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Electrocatalytic palladium membrane reactors hydrogenate organic molecules
using water and electricity as the only inputs. In this work, Jansonius et al. report a
flow cell architecture that enables 15-fold faster reaction rates with twice the
current efficiency of a batch cell.
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SUMMARY

Electrocatalytic palladium membrane reactors (ePMRs) use elec-
tricity to hydrogenate organic molecules at ambient temperature
and pressure. These benign reaction conditions position ePMRs as
a sustainable alternative to thermochemical hydrogenation, which
requires high-temperature and high-pressure reaction conditions.
However, ePMRs suffer from slow reaction rates and a limited un-
derstanding of the factors that govern reaction performance in
these devices. In this work, we report the design and validation of
an ePMR flow cell. This flow cell increases reaction rates 15-fold
and current efficiencies by 30% relative to H-cell reactors. We use
this device to reveal that the hydrogen content in the palladium
membrane governs the speed and selectivity of hydrogenation reac-
tions, while the amount of hydrogen gas evolved at the palladium
surface is deterministic of current efficiency. We contend that this
flow cell, which enables hydrogenation without hydrogen gas, is
an important step for translating ePMRs into practice.

INTRODUCTION

Using renewable electricity to drive chemical transformations provides a route to
sustainable chemical manufacture.” This situation has motivated the development
of electrochemical methods to replace conventionally thermally driven reactions
(e.g., ammonia,” hydrocarbon,® hydrogen production®). Hydrogenation reactions
have received far less attention, yet electrification of this process could have a mean-
ingful impact on the production of fine chemicals,” food,” and biofuels.® The elec-
trocatalytic palladium membrane reactor (ePMR) is a technology that uses electricity
to facilitate the hydrogenation of organic molecules under ambient conditions using
electrochemically reduced protons as the hydrogen source.”'? ePMRs present the
opportunity to use hydrogen while circumventing the use of H; gas, which is chal-
lenging to store and transport. We demonstrate herein an ePMR flow cell architec-
ture that enables efficient electrically driven hydrogenation and shows a possible
pathway for scaling this unique reactor design.

The enabling feature of an ePMR is that a thin palladium membrane is simultaneously
used as (1) a cathode to electrocatalytically reduce protons to reactive hydrogen, (2)
a hydrogen-selective membrane to transport reactive hydrogen to the reaction site,
and (3) a chemical hydrogenation catalyst. In this reactor, protons produced from the
oxygen evolution reaction (OER),”'?" or the oxidation of an organic species at a
platinum anode,’" are reduced at the palladium membrane surface. Hydrogen
atoms adsorbed to the palladium surface subsequently absorb into interstitial sites

in the fcc palladium lattice,'* permeate across the membrane to the opposite
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surface of the foil, and react with an unsaturated organic feedstock to produce the

saturated (or partially saturated) adduct.”""

This technology leverages key attributes of both electrocatalytic hydrogenation’
and thermally driven palladium membrane hydrogenation.'® Harvesting H atoms
electrolytically enables high hydrogen fugacities to be accessed without a pressure
vessel,'® and using palladium as a hydrogen-selective membrane between the elec-
trolysis chamber and the hydrogenation chamber enables the electrochemistry to be
physically separated from the hydrogenation reaction, circumventing the chal-
lenging separation of organic products from the electrolyte.”"” In spite of the ad-
vantages of ePMRs over these competing technologies, there are currently few re-
ports of these systems.”'*'®?? Studies to date have demonstrated the

hydrogenation of carbon dioxide,'” alkynes,”'"'?

aldehydes, and imines (data not
shown). While these studies highlight the potential of this technology in applications
in organic synthesis, commodity chemical manufacture, or CO; valorization, ePMRs
are presently hindered by low conversion rates and a limited understanding of the
factors that mediate hydrogenation performance (i.e., reaction rate, selectivity,

and current efficiency) in these devices.

