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Electrochemical hydrodeoxygenation (EC-HDO) is a promising method for upgrading biomass derived
oxygenates into biofuels at near ambient conditions without the need for external hydrogen (H,). Although
the EC-HDO approach has many advantages over conventional thermochemical hydrodeoxygenation
(HDO) methods, the selective production of fully deoxygenated hydrocarbons remains a key challenge. In
this study we explore the EC-HDO of phenol as a bio-oil-derived model compound using carbon
supported metal electrocatalysts in a custom-made divided electrochemical batch cell. We demonstrated
EC-HDO of phenol to cyclohexane and investigated the effect of multiple variables, including catalyst type,
and cathodic potential to determine their influence on reaction rate, selectivity, and faradaic efficiency (FE).
The results obtained show that lab-synthesized, bi-metallic PtRu-C catalyst results in the highest specific
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Introduction

Bio-oils derived from the fast pyrolysis of biomass represent a
promising source of renewable and sustainable carbon-
neutral chemicals and fuels." Unfortunately, raw bio-oils are
not suitable for end use as fuels due to the presence of
reactive, small oxygenates including phenols, carboxylic acids,
ketones, and aldehydes." The reactivity of these compounds
make bio-oil unstable and prone to polymerization before
use." To decrease the oxygen content of the bio-oil, a
secondary upgrading step is required.>™® Several bio-oil

upgrading processes have emerged including the traditional
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hydrodeoxygenation (HDO), catalytic cracking, steam
reforming, and esterification.>’'* Thermochemical HDO
has received significant attention as the most promising
process for bio-oil upgrading to biofuels. This process
combines high pressure H, (~30 MPa) with high
temperatures (~300 °C) to produce aromatic and saturated
hydrocarbons.>* However, these reaction conditions make
HDO an H, intensive process, and result in catalyst coke
formation that causes catalyst deactivation.>

In contrast to the thermochemical HDO, electrochemical
hydrodeoxygenation (EC-HDO) represents a low-temperature
and cost-effective method for upgrading bio-oils at near-
ambient reaction conditions ranging from 25-80 °C and
atmospheric pressures.””” The mild conditions minimize
bio-oil polymerization and coke formation, thereby avoiding
deactivation.”®'® As the hydrogen used during EC-HDO is
generated in situ from water or organic molecules, EC-HDO
does not rely on H, produced from fossil fuels.>® This fact
outlines the great opportunity of EC-HDO to lower the capital
costs associated with traditional high-temperature and high-
pressure processes as well as H, production, storage, and
distribution. Furthermore, EC-HDO serves to create a fully
sustainable process wherein electricity generated from
renewable sources (wind or solar) is used to generate H, that
is stored as a useable fuel.
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EC-HDO reactions are performed at the cathode of an
electrochemical cell. Typically, the bio-oil or derived model
compound is dissolved in a water-based electrolyte mixture
to ensure increased ionic conductivity.'” During EC-HDO, an
electrical potential between the anode and cathode of an
electrochemical cell causes the oxygen evolution reaction
(OER) to occur on the anode producing protons (H') and
electrodes (e”), which are transported to the cathode to either
form H, or hydrogenate a bio-oil derived organic molecule of
interest. The EC-HDO reactions are similar to the
hydrogenation, hydrogenolysis, and hydrodeoxygenation
reactions that occur in conventional thermochemical HDO
upgrading processes, yet benefit from in situ hydrogen
production and can be carried out at near-ambient
conditions.

Nevertheless, the literature is still lacking a fundamental
understanding of the EC-HDO reaction pathways.'”'**"? In
addition, the complex nature of bio-oils requires the use of
model compounds to obtain elementary reaction insights.
Currently, furfural, and guaiacol have received the greatest
research  attention for EC-HDO as bio-0oil model
compounds.'>?**7*" Phenol has attracted significant interest
in recent years as it is a simple, yet abundant, compound in
bio-0ils.>**** While the electrochemical reduction of phenol
has been explored in numerous studies, the focus has been
on electrochemical hydrogenation (ECH) rather than
hydrodeoxygenation (EC-HDO).**3%36:37:39741 Iy this work we
focused our studies not only on the hydrogenation, but
mostly on hydrodeoxygenation of phenol to cyclohexane.
Complete hydrodeoxygenation of oxygenates to hydrocarbons
is desired since the latter represent the main components of
liquid transportation or aviation bio-fuels. Traditional phenol
ECH products (ie, cyclohexanone and cyclohexanol)
represent undesired products for biofuels as they would need
a secondary upgrading step to remove oxygen heteroatoms.

Despite the growing interest in bio-oil based
electrochemical processes, high selectivity towards fully or
partially deoxygenated products remains a significant
limitation, hindering biofuel production. Among the most
studied model compounds, furfural and guaiacol have both
shown to readily wundergo hydrodeoxygenation and
hydrogenolysis under EC-HDO conditions. The use of Cu-
based electrocatalysts and acidic electrolytes (pH < 3) have
shown that furfural can be selectively converted to the
desired deoxygenated product of methylfuran.”*™*® However,
at pH > 3 the primary product shifts to furfuryl alcohol,
thereby decreasing the deoxygenation efficiency.’> EC-HDO of
guaiacol, on the other hand, has revealed fast cleavage of the
methoxy group using a variety of catalysts, (Pt, Rh, Au)
whereas cleavage of the alcohol group is not typically
observed.*

While previous electrochemical studies have demonstrated
deoxygenation of furfural,” there are limited studies
exploring electrochemical deoxygenation of phenol in
appreciable yields.*” Zhao et al studied the EC-HDO of
phenol and they reported 60% cyclohexane selectivity using
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Pt-graphite catalyst at 60 °C using acidic electrolyte (0.2 M
perchloric acid). However, the authors do not report mass
and carbon balances, or the reproducibility of their
experiments; hence, it is difficult to determine if the loss of
product is responsible for the differences in product
selectivity and faradaic efficiency.”” Liu et al. demonstrated
18.6% cyclohexane selectivity after performing phenol EC-
HDO with a dual Pt/C and polyoxometalate catalyst system
due to increased direct protonation (35 °C, current density
100 mA ¢cm?, Pt to phenol 1.7 mol%, pH = 0.4).*® While
some researchers have reported cyclohexane as a product,
others have not measured any cyclohexane.*® The absence of
measured phenol content could be caused by several factors
including: operating potentials, electrode composition
reaction conditions (pH, temperature) and the low solubility
of cyclohexane in water. Additionally, it has been
hypothesized that the activation barrier for cleavage of the
C-O bond in phenol is significantly higher than that of
cyclohexanone or cyclohexanol, indicating that low or
negligible yields to cyclohexane are due to overpotentials or
temperatures that are too low to effectively -catalyze
hydrogenolysis.>”"*>

In contrary to the limited literature on EC-HDO of phenol,
there are numerous computational and experimental studies
that focus on the ECH of phenol. Electrocatalyst selection
has shown to be a key factor in phenol ECH performance,
wherein a variety of mono-metallic noble (Pt, Pd, Rh, Ru) and
transition metals (Cu, Ni, Fe, Co) as well as bi-metallic (PtNi,
PtCo) catalysts have been investigated.*®*"*%37°0752 ganyal
et al. showed that using Rh, Ru, Pd, and Cu-based
electrocatalysts in an acetic acid buffer solution, phenol was
electrochemical hydrogenated exclusively to cyclohexanol and
cyclohexanone.®® Due to its effectiveness in the hydrogen
evolution reaction (HER), Pt has been investigated and found
to be one of the most active catalysts in bio-oil hydrogenation
(ECH)."® However, several studies have reported slow ECH
reaction rates at low phenol concentrations most likely
attributed to Pt poisoning.**?”*®*® Ru, on the other hand,
has resulted in sluggish ECH kinetics but has shown
resistance to poisoning.***%>?

