH, reactive hydrogen formation and hydrogenation of the organic substrate occur at
the same catalyst surface. This scenario presents two major challenges: i) the solvent is responsible
for dissolution of both an electrolyte and the organic substrate. Typically, a highly-polar aqueous
medium favors electrolyte dissolution and comparatively non-polar organic solvents favoring the
dissolution of the organic substrate.6 Mixtures of water and organic solvent are commonly used to
address this challenge, but are highly resistive and reduce the energy efficiency of the reaction;19
ii) high concentrations of the electrolyte necessary to achieve low overpotentials and high applied
current densities for industrially-relevant ECH. Organic-compatible electrolytes are expensive,
and the shared solvent for electrolyte and organic substrate creates the need to separate the product
from the mother liquor so both the solvent and electrolyte can be recycled. This separation is often
cited as the most critical issue facing industrial application of electrosynthesis technologies6,53 To
address both challenges, an ECH reactor must be capable of performing both electrolysis and
hydrogenation in favorable conditions, using an inexpensive electrolyte that is readily separated
from the reaction product.
11

2.2.4

Electrocatalytic palladium membrane reactors
The electrocatalytic palladium membrane reactor (ePMR) is an electrosynthesis platform

that circumvents many of the issues with conventional ECH setups. An ePMR uses a hydrogenpermeable Pd membrane to physically separate the electrochemistry from a hydrogenation reaction
(Figure 2.2d), enabling the electrolysis to proceed in aqueous electrolyte and the hydrogenation to
proceed in organic solvent. Hydrogen is supplied to the reaction from water electrolysis in an
electrochemical compartment. By isolating the electrochemistry from the hydrogenation reaction,
neither solubilizing agents nor an organic electrolyte are needed,19 which minimizes side reactions,
simplifies operation, increases energy efficiency and enables indefinite electrolyte reuse (which is
relevant if using expensive deuterated electrolytes21).5 At the opposite face of the membrane, the
hydrogenation reaction proceeds in an additive-free organic solvent that can be readily removed
from the hydrogenated product by evaporation, circumventing costly purification steps.21 Each of
the processes occurring at the membrane surface, and the advantages of this architecture and
described in detail in section 2.3.
These reactors are relatively understudied in the academic literature, with only ~30 reports
of these devices (or analogues) published. Most of these studies have been reported since 1996,
and only three groups that have reported on this device since 2016. These reports to date are
sufficient to highlight the advantages of separating the electrochemistry from hydrogenation, but
significant development is required to apply the ePMR to industrial synthesis.
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Figure 2.2 Comparison of the ePMR to TCH and ECH. a) Thermochemical hydrogenation requires fossilderived H2 and heat to drive hydrogenation of an organic feedstock at a nanoparticle catalyst. b) Chemical
reduction (i.e., transfer hydrogenation or reduction with metal hydrides) uses stoichiometric reagents to reduce
the feedstock, at low temperature, but generates undesired chemical waste. c) Electrochemical hydrogenation
sources H atoms from water, then uses them to hydrogenate the feedstock dissolved in the electrolyte at an
electrode. d) The electrochemical palladium membrane reactor (ePMR) separates reactive H formation from
the hydrogenation process using a palladium membrane. This architecture solves the key challenges with both
TCH and ECH setups.

13

2.3

Operation principles of electrocatalytic palladium membrane reactors
In this section I will review the key processes that occur during hydrogenation in an ePMR

– hydrogen production, transport, and hydrogenation – and highlight the advantages of using a
membrane for catalysis.
2.3.1

Hydrogen evolution and evolution at a palladium surface
The hydrogen evolution reaction (HER) is the cathodic half reaction occurring at the

palladium surface during water electrolysis. This process of forming H2(g) from two protons and
two electrons proceeds through two steps (Figure 2.3).74,75 For the first step (i.e., the Volmer step;
Figure 2.3a), a proton diffuses to the catalyst surface and is reduced by one electron to produce a
surface adsorbed H atom. The second step forms H2(g) and can proceed either by a faradaic, or
non-faradaic pathway. Two adsorbed H atoms can recombine in a non-faradic reaction (the Tafel
step: Figure 2.3b), or a second proton can be reduced at the surface in close proximity to the first
adsorbed H atom to form H2(g) through the Heyrovsky step (Figure 2.3c).

14

Figure 2.3 Illustrations of the four processes that proceed during water electrolysis at a cathodic palladium
surface: a) the Volmer step, b) the Tafel step, c) the Heyrovsky step, and d) hydrogen absorption.

A unique feature of the palladium electrode (compared to other single metal HER catalysts)
is that adsorbed H atoms can also absorb into the palladium lattice (Figure 2.3d). Hydrogen
absorption induces a phase transition in the fcc metal to form β-PdHx (with x~0.6–0.9), causing
the lattice to expand 3.4%.76 This absorption process is exothermic77 and proceeds through ⍺-PdHx
(with x <0.01) and, a mixed ⍺/β phase (with 0.01<x<0.6), before the transition to β-PdHx (with
x>0.6) is complete.78 For a palladium thin film (<100 nm-thick) this absorption process completes
within ~1 minute of the start of electrolysis,79 thereafter β-PdH is the active surface for HER, a
nuance that is often neglected in the electrocatalysis literature.80,81 The concentration of H atoms

15

hosted within the Pd lattice in the β-PdHx can be manipulated with applied potential, temperature,
or pressure, with x>0.875 possible with low-temperature electrolysis setups.82,83
Palladium is an excellent HER catalyst75, and it might seem counterintuitive that hydrogen
permeates through a palladium membrane rather than just evolving on the electrochemical surface.
In reality, HER and absorption are competitive processes and H2(g) is evolved on both faces of the
membrane.84,85 The kinetic barrier to absorption is higher than recombination, however absorption
is more thermodynamically favourable.24 Reaction conditions (e.g., current density, solvent, or
electrolyte) can be manipulated to enable the majority of the hydrogen produced to permeate
through the membrane.17,24 H2(g) evolved at each face of the membrane can be measured using
gas chromatography (GC or atmospheric mass spectrometry; atm-MS). HER outcompetes H
absorption and permeation at moderate currents, with an aqueous solvent in the hydrogenation
chamber of the ePMR (Figure 2.4a), while ~90% of the hydrogen permeates through the membrane
with a non-polar non-coordinating solvent (Figure 2.4b).17 The conditions at either side of the
membrane can therefore be manipulated to enable nearly all the hydrogen formed to be delivered
to the hydrogenation site at the opposite side of the membrane.
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Figure 2.4 a) Illustration depicting hydrogen permeation and evolution measurements performed on both sides
of the membrane using a gas chromatograph (GC). b) Hydrogen evolution and permeation rates using H2SO4
and pentane on the permeation side of the membrane, with hydrogen permeation dominating when a nonpolar, non-coordinating solvent is used. Data presented in panel b is adapted from ref. 17.

2.3.2

Hydrogenation at a palladium surface
The last step required for hydrogenation to occur in an ePMR is hydrogen addition to the

organic substrate. For olefin hydrogenation in a thermochemical reactor, the reaction proceeds
through the stepwise addition of H atoms to the unsaturated substrate.86,87 Reactive hydrogen
atoms are first formed through the dissociative adsorption of H2(g) onto the palladium catalyst
surface. The olefin adsorbs parallel to the catalyst surface through either two σ-bonds or one πbond, with the former exhibiting a higher bond strength.88,89 An adsorbed hydrogen atom is
transferred from the metal surface to the organic substrate to form an sp3 C-H bond. The partiallyhydrogenated intermediate then undergoes a second H addition at the other C atom before
desorbing as the fully-hydrogenated adduct. For alkynes, both hydrogenations proceed through the
same stepwise process, though the alkene intermediate can either desorb as the reaction product,
17

or proceed directly to the alkane.90 Both alkyne and alkene hydrogenation step are exothermic,
with the first hydrogenation step releasing 172 kJ/mol, and the alkene hydrogenation releasing a
more modest 136 kJ/mol.91
While the mechanism of alkyne hydrogenation at a palladium surface is well understood,88
the role of subsurface hydrogen has been the subject of more recent debate.92 Ultrahigh vacuum
studies have shown that concentration of hydrogen dissolved in the catalyst influences selectivity
of alkyne hydrogenation for the alkene or alkane products.93–96 Teschner et al. showed that the
formation of carbonaceous deposits (alkylidenes/ynes89) on the surface of the palladium catalyst
decreases the amount of H in the lattice and in turn drives selectivity toward the alkene rather than
the alkane.97 There are two hypotheses offered to rationalize these effects: i) hydrogen located in
the palladium subsurface influences the adsorption state of the alkyne on the surface, with the βPdHx surface more efficiently activating the adsorbed species,98,99 or; ii) subsurface hydrogen has
a higher chemical potential and can react with more energy than surface-adsorbed hydrogen
through either a direct,100,101 or indirect mechanism.92 Regardless of the mechanism, the amount
of hydrogen absorbed into the palladium catalyst plays a critical role in determining hydrogenation
activity.
2.3.3

Advantages of using palladium as a membrane for catalysis
There are a number of advantages to using a palladium membrane for catalysis (Figure

2.5). As a membrane material, palladium is inert to most organic solvents, and electrolytes, and is
highly selective to H-atom permeation, enabling >99% H2(g) purities after passing through the
lattice.102 Palladium is mechanically stable after both absorption and desorption, though it should
be noted that hydrogen embrittlement occurs after repeated loading-deloading cycles.103 By
comparison, other transition metals that also absorb large amounts of hydrogen (e.g., V, Nb, Ti,
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Ta, and Y)104–106 undergo more drastic structural changes at high hydrogen absorption
stoichiometries and lose mechanical stability, making these materials less unsuitable for use as a
membrane.107

Figure 2.5 Illustrations summarizing the attributes of using electrolytic hydrogen driven through a membrane
for hydrogenation. “C=X” refers a generic unsaturation with X referring to either a C, N, or O atom. R groups
are not shown for simplicity.

There are also reactivity advantages to delivering hydrogen to the reaction site through a
membrane rather than directly to the catalyst surface. Studies of thermochemical palladium
19

membrane reactors have found that hydrogenation reaction rates are faster when the hydrogen is
supplied through a Pd membrane than those where the hydrogen and reactant are mixed at the
same Pd surface.108–110 There are two possible explanations for this effect: 1) the substrate and
hydrogen do not need to compete for surface binding sites during activation/reaction110 and; 2)
hydrogen permeating through the membrane may react primarily from the subsurface rather than
the surface (as discussed in section 2.3.2).108 This debate in the literature is, at present, unsettled.
Notwithstanding, it has been demonstrated that reaction rates are >10-fold higher when hydrogen
is supplied through the membrane, rather than bubbled at the catalyst surface in an ePMR.111
The use of electrolytic hydrogen has marked advantages over using hydrogen gas as an Hsource. The activity of electrolytic hydrogen delivered to the reaction site is controlled with an
applied voltage,26,27 rather than by pressure. This setup enables small changes in the applied
voltage (100s of mVs) to mediate large increases (100’s of atmospheres) in hydrogen fugacity.112
High effective pressures can therefore be achieved without introducing the safety concerns that
accompany high pressure reactions.112 This advantage is most notable with liquid-phase
hydrogenation reactants, which proceed at much slower reaction rates when H2(g) is supplied to a
palladium membrane rather than electrolytic hydrogen.113–116 The H2(g) pressure can be increased
in gas-fed systems to drive higher reaction rates but also introduces the complication of
engineering the membrane to withstand the increased pressure,117 whereas hydrogen flux can be
increased in an electrolytic system by operating at a higher current density.17,22 An electrocatalytic
setup also enables the reaction to proceed at lower temperatures than thermochemical analogues.
Low temperature operation suppresses the formation of carbonaceous deposits that deactivate the
catalyst over time.89 This characteristic potentially enables a higher durability of the hydrogenation
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catalyst in an ePMR than a heat-driven hydrogenation reactor. There remains an opportunity to
experimentally demonstrate this advantage of ePMRs over thermochemical setups.
2.4

Hydrogenation in an ePMR
The previous section has described the advantages of using an electrochemical driving

force to drive hydrogen through a palladium membrane enable efficient hydrogenation without the
use of H2(g). This section describes how reaction outcomes (i.e., rate, selectivity and efficiency)
are controlled in an ePMR and provides examples of how this reactor can be used to produce useful
chemicals.
2.4.1

Variables that control reaction outcomes in an ePMR
Hydrogenation in an ePMR is simple to set up and most studies to date have been conducted

in divided electrochemical cells (H-cells) common to research laboratories (Figure 2.6a). The Hcell has two separate chambers separated by a palladium foil: an electrochemical chamber with an
aqueous electrolyte and reference and counter electrodes; and a chemical chamber with the reactant
dissolved in an organic solvent. Hydrogen atoms produced in the electrochemical chamber either
absorb into the palladium membrane (the desired process), or recombine at the metal surface and
evolve as H2(g) (an undesired byproduct). For alkyne hydrogenation the alkyne is hydrogenated
initially to produce the alkene. When most of the alkyne starting material is consumed, the alkane
adduct begins to form from the alkene intermediate (Figure 2.6b).
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Figure 2.6 a) Labelled image of an ePMR H-cell setup used for hydrogenation of alkynes. b) Plot of alkyne,
alkene, and alkane relative concentration as a function of time during sustained electrolysis in an ePMR
adapted from ref. 17.

The most commonly-measured responding variables for electrocatalytic hydrogenation are
the reaction rate (quantified here as the % conversion of the starting material to product), selectivity
(e.g., the % formation of the alkene intermediate when hydrogenating an alkyne substrate to an
alkane), and current efficiency (the percentage of electrons directed toward hydrogenation rather
than HER). There has been very little study of the factors that influence these reaction outcomes,
with electrochemical conditions (e.g., current density and electrolyte composition) receiving the
most attention.17 Limited examples of chemical variables (e.g., catalyst, or solvent effects) have
also been reported and are reviewed here.31,44,45
Current density is the most commonly reported variable used to control reaction rate
(Figure 2.7a), selectivity and efficiency in an ePMR. For C-C unsaturations, higher current
densities drive faster alkyne hydrogenation rates at the cost of both the selectivity for the alkene
intermediate and the current efficiency17 — increasing current from 25 to 75 mA/cm2 (measured
as the geometric area of the electrode) increases the conversion rate of 1-hexyne from 0.3 to 1
mmol/h, though decreases the selectivity for the partially-hydrogenated alkene from 87% to 63%.17
22

These effects on reaction outcomes can be directly traced to the palladium membrane. Higher
current density (or overpotential) increases the hydrogen loading in the palladium membrane.79 A
higher concentration of hydrogen in the palladium catalyst in turn drives a higher selectivity for
the fully-hydrogenated product (as described in detail in section 2.2).96,97 A cost of using higher
current density to drive faster hydrogenation rates is that current efficiency decreases with higher
electrolysis currents. Hydrogen atoms that are not added to the organic feedstock are evolved as
H2(g), an undesired byproduct. Current efficiency of hydrogenation reactions for reactants such as
alkynes are ~60-75% at 42 mA/cm2,17 though can be improved markedly by carrying out the
reaction in a flow cell (which I discuss in Chapter 4).
Electrolysis current also provides control over the driving force for the reaction. Alkynes
can be hydrogenated at very low current densities (10 mA/cm2)22, while stronger heteroatomcontaining bonds (C=O, and C=N)118 generally require current densities in excess of 100 mA/cm2
for the reaction to proceed.21 Current density can therefore be manipulated to target specific
functionalities. However, this approach comes with the tradeoff that unsaturations with large
kinetic barriers will inevitably result in low current efficiencies. The use of low current densities
(<100 mA/cm2) to avoid overhydrogenation of alkynes results in low rates of product formation.
This dichotomy highlights the importance of discovering new strategies to control reaction
performance in an ePMR, to drive hydrogenations at high conversion rates, and high current
efficiencies simultaneously.
Electrolyte composition also affects reaction outcomes in an ePMR. A near-neutral
bicarbonate electrolyte facilitates ~25% more alkene formation compared to an acidic 1 M H2SO4
electrolyte (Fig. 2d).17 This effect is linked to the hydrogen permeation through the membrane,
with the acidic electrolyte corresponding to a higher hydrogen flux through the membrane.17,22 The
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result is that a higher concentration of the desirable alkene is formed at the same current density
(87% vs. 53%).17 Iwakura et al. hydrogenated CO2 using highly-concentrated basic electrolyte (6
M KOH) in the electrochemical compartment. This is an unusual electrolyte choice given the
highly caustic nature of such a concentrated solution, However, no explanation for selecting these
conditions was provided, potentially alluding to an ionic strength, or pH effect on the activity of
H atoms delivered to the hydrogenation site that warrants further study.

Figure 2.7 Reaction outcomes can be manipulated in an ePMR using current density, and electrolyte or catalyst
composition. Catalyst data (leftmost plot) was reproduced from ref.
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Current density and electrolyte data

(rightmost plots) were adapted from ref. 17.
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Catalyst morphology or composition can also be manipulated to engender new reactivities
in an ePMR. A high surface area palladium catalyst is typically deposited onto the hydrogenation
surface of the membrane by electrodeposition17 or electroless plating.29 This high surface catalyst
layer increase reaction rates >10× compared to a flat foil.17 Nanoparticle catalysts can also be
pressed onto the Pd membrane surface to increase reactivity for aromatic functionalities. Two
studies show that commercial Pt/Al2O3 catalysts in contact with the Pd membrane can hydrognate
the aromatic C=C unsaturations in toluene(g) at only moderately elevated temperatures (80
°C).44,45 A final example of catalyst design for the ePMR shows that secondary metals (Au, Pt, Cu
and Zn) can be reduced from their cation onto the membrane surface using the H atoms permeating
through the palladium foil.31 This strategy enables Au and Pt to be deposited in appreciable
amounts, though the activity of H atoms was insufficient to reduce Cu and Zn ions. Platinum and
gold catalyst-coated membranes mediated hydrogenation of the benzylic C=C bond of
methylstyrene. However, the authors did not compare these results to a bare Pd membrane, so it is
unclear if the activity exceeded the bare Pd-black deposit. Notwithstanding, a key insight from
these studies on catalyst-coated palladium membranes is that secondary metals can be incorporated
on the membrane surface without impeding hydrogen permeation, provided they are sufficiently
thin (I estimate up to ~420 nm for Au and ~460 nm for Pt based on gravimetric mass loading
reported by the authors, and assume a dense metal layer).31 These studies provided a precedent for
the catalytic thin films Dr. Kurimoto and I developed in Chapter 5.