Previous ePMR studies have been carried out in H-cells (Figure 1A), a reactor archi-
tecture convenient for proof-of-concept research,’ but not relevant for commercial
applications. We addressed this technological gap by constructing an ePMR flow
cell. This electrochemical flow cell was designed to deliver an organic feedstock
to the catalyst surface through a flow field (Figure 1B). Our approach was informed
by the development of analogous flow cell systems such as hydrogen fuel cells,?*
and water and CO, elec‘crolyzers.3 Given that flow cell architectures have been
shown to drastically improve reaction performance and are a key step in commer-

3,24,25

cial scale-up, we elected to address reactor design limitations early in ePMR

development.

We demonstrate herein that an ePMR flow cell enables faster, more selective, and
higher efficiency hydrogenation. We validate this flow cell by studying the hydroge-
nation of phenylacetylene (PA) as a simple model reaction and tracking 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), we can achieve 15-fold higher hydro-
genation rates than can be accessed in an H-cell at a similar applied voltage. This
reactor also reveals unique insights into reaction performance. Hydrogenation is
determined to proceed following the well-established sequential hydrogenation
mechanism?® as well as through a direct hydrogenation pathway in which the alkyne
is directly converted to the alkane adduct in a single step.?’ Hydrogen content in the
membrane is found to be deterministic of the hydrogenation rate, in which more ab-
sorbed 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, providing reactor and palladium membrane design
principles to guide ePMR technologies toward applications in synthesis and com-
modity chemical manufacturing.

RESULTS AND DISCUSSION

Design of an Electrochemical Palladium Membrane Flow Cell
For the first stage of this study, we designed and constructed a 3-chamber
ePMR flow cell (Figure 1C). This device includes (1) separate electrochemical
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Figure 1. Electrocatalytic Palladium Membrane Reactor Architectures

(A and B) lllustrations of (A) the 2-compartment H-cell reactor architecture used to date for
electrocatalytic palladium membrane hydrogenation reactions (see Figure S3 for an image of the H-
cell setup)”'" 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 S1 for an image of the complete
setup and Figure S2 for an image of each component).

compartments to contain the platinum anode and the reference electrode (RE) and
palladium membrane and (2) a hydrogenation flow field plate with a 2 x 2 cm triple
serpentine flow pattern and 1 x 1 mm flow channels. The anode and cathode cham-
bers were separated by a Nafion membrane to isolate oxidative electrochemistry
from proton reduction at the palladium cathode (3 x 3 cm),'" which was held
securely against the flow field by a compression plate. O-rings (Viton, square
cross-section) were used to reliably seal the intercompartmental interfaces. This
sealing strategy enabled more efficient use of the palladium foil, with a 3.7-fold in-
crease in the active area of palladium (from 1.2 cm? to 4 cm?) compared to our pre-
viously reported H-cell configuration despite only requiring a mere 1.4 times larger
palladium foil. A high surface area palladium black catalyst was electrodeposited
on the hydrogenation side of the palladium membrane to increase the reaction
rate, according to previously reported procedures (see Figures S5 and Sé for
characterization)."”
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To conduct hydrogenation experiments in the flow cell, the cathode and anode com-
partments were both filled with 8 mL 1 M H,SO, electrolyte, then a Ag/AgCl 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 PA (25 mL, 0.1 M in dichloromethane [DCM]) contained in a 50-mL reser-
voir, 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/cm?, and reaction progress was moni-
tored by quantifying the amounts of PA, styrene (ST) and ethylbenzene (EB) in
20-pL aliquots taken from the reagent reservoir using gas chromatography-mass
spectrometry (GC-MS). These data were used to generate concentration versus
time plots (Figures 2A, S9, and S16A), which were subsequently analyzed to deter-
mine reaction rate, selectivity, and current efficiency.