Despite the benefits and drawbacks of mono-metallic Pt
and Ru electrocatalysts, there remains limited research into
the effectiveness of bi-metallic PtRu on phenol ECH. Pt-Ru
bi-metallic catalysts are widely used in electrochemical
reactions such as HER,> nitrate reduction®® ethylene glycol
oxidation,”® ethanol oxidation,””®* particularly direct
methanol fuel cells.®*"*® Literature suggests that oxidation of
methanol on bi-metallic PtRu catalysts is promoted by the
preferential adsorption of methanol (over H,0) onto the Ru
active sites and reduced adsorption strength of CO.%*®’
Recently PtRu has also been used for the ECH of phenol. Wu
et al.,, and Du et al., have indicated PtRu as a promising
electrocatalyst for phenol ECH.**?*° Wu et al. found that PtRu
resulted in the highest turnover frequency (TOF) 213.5 h™"
(assuming 100% catalyst dispersion) compared to other
mono- and bi-metallic electrocatalysts tested; however, they

This journal is © The Royal Society of Chemistry 2024
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did not report any cyclohexane production.*” Du et al. found
that the bimetallic PtRu catalyst reached the highest phenol
conversion during phenol ECH at 96.3% compared to 90.2%
and 70.4% for the mono-metallic Pt and Ru, respectively and
resulted to nearly no EC-HDO with a cyclohexane selectivity
of 1.3% (reaction conditions: 0.2 M H,S0,, 100 mA, 50 °C).*®
Very recently Sun et al. studied electrodeposited bimetallic
PtRu catalysts for the ECH of phenol finding that the optimal
Pt3Ru3 catalyst results in a 100% selectivity to cyclohexanol
and 100% conversion of phenol after 9 h at ambient
conditions and a current density of 10 mA ¢cm?. The authors
suggest that the bimetallic catalyst enables a proton-coupled
electron transfer reaction pathway resulting in better
hydrogenation performance.

It appears that PtRu-C is a potential candidate for the
electrochemical conversion of phenol. However, the
fundamental understanding of how this electrocatalyst
system works in terms of hydrogenation and, most
importantly, hydrodeoxygenation activity is still lacking in
literature due to the fact that the important electrochemical
reaction parameters (i.e., half-cell potential) and reaction
conditions (pH, concentration, temperature, catalyst loading)
are not properly controlled, as well as the kinetic and
performance analysis (i.e., reporting of rates, calculation of
selectivities, mole balance closure) is insufficient. Hence, the
objective of our foundational study is to investigate the EC-
HDO reaction of phenol on Pt, Ru, and PtRu on carbon
support and the primary electrochemical factors that
influence the production to cyclohexane, such as half-cell
potential and conversion. We performed our experiments in
a custom designed electrochemical “H-cell” with an attached
organic solvent trap to effectively capture and accurately
measure all the volatile products. Lab synthesized Pt-C, Ru-
C, PtRu-C, and commercial PtRu-C were comprehensively
characterized and tested as electrocatalysts for EC-HDO of
phenol. To the best our knowledge this is the first study that
demonstrates ~30% selectivity towards cyclohexane using lab
synthesized PtRu-C catalyst, while achieving >89% material
balances and systematically measuring the EC-HDO
performance (i.e., rates and product selectivity) as a function
of half-cell potential, electrode composition, and conversion.
Furthermore, we couple EC-HDO experiments with operando
Raman spectroscopy to identify ketone (possibly
cyclohexanone) as the key surface reaction intermediate
stabilized by Pt and PtRu.

Materials and methods

Materials
Phenol, cyclohexane, cyclohexanol, cyclohexanone,
dichloromethane, isopropyl alcohol, decane, benzene,

ethanol, and ruthenium(m) chloride were purchased from
Sigma Aldrich. Perchloric acid and chloroplatinic acid was
purchased from Fisher Scientific. Nafion 117 and Nafion 5%
isopropyl alcohol and water dispersion were purchased from
fuel cell store. Spectracarb™ 2050A 0850 GDL was purchased

This journal is © The Royal Society of Chemistry 2024
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from Engineered Fibers Technology (Shelton, CT). A
commercial PtRu on carbon black catalyst (10 wt% Pt, 2 wt%
Ru) was obtained from Johnson Matthey and denoted as
comPtRu-C. Deionized water was obtained at 18.2 MQ using
an Elga Ultra Pure system. Ultra-high purity H,, helium (He),
and argon (Ar) gas were obtained from Air Gas.

Catalyst synthesis and electrode preparation

Mono-metallic and bi-metallic catalysts supported on
Vulcan carbon (XC72-R) were synthesized by using
incipient wetness impregnation method.®® Corresponding

metal salts (ruthenium(m) chloride trihydrate and
chloroplatinic acid hexahydrate) were dissolved in a
mixture of 4:1 ethanol to benzene. The metal salt

solution was then added dropwise to the carbon support
until the slurry reached its saturation (ie., incipient
wetness) point. For example, to prepare the labPtRu-C
catalyst, 0.1169 g of H,PtCle:6H,O and 0.0228 g of
RuCl;-3H,0 were dissolved in 1.5 mL of ethanol and 0.5
mL benzene and added dropwise to 0.4 g of Vulcan
carbon (XC72-R) to reach saturation. The catalyst slurry
was then allowed to dry overnight at 60 °C before
reduction at 350 °C for 3 hours under 50 sccm of H,. In
a typical reduction step, we used 0.25 g of untreated
catalyst. After reduction, the catalyst was let cool down to
room temperature under 50 sccm N, and then stored in a
glass vial.

Catalyst inks were prepared from the reduced catalyst in a
ratio of 10:3 catalyst/Nafion (30% Nafion by dry mass). The
total volume of the ink was adjusted so that the dry mass of
catalyst/Nafion was 0.010 g mL™" of ink. For example, in a
typical ink preparation 0.14 g of catalyst was added to 0.06 g
of Nafion (1.28 mL of 5 wt% Nafion dispersed in 1:1 water
to isopropyl alcohol) and dissolved in an additional 14.71 g
(18.72 mL) of isopropyl alcohol. The prepared ink was
sonicated in an ice bath for 0.5 hours, then ultrasonically
sprayed using a custom-modified 3D printer fitted with a
Sono-Tek 60 kHz nozzle and a heated bed. Inks were sprayed
onto a carbon paper substrate at a constant ink flowrate of
0.75 mL min~" with the heated bed set to 80 °C. After all ink
was sprayed (~50 passes) the deposition program was
stopped, and the catalyst layers were allowed to dry for an
additional 0.16 hours at 80 °C before the final weight was
recorded. The approximate thickness of the catalyst layer was
measured to be ~20 pum. All electrodes were prepared with a
metal loading of 0.0002 gyetal cm ™ based on the metal
loadings determined from ICP analysis. The synthesized
catalysts were denoted as labPtRu-C, Pt-C, Ru-C.

