\\,} ChemPubSoc

CHEM

DOI: 10.1002/celc.201901314

Selective Hydrogenation of Furfural in a Proton Exchange
Membrane Reactor Using Hybrid Pd/Pd Black on Alumina
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William A. Tarpeh*™

Conventional thermocatalytic hydrogenation employs high
temperatures and pressures and often exhibits low selectivity
toward desired products. Electrochemical hydrogenation can
reduce energy input by operating at ambient conditions and
improving process control and selectivity; however, electro-
catalysts face stability and conductivity limitations. To overcome
these obstacles, we physically mixed a traditional electrocatalyst
(Pd black) with a hydrogenation-active metal (Pd) supported on
a conventional metal oxide support (alumina, Al,0;) and
investigated electrochemical hydrogenation of furfural, a model
biomass compound. Experiments were conducted in a proton
exchange membrane (PEM) reactor, in which synthesized
electrocatalysts were used as cathodes. Catalysts with Pd black

1. Introduction

Selective hydrogenation is an important class of catalytic
reactions used to synthesize various products, including
perfumes, organic intermediates, and pharmaceuticals."™ In-
dustrially, these reactions are typically conducted thermochemi-
cally at high temperatures (up to 425°C) and pressures (up to
130 bar) to overcome the low hydrogen solubility in liquid
systems®™ and the kinetic barrier of thermal H, splitting.®''?
Electrochemical reduction, specifically electrocatalytic hydro-
genation, can overcome hydrogen solubility and avoid thermal
H, splitting while operating at atmospheric pressure and lower
temperatures.®'>"7]

In addition to operating at more mild conditions, electro-
chemical hydrogenation exhibits several advantages over
thermocatalytic approaches. Electrochemical hydrogen produc-
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and varying loadings of Pd on Al,O; were used to determine
the impact of hydrogen spillover on electrocatalytic hydro-
genation mechanisms, selectivity, and rates. Observed hydro-
genation rates and selectivities were linked to structural and
compositional properties of the catalyst mixtures. Of the Pd
black cathodes tested, 5 wt% Pd/Al,O; exhibited production
rates as high as pure Pd black and higher selectivity towards
completely hydrogenated products. Improved selectivity and
rates were attributed to a synergistic interaction between Pd
black and 5 wt% Pd/Al,O; in which Pd/ALO; increased the
number of active sites, while Pd black provided stable
conductivity.

tion can be directly controlled by current density, facilitating
more efficient use of hydrogen for hydrogenation.'>'®'" Electro-
chemical hydrogenation has been demonstrated for multiple

industrial reactions (e.g., nitrobenzene to azobenzene,
naphthalene to 1,4-dihydronaphthalene®?") and can improve
selectivity and rate over thermochemical

hydrogenation B*'>161822291 Additionally, electrochemical proc-
esses can exhibit fewer environmental impacts than thermo-
chemical processes by utilizing electricity generated from
renewable energy resources. As of 2017, 80% of energy
consumed by U.S. industrial production comes from petroleum,
natural gas, and coal—all of which emit a total of 964 million
metric tons of carbon dioxide annually.?**" By enabling hydro-
genation powered by renewable energy, electrochemical hydro-
genation can reduce greenhouse gas emissions and accelerate
process intensification.

Despite its potential benefits, electrocatalytic hydrogenation
has been limited by the slow development of stable electro-
catalysts for which hydrogen evolution does not predominate
over hydrogenation.®'?'” An ideal electrocatalyst would exhibit
selectivity toward hydrogenation over hydrogen evolution, high
conductivity, and stability at extreme pH values and high
overpotentials.®**>* Currently, the most commonly studied
electrocatalysts are noble metals loaded onto carbon (e.g., Pd/C
or Pt/C) aimed at improving stability compared to either
material separately.”*>” To combat stability limitations and
expand the range of potential electrocatalysts, we investigated
a hybrid cathode that is a physical mixture of an electrocatalyst
and a metal loaded onto a conventional metal oxide support (in
this case alumina, Al,O;), in a proton exchange membrane
(PEM) reactor. The idea of this mixed cathode was derived from
our previous work that demonstrated an improvement in
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triglyceride hydrogenation rate due to the synergistic inter-
action between the Pd metal and tungsten carbide (W,C)
support compared to those of Pd alone and W,C alone."”
Similarly, the hybrid Pd black with Pd/Al,O; cathode in this
study may exhibit advantages of both electrocatalysts and
thermocatalysts. The electrocatalyst may provide in situ surface-
bound hydrogen and generation of hydrogen, while the metal
loaded on ALO; may utilize hydrogen spillover from the
electrocatalyst for hydrogenation.