A primary goal of this reactor design was to enable faster and more efficient conver-
sion than can be achieved in an H-cell. There are 4 major steps that must proceed for
hydrogenation to occur in these devices: (1) proton reduction at the cathode surface,
(2) hydrogen permeation through the palladium membrane, (3) diffusion of an
organic substrate to the surface of the membrane, and (4) hydrogen addition across
the unsaturations of the organic substrate. While there has (to date) been very little
study of the factors that determine reaction performance in ePMRs, previous studies
have shown that improving diffusion kinetics by depositing a rough, high surface
area catalyst on the hydrogenation surface of the membrane substantially increases
the reaction rate.""'” This observation suggests that the reaction performance may
be increased by further improving diffusion kinetics, motivating our use of a flow
field at the hydrogenation surface of the membrane in the ePMR flow cell.

We also redesigned the electrolysis chamber to enable higher current densities (also

1172y Previous studies have

known to have a marked effect on reaction performance
shown that driving higher electrolysis currents (i.e., increasing the rate of proton
reduction) forces more hydrogen through the membrane and results in faster, albeit
less selective, hydrogenation. Minimizing the interelectrode distance (i.e., the dis-
tance between the palladium cathode and platinum anode) decreased voltage los-
ses from electrolyte resistance and enabled electrolysis at substantially higher cur-
rent densities for a similar applied voltage; 5.6 V was required to drive 100 mA/
cm? electrolysis in the H-cell and a 5.8-V bias facilitated 400 mA/cm? electrolysis
in the flow cell (Figure S7). We note that additional measures could be taken to
decrease cell voltage to enable even higher current densities, including increasing
the anode surface area or implementing a membrane electrode assembly design
similar to analogous electrochemical flow cells (e.g., hydrogen fuel cells, water elec-
trolyzers, CO, electrolyzers).®

Benchmarking Hydrogenation Reaction Performance in the Flow Cell

With this flow cell in hand, we set out to validate our design approach by conducting
a series of experiments to benchmark reaction performance in this device. Our first
set of experiments compared hydrogenation performance (i.e., reaction rate, selec-
tivity, and current efficiency) between the flow cell and an H-cell setup. A hydroge-
nation reaction was carried out in each cell architecture at a fixed current density of
100 mA/cm? using 25 mL 0.1 M PA in DCM as the reactant and 1 M H,SOy, as the
electrolyte. The H-cell was assembled according to our previously reported proced-

ures,g’”

using a (2.5 x 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, we used Kapton film to mask the surface
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Figure 2. Comparison of Hydrogenation Performance in an ePMR H-Cell and Flow Cell

(A) Concentration profile of a hydrogenation reaction carried out at 250 mA/cm? in the ePMR flow
cell. The inset scheme shows that hydrogenation of phenylacetylene (PA) may proceed via a styrene
(ST) intermediate or directly to ethylbenzene (EB) in a single step. Kinetic fits (indicated by solid
lines) were determined by finding the best fit for Equations S4-56 to experimental data (see Note
ST).

(B) Bar chart comparing reaction performance in an H-cell (see Figure S4 for raw data) and a flow cell
with an identical palladium surface area using 4 reaction performance metrics: initial reaction rate,
maximum styrene concentration, current efficiency (CE), and cell voltage (E..y) at 100 mA/cm?. The
flow architecture enables higher performance on every metric than does the H-cell.

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 cm?).

This benchmarking experiment revealed that the flow cell outperforms the H-cell on
every key performance metric (Figure 2B). The initial reaction rate increased 2-fold
when the reaction was run in flow compared to the static H-cell. Selectivity for ST pro-
duction was also found to be slightly higher in the flow cell (43% maximum styrene
concentration, cf. 32% in the H-cell), and current efficiency was found to be 2-fold
higher in the flow cell than in the H-cell. Flow rate also adjusted the reaction rate,
with higher flow rates driving faster hydrogenation (i.e., 0.18 M/h at a flow rate of
10 mL/min and 0.26 M/h at 40 mL/min; Figure S8). Cell design modifications also
facilitated a substantial decrease in cell voltage (from 5.6 to 3.3 V) required to drive
a 100-mA/cm? electrolysis current (Figure S7). These results show how this reactor
design alone can be used to achieve remarkable performance gains without more
complicated catalyst or material modifications.