Catalyst characterization

Surface areas and porosities of prepared catalysts were
determined by N, adsorption-desorption using a
Micromeritics ASAP 2020C sorption analyzer. All materials
were degassed for 12 h at 120 °C under vacuum. N,
adsorption-desorption isotherms were then gathered at 77 K

Catal. Sci. Technol., 2024, 14, 5559-5573 | 5561
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under a liquid nitrogen environment. Surface areas of
samples were calculated using the Brunauer-Emmett-Teller
(BET) method, while pore volumes were calculated using the
single-point method below P/P, = 0.99. X-ray diffraction
(XRD) patterns of prepared catalysts were obtained using a
Bruker D8 Advance powder diffractometer (CuKa radiation
source) using a scan rate of 0.5° 26. Pt and Ru loadings were
determined using a Thermo Scientific iCAP 6500 inductively
coupled plasma optical emission spectrometer (ICP-OES).
Scanning transmission electron microscopy (STEM) imaging
was performed on the as-synthesized samples by using high-
resolution F200X FEG TEM/STEM Talos microscope with a
field emission source at 200 keV. High-angle dark field
(HAADF) images were collected for morphology and particle
size distribution study, while EDS maps were collected for
the chemical composition and elemental distribution
analysis. STEM imaging and EDS mapping were performed
after the catalysts underwent reduction in hydrogen at 350
°C. Particle size distribution analysis was performed using
Image] software. Particle size distribution histograms were
created using measurements from 150 particles. X-ray
photoelectron spectroscopy (XPS) analysis was performed
using a ThermoFisher Alpha-K XPS. Surveys were performed
from -10 eV to 1350 eV. The Pt 4f signal was scanned from
64 eV to 87 eV and the Ru 3p signal was scanned from 475 eV
to 448 eV. The spectra were calibrated using the C1 peak of
carbon at 284.8 eV. Catalyst samples were taken for XPS
characterization immediately after reduction as described
above.

Electrochemical hydrodeoxygenation (EC-HDO) experiments

EC-HDO experiments were conducted in a custom-made two
compartment electrochemical H-cell. Anode and cathode
were separated by a Nafion 117 membrane. The total liquid
volume of the anolyte and catholyte were each 30 mL. N, gas
was continuously purged through the system at a flowrate of

current
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25 sccm. The anode was 1 mm thick Pt foil with geometric
area of 2 cm® while the exposed geometric area of the
cathode was 1.77 cm®. An Ag/AgCl/saturated NaCl (BSAI)
reference electrode was used to measure the potential of the
working electrode. The half-cell potentials presented in this
work are IR-corrected at 100%. Before the start of each
experiment the cathode was subjected to 0.5 hours of pre-
electrolysis to remove surface oxides from the catalyst
surface. The cleaning procedure consisted of cycling the
cathodic voltage between —0.6 V and 0.78 V vs. Ag/AgCl.
Electrochemical impedance spectroscopy (EIS) was performed
to determine the high frequency resistance (HFR) and iR
correct potential data. EIS measurements were performed at
-0.2 V vs. Ag/AgCl with a 20 mV perturbation amplitude and
a frequency range of 100 kHz to 10 MHz. Using the HFR
determined by EIS potential data was corrected post-
experiment. A 250 mL solvent trap filled with 50 mL of
n-decane chilled in an ice bath was attached to gas vent of
the H-cell and bubbled in the n-decane solution allowing for
the collection of any organic compounds evaporated during
the length of the electrochemical experiment. A diagram of
the “H-cell” used in this study is shown in Fig. 1.

Before the start of each EC-HDO reaction the cathode was
filled with 25 mL of catholyte composed of 0.2 M perchloric
acid and allowed 1 hour to reach operating temperature
under stirring at 800 rpm. After that, 0.096 g of phenol and 5
mL of catholyte were mixed until the phenol was completely
dissolved. The 5 ml phenol + catholyte solution was then
added to the cathode of the H-cell to achieve 30 mM in the
electrolyte solution and allowed to mix for 0.25 hours. An
initial sample was taken from the catholyte and solvent trap
before the application of a potential to determine the initial
concentration of phenol in the cell. Samples were taken from
the catholyte and the solvent trap every hour for the duration
of the experiment.

All experiments were performed in triplicate and most
of them had carbon balance greater than 90%. To further

N, Gas Outlet

I e
IH_’
I

-8e”

4H,0
1

Water/Electrolyte

¥
o
N,/H,

Cathode

O+Hzo
(s

Water/Electrolyte Solvent

Fig. 1 Diagram of the custom-built electrochemical H-cell with solvent trap for the collection of aqueous insoluble volatile organics.
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probe the accuracy of the experiments, an H, balance was
obtained. Thus, the outlet of the H-cell was connected to
an online mass spectrometer to estimate H, production
due to HER. An experiment was performed without the
presence of the phenol to assess the accuracy of the mass
spectrometer (Agilent 5975C) at measuring HER. The H,
balance was performed for the labPtRu experiment and
was ~95% after 4 hours of reaction time. A plot of the
consumption of H, based on the detected products from
phenol EC-HDO and the production of H, due to HER
can be found in ESI-1.f

Product analysis

Catholyte analysis was performed by liquid-liquid
extraction using dichloromethane as the organic solvent.
0.5 mL of catholyte was mixed with 1 mL of
dichloromethane and the organic phase was separated
from the catholyte for further analysis. Products
condensed in the solvent trap were measured by removing
1 mL of sample periodically. Identification of products
were performed using an Agilent GC-MS (GC 6975, MS
5973N) equipped with HP-5 column. Helium was used as
a carrier gas at a flow rate of 2 sccm. The initial oven
temperature of 35 °C was held for 0.0166 hours (1
minute) before the oven was ramped to 80 °C at 0.033 °C
per hour before ramping at 10 °C min™ to 250 °C.
Reactant and product concentrations were determined
using a GC-FID (Agilent GC 7890) with an HP-5 column
calibrated for phenol, cyclohexane, -cyclohexanol, and
cyclohexanone. The temperature program on the GC-FID
was identical to the one on the GC-MS.

To assess performance the conversion (eqn (1)), product
selectivity (eqn (2)), farday efficiency (FE, eqn (3)), specific
ECH rate (eqn (4)), EC-HDO rate (eqn (5)) and TOF (eqn (6))
were calculated.

Cphenol,O - Cphenol‘t

X (%) = X 100% (1)

CphenoLO

where Cphenol,o 1S the initial phenol concentration at the start
of the reaction, Cppenor,; iS the concentration of phenol at
time ¢ and C; is the concentration of product i

C;
Si= = 2
' Zcproducts ( )
FE (%)
e~ consumed by hydrogenation of organic compounds
_ x100%
total electrons passed
(3)
Specific ECH rate (molproducts N Emecar ') (4)

B Moles of all products
" Time x Mass of catalyst x Metal loading

This journal is © The Royal Society of Chemistry 2024
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Specific EC-HDO rate (moleyciohexane N Emetal ) (5)

B Moles of cyclohexane produced
~ Time x Mass of catalyst x Metal loading

TOF (h™) (6)
B Moles of reactant consumed
" Time x Metal Dispersion x Moles of Metal on Catalyst

In this work metal dispersion was calculated using mean
particle sizes as determined by TEM.

Operando Raman

Raman spectroscopy scans were measured with an operando
setup using a Horiba-Jobin Xplora™ PLUS confocal Raman
microscope equipped with a thermoelectrically cooled charge
coupled device (CCD) array detector and high-grade Olympus
MPLN 10x objective. The schematic of this experiment is
shown in Fig. 2. The experiments were performed in a
custom designed undivided cell that can hold an electrolyte
volume of 10 ml. The cell is comprised of: (i) the working
electrode (labPtRu-C, Pt-C, and Ru-C) with an exposed area
= 1.77 cm? (ii) the counter electrode (Au); and (iii) the
reference electrode (Ag/AgCl). The remaining volume of the
cell was filled with 10 ml of electrolyte. Raman
measurements were performed on the same sample spot by a
visible 532 nm (100 mW) laser. The laser power was filtered
(10%) and adjusted for each scan to avoid damaging the
catalyst from irradiation. The Raman spectra were collected
in two regions viz. 400-2000 and 2000-4000 cm ' Raman
shift regions, and the spectrum was accumulated for 10 scans
with spectral acquisition time of 0.000278 hours (10
seconds). The EC-HDO experiment was performed in the
operando setup from 0-0.56 V vs. Ag/AgCl and the spectrums
were collected at an interval of 0.08 V. The operando Raman
spectroscopy experiments for ECH reaction were carried out
up to 0.75 hours reaction time to understand the
intermediate species and predict the reaction pathway. This
reaction time was decided based on the activity data. As a
control experiment, ex situ Raman spectroscopy was
separately  performed for  phenol, cyclohexanone,
cyclohexanol, cyclohexane, benzene, and bare labPtRu-C
catalyst. The collection parameters for these scans were kept
the same as for operando Raman spectroscopy.