2.4.2

Applications of the ePMR
A variety of substrates can be hydrogenated in an ePMR including alkynes and

alkenes,17,19,26,27,32 heteroatom-containing unsaturations including carbonyls,39,49 quinones,43
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immines,21 nitrous oxide33 and a number of complex small molecules (dyes and antioxidants).34,43
These broad capabilities position this ePMR as a versatile reactor for hydrogenation, that could be
used for applications in chemical synthesis. Studies to date have been largely centered around
model reactants. This section highlights industrially-relevant substrates that can be hydrogenated
based on current capabilities of the ePMR.
Alkyne and alkene hydrogenation have been the most extensively studied reactions in the
ePMR.17,19,26,27,32 The disproportionate focus on these substrates likely arise because C=C bonds
are easier to hydrogenate than carbonyl groups (polar C=O bonds are stronger than non-polar C=C
bonds; 93 kcal/mol vs. 63 kcal/mol)118 and that there are fewer possible side reactions compared
to carbonyl groups (e.g., hydrodeoxygenation), making this a convenient model system.113 These
reactions have been successful under a variety of conditions — at current densities between 10 and
400 mA/cm2, using either acidic19 or basic aqueous electrolyte,30 or an organic hydrogen source.17
While to date there have been very few examples of application-oriented hydrogenations in the
ePMR, olefin hydrogenation is one of the most industrially important transformations. The
capabilities of the ePMR for efficient C=C hydrogenation may be applied to produce molecules
including: hydrogenated vegetable oils; vitamin precursors (e.g., pseudoionone, biotin) and a host
of other chemicals (e.g., ethylene; succinic acid; cis-butenediol; and dihydronapthalene, among
many others).11,119,120
Hydrogenation of oxygen- and nitrogen- containing functionalities, including aldehydes,39
ketones, imines,21 quinones,43 in an ePMR have received significantly less attention than olefin
hydrogenations. The limited examples reported have used highly-caustic electrolytes, and
operating at high current densities >100 mA/cm2. These functionalities are of particular relevance
in pharmaceutical63 and fragrance61 production. Sodium borohydride is generally used as a
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reducing agent for these reactions,63 except in cases where asymmetric hydrogenation steps are
required.73 Continued development of the relevant reaction chemistries to perform these reductions
(both to the partially reduced alcohol/amine, or fully-reduced alkane) in an ePMR would provide
the opportunity to eliminate the requirement for stoichiometric reducing agents often used in these
applications (as discussed in detail in section 2.2.2).63
One final case study describing how the ePMR can be used in the synthesis of useful
materials is the production of deuterated materials. Deuterium can be incorporated into organic
molecules to increase the half-life of pharmaceuticals121 and higher efficiency organic electronic
devices.122–124 D-containing materials are attractive for pharmaceutical applications because the
C–D bond is less prone to metabolic cleavage, thereby enabling a lower drug dosing. Within the
electronics community deuterated molecules enable more efficient charge transfer by
strengthening covalent interactions between polymer chains.124,125 An ePMR holds a particular
advantage for deuteration because deuterium atoms derived from D2O are 20-fold less expensive
than D2(g). The Berlinguette group demonstrated this capability by using the ePMR to deuterate a
precursor of a common drug, Cinacalcet.21 Deuteration of pharmaceutical precursors proceeded
in the ePMR with excellent site-selectivity, high deuterium incorporation and high purity.21 This
same concept could be similarly applied for the synthesis of other deuterated compounds by
deuteration of unsaturated C=C, C=O and C=N bonds.
2.5

Membrane and reactor design for ePMRs
Two key hardware components of the ePMR define the reaction rate, selectivity and

efficiency of this device: the membrane and reactor design (as discussed in sections 2.3 and 2.4).
In this section I review membrane and reactor designs reported for ePMRs to date, and relevant
analogues in the electrosynthesis literature.
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2.5.1

Palladium membrane designs
The vast majority of ePMRs studies have used a dense palladium foil as the catalytic

membrane. This membrane design is readily accessible (through purchase, or rolling of a
palladium coin), and meets many of the requirements for efficient operation in this application —
the membrane must be an efficient HER catalyst, permeate large amounts of H atoms formed at
the cathodic surface of the foil, and mediate hydrogenation at the opposite surface of the
membrane. However, the high mass of palladium (~30 mg/cm2 for a 25 um-thick Pd foil) leads to
high membrane costs (~20 USD/cm2, >100-fold higher than ion exchange membranes). These
costs are not readily decreased for foil membranes because thin foils <12 µm-thick are
prohibitively fragile.

Figure 2.8 Membrane designs for ePMRs reported to date. The vast majority of studies use dense Pd foils as
the electrocatalyst, membrane and hydrogenation catalyst. Pd membranes are prone to mechanical
degradation due to lattice expansion and contraction during hydrogen absorption-desorption cycling which
causes the foil to crinkle, embrittle and eventually crack. Delima et al. report a supported Pd membrane
architecture (image reprinted from ref.

20

) and Iwakura et al. provide proof of concept for using Pd-free

hydrogen storage alloy membranes in this application.

There are two strategies reported for decreasing the Pd loading of the membrane. The first
is to design supported membranes, and the second is the development of palladium-free
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membranes. Supported membranes use an inert substrate to reinforce a thin palladium layer
(expanded-PTFE; e-PTFE,20 or porous polycarbonate are good candidates46). Delima et al.
developed Pd-coated e-PTFE membranes for the ePMR that enable diffusion of organic solvents
and have high Pd surface area for reaction due to the textured e-PTFE.20 These membranes reduced
Pd content to 5% of a foil membrane, but were only compatible with non-polar solvents due to
poor wettability. An alternative supported membrane design positions a thin Pd film in contact
with a polymer exchange membrane (PEM).41 A PEM is more mechanically robust than e-PTFE,
however, the dense polymer support leaves no pathway for incidental H2(g) evolved at the
Pd|electrolyte interface to be removed. Resultantly, these membranes can only by operated at very
low current densities (~10 mA/cm2) to avoid damaging the Pd layer from gas evolution.41
Alloy membranes do not require mechanical supports and therefore do not suffer from the
same challenges as Pd thin film membranes. A single study reports the use of non-Pd hydrogen
storage alloys for use in an ePMR. The LaNi5 and Ni3.6Mn0.4Al0.3Co0.7 catalytic membranes
hydrogenated styrene at low current density (3-15 mA/cm2).28 However, the membranes showed
signs of cracking after only 20 hours of electrolysis, but serve to demonstrate proof-of-concept for
the use of palladium-free membranes in this application. There is yet to be reported a single
membrane design that is inexpensive, durable, and amenable to high current density operation,
representing a significant opportunity for innovation in this field (as discussed in Chapter 6).
2.5.2

Flow chemistry for organic transformations
There are two common reactor architectures used in the development of electrochemical

cells: H-cells and flow cells. H-cells are named for their physical shape — two discrete chambers
are separated by a membrane, or frit in the middle of the cell (Figure 2.8a).126,127 H-cells are
typically used in the early development stages of an electrochemical technology because of their
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simplicity (in both setup and operation), commonality to the research laboratory, and versatility.
Baran and coworkers have made efforts to standardize this architecture to improve experimental
reproducibility,128 with the goal of making organic electrosynthesis commonplace within the
research laboratory. However, even with standardized cell designs, there are fundamental
challenges with developing new chemistries within the H-cell. These simple batch reactors are
hindered by low reaction rates (due to poor mass transport127), low energy efficiencies, and are
limited to mg-scale reactions.57
Flow cells enable faster, scalable and more energy-efficient electrosynthesis than H-cells
(Figure 2.8b).57,126,127 The distinguishing feature of a flow cell is that reactants are delivered to the
electrodes through forced-convection, rather than passive diffusion. These improved mass
transport kinetics are enabled by pumping the reactant along the surface of the electrode, enabling
up to 1000-fold improvements in the transport rate (km) to the catalytic surface (Figure 2.8c).127
Flow cells are particularly useful for electrochemical reactions because at high overpotentials, an
electrochemical reaction rate can exceed the rate of diffusion.129 By alleviating the mass transport
limitations, faster reaction rates can be achieved without increasing the surface area of the
electrode or the catalyst loading. Flow cells can also be designed with smaller (<1 mm)
interelectrode distances than H-cells (>1 cm).130 This smaller gap between the anode and cathode
results in lower ohmic losses from ion diffusion through the electrolyte, decreasing the cell voltage
required to drive the reaction and increasing the energy efficiency of the process.57
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Figure 2.9 Illustrations of a) H-cell and b) flow cell reactors used in organic electrosynthesis. Flow cells enable
faster conversion by increasing c) mass transport kinetics and d) current density. Data presented in panels c
and d adapted from ref. 127.

Within the context of chemical manufacturing, flow cells enable additional advantages
beyond enhancements in reaction rate and efficiency. Flow chemistry is more time efficient than
batch reactions because there are fewer repetitive, non-productive steps (e.g., adding reagent,
cleaning, pressurizing, heating and cooling the reactor).70 Flow processes can also enable the
product to be produced at the rate it is consumed, so the product does not need to be stored for
long periods of time.70
A common flow cell architecture used at both lab and industrial scales is the parallel plate
flow reactor (Figure 2.8b).131 These cells couple flow field plates to porous electrodes. The flow
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field plate provides a discrete path for the reactant along the catalyst surface and a turbulence layer
is used to disrupt laminar flow and increase mixing at the catalyst surface.132 A separator (e.g., a
PEM or frit) serves as both an electrical insulator to prevent shorting across the electrodes, and a
means of transporting reactants from one electrode to the other. This architecture is straightforward
to scale by stacking numerous cells, which increases the surface area of the reactive interface
(Figure 2.8d).133,134 Parallel plate flow reactor designs reported in the CO2 electrolysis,130 water
electrolysis,135 and hydrogen fuel cell136 literature provided the inspiration for the ePMR flow cell
I report in Chapter 4.
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Chapter 3: Strain Influences the Hydrogen Evolution Activity and Absorption
Capacity of Palladium

3.1

Introduction
Efficient operation of an ePMR requires efficient HER, hydrogen absorption into a

palladium electrode and hydrogenation at the opposite surface. In this work, I investigated how
two of these properties – HER and hydrogen absorption – can be manipulated by applying an
external force to a flexible palladium electrode. This chapter provides a background of strain
engineering approaches in electrocatalysis, and presents mechanical strain as an enabling method
for studying the influence of strain on palladium-hydrogen interactions.
3.1.1

Strain engineering in electrocatalysis
Heterogeneous electrocatalytic activity is dictated by the adsorption energies of reactants

and intermediates to the catalyst surface.81,137 Catalytic activity is highest when the binding
strength of the intermediate is sufficiently strong that the substrate is activated at the catalyst
surface, but not so high that the product does not desorb from the active site. This qualitative
relationship between activity and intermediate binding strength is called the Sabatier principle.137
A key outcome of this principle is that for every catalytic reaction at a heterogeneous surface there
is an optimal binding energy that enables the highest activity.137
One method for optimizing the binding energy of adsorbates to a metallic catalyst surface
is to manipulate the lattice spacing of the metal.138–141 Norskov’s “d-band model” provides a
theoretical basis for how expanding or contracting (i.e., straining) a lattice influences the binding
strength of intermediates to a catalyst surface.138 Tensile strain (i.e., lattice expansion) reduces d33

orbital overlap in transition metals, narrowing and shifting the d-band to higher energy.138 These
higher energy d-states promote stronger interaction with adsorbates. Conversely, compressive
strain (i.e., lattice contraction) widens the d-band, and induces a shift to a lower energy level
resulting in weaker surface-adsorbate binding affinities.138 The activity of a catalyst can therefore
be manipulated by adjusting the spacing between the atoms at the metal surface.138,140,142
Strain engineered catalysts have been studied for noble metal electrocatalysts for a range
of reactions related to sustainable energy production and storage, including the hydrogen evolution
reaction (HER),141,143 oxygen reduction reaction (ORR),144 and the CO2 reduction reaction
(CO2RR).142,145 Studies of ORR catalysis show that imparting strain through lattice mismatch,
alloying or synthesis of nanomaterials leads to notable increases in ORR activities.140,144,146
Compressive, biaxial strain applied to a Pt thin film by a NiTi shape memory alloy substrate yields
a 52% enhancement in the kinetic rate constant of ORR, while strain in Pd@Pt core-shell
icosahedral nanomaterials is responsible for a striking 29-fold increase in activity.147,146
Chorkendorff and coworkers provided one of the most defining studies on how strain affects
electrocatalysis by systematically imposing compressive strain through on platinum through
alloying with a series of lanthanides.144 Not only did this approach yield catalysts with up to sixfold enhancements in activity over pure platinum, but the experimental data yielded a highresolution volcano plot of platinum activity as a function of lattice spacing.144 This study is,
however, an anomaly in the literature and no other study of epitaxially-strained catalysts is as
comprehensive. These methods are challenged by arduous catalyst fabrication – a unique sample
must also be designed for each data point, and the strain effect can be easily masked by surfactants
used in the synthesis,140,148 or if the epitaxial layer is more than a few monolayers thick.149
An alternative approach to accessing strained catalysts is to mechanically stretch or
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compress a flexible electrode while monitoring changes in electrocatalytic activity.150–154 Peterson,
Kumar and coworkers describe a method where flexible, thin film electrodes are inserted into an
electrochemical cell that is fitted to a tensile testing apparatus capable of quantitatively applying
and measuring mechanical strain. Palladium and platinum thin films evaporated onto polymersupported metallic glass substrates were shown to withstand mechanical strain from –2% to +2%
using this method. Electrochemical measurements were performed while strain was adjusted in
situ and the authors were able to demonstrate a strain-activity relationship for ORR.154 The
mechanical application of strain offers many advantages over conventional epitaxial methods,
including the ability to test a larger scope of samples by virtue of vastly easier sample preparation
than epitaxial methods, accessibility to intermediate strain values, and in situ characterization.
A key challenge with studying catalysis at mechanically-strained electrodes is that the
amount of applied strain that translates to lattice strain at the metal surface is unknown. Surface
roughness of both the polycrystalline catalyst and the substrate cause inhomogeneities in the strain
distribution across the surface. Notwithstanding, proponents of this method argue that, in spite of
these strain relief mechanisms, mechanically-applied strain influences catalytic activity similarly
to strain induced through lattice-mismatch epitaxy. This argument has been supported by
comparing the change in activity induced by mechanical strain to epitaxial strain. Kumar et al. and
Chorkendorf each show that the ORR activity at a Pt catalyst increases under compressive
strain.144,152 Mechanically-induced changes in activity are also supported by computational
approaches. DFT calculations show that the catalytic activity of a mechanically-strained
polycrystalline film changes similarly to a modelled single crystal. There are currently no studies
that have empirically characterized strain at a mechanically-strained catalyst surface. This gap in
the literature motivated my use of XRD to measure strain at the catalyst surface.
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3.1.2

Strain engineering palladium electrodes
The effect of tensile strain at palladium electrodes has been mapped for ORR155 and

CO2RR,145 but the study of HER at a palladium electrocatalyst is made complicated by the
concurrent absorption of hydrogen into the palladium lattice (denoted herein as the hydrogen
absorption reaction, “HAR”).74 To address this gap in the literature, I designed experiments that
isolate how lattice strain affects HER and HAR for thin palladium electrocatalytic films. The
results presented herein aim to inform the design of palladium materials for HER catalysis,75 and
hydrogen156,157 and energy storage158 schemes.
When a negative potential (versus the reversible hydrogen electrode; RHE) is applied to a
palladium electrode immersed in protic electrolyte, protons are electrochemically reduced at the
metal surface to produce adsorbed hydrogen atoms which can either absorb into the palladium
bulk (i.e., HAR) or recombine to evolve as H2(g) (i.e., HER).79 During sustained electrolysis, HAR
induces a phase change in the palladium lattice to form β-PdHx (where x is ~0.7 in ambient
conditions)78 and the active surface for HER becomes the hydrided phase.75 Common methods
used to measure the activity of electrocatalysts (e.g., cyclic voltammetry or linear sweep
voltammetry)79,159 can therefore overestimate the HER activity for palladium electrodes because
the measured current includes contributions from both HAR and HER. This situation necessitated
the development of methods to characterize how strain affects HAR and HER in isolation.
To correlate the influence of strain to changes in HAR (a bulk process) and HER (a surface
process) I needed a technique capable of producing strain throughout the entire thickness of the
palladium electrode. This criterion disqualified lattice mismatch epitaxy or modulation of
nanoparticle shapes and sizes, each of which confine strain to a few monolayers of the
electrocatalyst surface.140,145 I instead used mechanical force to stretch polymer-supported
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palladium thin films to induce strain throughout the bulk of the electrode. External force was
delivered to the 50 nm-thick palladium film using a flexible polymer support that was
mechanically stretched. This method of stretching a flexible substrate with a 10-50 nm layer of
metal electrocatalyst on the surface has been used to correlate activity to strain for various
electrochemical reactions (e.g., HER,150,151,153,160,161 OER,159 ORR147,152,154,162 and others.163–166),
but not for HER at a palladium electrode.
I designed a tensile testing electrochemical device (“TED”) to strain flexible palladium
electrodes while HAR and HER activity were monitored (Figure 3.1a, b). This device is capable
of applying a broader range of tensile strain to electrocatalytic films than those previously
reported,151,154,159 and is hermetically sealed to enable electrolyte to be flowed across the surface
of the electrode during electrochemical measurements.79 These design features provided me with
the ability to independently measure the amount of hydrogen that absorbed into the palladium and
HER activity while mechanically subjecting palladium electrodes to controlled amounts of tensile
strain. I validated that the TED provided access to lattice strain in palladium by conducting a series
of X-ray diffraction experiments wherein I used a custom sample stage to stretch the flexible
palladium samples while monitoring the change in reflection peak position, which is proportional
to lattice strain.167 The results of these studies show that mechanically-induced tensile strain
increases HER activity at a β-PdHx surface and decreases the amount of hydrogen that absorbs
into the bulk. This work highlights how mechanically applied strain can be used to map strainproperty relationships for electrocatalytic materials.
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Figure 3.1 a) Schematic of the tensile-testing electrochemical device (TED) designed for this study. b)
Photograph of the TED in a support housing, which holds the data acquisition equipment (not shown for
simplicity) and a stepper motor. c) Schematic of the completed sample assembly consisting of a flexible sample
sandwiched between two polymethylmethacrylate (PMMA) sample holders. d) Photograph of a completed
sample assembly with a flexible Pd|substrate electrode installed between the sample holders.
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3.2

3.2.1

Results

Design of a tensile testing electrochemical device (“TED”)

For the first stage of this study, I designed and constructed a TED to measure the
electrocatalytic properties of palladium electrodes subjected to mechanically-applied tensile strain
(εapplied). The apparatus consists of a hermetically-sealed chamber that houses a three-electrode
electrochemical testing setup, and position and force sensors to measure strain and stress,
respectively. For mechanical testing this chamber was mounted in a rigid housing that includes a
linear actuator (i.e., a stepper motor that actuate the upper sample grip; Figure 3.1b), and data
acquisition electronics. The TED was built to the design specifications outlined in Table A1.1.
These criteria were devised based on a goal of creating a generalized platform for mechanical
testing of electrochemical materials exposed to aqueous and organic electrolytes, and non-ambient
gas atmospheres. This study thereby serves to validate our design in addition to providing unique
insights about the palladium-hydrogen system.
I assessed the accuracy of the tensile-testing capabilities of the TED by recording tensile
curve for Kapton polyimide films (300HN, 75 µm-thick) cut into rectangular strips according to
guidelines by the American Society of Testing and Materials (ASTM D882-12). The Kapton
samples were sandwiched between two disposable sample holders laser-cut from cast PMMA
sheets and fixed in place with epoxy (Figure 3.1c, d). The sample holder included thin, removable
alignment tabs to facilitate sample assembly, and dovetail-shaped ends that matched the sample
grips of the TED. Five tensile tests collected at fresh Kapton samples in the TED agreed with data
recorded with a commercial mechanical testing instrument (Figure A1.5).
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I next fabricated flexible electrodes by depositing 50 nm of palladium on a Kapton 300HN
polyimide substrate with a 10 nm chromium adhesion layer and 20 nm gold conductive layer
(denoted herein as “Pd|substrate”).79 With this sample architecture, stretching the Kapton substrate
mechanically strains the palladium film adhered to its surface.168 While the Kapton substrate
allows for mechanical strains as high as 150% to be achieved (Figure A1.4), I did not exceed
~10.5% for samples in this study because at large strains the metal film fractures (vide infra). The
Pd|substrate sample design enabled reproducible fabrication of electrodes for tensile testing
experiments. The challenge of handling thin metal foils that are easily damaged during electrode
fabrication was also circumvented by using this sample architecture. A weakness of this sample
design was that compressive strain regimes could not be tested because of the thin, flexible Kapton
support.
I next conducted electrochemical experiments in the TED by installing a Pd|substrate
working electrode, Pt wire mesh counter electrode and Ag/AgCl reference electrode. This
assembly was hermetically sealed in the electrochemical cell by installing the transparent PMMA
cover. Electrolyte (1 M H2SO4) was injected through an inlet valve (Figure 3.1b) and the three
electrodes were connected to a potentiostat to complete the setup. This general setup procedure
was used for all electrochemical experiments.
I measured the amount of hydrogen that absorbed into the Pd|substrate electrodes in the
TED by adapting a coulometry method developed by Sherbo et al..79 The implementation of this
procedure required that fluid inlets be installed on the transparent front cover so electrolyte could
be continuously flowed toward the surface of the electrode to remove hydrogen bubbles from the
catalyst during electrolysis (setup shown in Figure A1.6). This technique enabled the quantity of
hydrogen absorbed into the palladium electrode to be measured in the following three steps: i) 40

0.35 V (vs. Ag/AgCl) was applied to the electrode for 120 s to facilitate HER and hydrogen
absorption into the palladium lattice (Figure 3.2a); ii) Next, 0.30 V (vs. Ag/AgCl) was applied,
which oxidized hydrogen absorbed in the lattice back into protons (Figure 3.2a); and iii) the total
current passed during this oxidation step was integrated to calculate the H:Pd ratio (Figure 3.2b).
An average hydrogen absorption ratio (i.e., H:Pd ratio) of 0.675 + 0.039 was measured for five
Pd|substrate electrodes, which is consistent with prior literature.79

Figure 3.2 a) A prototypical chronoamperometric plot illustrating the two stages of a hydrogen absorption
measurement using coulometry.79 Hydrogen is absorbed into the palladium lattice during electrolysis at -0.35
V vs Ag/AgCl. Hydrogen is then desorbed from the lattice by applying an oxidative potential of 0.30 V vs.
Ag/AgCl to the electrode. b) Chronoamperometric curve highlighting the integrated region of the oxidative
step used to calculate the amount of hydrogen absorbed into the palladium lattice (i.e., H:Pd ratio).