Our benchmarking experiments also aimed to show that electrolysis current density
can be used as an easily accessible variable to control reaction rate, selectivity, and
current efficiency. We again performed hydrogenation of PA in the flow cell, but
used the entire 4 cm? surface area of the foil and conducted galvanostatic electrol-
ysis at 10, 50, 100, 250, and 400 mA/cm?. The reaction rate, selectivity, and current
efficiency were quantified for each reaction (Figure 3). We found that higher current
densities drive faster reaction rates (Figure 3A) and higher selectivity for the EB
adduct (Figure 3B), albeit at the cost of lower current efficiencies (Figure 3C). These
experiments collectively served to verify that electrochemical control of the reaction

rate, selectivity, and efficiency”'""?

was not sacrificed by modifying the reactor ar-
chitecture. Our results also highlight the marked effect that current density has on

reaction performance, with the ability to modulate the reaction rate 19-fold, the
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selectivity 5-fold, and the current efficiency 3-fold by adjusting the electrolysis cur-
rent between 10 and 400 mA/cm?.

As a final validation experiment, we demonstrated that the reaction scale can be
easily increased by simply changing the size of the chemical reservoir. We hydroge-
nated a 200-mL, 0.2-M (40 mmol, 3.8 g, in DCM) solution of PA at 100 mA/cm?, which
required 24 h of continuous electrolysis to consume the starting material (see Fig-
ure S10). Selectivity for the ST intermediate was roughly 2-fold higher than the
reaction conducted using a 0.1-M PA solution, showing that concentration is an
additional variable for manipulating reaction selectivity. This experiment also dem-
onstrates that the palladium membrane is sufficiently durable for extended
operation.

Palladium Membrane Properties Determine Hydrogenation Reaction
Performance

We next set out to understand the processes that govern the hydrogenation rate,
selectivity, and current efficiency in an ePMR using a simple kinetic model. This
model (described in detail in the Supplemental Information) used a custom Python
script to extract the effective rate constants (i.e., the rate constant multiplied by
[H]; denoted as k) 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 PA and ST for current densities >10 mA/cm? and O-order in
the organic reactants for the lowest current density tested (Figures S11-S15; Table
S1; Note S1), suggesting that the reaction is rate limited by hydrogen delivery at 10
mA/cm? and hindered by either hydrogen addition to the substrate or substrate
diffusion to the catalyst surface at higher current densities (> 50 mA/cm?). This asser-
tion is supported by current efficiency data (Figure 3C), showing that at 10 mA/cm?,
nearly all of the hydrogen produced is consumed by the hydrogenation reaction,
and at currents >50 mA/cm?, excess hydrogen is produced and evolved as Ha(g)
by-product.

Horiuti and Polanyi®®®

originally proposed a sequential hydrogenation mechanism
that proceeds through a partially hydrogenated alkene (i.e., ST) intermediate,
which can either desorb from the metal surface or react further to form the alkane
(i.e., EB) product.?’*” We found that adding a direct hydrogenation pathway,?’*°
wherein PA is converted to EB in a single step (Figure 2A, inset scheme), provided a
higher goodness-of-fit at every current density tested (Figures S17-520; Table S2;
Note S2). 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 (k;/, k) at 400 mA/cm? than at 10 mA/cm? (see Table
S3). High current densities (=100 mA/cm?) therefore result in low selectivity for
the ST intermediate because ST is simply hydrogenated to EB before desorption

can occur.