Furfural, a well-studied indicator compound for biomass,
was chosen as the probe molecule to evaluate the performance
of the hybrid cathode.”**? Commonly reported reaction
pathways include either hydrogenation, hydrodeoxygenation,
or decarbonylation followed by hydrogenation of the furan ring
(Figure 1). The tendency towards decarbonylation or hydro-
genation depends on the availability of hydrogen near the Pd
surface. A recent study used density functional theory to show
that furan (decarbonylation product) forms under low hydrogen
coverage but furfuryl alcohol (hydrogenation product) forms at
high hydrogen coverage.”¥ Experimental studies supported
these computational results by demonstrating that the selectiv-
ity for furan shifted to furfuryl alcohol at increased H,
pressure.*’*3*% Hydrogen coverage also affects relative selectiv-
ity toward hydrodeoxygenation over hydrogenation. Under H,-
rich conditions, Cu/SiO, yields higher selectivity for furfuryl
alcohol at lower temperatures and for 2-methylfuran at higher
temperatures due to the proposed Eley-Rideal mechanism. This
mechanism exhibits a rate-determining step of water removal
from the surface, which inhibits the intermediate from dissociat-
ing into 2-methylfuran.”"** With these distinctions in reaction
pathways for furfural, the catalyst performance could be under-
stood by correlating the hydrogen coverage on the surface to
selectivity and hydrogenation rate.

In this study, the performance of different cathode
compositions was evaluated at different current densities
(which vary with hydrogen production) in terms of production
rate, faradaic efficiency, and selectivity. To isolate the influences
of the electrocatalyst in the hybrid catalyst, the performance of
electrocatalyst Pd black (Pdy,) was evaluated separately. These
four variations of the hybrid cathode - Pd,,, with alumina
(Al,0;), Pdyq With 2.7 wt% Pd/AlLLO;, Pdy.q with 5wt% Pd/
AlL,O;, and Pd,, with 50 wt% Pd/ALLO; - were investigated to
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Figure 1. Reaction pathways evaluated for furfural consists of hydrogenation

(blue arrows), hydrodeoxygenation (orange arrows), and decarbonylation
(black arrows).
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test the hypothesis that the addition of the metal loaded on
metal oxide to the electrocatalyst enhances the production rate
for hydrogenated products compared to electrodes with only
an electrocatalyst. Each variation of hybrid cathode was
compared to the Pd,,,-only cathode to determine how the
alumina influenced the activity of Pd,,, via production rate,
faradaic efficiency, and carbon selectivity.

Experimental Section

Catalysis Synthesis and Membrane Electrode Assembly

The Pd loaded on Al,O; was synthesized via dry impregnation. First,
the Al,O; (Sigma Aldrich) was pressed and sieved to retain 125-
250 um particles, and calcined in air at 500°C. To load Pd, the
desired amount of metal precursor (Pd(NOs),eH,0, Sigma Aldrich)
was dissolved in a volume of ultrapure water equal to the support
pore volume, as determined by N, adsorption measurements and
Brunauer, Emmett, and Teller (BET) calculations using Micromeritics
ASAP 2010. To achieve uniform dispersion, the solution containing
metal precursor was added dropwise to the support and mixed
thoroughly. The preloaded support with the metal precursor was
dried in a vacuum oven overnight before being calcined and
reduced at 300°C in 5% H./Ar. Catalysts were characterized by X-
ray diffraction (XRD) and N, adsorption to determine the bulk phase
and surface area using BET calculations, respectively. To examine
the surface of the catalyst after conducting a reaction, scanning
electron microscopy (SEM) with energy dispersive spectroscopy
(EDS) was conducted on membrane electrode assemblies (MEAs)
exposed to constant current densities.

For the electrocatalyst, Pd,« (Sigma-Aldrich) was purchased and
used without additional modification and physically mixed with the
conventional catalyst during the creation of the electrode ink. The
anode catalyst, 40% Pt/C, was also used as purchased and kept
constant for all MEAs fabricated.

For the electrode ink, the alumina-containing cathode was
sonicated for 30 minutes with water to ensure sufficient catalyst
wetting. 20 wt% Nafion stock solution (in water:alcohol) and
alcohol were added to the mixture before being sonicated and
mechanically mixed for another 30 minutes. Afterward, sufficient
Pdy .« was added to the cathode ink to ensure conductivity across
the cathode as dictated by percolation theory. The resultant inks
were mechanically mixed overnight and painted onto a 5cm?
Sigracet 29 BC gas diffusion layer (lonPower). All inks had a solid
content of 10 wt%. The final anode composition was 80:20 wt%
Pt/C: Nafion with a Pt loading of 2.0+ 0.1 mg/cm? The final cathode
composition was 54:26:20 wt% catalyst: Pd,,,c Nafion with a
catalyst loading of 2.040.1 mg/cm® The anode and cathode gas
diffusion electrodes were placed onto either side of a Nafion 212
membrane and hot-pressed at 140°C and 5 MPa for 5 minutes.
MEA thickness was measured with calipers and used for calculating
proton conductivity.