Electrochemical HER activities of the Pd|substrate electrodes were measured
chronoamperometrically to avoid interference from HAR currents. For these experiments, the
working electrode was subjected to a constant potential (-0.35 V vs. Ag/AgCl) while current was
recorded. During sustained electrolysis hydrogen absorbed into the Pd|substrate electrode to form
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β-PdHx (denoted herein as “β-PdHx|substrate”) with a constant H:Pd ratio (Figure 3.3a).79 After
~60 s of electrolysis the measured H:Pd ratio and electrochemical current reached a steady state,
signaling that hydrogen absorption was complete and I attributed the current measured at the
β-PdHx surface after 60 s exclusively to HER (Figure 3.3b). This assumption was validated
experimentally using in-line gas chromatography to verify that H2(g) was the only cathode product
(see appendix 1 for details). I carried out all HER activity measurements in static electrolyte
because the chronoamperometric curves resolved with a higher signal to noise ratio than in flowing
conditions (Figure A1.10). A consequence of collecting these measurements in static electrolyte
was that hydrogen bubbles accumulated on the surface of the electrode and caused activity to
slowly decrease throughout the duration of the measurement (Figure 3.3b).

Figure 3.3 a) Plot of the H:Pd ratio as a function of electrolysis time (at -0.35 V vs Ag/AgCl in 1 M H2SO4) for
a Pd|substrate electrode. H:Pd increases abruptly during the first 60 s of electrolysis, forming the β-hydride
phase,78 then remains constant as the H:Pd ratio reaches equilibrium b) Chronoamperometric trace for a
Pd|substrate electrode under sustained electrolysis (at -0.35 V vs Ag/AgCl in 1 M H2SO4). The initial decrease
in current as a function of time is inferred to represent the completion of hydrogen absorption, that occurs
concomitantly with HER.
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3.2.2

Measuring the effect of mechanical strain on HER and H:Pd at a palladium

electrode
With our instrument design and electrochemical protocols validated, I measured the
influence of εapplied on the H:Pd ratio and HER activity of the Pd|substrate and β-PdHx|substrate
electrodes, respectively. Strain mediated a decrease in H:Pd ratio of 1.1 % + 0.4% at εapplied = 2%
(Figure 3.4a). I replicated this result at four, fresh Pd|substrate samples, and the H:Pd ratio
decreased as εapplied was increased in every instance with a linear regression fit of R2 >0.95 (Table
A1.1). For each sample, the H:Pd ratio was determined at increasing values of εapplied by repeating
the following two-step workflow: i) the amount of hydrogen that absorbed into the lattice was
measured coulometrically using the protocol described above (Figure 3.2),79 then; ii) εapplied was
incrementally increased. The H:Pd ratio was measured at unique x-values for each sample as a
consequence of the indirect strain control by the stepper motor used to actuate the electrodes. εapplied
was adjusted by winding the stepper motor 20 steps, which increased εapplied between 0.3% and
1.1%. I performed a control experiment to verify that multiple coulometric measurements on a
single electrode had ostensibly no influence on the amount of hydrogen that absorbed into the
palladium thin film. The standard deviation for 10 consecutive measurements of the H:Pd ratio at
a single, unstrained electrode was 0.001 (Figure A1.8). I also observed that the effect of mechanical
strain on the H:Pd ratio was reversible by incrementally straining an electrode to 1.2%, then
relieving the strain back to 0%. The initial and final H:Pd ratios were within 0.2% (Figure A1.9).
The HER activity of the β-PdHx|substrate electrode was found to increase to 5.7% + 1.7%
at an εapplied of 4.5% (Figure 3.4b). The influence of strain on HER activity was determined by
conducting electrolysis at a constant potential (-0.35 V vs. Ag/AgCl) until the electrochemical
current reached a steady-state, then εapplied was incrementally increased while changes in the HER
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current were measured. I observed a slow decrease in HER current throughout the duration of the
experiment as a result of H2(g) bubble accumulation on the surface of the electrode (Figure A1.11).
I therefore report the cumulative % change in HER activity as a function of applied strain in Figure
3.4b (see Figure A1.12 and Eq. A1.3 for details). I replicated this experiment at four fresh βPdHx|substrate samples and found that the dataset from every electrode fit to a second-order
polynomial function (i.e., R2 > 0.99 for each sample; Table A1.2). The reversibility of the strain
effect on HER activity was verified at a separate β-PdHx|substrate electrode by incrementally
increasing εapplied to 1.0%, then relieving the strain back to 0%. The HER activity was observed to
increase as tension was applied, and decrease when strain was relaxed (Figure A1.13). When strain
exceeded ~6% fractures in the catalyst film (discussed below) caused a sharp decrease in the
catalytic activity.

Figure 3.4 a) Plot of the % change in the H:Pd ratio at a Pd|substrate electrode as a function of applied tensile
strain (εapplied). This result was replicated four separate times, each at a fresh Pd|substrate sample. Data
collected for every sample is overlaid and the entire dataset fit with a linear regression, shown in blue. b) Plot
of the % change in HER activity as a function of εapplied collected at four fresh β-PdHx|substrate electrodes. The
orange line is a second-order polynomial fit of the compiled data from all samples.
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3.2.3

Correlation of applied mechanical strain to palladium lattice strain
I next conducted experiments to correlate mechanically applied strain to changes in the

palladium lattice using a custom-built XRD sample stage interfaced with a powder X-ray
diffractometer. Lattice macrostrain was measured (εmacrostrain; i.e., the average strain across many
crystallites) as a function of εapplied (Figure 3.5a) for a Pd|substrate sample using this setup.167–170
The amount of mechanical strain applied to the sample was controlled by adjusting the distance
between the sample clamps by incrementally turning a lead screw. A prototypical diffractrogram
of a Pd|substrate sample is shown in Figure A1.14. I used the Pd(311) reflection as a diagnostic
signature for tracking changes in the palladium lattice using the established ln(d) versus sin2ѱ
relationship (Figure 3.5b).168–171 This method correlates lattice strain to changes in the diffraction
peak position, measured at increasing goniometer angles relative to the sample normal (ѱ).168 I
observed an approximately linear increase in εmacrostrain as εapplied was increased to 2.1% (Eq. 1, R2
= 0.97), and that the value of εmacrostrain did not change for εapplied > 2.1% (Figure 3.5c). Control
experiments revealed that εmacrostrain in the palladium film did not relax throughout the 24 hours
required for XRD data acquisition (see methods section below). Note that I was not able to measure
how εapplied affected the lattice constant of β-PdHx because our experimental setup could not
accommodate a hydrogen atmosphere.
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Figure 3.5 a) Photograph of the custom x-ray diffraction strain stage fabricated to measure the effect of
mechanical strain on the metal lattice using the ln(d) vs. sin2ѱ relationship. b) εmacrostrain is proportional to the
slope of ln(d) vs. sin2ѱ with each linear fit representing one εmacrostrain data point c) εmacrostrain in the 50-nm thick
palladium film increases linearly up to εapplied = 2.1%. The dotted line represents a linear fit (R2 = 0.97) of the
data over a εapplied range of 0 to 2.1%.

For our final set of experiments I used scanning electron microscopy (SEM) to image the
surface of Pd|substrate electrodes exposed to increasing mechanical strain. These samples were
loaded into the TED and immersed in 1 M H2SO4 electrolyte. The immersed samples were strained
to 2.0%, 4.3% or 10.3% for 60 s and then released. The SEM images in Figure 3.6 show that the
surface morphology of the Pd|substrate samples did not change at εapplied = 2.0% whereas fractures
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propagated perpendicular to the axis of εapplied for samples subjected to 4.7% and 10.3% mechanical
strain. This result shows that the decrease in H:Pd ratio measured at strained Pd|substrate samples
was not due to fracturing of the electrode surface.
A second set of samples was prepared to evaluate changes in surface morphology as εapplied
was increased for β-PdHx|substrate electrodes. These samples were prepared electrochemically in
the following sequence: i) a reducing potential (-0.35 V vs. Ag/AgCl) was applied to a Pd|substrate
electrode for 100 s to promote hydrogen absorption and form the hydride; ii) a mechanical strain
of 4.7%, 5.4% or 7.8% was applied in a single step and held for 60 s, then; iii) mechanical strain
was released, and; iv) an oxidative potential (+0.30 V vs. Ag/AgCl) was applied for 45 s to desorb
hydrogen from the lattice. Only the sample subjected to the greatest strain, εapplied = 7.8%, exhibited
any evidence of fracturing in the SEM images shown in Figure 3.6.

Figure 3.6 Scanning electron microscope (SEM) images of (top) Pd|substrate samples mechanically strained to
2.0%, 4.7% and 10.3%, and (bottom) hydrided β-PdHx|substrate electrodes strained to 4.7%, 5.4% and 7.8%.
Fractures perpendicular to the direction of applied mechanical strain were observed for electrodes strained to
levels greater than 2.0% and 5.4% for Pd|substrate and β-PdHx|substrate, respectively.
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3.3

Discussion
This study outlines a method to resolve the influence of tensile strain on hydrogen

absorption and HER activity at a palladium electrode. Isolating these effects is challenging because
hydrogen absorption, HER, and lattice expansion are inextricably linked. I addressed this challenge
by developing an electrochemical cell capable of mechanically applying tensile strain to palladium
electrodes while conducting coulometry or chronoamperometry measurements. This experimental
design was based on the insight that stretching a flexible substrate induces tensile strain in a thin
metal film deposited on the substrate surface. I validated that mechanically-applied strain, a
method used previously by the electrocatalysis community,151–154 correlates to lattice strain by
using a custom-built XRD stage to measure lattice macrostrain of palladium as a function of
εapplied.167–169,171
Our XRD experiments show that applying a 2.1% mechanical strain to Pd|substrate imparts
a lattice macrostrain of 0.3% (Figure 3.5c). This measurement provides direct evidence that
mechanical strain modulates the lattice strain of the electrocatalyst, whereas previous studies have
relied on indirect comparisons to intrinsically-strained electrocatalysts154 or electron binding
energies determined by X-ray photoelectron spectroscopy.152 Mechanical strain is inefficiently
transmitted to the palladium lattice (i.e., εmacrostrain ∝ 0.11 × εapplied), which may explain the
relatively modest changes in electrochemical properties of the metal films as a function of εapplied.
While these XRD measurements were made on Pd|substrate samples only, I infer that mechanically
applied strain also increases the εmacrostrain within the lattice of the hydrided β-PdHx|substrate
samples based on the similar elastic behavior of Pd and β-PdHx.172
When up to 2% mechanical strain was applied to Pd|substrate, coulometry measurements
resolved a decrease in the H:Pd ratio of 1.1% + 0.4% (Figure 3.4a). The linear response of both
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εmacrostrain and the H:Pd ratio between 0% and 2% εapplied lead me to infer that the change in H:Pd
ratio is the result of mechanically-induced strain in the palladium lattice. I hypothesize that this
decrease in H:Pd ratio is mediated by an increasing rate of hydrogen recombination at the
palladium surface. This hypothesis is in line with prior literature – Johnson et al. linked the amount
of hydrogen that absorbs into palladium nanoparticles to hydrogen recombination kinetics, with
fast hydrogen recombination correlating to decreased hydrogen absorption.75,172 I conjecture that
tensile strain may therefore increase the rate of hydrogen recombination at palladium hydride
surface, thereby decreasing the quantity of hydrogen that absorbs into the lattice.
When tensile mechanical strain was applied to the β-PdHx|substrate electrode, I observed
an exponential increase in HER activity (Figure 3.4b). The rate-limiting step for HER (at modest
overpotentials) is the recombination of adsorbed hydrogen atoms at the surface of the
electrocatalyst (i.e., the Tafel step).75,173 Our observation that tensile strain increases hydrogen
increases HER activity supports our assertion that strain increases hydrogen recombination rates
at the catalyst surface. This result also enables us to report on the binding energy of H to a β-PdHx
surface. The highest activity for HER occurs at surfaces where the H binding energy is ~0 eV.
According to the d-band theory, tensile strain increases the strength of metal-adsorbate
interactions. Therefore our data suggest that the free energy of adsorption of H onto a
polycrystalline β-PdHx surface is > 0 eV. However, none of the well-established volcano plots for
HER include β-PdHx,76 representing a significant gap in the literature. We welcome additional
computational studies to corroborate our findings.
To provide additional evidence that changes to the H:Pd ratio and HER activity (Figure
3.4) are a result of lattice strain rather than morphological changes to the electrode surface, I
collected SEM images of Pd|substrate and β-PdHx|substrate at progressively higher tensile strain
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values (Figure 3.6). I observed that Pd|substrate fractured when εapplied exceeded 2.0%, and that βPdHx|substrate fractured at εapplied values greater than 5.4%. I therefore do not report changes in the
H:Pd and HER activity for samples exceeding 2% and 5% strain, respectively, to ensure that
fracturing was not responsible for any changes in electrochemical response. The different εapplied
values required to induce fracturing for Pd and β-PdHx is expected given that the latter is
characterized by a larger lattice (i.e., the absorption of hydrogen into Pd to form β-PdHx expands
the lattice by 3.4%173). The Kapton substrate is unaffected by hydrogen absorption and thus βPdHx may initially be under compressive strain prior to the Kapton film being mechanically
stretched. This proposition is consistent with β-PdHx fracturing at higher εapplied values of 5.4%.172
The proportionality between lattice strain and mechanical strain indicated by XRD measurements
(Figure 3.5c) suggests that designing electrode materials that can be deformed to large strains
without fracturing may enable access to even larger lattice strains, and thereby larger changes in
electrochemical response of the metal, than the relatively modest changes that were observed using
the nanocrystalline materials in this study.

3.4

Conclusion
Conventional strain engineering methods (e.g., shape-strained nanoparticles and lattice

mismatched epitaxial adlayers) can induce more drastic changes in electrocatalytic activity than
mechanical-induced methods.140,175,176 However, testing the effects of strain through materials
synthesis is challenging. Not only is the fabrication of appropriate samples difficult and slow, but
it is non-trivial to deconvolute strain effects from synthetic artifacts.130 In contrast, the application
of lattice strain by mechanically deforming an electrode enables in situ access to strained materials.
This attribute positions mechanical-modulation of strain as an effective analytical method for
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determining strain-property relationships in thin electrocatalytic films.176 In this study I used
mechanically-applied strain to investigate how tensile strain influences the electrochemical and
physical properties of a palladium electrocatalyst. This experimental effort utilized a custom
tensile testing electrochemical device, “TED”, to impart mechanical strain to 50 nm palladium thin
films deposited on a flexible Kapton substrate while the change in the quantity of hydrogen
absorbed into the palladium and the HER activity at the metal surface was measured. Our results
highlight the opportunity to strain engineer palladium to enable higher HER activity and decreased
hydrogen absorption capacity.

3.5
3.5.1

Experimental Methods
Materials
Cast PEEK sheet and rod stock, cast PMMA sheets, stainless steel dowel pins, wire rope,

brass rods, stainless steel fasteners, and Viton® o-rings for the fabrication of the electrochemical
cell and X-ray strain stage were purchased from McMaster-Carr. Aluminum (6061 alloy) sheet for
the XRD strain stage sample clamps was purchased from Metal Supermarkets. Hatchbox ABS
filament was used for 3D printed components and was purchased from Amazon. The load cell
(LC201-100) was purchased from Omega Engineering. The linear encoder (ID1102L) and control
circuit board (EPT002) were purchased from Prologue technology. Arduino (Uno, R3)
microcontrollers and a stepper motor (NEMA 17, 12V, 667 oz-in) were purchased from
RobotShop. A load cell amplifier (1568-1436-ND), copper wire and connectors were purchased
from Digi-Key Electronics.
Kapton (300HN) film was purchased from American Durafilm. Acetone, IPA and sulfuric
acid (95-98%, ACS reagent grade) were purchased from Sigma Aldrich. Cr, Au, Pt, and Pd pellets
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for evaporation were purchased from Kurt J. Lesker. Nitric acid (70%) was purchased from Fisher
Scientific. Pt wire counter electrodes were purchased from CH Instruments, Ag/AgCl reference
electrodes (RE-5B) were purchased from Bioanalytical Systems Inc. All reagents and materials
were used as received unless stated otherwise.

3.5.2

Thin film deposition
Substrates were prepared by sonicating a 5.5″ diameter circular Kapton 300HN film with

a thickness of 0.003" for 1 minute each in DI water, IPA, acetone, IPA and DI water. The substrate
was subsequently blown dry with N2 gas. This initial cleaning was followed by 1 minute of O2
plasma stripping at 100 W under 50 mbar of O2. Thermal and electron beam evaporation in a Kurt
J. Lesker PVD75 system was used to deposit thin films of Cr, Pt and Pd at room temperature. Cr
was deposited by thermal evaporation while Pt and Pd were deposited by electron beam
evaporation. For all films, deposition was started when the base pressure was 2x10-6 torr or less.
For Cr, Au and Pt trilayer films the deposition rates were 0.8 Å s-1, 1.4 Å s-1 and 0.7–1.3 Å s-1, and
film thicknesses were 10 nm, 20 nm and 50 nm as measured by the integrated quartz crystal
microbalance (QCM) thickness monitor, respectively. For Cr, Au and Pd trilayer films, the
deposition rates were 0.4 Å s-1, 1.5 Å s-1 0.7 Å s-1, and film thicknesses measured by the QCM
monitor were 10 nm, 20 nm and 50 nm respectively.

3.5.3

X-ray diffraction experiments
Powder x-ray diffraction experiments were performed using a Rigaku Smartlab

diffractometer using Bragg-Brentano focusing optics and Cu Kα radiation. Data was collected
between 2θ angles of 5° and 90° with a step size of 0.04° and incidence angle of 0.35°. The scan
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rate was 4° min-1. Residual strain analyses were performed in a parallel beam optics configuration
using Cu Kα radiation. Data was collected between 2θ angles of 81° and 84° with a step size of
0.025° and a scan rate of 0.12° min-1. The 𝜓 angle was adjusted four times between 0° and -27° in
increments linear in sin2𝜓.
A palladium electrode was glued onto the aluminum clamp on the custom tensile testing
XRD stage. This device interfaced with the standard sample stage of a Rigaku Smartlab
diffractometer and was designed with thin (1/16″) sample clamps to prevent blocking of the
incident x-rays at low angles (< 9° in 2θ). To verify that the electrode was mounted into the strain
stage at 0% mechanical strain, lattice macrostrain was measured before and after the sample was
loaded. The difference in lattice macrostrain before and after mounting to the strain stage was
0.04%, which we take to be a negligibly small difference. To ensure that εmacrostrain was not relieved
throughout the 24-hour acquisition of the data presented in figure 3.6c, a Pd|substrate sample was
strained to εapplied = 2%, then εmacrostrain was measured immediately, and again after 72 hours.
εmacrostrain was found to decrease by only 0.03% (i.e., from 0.28% to 0.25%) indicating that the
microstructure of the palladium film remained effectively unchanged over the course of the
εmacrostrain measurements.

3.5.4

Fabrication of electrode assemblies
Dovetail-shaped sample holders were designed in Solidworks and cut from a 0.25″-thick

PMMA sheet using a Trotec Speedy 400 laser cutter with a CO2 laser. Sample holders were
fabricated from PMMA because of its high Young’s modulus relative to other chemically
compatible plastics (e.g., PTFE or PEEK). The electrode holders were designed to enable
fabrication by laser cutting; which is an inexpensive and fast machining method but can only
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engrave features in 2D. Laser machining the electrodes enabled batch fabrication of up to 100
sample holders and circumvented more complicated machining methods like milling. The
electrode shape was rendered in Solidworks to match the guidelines outlined in ASTM D882-12
and scaled down to the size of the PMMA holder. The electrodes were cut from a sheet of 50 nm
Pd, 20 nm Au and 10 nm of Cr, supported on Kapton 300HN using a Cricut Explore Air 2 plotter
cutter. Each electrode was cut to achieve an active area of 1.27 cm2 (25.4 mm long and 5 mm
wide). The cut electrode was affixed to a PMMA sample holder using Devcon 2-ton epoxy, dried
for >1 hour in ambient conditions, then a subsequent layer of epoxy was applied to the electrodesample holder assembly and a second sample holder was placed on top to complete the assembly.
Gentle pressure was applied to the complete electrode-sample holder assembly to ensure sufficient
adhesion between the electrode and sample holders. The completed assembly was dried overnight
before use.