Results and discussion
Electrocatalyst characterization

The electrocatalysts tested in this work were mono- and bi-
metallic Pt and Ru metal nanoparticles on carbon black
supports. A comPtRu-C electrocatalyst was obtained from
Johnson Matthey as a baseline material. Additionally,
labPtRu-C, Pt-C and Ru-C were prepared using incipient
impregnation on Vulcan carbon (XC72-R) to
investigate the effect of metal on ECH performance. Vulcan
carbon has been utilized extensively as catalyst support for
electrolyzers and fuel cells owing to its high electrical

wetness
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Objective

Laser (532 nm) Electrolyte

(reactants, products, intermediates)

Reference electrode
(Ag/AgCl)

Working electrode/catalyst
(Pt-C, Ru-C, PtRu-C)

Counter
electrode (Au)

Fig. 2 Schematic showing the operando Raman spectroscopy setup
including the working, counter, and reference electrodes and the
objective, laser, CCD detector.

conductivity. All electrocatalysts were subjected to thermal
reduction at 350 °C under H, prior to characterization and
ECH experiments to reduce the catalysts from oxide to
metallic nanoparticles.

N, adsorption/desorption, ICP-OES, XRD, XPS, and STEM
were used to comprehensively characterize and compare the
catalysts of interest. Table 1 shows the surface area properties
calculated using the BET surface area method. These results
show that the surface area of all the lab synthesized catalysts
is higher than that of the commercial catalyst. The surface
areas measured for the lab synthesized materials in this
study are comparable to similar literature studies for
electrocatalysts supported on Vulcan carbon. Metal
dispersions were calculated based on the average particle size
determined using TEM (Fig. 4) and the most abundant crystal
phases (111) for Pt-C, labPtRu-C, comPtRu-C, and (101) for
Ru-C using eqn (7).

(Vm/am)

Dp

D=6 (7)
where D is the dispersion, D, is the mean particle size, v, is
the volume of an atom occupied by an atom in the bulk
metal and a,, is the area occupied by a surface atom. For Pt
catalysts with an FCC structure v, is 15.10 A% and v, is 8.07
A%, For Ru catalysts with an HCP structure vy, is 13.65 A* and
am is 6.35 A% These calculations show that the Ru-C is the
most dispersed followed by the commercial PtRu-C, PtRu-C,
and Pt-C and are consistent with the rule of thumb
estimation of the inverse of the particle size. ICP-OES results
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Fig. 3 Comparison of the X-ray powder diffraction spectra of
commercial and lab synthesized catalysts.

show that all catalysts are successfully synthesized with the
desired metal compositions, and that the metal loadings in
the electrocatalysts are comparable to the loading of
commercial electrocatalyst.

Fig. 3 shows the XRD patterns of the comPtRu-C,
labPtRu-C, Pt-C, and Ru-C catalysts. The XRD patterns
confirm the presence of all expected metallic crystalline
phases®®”® as well as a carbon (002) reflection at 25° 26,
attributed to the carbon black support. The (002) reflection of
the comPtRu-C electrocatalyst is noticeably sharper than for
the lab synthesized electrocatalysts, indicating that the
carbon support in the commercial electrocatalyst is more
crystalline than the Vulcan XC-72R wused in the lab
synthesized electrocatalysts and is further consistent with the
decreased surface area of the commercial electrocatalyst. The
XRD spectra of the Pt-C catalyst shows reflections at 39.5°,
46.4° and 67.5° 26 degrees, which are consistent with the
(111), (200), and (220) phases in the face-centered cubic
(FCC) structure of Pt. Ru-C shows all the reflections
associated with Ru hexagonal close packed (HCP) crystal
structure (100, 101, 002, 102, 110, and 103) at 38.5, 42.3, 44.1,
58.5, 69.5, and 78.5 26 degrees.

The commercial and labPtRu electrocatalysts contain all
Pt-C primary peaks with no reflections associated with the
HCP structure of Ru, indicating that Ru has been
incorporated into the Pt structure. Additionally, the (111) Pt
peak shows a shift from 39.5° 26 to 40.18° and 40.14° 26 for
the commercial and labPtRu electrocatalysts, respectively,
supporting the incorporation of Ru into the Pt crystal

Table 1 BET surface area, metal loadings as determined by ICP-OES, average particle sizes determined through TEM and Scherrer equation, inverse of
the TEM particle size (Dy), and metal dispersion calculated using the TEM particle sizes and the most abundant crystal phases of the comPtRu-C,

labPtRu-C, Pt-C and Ru-C catalysts

Catalyst Surface area (m” g™') Ru content (wt%) Pt content (wt%) D, Scherrer (nm) D, TEM (nm) 1/D, (nm™') TEM dispersion (%)
comPtRu-C 96.3 2.00° 10.0¢ 1.6 2.2 0.46 53.4
labPtRu-C 157 2.10 9.80 2.1 2.5 0.40 44.0
Pt-C 172 0.00 111 10.7 5.4 0.19 20.7
Ru-C 180 4.60 0.00 6.9 2.3 0.43 56.1

“ As reported by the manufacturer.
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Fig. 4 TEM images and corresponding particle size distributions (insets)
of the a) comPtRu-C, b) labPtRu-C, c) Pt-C, and d) Ru-C catalysts.

structure.®®”® To further prove the incorporation of Ru, the

lattice constants were calculated to determine a shift. The
lattice constants of the Pt-C, comPtRu-C, and labPtRu-C
(111) phases were calculated to be 3.917 A, 3.891 A, and 3.900
A, respectively. The incorporation of the Ru into the Pt(111)
crystal structure causes a decrease in the lattice constant,
which shifts the Pt(111) reflection towards higher 26 angles,
as seen here.®®’° The absence of new crystal phases indicates
that Pt and Ru are not forming intermetallic phases, wherein
previous studies on PtRu electrocatalysts have indicated the
potential for a substitutional alloy with an FCC crystal
structure at Ru concentrations <70%.% Crystallite grain sizes
have been calculated using the Scherrer equation (eqn (7))
for the (111) crystal phase of the electrocatalysts with Pt (Pt-
C, labPtRu-C, and comPtRu-C) and (101) for Ru-C.

0.944

P~ BcosO (8)
where D, is the crystallite size, 4 is the X-ray wavelength (1 =
1.5406 A), f is the full width at half maximum (FWHM), and
0 is the XRD peak position.”" The estimated crystallite sizes
for the Pt, Ru, labPtRu, and comPtRu electrocatalysts were
10.7 nm, 6.9 nm, 2.1 nm, and 1.5 nm respectively.