Electrocatalytic Experiments

Vapor phase electrochemical experiments were conducted in a
single-pass PEM reactor consisting of anode and cathode graphite
blocks separated by a selective membrane for proton transport,
which reduces mass transport limitations compared to conventional
H-cell experiments (Figure 2).°>°® Both graphite blocks have a
serpentine flow field. Humidified hydrogen flowed at ~ 130 mL/min
on the anode side, while argon flowed at ~55 mL/min through
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Figure 2. Diagram of a proton exchange membrane reactor with a mem-
brane electrode assembly (MEA) inserted in the middle. The anode has H,
flowing over Pt/C, while the cathode has furfural in Ar flowing over the
tested catalysts. The membrane of the MEA is Nafion.

bubblers containing furfural (99%, Sigma Aldrich) in a room
temperature water bath on the cathode side (~0.2 pmol/s of
furfural). The products were analyzed via in-line gas chromatog-
raphy with a flame ionization detector (GC-FID). The PEM reactor
was maintained at 80°C, and the lines to the PEM reactor and to
the GC-FID were heated to retain reactants and products in vapor
phase. Constant current densities (10 mA/cm? and 50 mA/cm?) were
applied via potentiostat (Autolab PGSTAT302 N) with the cathode
as the working electrode and the anode as the counter electrode
for 9 hours to yield relatively stable production rates (£5% in
voltage). The presented results are averages over the last 8 hours.
Based on preliminary experiments, 10 mA/cm?” and 50 mA/cm? were
chosen as values representing, respectively, low and high regions
of proton delivery (discussed in detail in Sl and shown in Figure S1).
A new MEA was utilized for every experiment to exclude potential
effects from previous experiments.

Cyclic voltammetry (CV) and electrochemical impedance spectro-
scopy (EIS) were performed before and after each constant current
density experiment to verify MEA activity and resistance, respec-
tively. Without furfural, CV was used to evaluate MEA activity for
hydrogen adsorption and desorption. For CV, the open circuit
potential (OCP) was measured after stabilization (&1 mV) and taken
as the starting voltage without furfural present. 20 cycles were
monitored at a scan rate of 20 mV/s with a sweep from 24 mV to
650 mV at a step voltage of 1 mV. The last cycle measured was
used to compare CVs taken before and after each experiment. EIS
was performed with and without furfural present to evaluate MEA
resistance. The OCP was measured after stabilization before starting
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the sweep of frequencies from 100 kHz to 0.01 Hz. Nyquist plots
were utilized to determine the resistance of solution in the MEA
(example shown in Figure S2). EIS performed in the presence of
furfural was used to understand how the proton conductivity of the
cathode changes when the insulating material is added. The proton
conductivity (0) can be determined using Equation (1):

_ L
0=z (1)

in which Z’ denotes the real impedance at the highest frequency, L
is the thickness of the electrode, and S is the area of the
electrode.®?

For each experiment, we evaluated catalyst performance by
determining total production rate (of all furfural products), carbon
selectivity, and faradaic efficiency. The total production rate of the
carbonaceous compounds indicates how reactive the catalyst is to
furfural and is quantified using the GC-FID. Carbon selectivity,
which specifies the reaction pathway of furfural, was determined
for each product by dividing the production rate of each product
by the total production rate determined by the GC-FID. The
proportion of electrons used for furfural hydrogenation was
quantified as the faradaic efficiency (FE) using Equation (2), in which
x; is the mole fraction of product i (unitless), n is the number of
moles of electrons required for reducing furfural to product i (mol),
Q is the volumetric flow rate (cm®/min), F is Faraday’s constant (C/
mol), and / is the recorded current (A).

x;n QF

FE (%) = 2 )

CO Adsorption Experiment

Because Pd is known to readily absorb H,, the H, pulse adsorption
experiment may inaccurately determine the number of active
sites.””? Knowing the accurate number of active sites is vital when
comparing different catalysts in terms of production rate and
selectivity. To address this challenge, we used CO pulse adsorption
to determine the number of active sites for each catalyst using the
AutoChem Il 2920.5%% For each test, ~200 mg of catalyst was
heated to 450°C for 1 hour to clean the surface; subsequently, the
temperature was lowered to 30°C. CO titration was performed via
pulse adsorption of 5% CO/He until saturation. The ratio of CO:Pd
was assumed to be 1:1 when calculating the active sites and
dispersion.”!