3.5.5

Tensile test experiments
Tensile tests were performed according to guidelines outlined in ASTM protocol D882-12.

The tensile testing apparatus was controlled with a custom Labview program. Signals from the
load cell and linear encoder were recorded and output as text files. The software also controlled
the stepper motor, which actuated the electrode. The load cell was calibrated between 0 and 100
N by hanging 5 test masses (10 N, 32 N, 61 N, 92 N) from the upper sample holder and measuring
the response in mV. A calibration factor was then applied to convert the electrical signal (in mV)
to a force measurement in N.
Before all experiments, the upper and lower sample clamps were aligned using a preciselymachined PMMA alignment block. The alignment block was inserted into the clamps prior to the
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final tightening of the lid fasteners, which enabled the upper and lower dovetail clamps to be
reproducibly aligned before each experiment. The strain rate was subsequently calibrated by
adjusting the delay between motor steps to attain a consistent strain rate of 2.5 mm min-1. For
validation experiments, Kapton 300HN sample assemblies were loaded into the electrochemical
cell through the front port, the sensor acquisition was started, and the samples were strained at a
constant rate of 2.5 mm min-1 until >10% strain was achieved. For electrochemical experiments,
the samples were loaded into the TED, the front hatch was installed, and stepwise strain was
applied at a rate of 2.5 mm min-1 between electrochemical measurements.
Tensile testing data were analyzed using Matlab. Force measured by the load cell was
converted to stress by dividing by the cross-sectional area of the sample. Displacement measured
by the linear encoder was converted to strain by first performing a toe correction, a procedure
detailed in the ASTM D882-12 guidelines. The toe correction was performed by first fitting the
linear region of a plot of stress vs. displacement with a linear regression then extrapolating the
best-fit line to the x-axis intercept. The displacement at the x-intercept was taken as the
displacement at 0 strain, and the x-axis was rescaled accordingly. Strain was calculated based on
this 0-displacement point, according to Equation A1.2 A plot of strain vs. time was used to
determine the incremental strain applied after completing the electrochemical measurements.

3.5.6

Electrochemical measurements
The electrochemical cell was disassembled and cleaned by soaking all parts exposed to

electrolyte for > 1 hour in a 1:1 v/v solution of 1 M H2SO4 and 1 M HNO3. After soaking, the cell
was rinsed with MilliQ water and dried in air. Electrode assemblies were cleaned by sonication in
EtOH then MilliQ water for 1 minute each then dried in air. Following cleaning, a 2″ length of Cu
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tape (3M) was attached to the electrode connection tab, masked with Kapton tape to prevent
electrolyte contacting the Cu tape during the experiment, and the alignment tabs were removed by
hand. The complete assembly was loaded into the cell by inserting the dovetail-shaped ends of the
sample holders into the matching clamps in the TED cell. The front hatch was fastened onto the
cell, and the Pt wire counter electrode and Ag/AgCl reference electrodes were installed through
their respective ports. The sealed TED cell was filled with electrolyte by injecting 90 mL of 1 M
H2SO4 through a peripheral port with a 100 mL syringe.
All electrochemical experiments were performed using a Metrohm Autolab PGSTAT302N
potentiostat. Pt wire was used as a counter electrode and Ag/AgCl (3 M) as a reference.
Uncompensated resistance was measured before every experiment using the i-interrupt method
and was approximately ~7 Ohms. No potential correction was performed due to the low
uncompensated resistance. Following the measurement of the uncompensated resistance, the
magnetic drive centrifugal pump was started and run for ~2 minutes to enable equilibration of the
flow rate and removal of air bubbles from the flow system.

3.5.7

Hydrogen absorption quantification
All H:Pd absorption values were determined by converting the oxidative (desorption)

charge to moles using Faraday’s constant. The moles of palladium in the sample divided the
absorbed moles of hydrogen. The moles of palladium were calculated from the mass of palladium
deposited during electron beam deposition as determined by in situ QCM. We assume that the Pd
thickness was uniform across the entirety of the 5.5″ diameter substrate.
To validate the flow cell conversion of the TED for these measurements we collected cyclic
voltammograms at a platinum|substrate electrode (as a proxy for palladium that does not absorb
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hydrogen into its lattice). We did not observe any oxidative current on the anodic scan of the CV,
indicating H2 gas was successfully removed from the electrode surface (Figures A1.7).

3.5.8

Calculation of uncertainty for electrochemical measurements
Measurement uncertainty for the % change in H:Pd ratio and HER activity were calculated

by fitting the dataset from each sample to linear, and second-order polynomial regressions,
respectively. The average and standard deviation for each constant in the fit equations was
calculated (see Tables A1.1 and A1.2). Uncertainty in the % change of the H:Pd ratio and HER
activity was propagated by substituting in the standard deviation of each constant into the equation
of the fit, then solving for y taking x = 2.0%, and x = 4.5%, respectively.

3.5.9

Scanning electron microscopy
Scanning electron microscopy (SEM) was performed on palladium thin films using an FEI

Helios NanoLab 650 dual-beam scanning electron microscope. Imaging data was acquired with an
electron beam accelerating voltage of 1 kV and a beam current of 50 pA.
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Chapter 4: Electrocatalytic Hydrogenation Using a Palladium Membrane
Flow Cell
4.1

Introduction
In this chapter I demonstrate that reaction rate, efficiency, and selectivity of hydrogenation

in an ePMR are increased through improved reactor design. All ePMR studies prior to this work
had been carried out in H-cells (Figure 4.1a), a divided electrochemical cell common to research
laboratories. H-cells (reviewed in section 2.5.2) are simple to operate and convenient for proof-ofconcept demonstration,177 but are not scalable for commercial application. In this chapter I show
how a flow architecture enables efficient electrically-driven hydrogenation and provides pathway
for scaling ePMRs for chemical synthesis.
Parallel plate flow architectures place a flow field plate the anode and cathode, and use
porous electrodes to provide a path for the flowing reagent to reach the catalyst surface. Ions
produced and consumed in the reaction to diffuse to the reaction surface from the opposite face of
the catalyst. An ion exchange membrane placed between the electrodes separates the reactant and
product streams at the anode and cathode. This architecture has been used successfully in
electrochemical flow-cell systems such as hydrogen fuel cells17 and CO2 electrolyzers (reviewed
in section 2.5.2).49 The requirements for an ePMR flow cell are, however, unique compared to
these previously-reported reactors because the hydrogenation process in an ePMR occurs at three
catalytic interfaces (water oxidation, proton reduction and hydrogenation each proceed at distinct
surfaces), rather than two. The ePMR flow cell therefore required a custom design.
The first step in the flow cell design was to identify the rate limiting step in a hydrogenation
process in an ePMR. There are five major steps that must proceed for hydrogenation to occur in
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these devices: i) water oxidation at an anode; ii) proton reduction at the cathode surface; iii)
hydrogen permeation through the palladium membrane; iv) diffusion of an organic substrate to the
surface of the membrane; and v) hydrogen addition across the unsaturations of the organic
substrate. Previous studies provided evidence that the hydrogenation step is rate limiting in an
ePMR. Sherbo et al. demonstrated that at modest current densities (25 mA/cm2) more hydrogen is
delivered to the reaction site than is consumed in the reaction, suggesting that hydrogen production
and delivery (steps i-iii) were not limiting the hydrogenation rate.17,20 Iwakura et al. showed that
depositing a rough, high surface area Pd-black catalyst on the surface of the membrane
substantially increases reaction rate, suggesting that hydrogen addition (step iv) was rate limiting
in an H-cell.17,19 Current density is known to increase reaction rates in an ePMR.86 I therefore
hypothesized that at very high current densities, the reaction would become rate limited by the
transport of the organic species to the catalyst surface, and accordingly designed the ePMR flow
cell to include a flow field to deliver the reactant to the hydrogenation surface of the membrane.
I found that the ePMR flow cell enables faster, more selective and higher efficiency
hydrogenation. I validated this approach by studying the hydrogenation of phenylacetylene as a
model reaction in this custom-designed flow cell, and tracked the factors that determine reaction
rate, selectivity and efficiency. Through reactor design alone (i.e., flowing the organic reactant to
the catalyst surface and decreasing the solution resistance in the electrolysis chamber), I was able
to achieve 15-fold higher hydrogenation rates than can be accessed in an H-cell at a similar applied
voltage.
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Figure 4.1 Illustrations of a) the two-compartment H-cell reactor architecture used to date for electrocatalytic
palladium membrane hydrogenation reactions,90 and b) the ePMR flow cell architecture reported here, wherein
the organic reagent is delivered to the catalyst surface through a flow field plate. c) Rendering of the ePMR
flow cell, which includes electrolysis and hydrogenation compartments partitioned by a palladium membrane.
The electrolysis compartment houses a 3-electrode electrochemical setup, and the hydrogenation compartment
includes a flow field plate with a triple serpentine flow pattern for efficient reagent delivery (see Figure A2.1
for an image of the complete setup).
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The ePMR flow cell also enabled us to reveal insights into the factors that determine
reaction performance in an ePMR. Hydrogenation proceeded following the well-established
sequential hydrogenation mechanism,17 and also through a direct hydrogenation pathway wherein
the alkyne is directly converted to the alkane adduct in a single step.17,19,20 Hydrogen content in
the membrane was found to be deterministic of hydrogenation rate, where more absorbed hydrogen
leads to faster, albeit less selective, conversion. These findings highlight that both reactor design
and palladium membrane properties play a role in hydrogenation performance, and provide design
principles for future studies of the ePMR.

4.2
4.2.1

Results and Discussion
Design of an electrochemical palladium membrane flow cell
For the first stage of this study I designed a 3-chamber ePMR flow cell (Figure 4.1c). This

device includes: i) separate electrochemical compartments to contain the platinum anode, and the
reference electrode and palladium membrane; and ii) a hydrogenation flow field plate with a (2 cm
× 2 cm) triple serpentine flow pattern and 1 mm × 1 mm flow channels. The anode and cathode
chambers were separated by a Nafion membrane to isolate oxidative electrochemistry from proton
reduction at the palladium cathode (3 cm × 3 cm),17,19,26 which was held securely against the flow
field by a compression plate. O-rings (Viton, square cross section) were used to seal the
intercompartmental interfaces. This sealing strategy enabled more efficient use of the palladium
foil, with a 3.7-fold increase in the active area of palladium (from 1.2 cm2 to 4 cm2) compared to
gaskets used for our previously-reported H-cell configuration, despite using only a 1.4× larger Pd
foil.
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To conduct hydrogenation experiments in the flow cell, the cathode and anode
compartments were both first filled with 8 mL of 1 M H2SO4 electrolyte, then a Ag/AgCl reference
electrode (RE) and platinum mesh counter electrode (CE) were inserted through the dedicated
ports in each half of the electrolysis compartment. For each hydrogenation reaction, a fresh
solution of phenylacetylene (PA) [25 mL, 0.1 M in dichloromethane (DCM)] contained in a 50
mL reservoir, was continuously recirculated through the hydrogenation flow field at a rate of 20
mL/min using a peristaltic pump. Water electrolysis was driven galvanostatically at a current of
10, 50, 100, 250, or 400 mA/cm2, and reaction progress was monitored by quantifying the amounts
of phenylacetylene (PA), styrene (ST) and ethylbenzene (EB) in 20-uL aliquots taken from the
reagent reservoir using gas chromatography–mass spectrometry (GC–MS). These data were used
to generate concentration versus time plots (Figure 4.2a; Figures A2.9 and A2.16a) which were
subsequently analyzed to determine reaction rate, selectivity and current efficiency.
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Figure 4.2 a) Concentration profile of a hydrogenation reaction carried out at 250 mA/cm2 in the ePMR flow
cell. The inset scheme shows that hydrogenation of phenylacetylene (PA) may proceed via a styrene
intermediate or directly to ethylbenzene (EB) in a single step. Kinetic fits (indicated by solid lines) are described
by Equations A2.4 to A2.6. b) Bar chart comparing reaction performance in an H-cell and a flow cell (with an
identical Pd surface area) using four reaction performance metrics: initial reaction rate; maximum styrene
concentration; current efficiency (CE); and cell voltage (Ecell) at 100 mA/cm2. This flow architecture enables
higher performance in every metric than the H-cell.
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4.2.2

Benchmarking hydrogenation reaction performance in the flow cell
I conducted a series of experiments to compare hydrogenation performance (i.e., reaction

rate, selectivity and current efficiency) in the flow cell to an H-cell setup. A hydrogenation reaction
was carried out in each cell architecture at a fixed current density of 100 mA/cm2 using 25 mL of
0.1 M phenylacetylene in DCM as the reactant and 1 M H2SO4 as the electrolyte. The H-cell was
assembled according to our previously-reported procedures,19 using a (2.5 cm × 2.5 cm) palladium
foil to separate the stirred hydrogenation and electrolysis chambers. To enable a direct comparison
of reaction performance metrics between each cell architecture, I used Kapton film to mask the
surface of the palladium foil used in the flow cell so that the active area of the catalyst was equal
in both setups (i.e., 1.2 cm2).
This benchmarking experiment revealed that the flow cell outperforms the H-cell on every
performance metric measured (i.e., reaction rate, selectivity, current efficiency and cell voltage;
Figure 4.2b). The initial reaction rate increased 2-fold when the reaction was run in flow compared
to the static H-cell. Selectivity for styrene production was also found to be slightly higher in the
flow cell (43% maximum styrene concentration c.f. 32% in the H-cell), and current efficiency was
found to be 28% higher in the flow cell than in the H-cell. Flow rate also adjusted reaction rate
and selectivity, with higher flow rates driving faster hydrogenation (i.e., 0.18 M/s at a flow rate of
10 mL/min, and 0.26 M/s at 40 mL/min; Figure A2.8). The cell design modifications also
facilitated a substantial decrease in cell voltage (from 5.6 V to 3.3 V) required to drive a 100
mA/cm2 electrolysis current (Figure A2.7). These results show how this reactor design alone
enabled significant increase in performance without requiring catalyst or materials design
modifications.
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Our benchmarking experiments also aimed to show that electrolysis current density
controls reaction rate, selectivity, and current efficiency. I hydrogenated PA in the flow cell using
the entire 4 cm2 surface area of the foil at 10, 50, 100, 250, and 400 mA/cm2. Higher current
densities corresponded to faster reaction rates (Figure 4.3a) and higher selectivity for the fullyhydrogenated ethylbenzene adduct (Figure 4.3b), albeit at the cost of lower current efficiencies
(Figure 4.3c). These experiments show that electrochemical control of the reaction rate, selectivity,
and efficiency86,177 were not sacrificed by modifying the reactor architecture. Our results also
highlight the marked effect that current density has on reaction performance, with the ability to
modulate reaction rate 19-fold, selectivity 5-fold, and current efficiency 3-fold by adjusting
electrolysis current between 10 and 400 mA/cm2.
As a final validation experiment, I demonstrated that the reaction scale can be adjusted by
changing the size of the chemical reservoir. I hydrogenated a 200 mL, 0.2 M (40 mmol, 3.8 g, in
DCM) solution of phenylacetylene at 100 mA/cm2, which required 24 h of continuous electrolysis
to consume the starting material (see Figure A2.10). Selectivity for the styrene intermediate was
roughly 2-fold higher than the reaction conducted using a 0.1 M PA solution. This experiment also
demonstrates that the palladium membrane is sufficiently durable for at least day-long operation.
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Figure 4.3 Plots showing the effect of current density on; a) the initial rate of phenylacetylene (PA)
hydrogenation to styrene and ethylbenzene (EB) (reaction scheme inset), b) maximum styrene concentration,
and c) current efficiency, as a function of current density in an ePMR flow cell. Current density increases the
hydrogenation reaction rate while concurrently decreasing selectivity and current efficiency. Each data point
represents the average value from at least three reactions with error bars representing +1 standard deviation
of the mean value.
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4.2.3

Palladium membrane properties determine hydrogenation reaction performance
I constructed a kinetic model to understand the processes that govern hydrogenation rate,

selectivity and current efficiency in an ePMR. This kinetic model (described in detail in Appendix
2) used a custom Python script to extract effective rate constants (i.e., the rate constant multiplied
by [H]; denoted as kx′)86,178 for each step of the hydrogenation reaction by fitting a system of
differential equations to reaction concentration profiles. The reaction was found to be first order
in phenylacetylene and styrene for current densities >10 mA/cm2 and 0-order in the organic
reactants for the lowest current density tested (Table A2.1; Figures A2.11 to A2.15). This finding
indicates that the reaction is rate-limited by hydrogen delivery at 10 mA/cm2 and hindered by
either hydrogen addition or substrate diffusion at higher current densities (>50 mA/cm2). This
assertion is supported by current efficiency data (Figure 4.3c), showing that at 10 mA/cm2 nearly
all hydrogen produced is consumed by the hydrogenation reaction and at currents >50 mA/cm2,
excess hydrogen is produced and evolved as H2(g) byproduct.
Horiuti and Polanyi90,179 proposed a sequential hydrogenation mechanism that proceeds
through a partially-hydrogenated alkene (i.e., styrene) intermediate, which can either desorb from
the metal surface or react further to form the alkane (i.e., ethylbenzene) adduct.97,179 I found that
also accounting for a direct hydrogenation pathway,90,180 wherein phenylacetylene is converted to
ethylbenzene in a single step (Figure 4.2a inset scheme), provides a higher goodness-of-fit at every
current density tested (Table A2.2; Figures A2.17 to A2.20). A key outcome of this model is that
current density appears to gate the preference for the sequential or direct hydrogenation pathways.
The effective rate constant for the direct hydrogenation pathway (k3′) is nearly 100-fold larger
relative to the sequential pathway (k1′, k2′) at 400 mA/cm2 than at 10 mA/cm2 (see Table A2.3).
High current densities (>100 mA/cm2) therefore result in low selectivity for the styrene
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intermediate because styrene is simply hydrogenated to the fully-saturated adduct before
desorption can occur.
Next I turned my attention to the palladium membrane to understand the influence that
electrochemical current exerts over the hydrogenation reaction performance. I measured how
reaction performance correlates to: i) the hydrogen content of the palladium membrane; and ii) the
amount of hydrogen that evolves from each side of the membrane using a four-step workflow. A
coulometry method previously developed by our group181,182 was first used to conduct ex situ
measurements of the hydrogen content in the Pd membrane (expressed as the H:Pd ratio) at a range
of cathode potentials between 0 and -1.0 V vs RHE (Figure 4.4a). The average voltage at each
current density (10, 50, 100, 250, and 400 mA/cm2 ) was then used to estimate the palladium
membrane hydrogen content during hydrogenation (Figure 4.4b; see Equation A2.20; Figure
A2.23). I next related the initial reaction rate, and reaction selectivity to the estimated hydrogen
content in the membrane (Figures 4.4c and d, respectively).
These experiments show that hydrogen content in the membrane affects reaction rate and
selectivity: a lower concentration of hydrogen in the membrane leads to slower, but more selective,
hydrogenation (Figure 4.4c and d, respectively). This finding is qualitatively consistent with
studies of thermochemical hydrogenation systems. Teschner et al. showed that catalytic promoters
dissolved in the palladium catalyst (e.g., carbon,97,181 silver182,183) decrease hydrogen loading, and
resultantly increase the selectivity for the alkene intermediate (but at the cost of a decreased
reaction rate).182–184 The ePMR enables reaction rate and selectivity to modulated by adjusting the
current density, rather than through manipulating catalyst composition.185,186 The electrochemical
control of the hydrogen content in the membrane enabled us to use this device to study the
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influence of absorbed hydrogen on reaction performance, where previous studies of hydrogenation
catalysts have required high-vacuum setups.181,186,187

Figure 4.4 Plots illustrating the effect of a) applied voltage and b) current density on the amount of hydrogen
that absorbs into the palladium membrane, showing direct electrochemical control over the palladium
membrane hydrogen content (expressed as the H:Pd ratio). Plots showing that higher membrane hydrogen
content c) increases the initial reaction rate and d) decreases selectivity for the styrene intermediate. Error bars
represent +1 standard deviation of the mean value for at least 3 reactions.