Fig. 4 shows TEM images and particle size distributions of
the comPtRu-C, labPtRu-C, Ru-C, and Pt-C electrocatalysts.
These images confirm that nanoparticles were synthesized on
the carbon black support. The estimated average particle
sizes for the comPtRu-C, labPtRu-C, Pt-C, and Ru-C
electrocatalysts are 2.2, 2.5, 5.4 and 2.3 nm, respectively.
These numbers differ from the crystallite sizes calculated
using the Scherrer equation above; however, they follow the
same trend in which the mono-metallic Pt-C has the largest

This journal is © The Royal Society of Chemistry 2024
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nanoparticles (5.4 nm) and the comPtRu-C has the smallest
(2.2 nm). The Pt-C and Ru-C particle sizes differ by roughly
2x between the values determined from TEM and XRD. This
is likely caused by XRD favoring larger particle by weight
whereas TEM particle sizing is weighted by number. The
differences in particle size may be explained by metal-
support or precursor salt support interactions. During
reduction at 350 °C under H, flow, Ru appears to bind
stronger to the carbon support than Pt as indicated by the
smaller nanoparticle size. That stronger bonding of Ru on
carbon might decrease sintering, therefore creating smaller
particle sizes. EDS mapping shown in ESI-2f confirms that
both Pt and Ru have been deposited on the carbon supports
as nanoparticles.

XPS of the comPtRu-C, labPtRu-C, Pt-C, and Ru-C was
performed to assess the oxidation states of the Pt and Ru on
the carbon supports. Complete surveys spectra from 1350 eV
to 0 eV for the four catalysts of interest are presented in Fig.
S3.f The spectra confirmed the presence of all expected peaks
including C1, O1, Pt 4f and Ru 3p. Fig. 5 shows the XPS
spectra for the Pt 4f and Ru 3p scans. Ru 3p was scanned
instead of the more intense Ru 3d (280 eV) due to the overlap
between the C1 peak (288 eV). In addition, a Ru 4s signal was
observed in the Pt 4f region of the mono-metallic Ru-C
catalyst at 75.0 eV for Ru(0) and 75.7 eV for Ru oxide (Fig.
S4t1).”>7* To the best of our knowledge there is no available
standard spectra for fitting the Ru 4s peak. As such, it is
difficult to deconvolute the contribution of the Ru 4s at the
Pt 4f spectra of the bi-metallic catalysts. Peak fitting of the Pt
4f for the mono-metallic Pt-C can be found in Fig. S5 which
consists primarily of Pt(0) 4f,,, at 71.1 eV, Pt(0) 4f5, at 75.2
eV, Pt(u) 4f;,, at 74.0 eV, and Pt(u) 4f;, at 77.9 eV. A shift of
the Pt(0) 4f,,, peak from 71.1 eV to 71.4 eV was observed for
both bi-metallic PtRu electrocatalysts. This shift can be
attributed to 1) the presence of the Ru 4s peak, 2) Ru-Pt
interactions, 3) the presence of additional Pt oxidation states,
4) metal-carbon interactions, or 5) small cluster size effects.”
The Ru 3p signal (Fig. 5b) is comprised of Ru(0) 3p;, at
461.2 eV, Ru(0) 3p;, at 470.9 eV satellite, Ru oxide 3p;/, 462.5
eV and Ru oxide 3p;/, 465.4 eV satellite. For the labPtRu-C,
the Ru 3p signal is shifted toward higher binding energies
compared to the Ru-C or the comPtRu-C. Fitting of this
signal demonstrate that the Ru-C and commercial PtRu-C
consists of 44% Ru oxide, while the labPtRu-C consist of
55% Ru oxide.

Electrochemical hydrodeoxygenation (EC-HDO) of phenol

EC-HDO experiments were performed using comPtRu-C,
labPtRu-C, Pt-C, and Ru-C to establish a baseline for EC-
HDO performance and study the effect of catalyst's
composition. Fig. 6 shows the measured concentration
profiles for phenol EC-HDO at a constant current of 55 mA
em™ for the four electrocatalysts. Fig. S61 shows cyclic
voltammograms collected before the experiments and half-
cell potential data collected throughout the EC-HDO
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reactions and representative Nyquist plots including that of
the Dbackground Vulcan carbon. The initial phenol
concentration for all experiments was 30 + 4 mM. All four
electrocatalysts are active for the EC-HDO of phenol to
cyclohexanol, cyclohexanone, and cyclohexane. After 4 hours
of EC-HDO at constant current the major product for all four
catalysts is cyclohexanol. This is consistent with previous
reports on phenol EC-HDO wusing Pt-C and Ru-C
catalysts.**?”°>>*  However, our studies measured
cyclohexane concentrations for the comPtRu-C, labPtRu-C,
Pt-C, and Ru-C after 4 hours reaction time to be 4.96, 8.47,
6.97 and 1.00 mM, respectively. It should be noted that when

EC-HDO was run in the absence of inert gas flow, no
cyclohexane was detected in the catholyte, likely due to the
high vapor pressure of cyclohexane and its low solubility in
water. Fig. S71 shows the product selectivity, carbon balance,
and conversion for an experiment performed without gas
purging. The carbon balance for this experiment is 65%
indicating that the inert gas purge and solvent trap are
necessary to accurately measure product composition during
phenol EC-HDO. Under these conditions no benzene is
detected in the GC-MS. Both bimetallic PtRu-C and mono-
metallic Pt-C catalysts result in moderate yields of
cyclohexanone at reaction times <3 hours. The mono-
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Fig. 6 Concentration profiles of phenol EC-HDO for a) comPtRu-C, b) labPtRu-C, c) Pt-C, and d) Ru-C (reaction conditions: 50 mL min™* N, 60

°C, 0.2 M perchloric acid, 0.2 mg cm™2, constant current 55 mA cm™2).
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metallic Pt-C results in the highest concentration of 5.6 mM
(26% selectivity) after 3 hours of reaction time. After an
additional 2 hours of reaction time the concentration of
cyclohexanone decreases to 2.0 mM, which indicates that it is
likely a reaction intermediate. Notably, the concentration of
cyclohexanone in the products after 4 hours of EC-HDO is 0.7
mM (selectivity 5%) using the Ru-C catalyst. This is
significantly lower than the concentration of cyclohexanone
using the mono- or bi-metallic Pt catalysts.

Fig. 6b shows that the EC-HDO of phenol performed on
labPtRu-C reaches 98% conversion after 3 hours of
operation. The maximum concentration of 20.4 mM (70%
selectivity) cyclohexanol is measured after 3 hours of
operation. This observation combined with the phenol
conversion being nearly 100% and the cyclohexane
concentration continuing to increase, suggests that some
cyclohexanol might be converted to cyclohexane. EC-HDO of
phenol performed on the Pt-C catalyst (Fig. 6c) appears to
reach maximum conversion after 3 hours of reaction. The
phenol concentration decreases by 0.9 mM between 3 and 4
hours of reaction. Additionally, the specific ECH rate drops
from 15.84 MOlpoquces N Gmetar - after 1 hour to 5.64
MOlproducts N1 Gmetal + after 4 hours despite not reaching
100% phenol conversion. We hypothesize that this may be
due to the poisoning of the Pt-C surface due to adsorption of
dehydrated phenol. This is consistent with experiments
performed by Singh et al. which showed that Pt catalysts are
deactivated by the production of adsorbed dehydrated phenol
at temperatures above 50 °C and phenol concentrations
below 30 mM.** A plot of specific EC-HDO and ECH rate as a
function of reaction time is reported for the comPtRu-C,
labPtRu-C, Pt-C, and Ru-C experiments in ESI-9.f