Next, we turned our attention to the palladium membrane to understand the dra-
matic influence that electrochemical current exerts over the hydrogenation reaction
performance. We experimentally resolved how reaction performance correlates to
(1) the hydrogen content of the palladium membrane and (2) the amount of
hydrogen that evolves from each side of the membrane. A coulometry method we
developed®' was used to conduct ex situ measurements of the palladium membrane
hydrogen content (expressed as the H:Pd ratio) at a range of potentials between
0 and —1.0 V versus the reversible hydrogen electrode (RHE; Figure 4A). We used
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Figure 3. Current Density Influences Reaction Performance in a Flow Cell

Plots showing the effect of current density on (A) the initial rate of PA hydrogenation to styrene and
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 3 reactions, with error bars representing + 1 standard
deviation of the mean value.

these data to calculate the palladium membrane hydrogen content at each hydroge-
nation current density by substituting the average cathode potentials at 10, 50, 100,
250, and 400 mA/cm? into the equation of the fit (Figure 4B, also see Equation S20
and Figure S23).
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These experiments clearly show that hydrogen content in the membrane affects re-
action rate and selectivity; a lower concentration of hydrogen in the membrane leads
to slower but more selective hydrogenation (Figures 4C and 4D, respectively). This
finding is qualitatively consistent with previous studies showing that catalytic pro-
moters dissolved in the palladium catalyst (e.g., carbon,?%:33 34:3%) decrease
hydrogen loading, and resultantly increase the selectivity for the alkene intermedi-

silver

ate (but at the cost of a decreased reaction rate).>*>° We show that a powerful
feature of the ePMR system is that reaction rate and selectivity can be modulated
by simply adjusting the current density, thus circumventing the need for exotic cata-
lyst designs.®”-*® Electrochemical control of the H:Pd ratio enabled us to use this de-
vice to study the influence of absorbed hydrogen on reaction performance, in which
previous studies of hydrogenation catalysts have required more elaborate high-vac-

uum setups.*?*%7

Finally, we investigated how current density affects current efficiency by using in situ
mass spectrometry to measure the amount of hydrogen evolved from each side of
the palladium membrane during electrolysis. An atmospheric pressure-mass spec-
trometer (atm-MS) was connected to the organic reagent reservoir filled with
25 mL DCM (Figure 5A). Electrolysis was conducted for >1,000 s at a current density
of 10, 50, 100, 250, and 400 mA/cm? 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 atmospheric pressure-mass spectrometer. The
hydrogen permeation rate (which is proportional to the ion current) measured at
each side of the membrane increased with current density (see Figure 5B for the re-
agent reservoir measurement; see Figure 524 for the hydrogen measured in the
electrolysis chamber). The current efficiency tracked linearly with permeated
hydrogen (Figure 5C), leading us to conjecture that once H, has evolved from the
hydrogenation surface of the palladium foil, the gas is likely not involved in the hy-
drogenation reaction and is therefore an undesired side product. Future catalyst de-
signs may consider modifying the palladium membrane surface to hinder hydrogen
recombination rates, thereby driving even higher current efficiencies.

Electrocatalytic palladium membrane reactors offer a compelling value proposi-
tion: electrolytic hydrogen driven through a palladium membrane can be used
to hydrogenate organic molecules dissolved in any organic solvent without
requiring an H, gas feedstock. We envision that this technology may be developed
into a sustainable alternative to conventional high-temperature and high-pressure
hydrogenation methods for fine chemical and industrial-scale applications. In this
work, we move ePMRs toward this goal by providing a design for a scalable flow-
reactor architecture and illuminating factors that define hydrogenation perfor-
mance in these devices. We show that 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 hydrogena-
tion rate enhancement compared to the previously reported H-cell. We also con-
ducted experiments that illustrate direct electrochemical control over the
hydrogen content in the palladium membrane, which in turn mediates reaction
rate and selectivity. We suggest that future studies focus on the reduction of
more challenging substrates (e.g., carbonyls are harder to reduce than alkynes
but are relevant for biofuel and pharmaceutical production) and the noble metal
loading of the hydrogen-permeable membrane. We invite greater engagement
from the materials science, chemistry, and engineering communities to realize
the full potential of this nascent technology.
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Figure 4. Hydrogen Content in the Palladium Membrane Affects Rate and Selectivity

(A and B) 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).