2. Results and Discussion
2.1. Properties of Cathode Catalysts

Table 1 lists the cathode catalysts used and their physical
properties prior to incorporating them into a membrane
electrode assembly (MEA). The bulk Pd,, has notably lower
surface area than any catalyst containing Al,O;; the surface area
of the Al,O, decreased with increasing amounts of Pd,
indicating that pores increasingly filled with Pd. The Pd particle
size and active sites were obtained using CO pulse chemisorp-
tion; the Pd, . exhibited significantly larger particle size and
fewer active sites compared to any Pd/Al,O,. XRD demonstrated

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CHEM


https://doi.org/10.1002/celc.201901314

CHEM

\\’* ChemPubSoc .
s Articles

Table 1. Physical properties of cathode catalysts.

Catalyst Pd weight percent Surface area Pd on Al,O, Monolayer Pd Pd active sites Pd particle size

[%] [m?*/g] [mg/cm?] coverage on Al,0, [10% atoms/gpg]®™ [nm]
[%][a]

Pdy. - 156 - - 0.092 721

ALO, - 88.0 - - - -

2.7 wt% Pd/Al,O; 2.7 66.1 0.05 20 174 3.8

5 wt% Pd/Al,O; 5 68.0 0.1 33 10.8 6.2

50 wt % Pd/Al,O; 50 46.0 1 333 3.01 22

[a] Calculated by using the surface area and amount of metals in the catalyst. [b] Calculated by multiplying the amount of CO absorbed on Pd with the
Avogadro’s number. [c] The Pd particles were assumed to be spherical.

that all catalysts retain a similar Pd crystalline structure
(Figure S3).

The different compositions of cathodes tested were 1 mg/
cm? Pd,, (denoted as Pdy,q), 1T mg/cm? Pd,, physically mixed
with 2 mg/cm? bare ALO; (Pd,,q-Al,0;), and 1 mg/cm? Pdy..
physically mixed with 2 mg/cm?® of different Pd loadings on
Al,O;. The denotation for these Pd/Al,O; containing cathodes is
Pdy.a-yPd/ALO; in which the “y” represents the Pd weight
loading; for example, 2.7 wt% Pd/Al,O; physically mixed with
Pdy.c is denoted as Pdy,.-2.7Pd/Al,O;. At the OCP, the proton
conductivity for all cathodes was uniformly (within error) 0.04 4+
0.01 S/cm, indicating that similar proton conductivity can be
achieved even with varying catalyst layer thickness and cathode
composition.

In addition to providing information on the proton con-
ductivity, EIS provided insight on the charge transfer resistance
of electrons between the electrode and the adsorbed species.
The charge transfer resistance for Pd,,.-Al,O; was an order of
magnitude higher (64.0 Q) than that for Pdy,, (7.7 Q).
Although both cathode materials had similar amounts of Pd, ..,
the addition of insulating alumina appears to have increased
the amount of energy required for electrons to transfer from
the cathode to adsorbed species such as hydrogen and furfural.
For Pdy,.- Al,O; variations, charge transfer resistance generally
decreased with Pd loading, except for Pd,,.-2.7Pd/Al,O; (Fig-
ure S4). The difference for Pd,,4-2.7Pd/Al,O; may be attributed
to how furfural interacts with the active sites as the charge
transfer resistance without furfural present was 2.8 Q, which is
a similar magnitude to Pd,q-AlL,O; (9 Q). While the proton
conductivity for each material was similar, the difference in
charge transfer resistance indicated the movement of electrons
through the carbon paper to the metal particles varies with
cathode composition. Thus, the dispersion of Pd particles did
not impact proton conductivity but did influence electronic
conductivity. This difference in charge transfer may influence
the production rate or selectivity for the cathodes.

2.2. Total Production Rate and Sum of Faradaic Efficiency
The total carbonaceous production rates and faradaic efficien-
cies for Pdy e Pdpac-ALOs, Pdyaqc-2.7Pd/ALO;, Pdy,q-5Pd/AlLO,,

and Pd,,-50Pd/Al,O; cathodes are shown in Figure3 at
10 mA/cm? and 50 mA/cm?
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Figure 3. Total production rates (left y-axis) and sum of carbonaceous
faradaic efficiencies (right y-axis) at 10 mA/cm? and 50 mA/cm? for Pd,
(green bars), Pdy,,q-Pd/AlO; (blue bars), Pdy..-2.7Pd/Al,O; (orange bars),
Pdpaa-5Pd/AlLO; (yellow bars), and Pd,,.-50Pd/Al,O; (purple bars). The “*”
symbol indicates that the current density applied was not achieved.