A final experiment was conducted to measure how current density influenced current
efficiency. In situ mass spectrometry to measure the amount of hydrogen evolved from each side
of the palladium membrane during electrolysis. An atmospheric–mass spectrometer (atm–MS)
was connected to the organic reagent reservoir filled with only 25 mL of DCM (Figure 4.5a).
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Electrolysis was conducted for >1000 s at a current density of 10, 50, 100, 250, then 400 mA/cm2
while DCM was continuously recirculated through the hydrogenation flow field. The amount of
hydrogen that permeated through the membrane was measured by monitoring the mass to charge
ratio for hydrogen (m/z = 2) with the atm–MS. Hydrogen permeation rate (which is proportional
to the ion current) measured at each side of the membrane increased with current density (see
Figure 4.5b for the reagent reservoir measurement; see Figure A2.24 for the hydrogen measured
in the electrolysis chamber). Current efficiency tracks linearly with permeated hydrogen (Figure
4.5c), leading us to conjecture that H2 gas evolved from the hydrogenation face of the palladium
membrane is not involved in the hydrogenation reaction. This observation also highlights that a
potential avenue for increasing current efficiency may be to incorporate catalysts that decrease
hydrogen recombination rates to avoid H2 formation.
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Figure 4.5 a) Illustration of the experiment setup used to measure the amount of hydrogen that permeates
through the palladium membrane by tracking the m/z = 2 ion current using in situ atmospheric–mass
spectrometry b) The amount of the hydrogen that permeates through the membrane increases with current
density and is described by a polynomial fit. c) Plot showing that current efficiency decreases linearly with
increasing hydrogen evolved at the side of the membrane where hydrogenation occurs. Error bars represent
+1 standard deviation of the mean value for at least 3 reactions.

4.3

Conclusions
Electrocatalytic palladium membrane reactors can hydrogenate organic molecules

dissolved in any organic solvent without requiring an H2 gas feedstock. This attribute positions
this technology as a sustainable alternative to conventional high temperature and pressure
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hydrogenation methods for fine chemical and industrial-scale applications. This work provides a
design for a flow-reactor architecture and illuminates factors that mediate hydrogenation
performance in these devices. Cell design considerations alone (i.e., improving mass transport of
the organic feedstock to the palladium surface, and increasing the maximum electrolysis current
density) enable a 15-fold hydrogenation rate-enhancement compared to the previously-reported
H-cell. Applied voltage was also found to control the hydrogen content in the palladium
membrane, which in turn defines reaction rate and selectivity with higher rates, but lower
selectivity corresponding to a high Pd H-content.

4.4

4.4.1

Experimental Methods

Materials
Pd (99.95%) was purchased as a 1 oz wafer bar from Silver Gold Bull. Phenylacetylene

(98%) was purchased from Acros organics. Dichloromethane (DCM; obtained from a solvent
purification system), H2O2 solution (30 wt. % in H2O) were purchased from Sigma Aldrich. Pt
gauze (52 mesh, 99.9%) and Pt wire (0.5 mm, 99.95%) were purchased from Alfa Aesar. Nitric
acid (68-70%) was purchased from VWR. Nafion 117 membranes were purchased from Fuel Cell
Store. Ag/AgCl reference electrodes (RE5B) were purchased from BASi. Cast PEEK sheets,
borosilicate sheets, stainless steel dowel pins, stainless steel fasteners, and Viton o-rings and tubing
and PVDF Luer lock quick connect tubing couplings for the fabrication of the flow cell were
purchased from McMaster-Carr. The reaction mixture was pumped with a Low-Flow Chemical
Metering Pump (part no. 4049K55, McMaster-Carr).
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4.4.2

Pd foil preparation
Pd foils were rolled from a 1 oz Pd wafer bar. The bar was rolled to 25 μm thick foils as

determined by a Mitutoyo digital micrometer and annealed at 850 °C for 1.5 hours in an Ar
atmosphere. The Pd foils were cleaned using 1:1:1 conc. HNO3:H2O:H2O2 v/v ratio solution until
vigorous bubbling subsided (~ 20 min). Electrodeposition was performed immediately following
this cleaning step (see catalyst preparation below).

4.4.3

Electrochemistry
A Metrohm Autolab PGSTAT302N potentiostat was used to control the electrochemical

experiments. A palladium foil was fitted between the hydrogenation flow field and the electrolysis
compartment. A Nafion 117 membrane (50-μm thick) was installed between the anode and cathode
compartments. Viton o-rings were used to seal both the palladium foil and the Nafion membrane
in place and ensure a reliable seal. Each electrolysis compartment was filled with 8 mL of 1 M
H2SO4, and an Ag/AgCl electrode (3.0 M NaCl) was used as a reference electrode and a Pt mesh
was used as an anode/counter electrode. Electrolysis was driven galvanostatically, where a
reductive current was applied by the potentiostat to the Pd foil working electrode (cathode) and
the potential was measured between the Pd and the reference electrode. No iR correction was
performed because the high salt concentration of the electrolyte and close proximity of the
reference electrode to the palladium cathode (~3 mm) resulted in negligibly small uncompensated
resistances of <0.1 Ω. Cell potential (Ecell) was measured between the anode and cathode and is
reported in this work as the absolute value for ease of comparison. The thickness of the foil was
25 μm and the geometric surface area of the foil was ~9 cm2.
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4.4.4

Catalyst preparation
A high surface area palladium catalyst was electrodeposited onto the foil to increase the

hydrogenation reaction rate. The cell was assembled without the cathode pressure plate installed,
and with the side of the foil to which the organic substrate would be exposed during the reaction
was instead exposed to the electrochemical compartment. The electrochemical chamber of the cell
was filled with 15 mL of 15.9 mM PdCl2 in 1 M HCl and a Ag/AgCl reference electrode and Pt
mesh counter electrode were fitted to the cell. –0.3 V vs. Ag/AgCl was applied to the working
electrode foil until 36 C of charge (9 C/cm2) had been passed (~20 mg of Pd). The deposition
current was approximately 20–30 mA. The resulting black-coloured palladium catalyst was used
for a maximum of 4 reactions before being removed from the foil using concentrated nitric acid
and gentle mechanical abrasion. The foil was then cleaned and replated with the catalyst for
continued use. The palladium foils were used in this manner until pin holes formed in the foil as a
result of: i) hydrogen embrittlement from repeated hydrogen absorption and desorption; ii) etching
of the foil during cleaning; and iii) repeated clamping of the foil in the flow cell. The palladium
membranes were reused for >10 reactions before pin-holes formed occurred.

4.4.5

Hydrogenation experiments in a flow cell
To perform a hydrogenation reaction in the ePMR flow cell the device was assembled by

first placing a palladium foil with the catalyst facing the hydrogenation flow field. The
compression plate, cathode chamber, Nafion membrane, and anode chamber were positioned over
the foil. Four fasteners situated at the corners of the cell were tightened sequentially to compress
the Viton O-rings and create a hermetic seal between the component and component-membrane
interfaces. Viton tubing (⅛” ID, ¼” OD) was connected to the inlet and outlet of the hydrogenation
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flow plate via PVDF Luer lock couplings, and connected the 50 mL organic reactant reservoir,
peristaltic pump, and palladium membrane reactor. Phenylacetylene (0.26 g, 2.5 mmol) and DCM
(25 mL) were added to the organic reagent reservoir and stirred at a consistent rate. Reaction
aliquots were sampled every 1–30 minutes, depending on the current density and the duration of
the reaction (e.g., 400 mA/cm2 reactions were sampled approximately every 1 minute for the first
5 samples, then every 10 minutes for the remaining samples, and 10 mA/cm2 reactions were
sampled approximately every 30 minutes from start to finish), such that 10–15 samples were
collected for each reaction. Reactions were monitored by gas chromatography–mass spectrometry
(GC–MS) by diluting 20 μL of the reaction mixture in 1 mL of DCM.

4.4.6 Hydrogenation experiments in an H-cell
Hydrogenation in H-cell was performed in air at room temperature. The oven-dried
hydrogenation compartment with a magnetic stir bar was filled with substrate (2.5 mmol of
phenylacetylene) and solvent (DCM, 25 mL). Electrolyte (1 M H2SO4, 35 mL) was added to each
electrochemical compartment separated by a Nafion membrane. A constant current density of 100
mA/cm2 was applied (vs. Ag/AgCl2) for 8 h. Both the reaction mixture and electrolyte solution
were stirred at a constant rate throughout the experiment. Reaction aliquots were sampled every 1
h to monitor the reaction progress by GC-MS.

4.4.6

Gas chromatography–mass spectrometry
GC–MS experiments were conducted on an Agilent GC–MS using an HP-5ms column and

electron ionization. The samples were run using an auto-sampler with a 1 μL injection volume and
a split ratio of 20:1. The oven temperature was static at 50°C for 1 min, ramped to 65°C at 3 °C
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min-1, then to 200°C at 100°C. A solvent delay of 4.6 min was employed. Peaks for
phenylacetylene (PA), styrene (ST), and ethylbenzene (EB) were identified by searching the NIST
database for matching mass spectra and eluted at 5.4, 5.8, and 5.1 minutes respectively. Relative
concentration was determined using peak integration of the three fully-separated peaks.
Calibration curves were collected for PA, ST, and EB, and the instrument response for each species
was found to be identical within acceptable error (+1 σ) of three repeats of each calibration curve.
Therefore, no calibration factor was applied.

4.4.7

Atmospheric–mass spectrometry
The cell was set up identically as for membrane reactor hydrogenation experiments with a

few minor modifications to enable monitoring of hydrogen evolution at both sides of the
membrane: i) no phenylacetylene was added to the reagent reservoir; ii) the reference electrode
was removed and replaced with an inlet connector for the atmospheric–mass spectrometer; and iii)
the electrolysis was performed using a two-electrode setup (i.e., no reference electrode was used)
given that the reference electrode port was used instead for gas sampling. Electrolyte (8 mL of 1
M H2SO4) was added to both electrochemical compartments with a Nafion membrane in between.
Hydrogen evolution at the side of the membrane exposed to the organic solvent was monitored
through a MS inlet tube connected to the reagent reservoir. The 2 m/z ion current was monitored
using an ESS CatalySys atmospheric–mass spectrometer with a flow rate into the instrument of 10
mL min-1. The reagent reservoir was stirred and DCM was pumped through the hydrogenation
compartment of the cell throughout the experiment. Monitoring between the reagent reservoir and
electrochemical compartment was switched every 5 s with a 3 s purge to measure H2 evolving at
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both sides of the membrane simultaneously in a single experiment. Once H2 evolution had
equilibrated.

4.4.8

Flow coulometry experiments
For the H:Pd measurements, a 3-step workflow was employed to collect each data point,

using an electrochemical cell and protocol published previously.186 First, a reductive potential
between 0 and -1 V vs. RHE was applied to the electrode for 2000 s to drive hydrogen absorption
into the palladium lattice. Next, 0.30 V (vs. Ag/AgCl) was applied for 1200 s, which oxidized
hydrogen absorbed in the lattice back into protons, while the amount of charge passed during this
step was measured. Lastly, the total current passed during this oxidation step was integrated to
yield the total charge associated with the oxidation of adsorbed hydrogen.187 All H:Pd absorption
values were determined by converting the oxidative (desorption) charge to moles using Faraday’s
constant. The moles of palladium in the sample divided the absorbed moles of hydrogen. The
moles of palladium were calculated from the dry mass of the palladium sample.

4.4.9

Kinetic modelling
To determine the reaction order in phenylacetylene and styrene, I fit the relative

concentration versus time profiles with a system of ordinary differential equations for zero, first
and second order reactions using a custom Python script (see Equations A2.1 to A2.9 below;
Figures A2.10 to A2.14). The concentration profiles were fit following a time delay (denoted
herein as ‘permeation time’; Figure A2.21) from the start of electrolysis to when hydrogenation
commences (Figure A2.22). The model output effective rate constants17,19–21,26,27,188 (k′) which
were used in turn to calculate the concentration of each species in solution. The comparison of the
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conventional Horiuti-Polanyi mechanism and direct hydrogenation mechanism (proposed here)
was carried out by comparing the quality of the fits for a system of equations that included the
direct pathway (Equations A2.13 to A2.15), to a system of equations that omitted the direct
pathway (i.e., Horiuti-Polanyi mechanism; Equations A2.10 to A2.12).
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Chapter 5: Physical Separation of H2 Activation from Hydrogenation
Chemistry Reveals the Specific Role of Secondary Metal Catalysts

5.1

Introduction
A primary challenge of performing electrolytic hydrogenation efficiently is designing a

catalyst that effectively mediates two distinctive reaction steps: (i) proton reduction to form
reactive hydrogen atoms and; (ii) substrate hydrogenation.188 Electrocatalytic palladium
membrane reactors (ePMRs) provide an opportunity to address this challenge. The ePMR uses a
solid, hydrogen-permeable membrane to physically separate the hydrogenation reaction from
proton reduction (Figure 5.1a).17,19–21,26,27,189 The use of a dense palladium membrane enables
hydrogenation chemistry to be performed at one interface using H atoms sourced from water
electrolysis at the opposite side of the foil. This separation enables the reaction occurring at each
face of the palladium membrane to be independently optimized.
Studies to date have optimized the hydrogenation and electrolysis reactions by conducting
each reaction in a different solvent.31 An organic solvent used in the hydrogenation compartment,
and an aqueous electrolyte in the electrolysis chamber, enables higher energy efficiencies than
could otherwise be achieved in a conventional ECH system (Sherbo et al. show up to a 1 V
reduction in cathode voltage31). Another opportunity to leverage this unique membrane reactor
architecture is to use a different catalyst at each face of the membrane – the proton reduction can
therefore proceed at an efficient HER catalyst, and the hydrogenation catalyst can be tailored to
the substrate. Iwakura et al. were the first to demonstrate this concept.21,39 These authors
chemically reduced a secondary metal catalyst (Pt, Au, Cu or Zn) on the hydrogenation face of the
palladium membrane and analyzed the reactivity for C=C bonds.9,73 The activity of the catalysts
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affected C=C hydrogenation conversion rates, with Pt demonstrating the highest reactivity (0.88
mmol h-1, vs. 0.6 mmol h-1 for Au), while Cu and Zn exhibited almost no catalytic activity.12,188
The reactivity of these catalyst-coated membranes was never compared to an unmodified
palladium membrane of similar surface area, so it is unclear if the secondary metals improved or
hindered reactivity relative to an untreated surface. Notwithstanding, this study shows that thin
metal coatings can have a significant influence on reactivity. Dr. Kurimoto and I investigated
whether catalyst coated membranes could be designed for the hydrogenation of carbonyl groups.
12,189

Carbonyl groups are relevant for a wide variety of pharmaceutical,189–191 and renewable

chemical12,190 transformations and are challenging to hydrogenate at palladium surfaces in an
ePMR.
A catalyst-coated membrane is differentiated from a conventional hydrogenation catalyst
because hydrogen is activated at a distinct site from where the hydrogenation takes place. In this
architecture reactive hydrogen atoms are formed in the electrochemical compartment, and then
delivered to the hydrogenation site by permeating through the palladium lattice.190–192 A second
aspect of this study was to investigate if catalysts that are traditionally considered poor
hydrogenation catalysts because they exhibit very weak M-H interactions (e.g., Au),191–193 could
exhibit high hydrogenation activities in an ePMR because reactive hydrogen does not need to be
formed on the secondary catalyst surface for the reaction to proceed.
In this work work, Dr. Aiko Kurimoto and I measure how secondary metal catalysts coated
on the palladium membrane affect the rates of hydrogenation of C=O and C=C bonds. I deposited
a thin layer of a secondary metal catalyst (Pt, Au, or Ir) on the hydrogenation surface of the
membrane (Figure 5.1b) and Dr. Kurimoto conducted hydrogenation experiments to analyze how
acetophenone and styrene hydrogenation rates were influenced. Our results show that that the
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secondary catalyst dictates the reactivity towards C=O and C=C bonds and that hydrogenation
occurs at the secondary metal catalyst and not the underlying palladium foil. The separation of
substrate hydrogenation from proton reduction additionally enabled us to determine that Au is an
active C=O bond hydrogenation catalyst, a finding that opposes the established understanding that
bulk Au is a poor hydrogenation catalyst.191–193 We also show that the thin secondary catalyst film
increases the transport of H atoms through the membrane to the reaction site. This study serves to
demonstrate that reactivity for specific functional groups can be tailored by changing the
composition of the catalyst exposed to the organic substrate.

Figure 5.1 (a) Schematic diagram of the electrocatalytic palladium membrane reactor (ePMR) with a secondary
metal catalyst (Pt, Au, Ir) deposited on the side of the palladium membrane exposed to the chemical
compartment. (b) Illustration of the relevant processes occurring at the catalyst-coated membrane during
hydrogenation: i) Proton reduction occurs on the Pd membrane to form H atoms; ii) H atoms diffuse through
the Pd membrane to the secondary metal catalyst; iii) The substrate is hydrogenated on the secondary metal
catalyst. The catalyst-coated membrane was prepared by depositing a 10 nm layer of the secondary metal
catalyst layer (orange) over Pd black (grey), which was electrodeposited to increase the reaction surface area.
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5.2

Results
The catalyst-coated membranes in this study consisted of a 25-µm thick palladium foil with

a high surface area electrodeposited palladium catalyst (Pd black) and a 10-nm secondary metal
catalyst deposited on the surface exposed to the hydrogenation compartment (Figure A3.1a). The
Pd black layer was prepared (before being inserted into the ePMR) by electrodeposition from a
PdCl2 solution in 1 M HCl to increase the active surface area of the catalysts (membrane geometric
surface area = 1.22 cm2, Figure A3.1b).194–196 Each catalyst layer was then deposited on the Pd
black by sputter deposition, where the layer thickness (~10 nm) was confirmed by in situ quartz
crystal microbalance. Scanning electron microscopy (SEM) images of the catalyst surface before
and after secondary metal deposition showed that the high-surface morphologies of the
electrodeposited Pd black layers were retained during sputter deposition (Figure A3.1c–e). Highresolution SEM images — on a Au-coated membrane — and transmission electron microscopy
(TEM) images — on a Au-coated TEM grid — were taken to further examine the morphology of
the secondary catalysts. These images show a uniformly deposited nanocrystalline Au film with a
grain size of ~100 nm (Figure A3.2). Cross-sectional SEM images of the Au-coated membrane
with an energy-dispersive X-ray spectroscopy (EDX) spot analysis suggested the bulk of the Au
atoms were deposited on the top surface of the Pd black layer (Figure A3.3). Electrochemical
surface area (ECSA) measurements were also performed before and after all secondary metal
depositions and
showed minimal change in the surface area (ΔECSA ~5%) after deposition (Figure A3.4).
We tested the reactivity of each secondary metal catalysts (Pt, Ir, Au) and the palladium
membrane with no additional catalyst (Pd) in the 3-compartment cell consisting of: (i) an
electrochemical compartment containing a platinum mesh anode (where water oxidation occurs);
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(ii) an electrochemical compartment containing both a Ag/AgCl reference electrode and a
palladium cathode (where proton reduction and hydrogen absorption occurs); (iii) a chemical
compartment (where the hydrogen that diffuses through the membrane reacts with an organic
substrate) (Figure 5.2). The anode and cathode were separated by a Nafion membrane and each
electrochemical compartment was filled with 35 mL of 1 M H2SO4 electrolyte. The palladium
membrane used to separate the electrochemical and chemical compartments was positioned with
the secondary metal facing the chemical compartment (Figure 5.2). For each hydrogenation
reaction, 30 mL of 0.1 M reactant solution in either ethanol or toluene was added to the chemical
compartment and a constant current of 200 mA was applied to drive water electrolysis and the
subsequent hydrogenation reaction.