Table 2 shows phenol conversion, products' selectivity,
TOF, specific EC-HDO and ECH rate, faradaic efficiency, and
carbon balance for experiments performed using the
comPtRu-C, labPtRu-C, Pt-C, Ru-C, and Vulcan carbon
catalysts. Experiments using the labPtRu-C catalyst result in
the highest phenol conversion of 100%, faradaic efficiency of
35%, and cyclohexane selectivity of 30.8%. Notably, the lab
synthesized bi-metallic catalyst outperforms the comPtRu-C.
The latter results in lower conversion (80%), faradaic
efficiency (28%), and cyclohexane selectivity (28%). The
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monometallic Pt-C and Ru-C catalysts result in even lower
conversion, faradaic efficiency and cyclohexane selectivity
compared to the bimetallic PtRu-C catalysts. This suggests
that there is synergy between the two metals. Experiments
performed using the Ru-C catalyst reveal high selectivity
toward cyclohexanol (84.2%). TOF and specific EC-HDO rates
were calculated after 1 hour of reaction time to ensure
equilibrium has not been reached, thereby serving as
standard metrics for comparing catalyst activity. In terms of
specific EC-HDO rate, the labPtRu-C results in the highest
rate, followed by the comPtRu-C, Pt-C, and the Ru-C with
4.15, 5.05, 4.65, and 0.35 mOleciohexane N ' Zmetal s
respectively. This trend is further supported by the TOF
calculations where EC-HDO using labPtRu-C show the
highest TOF followed by Pt-C, comPtRu-C, and Ru-C. This
suggests that the bimetallic PtRu-C allows faster reaction
rates compared to monometallic Pt-C or Ru-C and that the
activity of Pt based electrocatalysts is significantly higher
than that of Ru. Experiments performed with the carbon
support without metal resulted in no detectable products.
Based on these results the electrocatalyst activity trend for
phenol EC-HDO is: labPtRu-C > comPtRu-C > Pt-C > Ru-C.
Based on the characterization results the primary difference
between the lab synthesized and commercial electrocatalyst
is the support, metal particle size, and the oxidation states of
Ru. BET results showed that the surface area of the lab
synthesized electrocatalyst is approximately 60 m* g™ higher
than the commercial. A higher active surface area would
provide better contact with the reaction solution and may
explain the higher activity of the catalyst. Additionally, the
particle size of the labPtRu-C (2.5 nm) is larger than that of
the comPtRu-C (2.2 nm). Previous reports on the EC-HDO of
phenol using Pt-C catalysts have found an inverse
relationship between particle size and TOF suggesting that
the differences in particle size may be partially responsible
for the difference in performance.®”””® XPS scans of the Ru 3p
signal showed that a higher percentage of the Ru in the lab
synthesized catalyst was Ru oxide. The oxidation state of the
metal can influence the catalytic activity. However, before EC-
HDO the electrode wundergoes in situ electrochemical
reduction, likely converting the surface oxides of Ru (RuOx)
into metallic Ru. Thus, the oxidation state of the catalyst

Table 2 Conversion (X), selectivity (S) where A = cyclohexane B = cyclohexanol C = cyclohexanone, TOF (at t = 1 hour using metal dispersion derived
from TEM particle sizing), specific EC-HDO rate (at t = 1 hour), specific ECH rate (at t = 1 hour), faradaic efficiency (FE), carbon balance (CB), and average
cathodic potential (E) for the comPtRu-C and labPtRu-C (16.5% Ru), Pt-C, and Ru-C catalysts (reaction conditions: 50 mL min™* N,, 60 °C, 0.2 M

perchloric acid, 0.2 mg cm™2, constant current 55 mA cm?)

Specific EC-HDO rate

Specific ECH rate

Catalyst X (%) Sa (%) Sp(%) Sc(%) TOF (h™") (molyciohexane N Emetal ) (MOlproducts K™ Emetar ') FE (%) CB (%) E” (V vs. Ag/AgCl)
comPtRu-C 77.7 28.0 60.3 117 253 4.15 19.92 25.7 889  —0.47
labPtRu-C 100  30.8 682 1.1 611 5.05 23.52 351 95.4  -0.47
Pt-C 87.4 249 60.8 143 485 4.65 15.84 327 904  —0.49
Ru-C 41.6 105 842 5.3 117 0.35 4.65 10.9  91.5  -0.59
Ru-C* 12.6 182 735 7.5 60 0.27 0.33 5.1 99.2  -0.46
Vulcan C 0 — — — — — — 0 96.5 -0.63

“ Experiment performed at constant potential. ” Reported potentials were iR correct post-experiment.
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Fig. 7 Top panel: Conversion, faradaic efficiency, and carbon balance
as a function of Ru content in the catalyst. Bottom panel:
Cyclohexane, cyclohexanol and cyclohexanone selectivity as a
function of Ru content in the catalyst. All calculated after 4 hours of
reaction time. Right two panels refer to data collected from the Ru-C
experiment done at constant 0.46 V vs. Ag/AgCl (reaction conditions:
50 mL min™* N, 60 °C, 0.2 M perchloric acid, 0.2 mg cm™2, constant
current 55 mA cm™).

under EC-HDO conditions may be different than what was
measured by ex situ XPS. As such we cannot draw accurate
conclusions on the effect of Ru oxidation state on the catalyst
performance.

The synergistic interaction between Pt and Ru was
investigated by changing the ratio between both metals,
while keeping the total metal loading constant. The top
panels of Fig. 7 show the effect of catalyst composition on
the phenol EC-HDO conversion, faradaic efficiency, and
carbon balance. The results show that the addition of some
Ru to the Pt catalyst results in higher conversion. Thus, the
bimetallic catalysts containing 16.5% Ru possess the highest
conversion (100%) and the highest faradaic efficiency (35%).
However, the catalyst with very high Ru loading (above 30%)
showed lower conversion and faradaic efficiency. The
catalysts containing 50% and 100% Ru demonstrated only
47% and 12% conversion (at constant potential) respectively.
This indicates that higher Ru contents are not beneficial for
the EC-HDO reaction. The bottom panels of Fig. 7 show
cyclohexane, cyclohexanol and cyclohexanone selectivity as a
function of Ru content in the catalyst. The percentage
loading of Ru in the bi-metallic catalyst has a direct effect on
the product distribution from phenol EC-HDO. As the Ru
loading increases the selectivity to cyclohexanol also
increases with the mono-metallic Ru-C catalyst having the
highest selectivity toward cyclohexanol (84.2%) compared to
all the catalysts tested. The Ru loading also appears to have
some effect on the cyclohexane selectivity. At low Ru loadings
(8 and 16%) the selectivity to cyclohexane is high (higher
than for the mono-metallic Pt-C catalyst). However, the
cyclohexane selectivity decreases at Ru ratios higher than
30%. For the mono-metallic Ru-C the cyclohexane selectivity
is only 10.5%. Based on the data presented in Fig. 7 it is
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difficult to draw conclusions on the role of Ru on
cyclohexanone. Additionally, the results presented in Fig. 7
are included in Table S1 as well as data for specific EC-HDO
rate and average potential with respect to catalyst Ru content.