At 10 mA/cm?, Pd,,Al,O; exhibited notably lower produc-
tion rate and faradaic efficiency than Pd,.. even though
Pd,,-Al,O; had the same amount of Pdy,, and similar proton
conductivity. This difference may be attributed to the higher
charge transfer resistance of Pdy,4-Al,O; causing insufficient
electrons to complete the electrochemical reaction with the
proton and furfural. Among variations of Pd/Al,O; loading, the
5wt% vyielded higher activity than both the 2.7 wt% and
50 wt%, indicating an optimal loading for the Pd/ALO;.
Potentials measured with respect to the quasi hydrogen
electrode reference decreased with increasing Pd loading
(Figure S5); Pdy. had a much lower voltage of 119 mV than
Pdy.a-5Pd/AlL,O; at 360 mV, even though the performance and
conversions were similar (65% +5%). This discrepancy demon-
strated that potential did not correlate with production rate or
faradaic efficiency; instead, potentials highlight the importance
of the electronic conductivity for production rate and faradaic
efficiency.

At 50 mA/cm?, the relationships between total production
rates of cathode variations were similar to 10 mA/cm? Pd, -
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Table 2. Proton conductivity for all cathodes measured after 10 mA/cm?® and 50 mA/cm?.

Cathode Pdyack Pdyjac-AlLO5 Pdy.c-2.7Pd/Al, 04 Pdy.c-5Pd/ALO; Pdyac-50Pd/Al,O;
Proton conductivity after 10 mA/cm? (10% S/cm) 30+5 20+5 841 20+5 40+£5
Proton conductivity after 50 mA/cm? (10% S/cm) 305 0.3+0.01 0.3+0.01 2+1 10+5

5Pd/Al,O; yielded similar activities to Pdy,q and higher rates
than both 2.7wt% and 50 wt%. For these three cathode
variations, the production rates at 50 mA/cm?” were equal to or
higher than those observed at 10 mA/cm? due to more protons
driven to the electrode at the higher current density. In
contrast, the Pd,-AlLO; and Pd,,4-2.7Pd/Al,O; could not
achieve the set current density of 50 mA/cm’ due to the
potentiostat reaching its maximum operating voltage of 10 V.
The faradaic efficiencies of the Pd,,, and Pdy,-5Pd/Al,O; at
50 mA/cm?” were lower than those at 10 mA/cm? but still similar
for the two materials. The lower faradaic efficiencies for these
cathodes at 50 mA/cm? indicated a low proportion of electrons
reacted with furfural; the remainder were most likely consumed
by hydrogen evolution reaction. Only Pd,,.-50Pd/Al,O; exhib-
ited an increase in faradaic efficiency, indicating increased
utilization of the active material at higher current density.
Similarly, the conversion for this catalyst also increased from
34%+3% to 50%+12%. Despite Pdy,q-50Pd/ALO; having
twice as much active material as the other cathodes, its lower
production rate, conversion, and faradaic efficiency suggests
that more active material does not improve activity because
most of the active material is not utilized.

The stability for the different cathode variations increased
with the increase in Pd loading on Al,Os. Both Pd,,.-Al,O; and
Pdpi,a-2.7Pd/AlL,O; had the lowest rates and efficiencies at
10 mA/cm? and could not achieve 50 mA/cm? due to poor
electrical conductivity. Similarly, these catalysts also had the
lowest conversions within the range of 10% to 15 %, reflecting
their poor activity and conductivity. While Pd,,,-5Pd/Al,O4
yielded similar activity to that of Pd,,. at both current densities,
it had large error bars at 50 mA/cm?. The furfural conversion for
Pdy .« was stable around 40% =+ 3%, while that for Pd,,,-5Pd/
Al,O; was continuously decreasing from 80% to 20% at 50 mA/
cm? These large error bars for production rate, conversion, and
efficiency indicate that Pd,,.-5Pd/Al,O; suffered a decrease in
activity as time progressed, indicating that this hybrid cathode
is not stable at 50 mA/cm?. The measured voltage with respect
to the quasi hydrogen electrode reference also reflected the
instability of the Pd,,.-5Pd/Al,O;, as the voltage started at
662 mV and ended at 1.87V, whereas the voltage for Pd, .
remained relatively constant around 541 mV. The increase in
current density improved the total production rate and faradaic
efficiency for the Pdy,4-50Pd/Al,O; and may be attributed to
the increased availability of hydrogen. This cathode had also
retained stable activity unlike that of Pd,,.-5Pd/Al,O;. Inves-
tigation of all cathodes at either current density of 10 mA/cm?
or 50 mA/cm?® using SEMS with EDS indicated that the differ-
ence in stability may be attributed to sintering (Figures S6 and
S7). Because Pd,.-50Pd/Al,O; had more active material than

ChemElectroChem 2019, 6, 5563-5570  www.chemelectrochem.org

5567

Pdy.a-5Pd/AlLO;, sintering did not impact its activity as
drastically as it did for Pdy,,q-5Pd/AlO;.