(C and D) 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.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources should be directed to the Lead Con-
tact, Prof. Curtis P. Berlinguette (cberling@chem.ubc.ca).

Materials Availability

This study did not generate new unique reagents. Flow cell design details (including
renderings and machine drawings) are freely available from the Lead Contact upon
request.

Data and Code Availability
Raw datasets from hydrogenation experiments and kinetic model code are freely
available from the Lead Contact upon request.

Procedure for Performing a Hydrogenation Experiment in an ePMR Flow Cell
To perform a hydrogenation reaction in the ePMR flow cell, the device was assem-
bled by placing a palladium foil with the catalyst facing the hydrogenation flow field.

Cell Reports Physical Science 1, 100105, July 22, 2020 9
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Figure 5. Hydrogen Permeation through the Palladium Membrane Affects CE

(A) Illustration of the experimental 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
pressure-mass spectrometry.

(B) The amount of 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 experiments.

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 Orings and create a hermetic
seal between the component and component-membrane interfaces. Viton tubing
(V/g" inner diameter [ID], /4" outer diameter [OD]) was connected to the inlet and
outlet of the hydrogenation flow plate via polyvinylidene difluoride (PVDF) Luer
lock couplings, and connected the 50-mL organic reactant reservoir, peristaltic
pump, and palladium membrane reactor. PA (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 min, depending on the current density and the
duration of the reaction (e.g., 400 mA/cm? reactions were sampled approximately
every 1 min for the first 5 samples, then every 10 min for the remaining samples,
and 10 mA/cm? reactions were sampled approximately every 30 min from start to fin-
ish), such that 10-15 samples were collected for each reaction. Reactions were moni-
tored by GC-MS by diluting 20 pL of the reaction mixture in 1 mL DCM. See the Sup-
plemental Experimental Methods for more details on palladium membrane
fabrication, reaction characterization, kinetic modeling, and coulometry
experiments.
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Supplemental 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), H,O, solution (30 wt. % in H,O) 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).

Pd foil preparation

Pd foils were rolled from a 1 oz Pd wafer bar. The bar was rolled to 25 pum 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. HNO;:H,0:H,0, v/v ratio solution until vigorous bubbling
subsided (~ 20 min). Electrodeposition was performed immediately following this cleaning step (see

catalyst preparation below).

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-um 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 H,SO,, 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 Q. Cell potential (E_,;) 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 um and the geometric surface area of the foil was ~9 cm?.

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 PdCl, in 1 M HCI 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/cm?) 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; ii1) 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.

Hydrogenation experiments in a flow cell
Please see the “Experimental Procedures” section in the main text for a detailed description of

reaction setup and monitoring in the flow cell.

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 H,SO,, 35 mL) was added to each
electrochemical compartment separated by a Nafion membrane. A constant current density of 100
mA/cm?® was applied (vs. Ag/AgCl,) 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.

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 pL 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™,
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

o) of three repeats of each calibration curve. Therefore, no calibration factor was applied.

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: 1) no
phenylacetylene was added to the reagent reservoir; ii) the reference electrode was removed and
replaced with an inlet connector for the ATM—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 H,SO,) 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™'. 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 H, evolving at both sides of the membrane simultaneously in a single experiment. Once H,

evolution had equilibrated.

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 we have published previously.' 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.! 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.