Based on our experimental results a comprehensive
understanding of the role of Ru on the catalyst and its
mechanistic aspects is still unclear and more experiments are
needed to provide more concrete conclusions. However, we
can provide some hypothesis based on our results and others
in literature. As discussed in the Introduction, studies on
methanol oxidation suggests that the presence of Ru
promotes the adsorption of methanol on the catalyst surface
and facilitates the desorption of CO, mitigating catalyst
poisoning.®>**°*7¢ Similarly, in the context of phenol ECH,
studies have indicated that dehydrated phenol species can
poison Pt sites, hindering the catalytic performance.**>°
Thus, based on our experimental results, the existing
literature on phenol ECH, and the insights from methanol
fuel cell research, we hypothesize that the incorporation of
Ru in the PtRu-C catalyst may contribute to the observed
improvements through two potential mechanisms: a)
promoting stronger adsorption of phenol (over water) on the
catalyst surface, or b) weakening the adsorption of
dehydrated phenol compounds, thereby reducing catalyst
poisoning and enhancing the hydrodeoxygenation reactions.
Furthermore, a recent study by Du et al using density
functional theory (DFT) calculations has provided additional
evidence supporting the positive effects of Ru.*® Their
findings indicate that the adsorption energy of phenol
increases from 2.32 eV on Pt(111) to 2.49 eV on Pt3Ru(111),
suggesting that the presence of Ru may indeed facilitate
stronger adsorption of phenol on the catalyst surface. While
these hypotheses offer some plausible explanations for the

observed synergistic effects of Ru and Pt, further
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Fig. 8 The effect of potential on conversion, faradaic efficiency, and
product selectivity. For the experiment labeled “H, gas”, gaseous H,
was fed into the cell (no potential was applied) (reaction conditions:
labPtRu-C, 50 mL min™* N, 60 °C, 0.2 mg cm2, constant potential).
The average current densities reported for the -0.28 V, -0.35 V and
-0.46 V vs. Ag/AgCl were 9 mA cm™, 18 mA cm™2 and 54 mA cm™2.
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investigation is necessary to elucidate the precise mechanistic
role of Ru in the PtRu-C catalyst for EC-HDO reactions.

The effect of half-cell potential on phenol EC-HDO was
also studied and the results are shown in Fig. 8. There is a
minor change in cyclohexane selectivity at higher
overpotentials. The cyclohexane selectivity increases from
25.4% at —-0.28 V vs. Ag/AgCl to 30% at —0.46 V vs. Ag/AgCl.
Also, it is observed that faradaic efficiency decreases with
half-cell potentials. Thus, at —0.28 V vs. Ag/AgCl the faradaic
efficiency is 95% and decreases to 35% at —0.46 V vs. Ag/AgCl.
That is explained by the fact that the HER is favored at
higher overpotentials, which results in more HER, while the
fraction of protons that are consumed by the desired EC-
HDO reaction is lowered. Higher half-cell potential also leads
to higher conversions. Thus, at -0.28 V vs. Ag/AgCl the
phenol conversion is 55%, while at -0.46 V vs. Ag/AgCl the
conversion increases to 100%, possibly due to the higher
amount of hydrogen adsorbed on surface electrodes.

To further assess the effect of half-cell potential on phenol
EC-HDO, we performed experiments using H, gas as the
source in the absence of an applied potential. H, gas bubbled
through the H-cell at a flow rate of 25 mL min™" (equivalent
of 3600 mA constant current water electrolysis). As shown in
Fig. 8, after 4 hours of reaction the phenol conversion was
12% and the cyclohexane selectivity was 14%. The low
conversion was likely due to the lack of adsorbed hydrogen
on the catalyst surface. During EC-HDO reactions, surface-
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bound hydrogen forms through the reduction of protons with
electrons on an active site. However, during thermochemical
hydrogenation, hydrogen forms through the dissociation of
H, gas. Since H, gas has a low solubility in water, therefore
higher H, pressures would likely be needed to reach similar
phenol conversion levels as the EC-HDO. These were the only
experiments where very minor benzene peaks was detected
on the GC-MS. However, it was difficult to accurately quantify
the benzene concentration.

Operando Raman spectroscopy

The data collected from the operando Raman spectroscopy
for EC-HDO reactions is shown in Fig. 9. Low laser power
was used in all the tests to avoid catalyst damage, therefore
noisy signals and lower precision of peaks were expected.
The data collected during EC-HDO reaction over the
labPtRu-C are presented in low (Fig. 9a) and high (Fig. 9b)
Raman shift regions. In Fig. 9a, the peaks at ~463 cm™"
and ~623 cm ' and belong to ClO;, whereas the peak at
~929 cm ™' corresponds to the ClO,  vibrations.”” These
peaks originate from the presence of electrolyte (perchloric
acid) and remain throughout the experimental scans. The
dominant peaks at ~1345 and ~1594 cm™ belong to the
D-band and G-band of carbon from carbon black used as a
support material in the electrocatalysts, respectively.”® This
is also confirmed from the ex situ Raman spectra collected

Intensity (a.u.)

(b.) cyclohe xam()g:”“ym oH (b)
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Fig. 9 Operando Raman spectroscopy data for (a) EC-HDO on labPtRu-C catalyst with varying voltage at 400-2000 cm™; (b) EC-HDO on
labPtRu-C catalyst with varying voltage at 2000-4000 cm™; (b') inset highlights ring hydrogenation shifts at 2000-3000 cm™ (c) EC-HDO on
labPtRu-C catalyst at 0.56 V up to 45 min reaction time; and (d) EC-HDO on Ru-C, Pt-C and labPtRu-C catalysts at 0.56 V and 45 min reaction time.
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for the bare fresh labPtRu-C catalyst (Fig. S9af). The
vibration at ~1004 c¢cm™' corresponds to the deformation
and stretching modes of the unsaturated aromatic ring,
respectively.”” The peak at ~535 cm™ corresponds to the
vibration from the bending, and the bands at 815 and 1256
em™ " correspond to the stretching of the hydroxyl group of
phenol (Fig. S10atf).”® The stretches observed at ~834,
~1065 and ~1162 cm ' are attributed to the CH groups
involved in the organic compound.””®" Some minor shifts
in these positions of CH stretches are observed with
involvement of intermediates/products as the reaction
proceeds. To further support that these peaks originate
from the EC-HDO of phenol, Fig. S11{ shows an experiment
performed using the labPtRu-C in the absence of phenol
where the cathodic potential was varied from 0 V vs. Ag/
AgCl to -0.56 V vs. Ag/AgCl. The results of this experiment
supported that none of the new identified bands were the
result of HER or changes in the catalyst.

The spectra for 2000 to 4000 cm™" Raman shift range are
shown in Fig. 9b. A very broad range peak attributed to water
from ~3100 to ~3650 cm™* with involvement of OH bending
and stretching mode was observed.®” Additionally, a peak
was observed at ~3062 ¢cm™' that corresponds to the CH
aromatic group stretching and was present at all potentials.”®
From Fig. 9b’ (inset), additional less intense bands were
observed in the 2800-3000 cm™" range. At higher potentials,
three peaks were clearly observed at ~2860, ~2890 and
~2942 cm™'. The broad peak at ~2890 cm ' matches the
peak for cyclohexanone (Fig. S10b¥), confirming that the EC-
HDO reaction has proceeded and a ketone intermediate has
been produced.®* The peaks at ~2860 and ~2942 cm™ were
attributed to the symmetric and asymmetric CH, stretch.®
Interestingly, these peaks were also present both in
cyclohexanol and cyclohexane (Fig. S10bt). The increased
intensity and improved resolution of the peaks at higher half-
cell potentials indicate that the EC-HDO reaction is
progressing and support the co-existence of hydrogenation
products such as cyclohexanone, cyclohexanol, and
cyclohexane at or near the surface of the electrode. To further
clarify, these peak positions are in agreement with the ex situ
Raman spectra, separately collected for these compounds
(Fig. S107). Also, these findings for the EC-HDO activity of
the labPtRu-C electrocatalyst, show that the intermediates
(cyclohexanone and cyclohexanol) and the final products
(cyclohexane) are present simultaneously after 45 min of
operation time. From careful observation of Fig. 9b’, some
deflections in the mentioned range were observed at lower
voltages (<0.4 V vs. Ag/AgCl) but masked-up due to lower
concentration of the species and the intense OH stretching.
Referring back to Fig. 9a, the peaks at ~409 and ~560 cm™*
corresponding to the C=0 wag and C; point group symmetry
for cyclohexanone are also observed from 0.4 V vs. Ag/AgCL.*"
This pattern from 0.4 V wvs. Ag/AgCl (and above)
Fig. 9a and b confirms the formation of cyclohexanone,
cyclohexanol, and cyclohexane during the ECH reaction on
the labPtRu-C catalyst.
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To prove this observation, an in situ experiment was
performed at 0.56 V vs. Ag/AgCl for 0.75 hours and the
obtained data are presented in Fig. 9c. The figure shows that
the peaks at ~409 and ~560 cm " are clearly seen after 0.75
hours reaction time. The appearance of these peaks supports
our hypothesis (Fig. 9a, b and b’ and activity data) that
cyclohexanone, cyclohexanol, and cyclohexane co-exist in the
electrolyte. Furthermore, a similar experiment at 0.56 V vs.
Ag/AgCl for 0.75 hours was performed with mono-metallic
Pt-C and Ru-C catalysts. The Raman spectra from these
experiments are presented in Fig. 9d. The black spectrum
corresponds to the EC-HDO of phenol on Ru-C catalyst and
shows no peaks at ~409 and ~560 cm '. This observation
confirms the absence of cyclohexanone using Ru-C catalysts,
which matches well with the results discussed in the EC-
HDO of phenol section. In addition, the ECH of phenol on
the Ru-C catalyst is studied at different potentials and the
results are presented in Fig. S9b. These results show that
there is no appreciable evidence of cyclohexanol in any of the
half-cell potentials investigated when Ru-C is used as the
catalysts.