In general, the Pdg,, cathode maintained its proton
conductivity when current density was increased, while the
hybrid cathodes experienced a loss in proton conductivity
(Table 2). Among hybrid cathodes, the impact of applying a
high current density was largest on the proton conductivity for
the lowest Pd loading. Proton conductivity and charge transfer
resistance appear to be key parameters that influence produc-
tion rate and faradaic efficiency for these different cathode
compositions. Due to the decrease in proton conductivity and
the higher charge transfer resistance, the total production rate
and faradaic efficiency for the hybrid cathodes appears to be
severely hindered as the number of accessible active sites for
electrochemical reaction decreased. This loss of activity is most
notable at 50 mA/cm? in which Pdy,.-5Pd/Al,0; cannot
maintain a constant production rate as the proton conductivity
decreased by an order of magnitude at the end of the reaction.
To maintain stable production rates, hybrid cathodes must
balance between retaining constant proton conductivity and
low charge transfer resistance during the reaction.

2.3. Carbon Selectivity
Although the total production rates for Pd,,, and Pdy,.-5Pd/

AlLO; were similar, the carbon selectivities exhibited notable
differences (Figure 4). Understanding the influence of the

Carbon Selectivity (%)
0% 20% 40% 60% 80% 100%

delzck | I

Pdyjae- 2.7
wt% Al,O;

10 mA/cm?

Pdyjacc 5
Wt% Al,0,

Pdyje 50
Wit ALO,

Conditions

Pdpiack I

PdyaccAl,0; | *

|5
S| Plyeac27 |
£| wt%Al,0;
Qo
?| Pdyaec5 I |
wtsh Al,O,
Pdyjac- 50 | |
W% Al,O;
I Unknowns Furfuryl Alcohol
I Tetrahydrofuran [ Methyltetrahydrofuran
M Furan [ 2-Methyifuran
Tetrahydrofurfuryl Alcohol

Figure 4. Carbon selectivities at 10 mA/cm? and 50 mA/cm? for Pdyj,c PApjacc
2.7Pd/ALO;, Pdy.a-5Pd/ALO,, and Pdy,q-50Pd/Al0;.
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cathode composition on carbon selectivity provides insight on
designing the cathode for improved control over selectivity. At
10 mA/cm?, the selectivity for 2-methylfuran (MF) was dominant
for all cathodes; however, notable differences in selectivity for
other products on the hybrid catalysts were observed. Pd, .-
5Pd/Al,O; had the highest selectivity for the completely hydro-
genated product of 2-methyltetrahydrofuran (MTHF) at 35%.
Pdyjac-Al,Os, Pdpjaq-2.7PdALLO;, and Pd,,.-50Pd/Al,O; had high
selectivity for furan, the decarbonylation product, than either
those of Pd,, and Pd,,-5Pd/AlL,0; at 10 mA/cm? Increasing
the current density to 50 mA/cm? further highlighted the
differences between these cathodes. For Pd,,y, the hydro-
deoxygenation product (MF) dominated the selectivity at
50 mA/cm? however, Pd,,-5Pd/Al,O; cathode had preference
for the completely hydrogenated product MTHF over MF. In
addition to increasing its production rate and faradaic efficiency
at the higher current density, the Pd,,.-50Pd/Al,O; cathode
also increased production towards the hydrogenated products.
This difference in carbon selectivity for the decarbonylation and
hydrodeoxygenation pathways highlights the difference of how
the molecules (furfural, H,, intermediates, and furfural trans-
formation products) interact with the surface.