Figure 5.2 Photograph of the electrocatalytic Pd membrane reactor (ePMR) with a catalyst-coated membrane
serving as proton reduction cathode, hydrogen-permeable membrane, and hydrogenation catalyst. The 3compartment cell contains a divided electrochemical compartment filled with 1 M H2SO4 and one chemical
compartment filled with organic solvent. The terminal electrochemical compartment contains a platinum mesh
anode (where water oxidation occurs) and the middle electrochemical compartment contains a Ag/AgCl
reference electrode, and the palladium cathode where protons are reduced then absorbed. The anode and
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cathode are separated by a Nafion membrane. Secondary metal catalysts are coated on the face of the
membrane exposed to the chemical compartment.

The first set of hydrogenation experiments reacted acetophenone with H permeating
through the catalyst-coated palladium membrane. These experiments were designed to measure
the reactivity of each secondary metal catalyst (Pt, Ir Au) and Pd towards C=O. For each
experiment, a 0.1 M solution of acetophenone was dissolved in toluene. The reactor was run at a
current density of 200 mA and the initial rate of acetophenone conversion for each metal catalyst
was measured. The data in Figure 5.3a shows that secondary metal catalysts facilitate 10–20×
faster initial acetophenone hydrogenation rates than the Pd foil (see also Table A3.1). The Pt
catalyst exhibited the fastest hydrogenation rate (0.17 mmol h-1) followed by Au (0.13 mmol h-1),
Ir (0.04 mmol h-1), and Pd (0.005 mmol h-1). The rate trend for the fastest and slowest acetophenone
hydrogenation catalysts — Pt and Pd, respectively — are consistent with previously reported rates
on supported metal catalysts.194,195 However, we observed an unexpectedly high rate of
hydrogenation when using the Au catalyst (discussed below). We were unable to find comparable
acetophenone hydrogenation rates for Ir in the literature.
The effect of solvent on hydrogenation activity was also tested by conducting
acetophenone hydrogenation experiments in ethanol instead of toluene (Figure A3.5). The initial
reaction rates in ethanol were 10-fold faster than those in toluene (Table A3.1). This trend is in
agreement with previous studies of acetophenone hydrogenation on supported metal catalysts
demonstrating up to a 10-fold increase in initial reaction rates in ethanol relative to
cyclohexane.195–197 We note that the reactivity trend (Pt > Au > Ir > Pd) was not influenced by
solvent choice.
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We then compared the reactivity of each secondary metal catalyst (Pt, Ir, Au) and Pd
towards C=C bonds by hydrogenating styrene (Figure 5.3b). Styrene was selected for comparison
because the structure is similar to acetophenone, with each molecule consisting of an unsaturated
functional group conjugated to an aromatic ring. The hydrogenation experiments conducted on 0.1
M styrene in toluene showed that Pd yielded 5–20% higher initial hydrogenation rates than any of
the secondary metal catalysts (Table A3.1). The C=C hydrogenation reactivity followed a trend of
Pd > Ir > Pt > Au, which tracks the general reactivity of supported metal catalysts (Pd > Ir ≌ Pt >
Au) toward styrene.198,199 These results highlight that reactivities of C=C and C=O bonds can be
tailored by changing the secondary metal catalyst deposited on the membrane surface.
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Figure 5.3 Hydrogenation performance of catalyst-coated membranes. Cell setup and product conversion for
hydrogenation of (a) C=O bonds (acetophenone) and (b) C=C bonds (styrene) on catalyst-coated membrane
(Pt, Ir, Au) and Pd catalysts at an applied current of 200 mA.

We next measured how the secondary metal catalyst influences the amount of hydrogen
that permeates through the membrane (i.e., hydrogen flux) by using operando atmospheric mass
spectrometry (atm–MS). The hydrogenation compartment was filled with toluene and the
electrochemical compartment was filled with 1 M H2SO4 (Figure 5.4b). The hydrogen flux
followed the trend of Au > Ir > Pt > Pd (Figure 5.4a). Similar experiments with ethanol in the
86

hydrogenation compartment did not significantly influence the amount of hydrogen that permeated
through the membrane (Figure 5.4a). We therefore conclude that polarity of organic solvent has a
negligible effect on hydrogen delivery to the hydrogenation compartment.

Figure 5.4 (a) Ratio of H2 gas evolved on the chemical/electrochemical side of the Pd membrane with different
secondary metal catalysts in toluene (dark color) and ethanol (light color). (b) Cell setup used to determine
hydrogen flux through catalyst-coated membranes.

Hydrogen desorption kinetics were measured using an ex-situ temperature-programmed
desorption (TPD) instrument developed by our group200 to investigate the relationship between
metal-hydrogen binding energy and hydrogen flux. TPD samples were prepared by
electrochemically loading hydrogen into the catalyst-coated membrane in 0.1 M HCl at a potential
of -0.4 V (vs. Ag/AgCl) until a total charge of 10 C was passed. HCl was chosen over H2SO4
because SO42- has been demonstrated to strongly adsorb on palladium and slow H desorption
kinetics.200 This electrochemical protocol was designed to saturate the sample with absorbed
hydrogen (Habs). The samples were immediately quenched in liquid nitrogen for 30 s after loading
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to suppress immediate desorption of Habs before transfer into the TPD chamber. Hydrogen
desorption was then monitored by the atm–MS while the temperature was increased at a rate of 10
K min-1 (Figure 5.5). The hydrogen desorption temperature (Tdesorb), defined as the temperature of
the desorption peak maximum (Figure 5.5). The observed trend (Pd > Pt > Ir > Au), tracks the
metal-hydrogen binding energy202,203 as discussed in depth below.

Figure 5.5 Temperature programmed desorption spectra of H2 (m/z = 2) from catalyst-coated membranes.
Each sample was loaded with hydrogen in 0.1 M HCl at a reductive potential of -0.4 V (vs. Ag/AgCl) until a
total charge of 10 C was passed.

5.3

Discussion
In this study, we used the ePMR to resolve how three different secondary metal catalysts

(Pt, Ir, and Au) affect hydrogenation chemistry when the need to generate H atoms is imparted on
a different surface. We found that the secondary metal catalysts influenced the reactivity towards
the C=O and C=C bonds of acetophenone and styrene, respectively. The hydrogenation of C=O
followed the trend Pt > Au > Ir > Pd, whereas reactivity for C=C bonds followed a pattern of Pd
> Ir > Pt > Au (Figure 5.3). These reactivity trends are consistent with established volcano plots
relating hydrogenation reactivity to metal-substrate adsorption energies, which predict that Pt and
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Pd are most reactive towards C=O and C=C bonds, respectively.201,202 This correlation to
established reactivity trends supports our assertion that hydrogenation is occurring at the secondary
metal surface and not the underlying palladium.
One unexpected result was the high rate of C=O hydrogenation mediated by the Au
catalyst. While Au is effective at absorbing carbonyls,203,204 bulk Au is considered to be a poor
hydrogenation catalyst because Au is a poor H2 activation and HER catalyst.191–193 In the ePMR,
Au is effective at mediating hydrogenation in the chemical compartment because proton reduction
occurs in the electrochemical compartment and not at the Au surface. Our results highlight that Au
is an effective hydrogenation catalyst when it is tasked to mediate the hydrogenation step only.
The rate at which C=O bonds were hydrogenated in ethanol — a polar, protic solvent —
were faster than those performed in non-polar toluene (Figure A3.6). It is reasonable to assume
that protic polar solvents increase the hydrogenation rates of polar bonds (δ+C=Oδ-) through
hydrogen bonding between the substrate and solvent.196,205 Polarity of organic solvent in the
chemical compartment did not affect hydrogen flux: a similar amount of reactive hydrogen was
delivered to the reaction surface regardless of the organic media used (Figure 5.3a). The fact that
solvent does not affect H atom delivery stands in stark contrast to H2 gas-fed hydrogenation, where
the solvent governs H2 solubility206 and, in turn, the amount of hydrogen that can be delivered to
the reaction surface (e.g., H2 is generally more soluble in non-polar solvents than protic polar
solvents).206,207 The ePMR architecture enables protic polar solvent to be used as a hydrogenation
medium without adversely affecting generation and delivery of H atoms.
The rate at which hydrogen permeates through the membrane was higher when a secondary
metal catalyst was deposited on the Pd membrane. This observation was confirmed by hydrogen
desorption temperature (Tdesorp) measurements recorded ex situ by TPD. The desorption
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temperature trend of Pd > Pt > Ir > Au (Figure 5.5) tracks the hydrogen adsorption energy (ΔGH*)
for the pure metal surface207 (i.e., M–H binding energy; Figure A3.7a). The metals characterized
by weaker binding energies lead to faster desorption rates. In situ measurements of hydrogen flux
through the membrane (Figure 5.6a) mirror these findings: a weak M–H binding energy (where M
= secondary metal catalyst) leads to a higher hydrogen flux into the chemical compartment of the
ePMR (Figure 5.6b). The striking influence of secondary metal catalysts on hydrogen flux supports
our assertion that the hydrogen desorbs from the secondary metal surface and not the underlying
palladium. We note that there is a possibility that hydrogen is desorbing from the interface of the
Pd|secondary metal. However, we contend that this possibility is unlikely given the clear
relationship between the hydrogen desorption temperature and the metal-hydrogen binding energy
of the secondary metals.

Figure 5.6 (a) Ratio of H2 gas evolved on the chemical/electrochemical side of the catalyst-coated membrane as
a function of their hydrogen desorption temperature determined by TPD. (b) Schematic representation
illustrating the influence of M–H binding strength on hydrogen flux. Weak M–H binding strength leads to
higher hydrogen flux, whereas strong M–H binding strength results in lower hydrogen flux.
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These hydrogen flux measurements also point to the secondary catalysts changing the rate-limiting
step of hydrogen permeation. In the absence of the secondary catalyst, the rate-limiting step for a
25 µm-thick Pd membrane is expected to be the desorption of adsorbed H atoms from the
membrane surface.208 We observed that catalysts with weaker M–H binding yielded a higher
hydrogen flux through the membrane, which is consistent with the desorption step being
accelerated by the catalyst (Figure 5.7a, b). We conducted experiments to confirm that hydrogen
flux increases with decreasing M–H binding energy. The changes in hydrogen flux were not as
significant for metals with weak M–H binding energies (e.g., Ir and Au), which signals that the
rate of permeation is less dependent on M–H binding energy. We therefore conjecture that the
secondary metal catalyst can decrease the activation barrier for desorption (Eadesorption) to
sufficiently large extent that hydrogen permeation becomes diffusion limiting (Figure 5.7c).

Figure 5.7 (a) Ratio of H2 gas evolved on the chemical/electrochemical side of the catalyst-coated membrane as
a function of hydrogen adsorption energy for the pure metal surface (ΔGH*)209. Potential energy diagram for
hydrogen permeation (diffusion then desorption) of absorbed hydrogen in the catalyst-coated membrane when
the process is (b) desorption limited and (c) diffusion limited.
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5.4

Conclusion
The physical separation of hydrogenation from proton reduction in an ePMR enables the

independent manipulation of hydrogenation reactivity C=O and C=C bonds without adversely
affecting the production and delivery of H atoms to the hydrogenation site. By coating a palladium
membrane with a series of secondary metal hydrogenation catalysts, we were able to resolve the
hydrogenation activities of each catalyst towards acetophenone and styrene model reactants. The
acceleration of the hydrogenation reaction by these secondary catalysts also increased the amount
of hydrogen permeating through the membrane from the electrochemical compartment. These
permeation rates were found to correlate with the M–H binding energy of the coated catalysts.
While Au is not an effective hydrogenation catalyst in conventional thermochemical or
electrochemical hydrogenation reactors, Au was found to be effective at hydrogenation in an
ePMR where it does not also have to perform H2 activation or proton reduction. Another
distinguishing feature of the ePMR is that reaction rates of C=O bonds were higher in polar protic
solvents but hydrogen flux was unaffected. In thermochemical hydrogenation reactor, which uses
H2(g), the reaction chemistry is influenced by H2 solubility. These observations highlight the
opportunity to access unique reaction chemistries enabled by the ePMR that physically separates
proton reduction and substrate hydrogenation.

5.5
5.5.1

Experimental methods
Materials and instrumentation
Pd (99.95%) was obtained from Silver Gold Bull as a 1 oz wafer bar. Potassium

hexafluorophosphate (≥99%, recrystallized),, potassium chloride, dichloromethane-d2 (99.5 atom
%D), acetophenone (99%), styrene (≥99%), toluene, ethanol, sulfuric acid (95.0-98.0%), H2O2
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solution (30 wt. % in H2O) and dimethylsulfone (quantitative NMR standard, TraceCERT) were
purchased from Sigma Aldrich and used as received. Nitric acid (68-70%) was purchased from
VWR. Pt gauze (52 mesh, 99.9%) and Pt wire (0.5 mm, 99.95%) were obtained from Alfa Aesar.
Ag/AgCl reference electrodes (RE5B) were purchased from BASi. Nafion 117 membranes were
purchased from Fuel Cell Store. Viton foam gasket material (⅛” thick) was purchased from
McMaster Carr.
5.5.2

Pd foil and Pd-black catalyst preparation
Pd foils were rolled from a 1 oz palladium wafer bar to a thickness of 25 μm. The thickness

of the foil was measured by a Mitutoyo digital micrometer to an accuracy of + 1 μm. The freshlyrolled foil was annealed in Ar at 850 °C for 1.5 hours and stored in air. Prior to a hydrogenation
experiment, the annealed foils were cleaned by soaking the foil in a 0.5:0.5:1 (by volume) conc.
HNO3:H2O:30% H2O2 for ~20 minutes. The foil was removed from the cleaning solution, rinsed
with ultrapure water then the Pd-black catalyst was immediately electrodeposited onto the surface.
The cell was assembled as described above, however, the cathode compartment was filled with an
electrodeposition solution (15.9 mM PdCl2 in 1 M HCl) in lieu of the 1 M HCl electrolyte. A
voltage of -0.3 V vs. Ag/AgCl was applied to the Pd foil working electrode to reduce the Pd ions
in solution. The electrodeposition was stopped when 9 C of charge (7.38 C/cm2) had been passed,
which corresponds to a catalyst loading of ~5 mg. This additional catalyst layer increases the
surface area of the chemical side of the palladium foil up to 250-fold that increases the
hydrogenation rate.1 The same Pd-black catalysts were used up to 2 hydrogenation cycles.
Immediately following electrodeposition, the foils were thoroughly rinsed with MilliQ water,
covered in a 4” diameter petri dish to maintain cleanliness, and stored in ambient conditions.
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5.5.3

Catalyst-coated membrane preparation
The catalyst-coated membranes were prepared by sputter deposition. The electrodeposited

palladium foils were secured against the deposition plate of a Leica EM MED020 coating system
using Kapton tape, the chamber was sealed, and a vacuum applied to achieve a base pressure of 2
×10-5 mbar (which required ~20 minutes). After the base pressure was reached, argon was
continuously flowed into the chamber to maintain a pressure of 1 ×10-2 mbar, the plasma was
ignited, and voltage was adjusted to maintain a constant sputter current of 70 mA for iridium, and
30 mA for gold and platinum. Following a 30 s presputter, the target shutter was opened and 10
nm of a secondary metal catalyst (Au, Ir or Pt) was sputtered onto the electrodeposited palladium
catalyst. The sputtering rate for every metal was 0.2 nm/s, as determined by in situ quartz crystal
microbalance. Following deposition, the shutter was closed, chamber vented, and foil removed
from the deposition plate. The foils were used for hydrogenation experiments without any further
processing. The catalyst-coated membranes were used for up to 2 hydrogenation reactions. The
secondary catalysts were removed with concentrated nitric acid then the foil was cleaned
(described above), replated, and reused. Each palladium foil was used for ~5 cleaning cycles. The
complete catalyst fabrication scheme is shown in appendix 3 (Figure A3.1a)
5.5.4

Electrochemistry
A Metrohm Autolab PGSTAT302N/PGSTAT204M potentiostat was used for

electrochemical experiments. To set up the electrocatalytic palladium membrane reactor, a
palladium foil was fitted between the chemical and cathode electrochemical compartment of the
cell. A Nafion membrane was positioned between the two electrochemical compartments. Viton
foam gaskets were used to seal both the palladium foil and the Nafion membrane in place and
prevent leaking. The chemical compartment was filled with 30 mL of reactant solution (e.g., 0.1
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M acetophenone or styrene in toluene or ethanol for hydrogenation experiments and permeation
experiments.) The two electrochemical compartments were filled with 35 mL of 1 M H2SO4. A
Ag/AgCl reference electrode (3.0 M NaCl) and a Pt mesh counter electrode were inserted into the
cathode and anode electrochemical compartments, respectively. Electrolysis was conducted
galvanostatically at -200 mA (Vavg = -1.1 V vs. Ag/AgCl). The uncompensated resistance was 35 Ω for all experiments, and no IR correction was used. The thickness of the foil was 25 μm and
the geometric surface area of the foil was 1.22 cm2.
5.5.5

Hydrogenation of acetophenone and styrene in a palladium membrane reactor
Acetophenone hydrogenation was performed using either toluene or ethanol as the solvent.

Styrene hydrogenation was performed using toluene. All reactions were carried out in air at room
temperature. An oven-dried chemical compartment with a magnetic stir bar was filled with a
substrate (3 mmol of acetophenone or styrene) and solvent (toluene or ethanol, 30 mL). 1 M H2SO4
electrolyte solution (35 mL) was added to each electrochemical compartment and a constant
current of 200 mA was applied for 8 h. Both the reaction mixture and electrolyte solution were
stirred at a constant rate (400 rpm) throughout the experiment. Reaction aliquots were sampled
every 2 h to monitor the reaction progression of acetophenone hydrogenation by 1H NMR
spectroscopy or every 0.5 h to monitor the hydrogenation of styrene by GC-MS. The initial rate of
acetophenone conversion for each metal catalyst was determined by the slope of the first 2 h of
acetophenone consumption (mmol h-1) and the first 0.5 h of styrene consumption (mmol h-1).
5.5.6

Product quantification
Proton nuclear magnetic resonance (1H NMR) was used for product quantification for

acetophenone hydrogenation. 500 μL of the reaction mixture (0.1 M) and 250 μL 0.2 M
dimethylsulfone internal standard in CD2Cl2 were added to an NMR tube. 1H NMR spectra were
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acquired on a Bruker Avance 400dir, 400inv, or 400sp spectrometer at 298 K. Relative
concentrations were determined by comparing an aromatic peak corresponding to 2 protons for
acetophenone, an CH3 peak corresponding to 3 protons for 1-phenylethanol. In each case the
internal standard was integrated to 6. Gas chromatography–mass spectrometry (GC–MS) were
used for product quantification for styrene hydrogenation. GC–MS experiments were conducted
on an Agilent GC–MS using an HP-5ms column and electron ionization. The samples were run
using an auto-sampler with a 1 μL injection volume and a split ratio of 20:1. The oven temperature
was static at 50°C for 1 min, ramped to 65°C at 3 °C min-1 then to 200°C at 100°C. A solvent
delay of 4.6 min was employed. Peaks for styrene and ethylbenzene were identified by searching
the NIST database for matching mass spectra. Relative concentration was determined using peak
integration of the two peaks. Calibration curves were collected for styrene and ethylbenzene, and
the instrument response for each species was found to be identical within acceptable error (+1 σ)
of three repeats of each calibration curve. Therefore, no calibration factor was applied.
5.5.7

Hydrogen permeation
Hydrogen permeation experiments were conducted with 1 M sulfuric acid (H2SO4) in each

electrochemical compartment and toluene or ethanol (EtOH) in the chemical compartment. The
palladium foil was placed between the electrochemical and chemical compartments with the
secondary metal catalyst surface facing into the chemical compartment (as per the usual setup for
hydrogenation experiments). The production of gaseous H2 (2 m/z) in the chemical and
electrochemical compartment with constant stirring was monitored by atmospheric mass
spectrometry (atm MS) with a flow rate of 10 mL/min into the instrument. Detection was switched
between the chemical and electrochemical compartment every 5 s with a 3 s purge. Permeation
experiments were repeated at least 3 times using a different foil for each experiment. The ion
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current value was taken once the signal had equilibrated and was used to determine the ratio of
chemical/electrochemical H2 evolution. The average value for at least 3 experiments is reported,
with error bars representing one standard deviation of the mean.
5.5.8

Temperature Programmed Desorption (TPD)
The atm MS used for hydrogen permeation experiments was also used as the detector for