The red spectrum in Fig. 9d, is measured for phenol EC-
HDO on the Pt-C catalyst. This spectrum clearly shows the
presence of the C=0 wag and C1 peaks at ~409 and ~560
em™, respectively. The presence of these two peaks confirms
that the EC-HDO of phenol reaction on Pt-C catalysts in
perchloric acid solutions follows a mechanism that includes
cyclohexanone formation. In addition, the reaction of
interest on Pt-C catalysts has been studied at various half-
cell potentials by in situ Raman spectroscopy and the results

Not Observed 2 6H
2¢ 6e”
benzene
Suggested
H+ 5H+
phenol cyclohexa-2,4-dien-1-ol  cyclohex-3-enone cyclohexane
H e o) \-
>:2\ 2H"| 2e
4H* 2H+
Observed 4e

cyclohexanone cyclohexanol

Fig. 10 Proposed reaction pathway for the electrochemical
conversion of phenol to cyclohexane and cyclohexanol. The suggested
pathway for cyclohexane formation is through the cyclohex-3-enone
(or some other unsaturated ketone) followed by deoxygenation.
Cyclohexanol is likely formed through cyclohexanone. Both
cyclohexanone and cyclohexanol can be converted to cyclohexane,
however, they are grey as they do not produce appreciable yields of
cyclohexane. The formation of cyclohexane through benzene is
colored grey as it was not observed during the experiments.
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are presented in Fig. S9cf This figure shows that
cyclohexanone is only present at 0.56 V vs. Ag/AgCl. The
Raman spectrum corresponding to EC-HDO of phenol on
labPtRu-C is also added in Fig. 9d for comparison (see the
blue curve). The comparison between the Raman spectra
measured on the Pt-C and labPtRu-C catalysts, shows that
there is a decreased resolution in the peaks at ~409 and
~560 cm ' in the spectrum measured on the labPtRu-C
catalyst. This finding indicates that the phenol EC-HDO
reaction has higher conversion and selectivity using
labPtRu-C catalyst, which can be attributed to the
synergistic effect between Pt and Ru.

Based on these results and the absence of benzene
observed during the EC-HDO of phenol we hypothesized
that cyclohexanone, and possibly cyclohexanol, play an
important role in the formation of cyclohexane through
the reaction pathways shown in Fig. 10. To further
elucidate this mechanism 30 mM cyclohexanone and
cyclohexanol were individually subjected to constant
potential electrolysis at —-0.46 V vs. Ag/AgCl using the
labPtRu-C catalyst. The concentration profiles for these
experiments can be found in ESI-12;f These results
indicated that cyclohexanone is readily converted to
cyclohexanol and cyclohexane. However, the selectivity to
cyclohexane is 3.3% which is much lower than that of
phenol EC-HDO (31%), despite reaching 97.1% conversion
after 4 hours. This suggests that while cyclohexanone is
likely a direct intermediate for cyclohexanol production
from phenol, it might not play a significant role to
cyclohexane formation. The specific ECH rate of
cyclohexanone conversion was 24.0 mMoOlproducts D' Gmetal -
similar to that of phenol EC-HDO using the labPtRu-C
catalyst (23.53 molproducts h™ gmewl '). The EC-HDO of
cyclohexanol resulted in near zero cyclohexane formation
with the final concentration of cyclohexane after 4 hours
of reaction time being 0.1 mM. These two results suggest
that an additional intermediate may be responsible for
the formation of cyclohexane. Based on literature and the
Raman results described above we suggest that this
intermediate may be cyclohex-3-enone or other partially
hydrogenated ketones. This is supported by Yoon et al
whose DFT calculations indicated that the formation of
cyclohexanone during aqueous phase hydrogenation of
phenol proceeded through cyclohex-3-enone as an
intermediate.”’ Additionally, DFT calculations performed
by Liu et al found that deoxygenation of partially
hydrogenated phenols is energetically more favorable than
that of cyclohexanol or cyclohexanone.®®

Although more work is needed to elucidate the key
intermediate molecules that result in the formation of
cyclohexane, based on the performed operando Raman
spectroscopy at different potentials, as well as on the activity
and selectivity data discussed above, it can still be concluded
that the labPtRu-C catalyst results in increased EC-HDO of
phenol. This observation outlines the potential of the bi-
metallic PtRu-C electrocatalysts for the EC-HDO of biofuels.
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Conclusions

In this work we studied the EC-HDO of phenol as an
alternative to the traditional thermochemical upgrading
HDO. Phenol EC-HDO was performed in a custom designed
electrochemical “H-cell” with a solvent trap for cyclohexane
detection. Pt, Ru, and bimetallic PtRu were synthesized on
carbon black supports and compared to a comPtRu-C
electrocatalyst. A comprehensive characterization has been
performed using BET, ICP-OES, XRD, TEM, and XPS to reveal
the physical, chemical, and morphological characteristics of
the catalysts. Constant current and half-cell potential
electrolysis experiments were conducted at 55 mA cm ' and
0.28-0.46 V vs. Ag/AgCl to evaluate the electrocatalysts’
activity, selectivity, and faradaic efficiency towards EC-HDO
of phenol. In addition, in situ Raman spectroscopy has been
performed to investigate the mechanism of EC-HDO on
labPtRu-C, Pt-C, and Ru-C electrocatalysts. Based on the
results we concluded that the order of electrocatalyst activity
for ECH of phenol is: labPtRu-C > comPtRu-C > Pt-C > Ru-
C. This order indicates synergy among Pt and Ru. The
selectivity for ECH of phenol to cyclohexane conversion for
the labPtRu-C was estimated to be 30%, which is one of the
highest reported in literature to date. Constant potential
electrolysis experiments revealed that higher potential
resulted in higher EC-HDO rates, but lower faradaic
efficiencies. A minor increase in cyclohexane selectivity was
found at higher half-cell potentials. Operando Raman
spectroscopy experiments showed that the presence of Pt in
the electrocatalyst leads directly to the formation of a ketone
intermediate. This study has contributed to knowledge on
the EC-HDO of phenol using Pt and Ru mono- and bi-
metallic electrocatalysts. We believe that this foundational
work unlocks the path to incorporating electrochemical
systems into the biofuel production process.
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