The decarbonylation product is favored for Pd at low
hydrogen coverage on the Pd surface whereas the hydro-
genation product is favored at high hydrogen coverage.*® The
high selectivity for furan for the Pd,,-AlLO; and Pdy,q-2.7Pd/
AlL,O; cathodes suggests a lack of hydrogen present in close
proximity to furfural, supporting the speculation of loss of
proton conductivity due to Pd particles agglomerating and
decreasing active sites. While Pdy,,,-5Pd/Al,O; proton conduc-
tivity also decreased after applying 10 mA/cm?, it did not yield
comparable selectivity for furan due to having more active sites
present, permitting more hydrogen on the surface. Even at the
higher current density of 50 mA/cm? with a significant decrease
in proton conductivity, Pdy,4-5Pd/AlL,O; had more active sites
than either Pdy,,-Al,O; and Pd,, (Table 1), allowing sufficient
hydrogen coverage to hinder furan formation. The change in
selectivity and rate for Pd,,,-50Pd/Al,O; differs from the other
hybrid cathodes, as this cathode may not utilize all of its active
sites. A 2 mg/cm? Pd,, cathode was tested to compare with
Pdy.-50Pd/AlLO;, because both cathodes have 2 mg/cm? Pd,
and demonstrated that the 2 mg/cm? Pd,,, cathode yielded
similarly lower production rates and efficiencies than 1 mg/cm?
Pd,. as well (shown in Figure S8). Thus, the higher influx of
protons at the higher current density of 50 mA/cm? utilize more
of the active material than at 10 mA/cm? as reflected with
higher selectivity towards hydrogenated products. While the
50 wt% Pd/Al,O; may provide more active sites, the loading of
~1 mg/cm? of Pd is optimal for efficient utilization of all of the
active materials for hydrogenation.

Although furfuryl alcohol (FA) is the putative dominant
product for gas phase hydrogenation, MF was typically the
favored product in this study. This preference for hydro-
deoxygenation instead of hydrogenation is attributed to the
acidic environment provided by the Nafion membrane. Nafion
is known to be a superacid when the membrane is hydrated
due to the proton transport mechanism that utilizes its sulfonic
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acid groups. To support this speculation, an experiment without
humidifying the anode stream was conducted with Pdy,. as
the cathode. There was no conversion of furfural to MF, but
there was conversion to FA without water present to humidify
the membrane. Therefore, the strong acidity provided by
humidified superacid Nafion membrane had a strong influence
on the selectivity of furfural and could preferentially be used to
generate 2-methylfuran.

Achieving sufficient hydrogen coverage for the higher
number of active sites for Pd,,-5Pd/Al,O; than Pd,, at either
current density may be attributed to the high charge transfer
resistance of the 5% Pd cathode. Because the transfer of
electrons from the electrode to the molecule is slower for
Pdy.o-5Pd/ALO; than Pd,.. the proton may stay near the
surface longer, allowing for complete hydrogenation to MTHF.
The increase in selectivity for MF observed with Pdy,q from
10 mA/cm? to 50 mA/cm? may be attributed to the retention of
protons that are driven off the surface for hydrogen evolution
faster due to the lower charge transfer resistance. The area of
the hydrogen evolution peak from the CVs for Pd,,-5Pd/Al,O,
is smaller than that of Pdy,, indicating that hydrogen evolution
is not as prevalent for the hybrid catalyst even though both
cathodes have similar proton conductivities (Figure S9).

2.4. Turnover Frequency

The turnover frequencies (TOF) of Pdy . Pdy.a-5Pd/AlLO;, and
Pdp.a-50Pd/ALO; were compared and correlated with the
selectivity for complete hydrogenation. Because MTHF and
tetrahydrofurfuryl alcohol (THFA) are derived from the hydro-
genation pathways and required the most H,, these products
may provide additional insight about hydrogen coverage on
the catalyst surface. Figure 5 depicts the carbon selectivity of
MTHF and THFA for each cathode and the logarithm of TOF
plotted against catalyst type and current density.

The Pdy,-5Pd/Al,O; cathode exhibited a low TOF with high
selectivity towards completely hydrogenated products, while
the Pd,. electrode showed the inverse trend for TOF and
selectivity. This trend suggests that a larger number of active
sites promotes higher selectivity for completely hydrogenated
products. Notably, Pdy,,.-50Pd/Al,O; also yielded similar TOF to
Pd,.a-5Pd/AlLO; but exhibited lower selectivity for completely
hydrogenated products at 10 mA/cm?, indicating that increas-
ing the available number of active sites is not the only
parameter that influences selectivity toward completely hydro-
genated products. Because Pd,,-5Pd/Al,O; has a higher charge
transfer resistance than Pd,,,-50Pd/Al,O;, it may enable a long
retention time for protons near the surface to promote
complete hydrogenation, even at similar conversion and
constant flow rate for both materials. With the higher flux of
electrons resulting from higher current density (50 mA/cm?), the
Pdp.a-50Pd/AlL,O; cathode could utilize more of its active sites
to exhibit similar trends to that of Pd,,,-5Pd/Al,O;. Comparing
these cathodes, the key condition to improve selectivity for
complete hydrogenation at the same total production rate is a
balance of having a high charge transfer resistance that retains
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Figure 5. Carbon selectivities (left y-axis) of methyltetrahydrofuran (red) and tetrahydrofurfuryl alcohol (blue) and the log of turnover frequencies (right y-axis)
for Pdyj,e and Pdyj,q-5Pd/ALO; at 10 mA/cm? (left three bars) and 50 mA/cm? (right three bars).

the molecules on the surface and a high number of active sites
to increase the hydrogen coverage for promoting hydrogena-
tion.