Kinetic modelling

To determine the reaction order in phenylacetylene and styrene, we 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 S1 to S9 below; Figures S10 to S14). The
concentration profiles were fit following a time delay (denoted herein as ‘permeation time’; Figure S21)
from the start of electrolysis to when hydrogenation commences (Figure S22). The model output
effective rate constants® (k) which were used in turn to calculate the concentration of each species in

solution. The comparison of the conventional Horiuti-Polanyi mechanism and direct hydrogenation


https://paperpile.com/c/OaTPA9/woOfN
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mechanism (proposed here) was carried out by comparing the quality of the fits for a system of
equations that included the direct pathway (Equations S13 to S15), to a system of equations that omitted

the direct pathway (i.e., Horiuti-Polanyi mechanism; Equations S10 to S12).
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Figure S1. Labelled image of the functioning setup including the peristaltic pump, flow cell and
reactant reservoir.
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Figure S2. Labelled image of the electrocatalytic palladium membrane flow cell reported in this work
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Figure S3. Labelled image of the electrocatalytic palladium membrane H-cell reported previously by
our group.” Reprinted with permission from ref. 2. Copyright 2018 American Chemical Society.
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Figure S4. 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/cm?, producing styrene (ST) and ethylbenzene (EB).
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Figure S5. 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 (B-PdH,).

Figure S6. 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 S7. Plot of the cell voltage required to drive galvanostatic electrolysis at current densities
between 10 and 400 mA/cm? in the previously reported H-cell and the novel flow cell presented
in this work.
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Figure S8. Plot showing the flow rate dependence of phenylacetylene hydrogenation rate in an ePMR

at 100 mA/cm?. 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 S9. a) Plot of a reaction concentration profile for hydrogenation reactions carried out at a) 50
mA/cm? b) 100 mA/cm?, ¢) 250 mA/cm? and d) 400 mA/cm? See Figure Sl6a for the 10
mA/cm? reaction profile.



 1.00-

jel

m =

3

£ 0.50-

&

[

2 0.251

@©

o
0.00 A

0 8 16 24

time (hours)

Figure 10. a) Plot of a reaction concentration profile for a 0.2 M, 200 mL solution of phenylacetylene,
hydrogenated at 100 mA/cm?.

Note S1. Kinetic modelling to determine phenylacetylene hydrogenation reaction order

ks
4H

PA ST EB
=

Scheme S1. 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).3

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


https://paperpile.com/c/OaTPA9/yLNpy

d;;zAz —k[HT —k[HT = — K\ — k' [Eq. S1]

CL = k[HY — K[HT = K\, — &, [Eq. S2]
B8 = ,[HY + k[HT = k) + k3’ [Eq. S3]

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

€A = — |\ [PA] — ky[PA] [Eq. S4]
BL = j,[PA] — k,[ST] [Eq. S5]
L8 = f[ST] + ky[PA] [Eq. S6]

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

kinetics:

@A = — '\ [PAY — ky'[PAT [Eq. S7]

L = o [PAT — k,[STT [Eq. S8]

LE = o, [ST) + ky[PAY [Eq. S9]



Table S1. 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 R? for each current
density is highlighted with bold-faced text

Reaction conditions Order determination
Current density R? R? R?
zero order first order second order

10 mA/cm? 0.996 0.938 0.857

50 mA/cm? 0.360 0.984 0.863

100 mA/cm? 0.449 0.991 0.899

250 mA/cm? 0.304 0.998 0.933

400 mA/cm? 0.646 0.990 0912
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Figure S11. Comparison of fits for zero (orange), first (blue) and second (green) order reaction models
to determine fit for hydrogenation when 10 mA/cm? 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 S12. Comparison of fits for zero (orange), first (blue) and second (green) order reaction models
to determine fit for hydrogenation when 50 mA/cm? of electrolysis current was applied. The
Ist-order equations provide the best fit.
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Figure S13. Comparison of fits for zero (orange), first (blue) and second (green) order reaction models
to determine fit for hydrogenation when 100 mA/cm? of electrolysis current was applied. The
Ist-order equations provide the best fit.
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Figure S14. Comparison of fits for zero (orange), first (blue) and second (green) order reaction models
to determine fit for hydrogenation when 250 mA/cm? of electrolysis current was applied. The
Ist-order equations provide the best fit.
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Figure S15. Comparison of fits for zero (orange), first (blue) and second (green) order reaction models
to determine fit for hydrogenation when 400 mA/cm? of electrolysis current was applied. The
Ist-order equations provide the best fit.