TPD measurements. The inlet to the mass spectrometer was connected through a leak valve to the
TPD sample chamber designed by our group (M. Moreno, manuscript in preparation) and the TPD
profile was measured while passing a constant Ar flow (15 mL min-1) through the sample chamber.
The experiment was carried out at atmospheric pressure and the sample was heated at a rate of 10
K min-1. Mass analysis was performed every 50 ms for the following mass/charge fragments: 2
(H2), 32 (O2), 18 (H2O), Ar (40) and 44 (CO2). Prior to the TPD measurements, the palladium
samples were loaded with hydrogen electrochemically in a standard H-cell, 3-electrode setup by
applying -0.4 V (vs Ag/AgCl) to the Pd foil immersed in 0.1 M HCl at until a total charge of 10 C
was passed. The samples were dried in air and immediately transferred to the liquid N2 for 30
seconds before being transferred to the TPD chamber, then the linear temperature ramp was started.
The TPD chamber was stored in dry ice before the sample was transferred.
5.5.9

Hydrogenation of acetophenone with 1 atm H2 gas
Gas-phase acetophenone hydrogenation was performed using toluene with 1 atm H2. An

oven-dried chemical compartment with a magnetic stir bar was filled with toluene (30 mL) and
the electrochemical compartment was kept empty. The chemical compartment was sealed with a
rubber septum and the toluene was purged with H2 gas for 30 min. Acetophenone (3 mmol) was
then added using a syringe. A constant flow of H2 gas was kept for 2h then the venting needle was
replaced with a 1 L H2 balloon.
97

The H2 gas-fed hydrogenation control experiment was performed to show that delivering
electrochemically-produced hydrogen through a catalyst-coated membrane results in faster
hydrogenation than that can be achieved by directly delivering H2 gas to the hydrogenation surface
of the catalyst. The chemical compartment containing 0.1 M acetophenone in toluene was placed
under 1 atm of H2 gas without applying any electrochemical bias (Figure A3.8a). The
acetophenone conversion was found to be negligible (<2% for all catalysts) after 8 h of reaction
(Figure A3.8b). This control experiment highlights that ePMRs enable substantially higher
reactivity than can otherwise be achieved at ambient pressure.
5.5.10 Scanning electron microscope (SEM and transmission electron microscopy (TEM)
Scanning Electron Microscope (SEM) and energy-dispersive X-ray spectroscopy (EDX)
experiments were performed using a Helios NanoLab 650 Focused Ion Beam SEM. Cross-sections
were milled using a focused ion beam with a gallium ion source and imaged at an angle of 52
degrees. EDX data was acquired from 1 μm2 regions over 50 s on cross-sections at 10 kV
accelerating voltage and 1.6 nA. Transmission electron microscope (TEM) images were obtained
using a Hitachi H7600 TEM operating at 80 kV. Samples were prepared by sputtering 10 nm Au
on a 400 mesh formvar carbon-film-coated Cu grid (Ted Pella, Inc) using the same deposition
process as the membranes. The TEM image of the Au deposited on the TEM grid suggests that the
10 nm thick secondary metal forms a continuous nanocrystalline film. However, we note that the
deposition on a TEM grid is not necessarily identical to deposition directly on the Pd black layer.
5.5.11 Electrochemical surface area (ECSA) determination
ECSA measurements were performed in CH3CN with 0.15 M KPF6 following a
methodology reported by Surendranath.209 A value of 11 ± 5 uF cm-2 was assumed as the areal
capacitance (Cs) for all membranes under study. A series of small (50 mV) window cyclic
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voltammograms were recorded, with the start and end of each sweep centered on the open-circuit
potential (OCP). The difference in the anodic and cathodic current (ia-ic) at the OCP was plotted
as a function of the scan rate (sr), and the slope of the linear fit of ia-ic vs. sr is equal to twice the
double-layer capacitance (Cdl). Cdl was subsequently divided by Cs to obtain the ECSA. All ECSA
measurements were performed using a leak-free Ag/AgCl reference electrode using a leakless
junction (eDAQ ET072). The electrode was rinsed with Milli-Q water prior to use and referenced
vs. a 4.0 M KCl glass-body Ag/AgCl master reference electrode (Fisher Scientific 13-620-53) by
measuring the open-circuit potential between both electrodes in a saturated KCl solution. The
master electrode was stored in a saturated KCl solution when not in use.
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Chapter 6: Conclusions and Future Work
6.1

Conclusions
The ePMR can reduce carbon emissions from industrial hydrogenation reactions. This

electrochemical reactor eliminates the requirements for fossil-derived heat and H2 formed from
natural gas, two prominent sources of CO2 from hydrogenation. In the ePMR, hydrogen is
produced from water electrolysis in aqueous electrolyte and hydrogenation proceeds in a
completely separate chamber, in organic solvent. This architecture circumvents the need to
separate the organic product from the electrolyte by leveraging the unusual hydrogen-selective
permeation properties of Pd.210 This membrane reactor architecture solves problems that have
plagued conventional electrosynthesis setups, specifically the isolation of product from electrolyte,
high cell voltages and low current densities.
The present capabilities of the ePMR enable a host of C≡ C, C=C and some C=O and C=N
unsaturations to be hydrogenated (or deuterated), in ambient conditions using only electrons and
(heavy) water as reagents. However, to compete with mature thermochemical methods, ePMRs
must: i) enable high rates of product formation; ii) operate at excellent energy efficiencies, and;
iii) produce a broad scope of products. This thesis presents advances towards these goals by
improving understanding of the palladium-hydrogen system during reductive electrolysis (Chapter
3), and providing reactor (Chapter 4) and catalyst design strategies (Chapter 5) to increase reaction
rates, efficiencies, and expand the diversity of functional groups that can be hydrogenated in this
reactor.
Chapter 3 showcased how mechanically-applied strain can be used to access strained
states that would otherwise be challenging to access through materials fabrication alone. This study
provided the first empirical measurements of tensile strain effects on hydrogen evolution
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reactivity, and the amount of hydrogen that absorbs into a palladium electrode. I used X-ray
diffraction to measure the changes in lattice macrostrain as a function applied strain to show that
mechanically stretching an electrode increases the average spacing between the palladium atoms.
This increase in lattice spacing in turn increased hydrogen evolution reaction rates, and decreased
the amount of hydrogen that absorbed into the palladium lattice.
Chapter 4 focused on efficient electrochemical hydrogenation in an ePMR, enabled by
improvements to reactor design. I built the first ePMR flow cell, an approach that was inspired by
commercialized electrochemical cells, including hydrogen fuel cells and water electrolyzers. The
ePMR flow reactor drives electrolysis up to 15-fold faster by using a flow field plate to deliver the
alkyne feedstock to the palladium surface. This reactor also served as a platform to measure how
the hydrogen content in the palladium membrane influences the rate, selectivity and efficiency of
the reaction.
Chapter 5 provided a strategy for enabling new chemistries in an ePMR through catalyst
design. In this work, Dr. Kurimoto and I incorporated secondary catalysts at the hydrogenation
surface of the membrane and measured how hydrogenation reactivity for carbonyl bonds was
affected. The catalysts increased reactivity for C=O bonds, but did not impede hydrogen delivery
through the membrane. The solvent used at the hydrogenation surface of the membrane was also
found to impact hydrogenation rates, with a polar protic solvent increasing carbonyl hydrogenation
rates through hydrogen-bonding stabilization of the transition state. This work sets a precedent for
using non-palladium materials as the hydrogenation catalyst in an ePMR.
6.2

Future work: Advancing the ePMR towards applications in chemical synthesis
Historically, electrochemical cells are deployed in industry when they are more cost

effective to operate or enable new chemistries that are otherwise impossible using conventional
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methods.210,211 With modest advances, an ePMR can meet these criteria. Attributes such as ease of
product separation, low temperature operation, and hydride-free hydrogenation provide
opportunities for ePMRs to compete with established hydrogenation methods. In this section I
highlight a few of these potential applications.
Chemical waste can be converted into useful products through hydrogenation. This
application is an appealing, but underexplored, use of the ePMR. Gaseous CO2 can be
hydrogenated in this reactor to formic acid, a commodity chemical and prospective fuel,211 under
ambient conditions with up to 85% current efficiency (at 10 mA/cm2).12,189,213 The separation of
electrochemistry from hydrogenation is particularly advantageous for this process because no
electrolyte is required to meditate the reaction. This attribute dramatically simplifies the reaction
interface, which typically requires careful consideration of water and ion management. The highly
selective palladium membrane additionally prevents crossover of the CO2 reactant and liquids,
circumventing these known issues with ion membranes typically used in CO2 electrolyzers.212,213
Another opportunity for the ePMR is converting oxygen-containing biomass to
hydrocarbon fuels and chemicals through hydrodeoxygenation (HDO). Our group has shown that
HDO of benzaldehyde (a lignocellulosic biomass model compound) can proceed with up to 90%
selectivity in ambient conditions in an ePMR. This transformation was mediated by a palladium
nanocube catalyst immobilized on the palladium membrane. This concept could conceivably be
used to transform waste products (e.g., furfural, lignin, or vegetable fats) into renewable plastic
precursors, solvents, fuels and specialty chemicals.12,190,214 The key advantage of separating the
electrolysis from hydrogenation here is that the organic feedstocks can be solubilized in any
organic solvent, or potentially reacted neat. Typical ECH systems are only capable of reacting
dilute solutions of reactants dissolved in polar electrolyte.
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The ePMR may also displace stoichiometric reducing agents in chemical synthesis. Low
temperature hydrogenation methods, including transfer hydrogenation or chemical reduction with
metal hydrides, are used for reducing C=O and C=N bonds.17,19,21 These reagents are often used
when working with a feedstock that is sensitive to the high temperatures required for
thermochemical hydrogenation. However, both transfer hydrogenation and hydride reagents
generate stoichiometric amounts of chemical waste as reaction byproducts. The ePMR can perform
the same site-selective C-O and C-N hydrogenation (or deuteration) at ambient temperature,21,39
but without the associated chemical waste. In the context of hydrogenation, the reduction of these
bonds without hydride reagents translates to improved safety by avoiding air-sensitive chemistries.
These benefits are maintained for deuterating unsaturated bonds as well, but also correspond to a
>20-fold per-atom D cost decrease.112 These cost savings arise because the ePMR can derive D
atoms from D2O, rather than D2 gas, or deuteride transfer reagents.
6.3

Research and development roadmap for the ePMR
To use the ePMR for diverse applications in chemical synthesis (including those described

above), future development of the ePMR must focus on increasing the diversity of hydrogenatable
substrates, decreasing catalytic membrane costs, and increasing energy efficiency (Figure 6.1).
This section suggests strategies for moving this technology toward these goals.
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Figure 6.1 Summary of suggested future research directions for the ePMR.

6.3.1

Research direction 1: Increased substrate scope
New strategies to expand the scope of hydrogenatable substrates are required to enable a

broad scope of applications for the ePMR. Studies to date show that many alkynes and alkenes can
be readily hydrogenated (or deuterated) with excellent site selectivity.22 However, fewer examples
of oxygen- and nitrogen- containing unsaturations are reported.213 High current densities (>100
mA/cm2) are typically used to increase carbonyl hydrogenation rates.214 But applying currents in
excess of 250 mA/cm2 increases undesired H2(g) production dramatically.31,44 An alternative
strategy is increasing the reaction temperature. The use of a high boiling hydrogen source (e.g.,
glycerol215) and operating the reactor at elevated temperatures may enable hydrogenation of
substrates with higher activation energy barriers. Elevated temperature operation has been
successful for hydrogenating aromatic groups in the gas phase,215 though this approach has yet to
be demonstrated for any liquid-phase reagent.
A second approach to increasing substrate scope is incorporating secondary catalysts on
the palladium membrane. Work by Yoshida et al. and Sato et. al. with catalyst-coated membranes
set a precedent for using non-palladium materials as the hydrogenation catalyst in an ePMR.216
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Our work (described in Chapter 5) demonstrates how sputtered catalysts can enable new
reactivities in the ePMR. Future approaches could include commercial hydro(deoxy)genation
catalysts (e.g., Pd/C, Pt/C, Ru/Al2O3 among others) onto the palladium membrane using spray
coating, a catalyst layer fabrication method well established in CO2 electrolysis literature.216 A
catalyst ink formulated by mixing the catalyst powder with a solvent and polymer binder, could
be deposited onto the hydrogenation surface of the palladium membrane. This basic approach
could be used to immobilize any catalyst powder on the membrane surface, though is just one of
many commonly used catalyst deposition techniques (e.g., physical and chemical vapor deposition,
or decal transfer) that could be applied in this application.
6.3.2

Research direction 2: Palladium-free membranes
An ideal membrane for use in the ePMR must drive efficient HER, absorb and permeate

large amounts of monoatomic H, and efficiently mediate a hydrogenation reaction. Other criteria
include high durability so that gas evolution does not damage the layer, sufficient rigidity to enable
multiple reuses, and low cost. There is yet to be reported a single membrane that satisfies all of
these criteria. One path forward is to develop supported Pd-membranes, or developing Pd-free
membranes based on hydrogen permeable alloys (as discussed in Chapter 2; section 2.5.1). In
addition to these to designs of supported membrane architectures, other materials that permeate
hydrogen may be applied in this application.
Metal oxide membranes (WOx) have been used to conduct protons and electrons to
transport hydrogen into an electrochemical cell (i.e., the opposite direction that hydrogen is
transported in an PMR). In this study by Yan et al., H2(g) was first activated on small Pt
nanoparticles on one side of the WOx membrane, then transferred into the WOx membrane through
a process called hydrogen spillover.217 Hydrogen oxidation subsequently occurred on the opposite
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electrochemical side of the membrane.217 These same membranes could be conceivably used in
hydrogenation reactions by driving hydrogen through the membrane opposite way (i.e., out of the
electrochemical compartment, and into a hydrogenation compartment). The bulk of the membrane
could be comprised of WOx, with a Pd or Pt thin films on either side to mediate the hydrogen
evolution, and hydrogenation reactions, respectively. Recently, TiNx semiconductors have also
demonstrated gas-phase hydrogen absorption.107,218 A supported architecture with thin
(electro)catalysts deposited on each side of the TiNx membrane could potentially be used as a
catalytic membrane in an ePMR similarly to the WOx membranes described above.
6.3.3

Research direction 3: Zero-gap reactor design
Electrode assemblies used commonly in water and CO2 electrolyzers may be adapted to

increase the energy efficiency, and current density of ePMRs. These electrolyzers use a “zero-gap”
membrane electrode assemblies (MEA), which place a high-surface area anode and cathode in
contact with opposite sides of a thin (<125 µm-thick) polymer electrolyte.41,48 This design enables
high rates of product formation at low cell voltages (e.g., water electrolyzers can operate at currents
>1 A/cm2 at <2 V).219 Two studies reported specially-designed MEAs for use in an ePMR H-cell.218
Palladium, platinum or gold catalysts chemically deposited on either side of a Nafion proton
exchange membrane enabled styrene hydrogenation in an organic solvent.219 However, the cell
operated at high voltages (4-8 V) and low current densities (1-10 mA/cm2). Operating these MEAs
in a flow cell, and increasing the surface area of the metal|polymer interface may be routes to
mitigating these issues.
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6.4

Outlook: How ePMRs can contribute to a future of carbon-neutral chemical

manufacturing
Global carbon emissions can be reduced by at least 5% by using renewable electricity to
power chemical manufacturing.219 The impact of offsetting these emissions is significant –
equivalent to eliminating all CO2 emitted by Germany and Japan combined.220 However, there are
a number of challenges to realizing a future of carbon-neutral chemical manufacturing. The first
challenge is that the infrastructure to efficiently process, separate, and transport chemicals
manufactured at large, centralized facilities has been well established for nearly a century. A
second challenge is that the thermally-derived heat used to drive these processes is ~10-fold
cheaper less costly than renewable electricity.168 Industry-specific low carbon legislation (e.g., the
Canadian clean fuel standard221 for the energy industry) and carbon taxes will facilitate the
transition to sustainable alternatives. However, widespread adoption of low carbon innovations
requires that these alternatives be cost-competitive with incumbents, and also address fundamental
pains of using thermochemistry. A compelling alternative technology must offer lower operational
costs and also add value through time savings, fewer pre- and post- possessing steps, or increased
safety.
The ePMR is a platform technology that can meet the above criteria for hydrogenation
reactions. The use of this reactor for chemical reduction is a promising target in the short term,
given that the cost of electrolytic hydrogen is 100-fold less than reducing agents (i.e., ~0.1
USD/mol H versus ~10-20 USD/mol H). Though major carbon savings will only be accessed by
displacing large-scale processes that use H2 gas. This goal is significantly more difficult because
fossil-derived H2 is roughly half the cost of electrolytic hydrogen. Cost competitiveness may be
enabled by other attributes of this reactor: safety (by avoiding the use of H2 at high temperatures);
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constant flow operation; and decreased instance of side reactions, for example. Detailed
technoeconomic analysis is required to understand these opportunities. I hope that the research
directions proposed above, and the opportunity to realize a future of carbon-neutral chemical
manufacturing inspires continued development of these reactors.
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Appendices
Appendix 1: Chapter 3
A1.1. Design and validation of a tensile testing electrochemical device (“TED”)
Table A1 Design specifications and approaches for the construction of the TED
Component

Design specification

Approach

Electrochemical cell
housing

Chemically compatible with common
electrolytes and solvents

Fabricated from PEEK

Gas and liquid-tight

Viton O-rings used to seal all feedthroughs and interfaces

Optical access to sample

Transparent sample loading port cover enables viewing of
the electrode during experimentation

Enables electrochemical testing

Included sealed feedthroughs for working, counter and
reference electrodes

Optional headspace sampling, or inert
atmosphere (not used in this study)

Two sealable gas feedthroughs included in the cell
headspace

Measures forces large enough to
stretch a 75 µm Kapton electrode >
15% (~ 225 N)

Force sensor measures up to 440 N

Enables application of > 10% strain
to a 25.4 mm-long sample

37 mm actuator stroke length sufficient to apply 150 %
strain to the sample

Applies strain in increments of < 0.5%
for a 25.4 mm-long sample

Position sensor resolves changes in strain of 0.05%. Stepper
motor can apply strain in 0.3% increments

Chemically compatible with
electrolyte, and does not deform under
applied force

Fabricated from 0.25” PMMA, which is inert to most
electrolytes is ~100stiffer than 75 µm Kapton

Simple fabrication

Batch-fabricated by laser cutting from PMMA sheet

Reliably grips flexible sample

Devcon® 2-ton epoxy was used to attach the sample to a
disposable holder. Epoxy maintains grip on the sample when
>60 N of force was applied

Sample shape enables uniform strain
application, and observable
electrochemical current (>1 µA)

Rectangular sample shape conforms to ASTM guidelines. 25
mm length and 5 mm width enables sufficient
electrochemical response to resolve small changes in
electrode properties

Integrated tensile
tester

Sample holder
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Figure A1.1 Image of the TED lid assembly, showing the hermetically-sealed feedthroughs for
the force sensor and working electrode connection.
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Figure A1.2 Image of the TED in the mechanical testing housing, showing the stepper motor
and data acquisition electronics.
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Figure A1.3 Images of each stage of the sample assembly workflow for Pd|substrate electrodes.

Figure A1.4 a) Plot of a prototypical tensile curve collected using the TED for Kapton 300HN
samples. Stress was calculated from measured force using equation S1. The linear region (i.e.,
elastic region) was linearly fit and the slope of the resulting line of best fit represents the elastic
126

modulus (annotated on the graph with the R2 value). The x-intercept of the linear fit was taken as
the grip displacement at 0% strain, this calibration is called a “toe correction”. b) Plot of the
stress vs. strain relationship for Kapton 300HN. The εapplied axis was calculated from the
measured displacement using equation S2.