3. Conclusions

By varying current density to control proton delivery, we
investigated the performance of hybrid Pd/Al,O; cathodes and
their constituent materials in terms of hydrogenation mecha-
nisms, kinetics, and faradaic efficiency using furfural as a probe
molecule. The electrocatalyst Pd,,,. exhibited a high selectivity
for the hydrodeoxygenation pathway, with increase in produc-
tion rate when the current density increased from 10 mA/cm?
to 50 mA/cm? While the production rate was higher at 50 mA/
cm? than at 10 mA/cm? due to the increase in flux of protons,
the inefficient usage of protons for hydrogenation led to lower
sum faradaic efficiency for the carbonaceous species and a shift
in selectivity away from MTHF because less protons remained
on the surface.

To exploit hydrogen adsorption and generation of Pdy,,
Pd/AlL,O; was mixed with the Pd,, to form a hybrid cathode
that enhances selectivity towards hydrogenation. Adding insu-
lating alumina lowered conductivity and performance of the
Pdy.c- When the same amount of Pd,,, was utilized, the
performance of the Pdy,.-Al,O; cathode was hindered by the
reduction of proton conductivity across the whole surface
during the reaction compared to that of Pd,,, cathode.
However, by loading Pd onto Al,O;, the hindering effect of the
insulating material can be negated at varying degrees. The
cathode with low Pd loading, Pdy,.-2.7Pd/Al,O;, exhibited
similar unstable behavior to that of Pdy,.-Al,O;. In contrast,
Pdy.-50Pd/Al,O; demonstrated more stable proton conductiv-
ity but suffered losses in rate, faradaic efficiency, and selectivity
towards MTHF due to inefficient use of active material. The
optimal Pd loading for the hybrid cathode tested was 5 wt%
Pd/Al,O;. While Pdy,q-5Pd/ALLO; still suffered instability in
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retaining constant production rate at 50 mA/cm?, this cathode
demonstrated similar production rates and faradaic efficiency as
Pdy .« at both current densities as well as selectivity towards
the completely hydrogenated hydrodeoxygenation product.
Based on comparing Pd,.. physically mixed with different
loadings of Pd on Al,O;, the key factors for improving overall
activity for hydrogenation were number of active sites and
stable conductivity throughout the reaction. All Pd/Al,O,
cathodes have higher amount of electrochemical active sites
than Pdy,., facilitating an increase in hydrogen coverage on
the catalyst surface that can promote hydrogenation. However,
the proton conductivity has to be stable throughout the
reaction for efficient use of available active sites. Similarly, these
Pd/Al,O; containing cathodes have a higher charge transfer
resistance than that of Pd,,, indicating that the electron
transfer for any electrochemical reaction will be slower. The
slower electron transfer for these hybrid cathodes can promote
longer retention of the molecules (furfural, H,, or intermediates)
on the surface, enabling complete hydrogenation of furfural.
These three factors were balanced for the Pd,,.-5Pd/Al,O;,
demonstrating that higher selectivity for complete hydrogena-
tion is possible at similar rates as Pd,, due to the addition of
0.1 mg/cm? of Pd/AlLO, that enhances stability and number of
active sites. Further improvements for designing these hybrid
cathodes for selective hydrogenations in electrochemical
systems should focus on determining the best dispersion of the
metal on the metal oxide and optimal particle size that can
retain stability during reactions. Overall, these hybrid cathodes
have demonstrated the potential to expand the design space of
an electrocatalyst. Optimization of these hybrid cathodes can
improve stability and fine-tune control over selectivity, both of
which pose major limitations for electrocatalytic hydrogenation.
With improved understanding of major influences on hybrid
cathode design, the potential of electrocatalytic process can be
expanded and explored to provide better control over selective
hydrogenation compared to conventional thermocatalytic proc-
ess. This improved control and ease of integration with renew-
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able energy sources make electrochemical hydrogenation
worthy of further investigation for increasing sustainability of
industrial hydrogenation processes.
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