Note S2. Comparison of hydrogenation mechanisms

Scheme S2. Hydrogenation scheme consistent with the well-established Horiuti-Polanyi mechanism*

EB
PA // ST
k
K4 = 2
2H 2H

Horiuti-Polanyi sequential hydrogenation pathway

System of equations for fits using a sequential hydrogenation mechanism, in line with the conventional
Horiuti-Polanyi mechanism (Scheme S2):

Ld = —k,[H'[PA] =~k [PA] [Eq. S10]

&L — o [HT[PA]— ky[HT'[ST] = k'\[PA] — k',[ST] [Eq S11]

LE = | [HI'[ST] = k,[ST] [Eq. S12]


https://paperpile.com/c/OaTPA9/BnIef

System of equations for fits which includes both the sequential, and also direct hydrogenation pathways

(Scheme S1):

dPA

dt

dt

dt

—k'\[PA] — ky'[PA] [Eq. S13]
&L = j,[PA] — k', [ST] [Eq. S14]
LB = 1 [ST] + ky[PA] [Eq. S15]

Table S2. Comparison of goodness of fit comparison for the direct and sequential reaction models for

phenylacetylene hydrogenation

Reaction conditions

Order determination

Current density

50 mA/cm?
100 mA/cm?
250 mA/cm?

400 mA/cm?

R? R?
sequential model direct model
0.975 0.980
0.986 0.990
0.987 0.997
0.975 0.990
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Figure S16. a) Plot of the complete reaction profile for phenylacetylene hydrogenation conducted at 10
mA/cm?. The first and second 4-hour increments of the reaction were fit to the 0-order 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 k;" value was
calculated based on this assumption. ¢) 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 &,’ based on this assumption.
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Figure S17. 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/cm? electrolysis current. The best fit was provided by the system
of equations that included a direct hydrogenation pathway.
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Figure S18. 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 100 mA/cm? electrolysis current. The best fit was provided by the system
of equations that included a direct hydrogenation pathway.
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Figure S19. 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/cm? electrolysis current. The best fit was provided by the system
of equations that included a direct hydrogenation pathway.
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Figure S20. 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/cm? electrolysis current. The best fit was provided by the system
of equations that included a direct hydrogenation pathway.

Table S3. 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/cm?

Reaction conditions Effective rate constant (k')*
Current density k,’ k,’ ks’
10 mA/cm? 0.261 +0.025' 0.003 +0.029 0.029 £ 0.011
50 mA/cm? 1.500 +£0.093 1.398 +£0.240 0.145 £ 0.109
100 mA/cm? 2.213+£0.239 2.378 £0.505 0.848 +0.009
250 mA/cm? 2.253+£0.214 2.871 £1.278 1.182 +0.008
400 mA/cm? 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/cm? reaction are M?/s, and the units for
the reactions carried out at 50-400 mA/cm?are M/s.




Equation used to calculate the initial rate of phenylacetylene consumption using effective rate constants
in Table S3.

Rate,

intial = (k1’ + k3’) X [PA] [Eq 816]

initial

Equations used to calculate the current efficiency (CE) of the hydrogenation reaction. Where: volume 1is
the total volume of reactant solution used (25 mL in most cases); i, , is the current density multiplied
by the geometric size of the Pd membrane; A¢ is the time elapsed between data points, and ; F' is
Faraday’s constant.

CE (%) = (moles of H consumed | moles of H produced) % 100% [Eq. S17]
moles of H consumed = (2 x A[ST] +4 x A[EB]) * volume [Eq. S18]
XAt)/ F [Eq. S19]

moles of H produced = (i

total
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Figure S21. 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 S22. 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 S23. 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 B-PdH,, which exhibits higher HER activity than Pd.” 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 S24. 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

(R?=0.99).
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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 Infx| +0.907 [S20]
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