Figure A1.5 Tensile curves for Kapton 300HN collected using the TED (red) and commercial
instrumentation (blue). Solid lines represent the average of five samples collected with each
apparatus. Measurement uncertainty is shown with dotted lines and represents +1 standard
deviation of the average stress at each strain.
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Figure A1.6 a) Image highlighting the modifications to the TED to enable flow coulometry to
measure the H:Pd ratio of the palladium electrode. Three additional ports were laser cut into the
transparent PMMA sample loading port and Tygon tubing was used to connect the dual inlet and
single outlet ports to the pump and electrolyte reservoir. b) Image of the complete setup for
coulometry measurements showing the electrolyte reservoir and centrifugal magnetic drive
pump.
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Figure A1.7 a) Cyclic voltammograms on a platinum|substrate electrode collected in flowing
and static electrolyte. The oxidative current peak near -0.25 V vs. Ag/AgCl was not present for
the measurement in flowing electrolyte, indicating successful removal of surface hydrogen
bubbles. b) Plot of the coulometric stripping chronoamperomograms for a platinum|substrate
electrode.220 When an oxidative potential was applied, the platinum electrode exposed to flowed
electrolyte equilibrates to 0 mA of current, indicating that the hydrogen gas was removed from
the surface of the electrode and hydrogen oxidation reaction is successfully suppressed.
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A1.2 Measuring the effect of mechanical strain on HER and H:Pd at a palladium electrode

Figure A1.8 Plot of the H:Pd ratio vs. the number of repeated coulometry measurements for an
unstrained Pd|substrate electrode.
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Table A1.2 Linear fit parameters for each replicate measurement of the % change in H:Pd ratio
as a function of applied tensile strain.
Intercept R2

Sample

Slope

sample 1

-0.327 -0.009

0.95

sample 2

-0.428 -0.002

0.99

sample 3

-0.647 -0.031

0.97

sample 4

-0.698 -0.098

0.98

average

-0.525 -0.035

-

standard deviation 0.176

0.044

-

131

Figure A1.9 Plot of the % change in the H:Pd ratio for five distinct Pd|substrate electrodes
strained incrementally. The H:Pd ratio decreased with increasing εapplied for every electrode
tested. Repeat 5 was strained to εapplied = 1.2 % then strain was relieved and the change in H:Pd
ratio consequently increased from -1.0 % to 0.2 %.
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Figure A1.10 Comparison of chronoamperograms of a Pd|substrate electrode under a) flow and
b) static electrolyte. A higher signal to noise ratio was observed for the measurement collected in
static electrolyte.
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Figure A1.11 Prototypical chronoamperometric curve showing equilibration of current
throughout the first ~ 300 s of the experiment. After current became approximately constant after
300 s of electrolysis, εapplied was increased stepwise and an increase in current was observed.

Figure A1.12 Throughout the duration of the experiment the HER current slowly decreases as
hydrogen bubbles accumulate on the surface of the electrode. We performed a correction to isolate
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the effect of εapplied on HER activity by adding the change in current (Δi) to initial current (iinitial)
and report the total % change in current.

Table A1.3 Polynomial fit parameters for each replicate measurement of the % change in HER
activity as a function of applied tensile strain. The equation of the polynomial fit takes the form
shown in Equation S4.

b

c

R2

Sample

a

sample 1

0.200 0.538 -0.220 0.95

sample 2

0.258 0.143 -0.012 0.99

sample 3

0.224 0.190 0.068

0.99

sample 4

0.256 0.025 0.006

0.99

average

0.234 0.224 -0.039 -

standard deviation 0.027 0.220 0.125

-
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Figure A1.13 Chronoamperometric plot of HER activity vs. time. We tested the reversibility of
the strain effect on HER by adjusting strain up to 1.0 % in two increments, then relieving strain
back to 0.0 %. Increasing tensile strain increased HER activity, and relieving strain decreased HER
activity.
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A1.3. Correlating applied mechanical strain to palladium lattice strain using X-ray
diffraction

Figure A1.14 Prototypical XRD of a Pd|substrate sample with the Bragg reflections for each
crystal facet annotated. (*) indicates diffraction originating from the 20 nm gold conducting
layer.
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Figure A1.15 X-ray diffraction pattern for the Pd(311) reflection. The quality of fit for the
Pd(311) peak was compared for Gaussian and Pseudo-Voigt functions using a Python script. The
mean of the Pseudo-Voigt function was taken as the reflection peak position.
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Figure A1.16 Prototypical dataset for a εmacrostrain measurement. Peak position of the Pd(311)
reflection was determined for each angle by fitting the raw data (blue) to a pseudo-Voigt
function (green) using a Python script.
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Table A1.3 Variables and values for measuring lattice macrostrain at a palladium electrode

Variable Description

Value

d311

Interplanar spacing for the Pd(311) Bragg
reflection

Calculated from (311)
reflection using Bragg’s law

Euler angle measured between the sample normal
and a diffraction plane221

Calculated from each angle

11A

Lattice macrostrain resulting from applied strain.
Denoted in this work as macrostrain

Reported for each applied
strain in Figure 6c

'

Poisson’s ratio for palladium

0.35

s

Poisson’s ratio for Kapton

0.35

33R

Residual strain in the metal film perpendicular to
the direction of applied strain

0

Equation A1.4 Equation used to determine macrostrainby analyzing the Pd(311) diffraction peak
position XRD. This analysis was adapted from similar measurements made on gold and tungsten
thin films.86
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Equation A1.5 Equation of the linear fit of data in Figure 5c up to 2.1% applied strain.

Figure A1.17 Scanning electron micrograph of the surface of a Pd|substrate sample prior to
electrochemical experiments. The film is nanocrystalline with a grain size of approximately 50
nm.
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Figure A1.18 High-magnification scanning electron micrograph of the surface of a Pd|substrate
sample exposed to 5.5% strain and a sustained electrolysis for 7500 s. No grain growth, boundary
formation or any discernible change in surface morphology is observed by qualitative analysis.
The dark spots on the film are carbon deposition from the decomposition of organic impurities by
the electron beam.

A.1.3 Quantification of electrolysis products using gas chromatography
I experimentally verified that H2 gas was the only product of the electrolysis reaction. For
this control experiment we installed a Pd|substrate electrode into the TED, filled the instrument
with 80 mL of H2SO4, fit a thin (0.5 mm ID, HPLC grade) tube through a port in the headspace of
the cell, and bubbled compressed air into the electrolyte at a rate of 20 mL/min (see figure below
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for the basic setup). I connected the TED to an in-line GC through the second headspace port to
quantify the composition of gaseous effluent leaving the reactor.

Figure A1.19 Simplified setup for conducting in-line gas chromatography experiments in the
TED. The compressed air was bubbled into the electrolyte at a rate of 20 mL/min which
continuously flowed the headspace gas into the gas chromatograph for quantification. This setup
was inspired by setups used for CO2 reduction experiments in our group.222

To produce sufficient H2 gas to detect using the GC (SRI, multigas analyzer), I conducted
electrolysis at a constant potential of -1.9 V vs. Ag/AgCl, which mediated a current between 107
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and 126 mA. I collected chromatographs every 1500 s, for a total of 9000 s (6 samples total), and
used the integrated peak area to determine the concentration of H2 in the effluent gas stream using
Equation S5 (the linear fit of a 3-point calibration curve). The Faradaic efficiency was calculated
(using Equation S6) to be 100 + 6 % based on this calibration. These data validate our assumption
that H2 gas is the exclusive product of the electrolysis reaction.

Table A1.4 Gas chromatographic analysis of electrolysis products
Area of H2
peak (a.u.)

Concentration of H2 in gas
stream (ppm)

Partial current for
H2 (mA)

Faradaic
efficiency
(%)

1394

16412

126

107

1674

19714

117

104

1824

21483

107

93

1432

16960

111

96

2178

25658

118

94

1319

15528

119

104

Equation A1.6 Equation of the linear fit for a 3 point calibration of the SRI GC used in this
study to quantify effluent gas concentration.
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Equation A1.7 Equation used to calculate Faradaic efficiency

Where nk is the number of electrons exchanged, F is Faraday’s constant (F = 96,485 C/mol), xk is
the mole fraction of the gas k in the gaseous mixture analyzed, Fm is the molar flow rate in mol/s,
and I is the total current in A. The molar flow rate is derived from the volume flow rate Fv by the
relation Fm = pFv/RT, with p being the atmospheric pressure in Pa, R the ideal gas constant of
8.314 J/mol K and T the temperature in K.
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Appendix 2: Chapter 4
A2.1 Palladium membrane flow cell and experimental setup

Figure A2.1 Labelled image of the functioning setup including the peristaltic pump, flow cell
and reactant reservoir.
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Figure A2.2 Labelled image of the electrocatalytic palladium membrane flow cell reported in
this work

Figure A2.3 Labelled image of the electrocatalytic palladium membrane H-cell reported
previously by our group.178 Reprinted with permission from ref. 2. Copyright 2018 American
Chemical Society.
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Figure A2.4 Concentration versus time plot for the hydrogenation of phenylacetylene in an
ePMR H-cell. The phenylacetylene (PA) starting material was consumed after 8 hours of
continuous electrolysis at 100 mA/cm2, producing styrene (ST) and ethylbenzene (EB).

Figure A2.5. X-ray diffraction patterns of the as-prepared palladium membrane prior to
electrolysis (Pd), and following electrolysis, during which the membrane absorbs hydrogen to
form the hydride phase (β-PdHx).
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Figure A2.6 Scanning electron microscope images of the electrodeposited palladium
electrocatalyst deposited on the hydrogenation surface of the palladium membrane at a
magnification of; a) 2000, and b) 10000 times.
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Figure A2.7 Plot of the cell voltage required to drive galvanostatic electrolysis at current
densities between 10 and 400 mA/cm2 in the previously reported H-cell and the novel flow cell
presented in this work.
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Figure A2.8 Plot showing the flow rate dependence of phenylacetylene hydrogenation rate in an
ePMR at 100 mA/cm2. The data point taken at 0 mL/min was collected in an H-cell. All other
data points were collected using the ePMR flow cell presented in this work.
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Figure A2.9 a) Plot of a reaction concentration profile for hydrogenation reactions carried out at
a) 50 mA/cm2 b) 100 mA/cm2, c) 250 mA/cm2 and d) 400 mA/cm2. See Figure S16a for the 10
mA/cm2 reaction profile.
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Figure A2.10 a) Plot of a reaction concentration profile for a 0.2 M, 200 mL solution of
phenylacetylene, hydrogenated at 100 mA/cm2.
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A2.2 Kinetic modelling to determine phenylacetylene hydrogenation reaction order

Scheme A2.1. Hydrogenation scheme proposed here which includes a pathway for the direct
hydrogenation of phenylacetylene to ethylbenzene. The conventional Horiuti-Polanyi mechanism
omits the pathway for direct conversion of phenylacetylene to ethylbenzene (Scheme S2).178

System of equations for fitting the hydrogenation concentration profiles to zero-order reaction
kinetics:
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System of equations for fitting the hydrogenation concentration profiles to first-order reaction
kinetics:

System of equations for fitting the hydrogenation concentration profiles to second-order reaction
kinetics:

Table A2.1 Comparison of goodness of fit for zero, first and second order reaction models (with
respect to the organic reagent) for hydrogenation of phenylacetylene. The highest R2 for each
current density is highlighted with bold-faced text
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Reaction conditions Order determination
Current density

R2
R2
R2
zero order first order second order

10 mA/cm2

0.996

0.938

0.857

50 mA/cm2

0.360

0.984

0.863

100 mA/cm2

0.449

0.991

0.899

250 mA/cm2

0.304

0.998

0.933

400 mA/cm2

0.646

0.990

0.912

Figure A2.11 Comparison of fits for zero (orange), first (blue) and second (green) order reaction
models to determine fit for hydrogenation when 10 mA/cm2 of electrolysis current was applied.
Only the first 4 hours of the reaction were fit to each model to simplify the visual comparison. The
0-order equations (orange) provide the best fit.
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Figure A2.12 Comparison of fits for zero (orange), first (blue) and second (green) order reaction
models to determine fit for hydrogenation when 50 mA/cm2 of electrolysis current was applied.
The 1st-order equations provide the best fit.

Figure A2.13 Comparison of fits for zero (orange), first (blue) and second (green) order reaction
models to determine fit for hydrogenation when 100 mA/cm2 of electrolysis current was applied.
The 1st-order equations provide the best fit.
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Figure A2.14 Comparison of fits for zero (orange), first (blue) and second (green) order reaction
models to determine fit for hydrogenation when 250 mA/cm2 of electrolysis current was applied.
The 1st-order equations provide the best fit.

Figure A2.15 Comparison of fits for zero (orange), first (blue) and second (green) order reaction
models to determine fit for hydrogenation when 400 mA/cm2 of electrolysis current was applied.
The 1st-order equations provide the best fit.
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A2.3 Comparison of hydrogenation mechanisms

Scheme A2.2 Hydrogenation scheme consistent with the well-established Horiuti-Polanyi
mechanism178

System of equations for fits using a sequential hydrogenation mechanism, in line with the
conventional Horiuti-Polanyi mechanism (Scheme S2):
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System of equations for fits which includes both the sequential, and also direct hydrogenation
pathways (Scheme S1):

Table A2.2 Comparison of goodness of fit comparison for the direct and sequential reaction
models for phenylacetylene hydrogenation

Reaction
conditions

Order determination

Current density

R2
R2
sequential model direct model

50 mA/cm2

0.975

0.980

100 mA/cm2

0.986

0.990

250 mA/cm2

0.987

0.997

400 mA/cm2

0.975

0.990
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Figure A2.16 a) Plot of the complete reaction profile for phenylacetylene hydrogenation
conducted at 10 mA/cm2. The first and second 4-hour increments of the reaction were fit to the 0order kinetic model separately (panels b and c, respectively) to identify the effective rate constants.
b) We assume ethylbenzene formation during the first 4 hours of the reaction to correspond to the
direct hydrogenation of phenylacetylene to ethylbenzene (see discussion section). The k3′ value
was calculated based on this assumption. c) We take ethylbenzene formation during the final 4
hours of the reaction (when there is no phenylacetylene present) to correspond to hydrogenation
of styrene to ethylbenzene and calculate k2′ based on this assumption.
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Figure A2.17 Comparison of the fits using the previously reported sequential hydrogenation
pathway (red) and the proposed direct hydrogenation pathway (blue) for the hydrogenation of
phenylacetylene under 50 mA/cm2 electrolysis current. The best fit was provided by the system of
equations that included a direct hydrogenation pathway.

Figure A2.18 Comparison of the fits using the previously reported sequential hydrogenation
pathway (red) and the proposed direct hydrogenation pathway (blue) for the hydrogenation of
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phenylacetylene under 100 mA/cm2 electrolysis current. The best fit was provided by the system
of equations that included a direct hydrogenation pathway.

Figure A2.19 Comparison of the fits using the previously reported sequential hydrogenation
pathway (red) and the proposed direct hydrogenation pathway (blue) for the hydrogenation of
phenylacetylene under 250 mA/cm2 electrolysis current. The best fit was provided by the system
of equations that included a direct hydrogenation pathway.
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Figure A2.20 Comparison of the fits using the previously reported sequential hydrogenation
pathway (red) and the proposed direct hydrogenation pathway (blue) for the hydrogenation of
phenylacetylene under 400 mA/cm2 electrolysis current. The best fit was provided by the system
of equations that included a direct hydrogenation pathway.
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A2.4 Analysis of hydrogenation reaction rate, selectivity and current efficiency

Table A2.3 Effective rate constants calculated using a kinetic model for the hydrogenation
reaction (Scheme S1) carried out at each current densities between 10 and 400 mA/cm2
Reaction conditions Effective rate constant (k′)a

a

Current density

k1′

k2′

k3′

10 mA/cm2

0.261 + 0.0251

0.003 + 0.029 0.029 + 0.011

50 mA/cm2

1.500 + 0.093

1.398 + 0.240 0.145 + 0.109

100 mA/cm2

2.213 + 0.239

2.378 + 0.505 0.848 + 0.009

250 mA/cm2

2.253 + 0.214

2.871 + 1.278 1.182 + 0.008

400 mA/cm2

2.987 + 0.446

5.856 + 3.162 2.332 + 0.496

Note that the units for the effective rate constants for the 10 mA/cm2 reaction are M2/s, and the

units for the reactions carried out at 50-400 mA/cm2 are M/s.

Equation used to calculate the initial rate of phenylacetylene consumption using effective rate
constants in Table S3.
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Equations used to calculate the current efficiency (CE) of the hydrogenation reaction. Where:
volume is the total volume of reactant solution used (25 mL in most cases); itotal is the current
density multiplied by the geometric size of the Pd membrane; t is the time elapsed between data
points, and ; F is Faraday’s constant.

166

A2.5 Measurement of hydrogen absorption and permeation rate at the palladium
membrane

Figure A2.21 Tutorial plot showing a reaction concentration profile with the hydrogen permeation
time annotated (which we define as the amount of time elapsed from the start of electrolysis to the
first observation of hydrogenated products). See Figure S16a for the complete concentration
profile for this reaction.
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Figure A2.22 Plot showing that permeation time decreases exponentially with increasing current
density. Error bars represent + 1 standard deviation of the mean value for at least 3 reactions.
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Figure A2.23 a) Overlay of chronopotentiometry traces for each electrolysis current density used
in this study. The increase in the WE potential during electrolysis is likely due to hydrogen
absorption into the palladium membrane to form β-PdHx, which exhibits higher HER activity
than Pd.75 b) Plot of the average potential (vs. RHE) required to mediate electrolysis at each
current density. Error bars represent + 1 standard deviation of the average potential used to drive
the galvanostatic electrolysis in panel (a).
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Figure A2.24 The amount of the hydrogen that evolves from the Pd membrane surface in the
electrochemical chamber as current density increases is described by a 2nd order polynomial fit
(R2 = 0.99; dotted grey line).

Equation describing the relationship between the amount of hydrogen absorbed into the
palladium membrane as a function of applied potential (vs. RHE).

y = 0.185 ln|x| +0.907

[A2.20]
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Appendix 3: Chapter 5

Figure A3.1 Catalyst-coated membrane preparation and the morphology of the catalysts.
a) Schematic representation of catalysts preparation. Scanning electron microscope images of b)
electrodeposited palladium black, c) platinum, d) iridium, e) gold sputtered on the palladium
black layer at a magnification of 10k.
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Figure A3.2 Hydrogenation of acetophenone in ethanol. a) product conversion and b) cell
setup for hydrogenation of C=O bonds (acetophenone) on catalyst-coated membrane (M = Au,
Ir, Pt) and Pd catalysts at 200 mA applied current.
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Figure A3.3. Cross-sectional SEM image and EDX elemental analyses of 10 nm thickness
gold sputtered on palladium black at 5 different areas.
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Figure A3.4. Electrochemical surface area (ECSA) measurements performed before and
after deposition of a secondary metal. (a) Pt-coated. (b) Au-coated. (c) Ir-coated. All secondary
metal layers are 10-nm thick and are located at the surface of the porous Pd-black catalyst. ΔECSA
indicates the magnitude of change in the ECSA after deposition.

Figure A3.5 Solvent effect on reactivity for hydrogenation of acetophenone. a) Product
conversion after 8h in toluene and EtOH with different secondary metal catalysts. b) Cell setup for
hydrogenation of acetophenone in toluene and EtOH.
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Figure A3.6. Solvent effect on reactivity for hydrogenation of acetophenone. (a) Product
conversion after 8 h in toluene and EtOH with different secondary metal catalysts. (b) Cell setup
for hydrogenation of acetophenone in toluene and EtOH.
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Table A3.1 Initial hydrogenation rates (mmol h-1) of acetophenone and styrene for different
catalysts.a
Pt

a

Au

Ir

Pd

Acetophenone in toluene 0.16 ± 0.01

0.12 ± 0.02

0.036 ± 0.009

0.0058 ± 0.0008

Acetophenone in ethanol 0.21 ± 0.01

0.18 ± 0.01

0.077± 0.006

0.037 ± 0.002

Styrene in toluene

0.74 ± 0.02

0.92 ± 0.03

1.08 ± 0.03

0.83 ± 0.03

Initial rate of acetophenone conversion for each metal catalyst was determined by the slope of

the first 2 h of acetophenone consumption (mmol h-1) and the first 0.5 h of styrene consumption
(mmol h-1).

Figure A3.7 Hydrogen desorption temperature correlates the M–H binding energy. a).
Hydrogen adsorption energy (ΔGH*) as a function of hydrogen desorption temperature of
different metal surfaces (Pt, Ir, Au, Pd). The grey dotted line is a monoexponential decay fit of
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the experimental data, included as a guide to the eye. b) Schematic representation of desorption
of hydrogen from the catalyst-coated membrane surface. Hydrogen desorbs at high temperatures

Figure A3.8. Hydrogenation of acetophenone using H2 gas. (a) Product conversion after 8 h
in toluene and with different catalysts. (b) Cell setup for hydrogenation of acetophenone in
toluene. The electrochemical cell was left empty and no electrochemical bias was applied.
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